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ABSTRACT 

Two classes of accelerators, RADAN and SEF, were 

developed in Russia. The most notable characteristic of 

these systems is that they are very compact for the output 

voltages produced. This feature is due to the use of a 

double resonant transformer (DRT). These DRT's have 

coupling coefficients close to unity because of their unique 

design. 

An undergraduate student from Texas Tech University 

(TTU) built a device based on the RADAN 1502. This device, 

however, did not perform as expected. By determining the 

cause of the problems with the TTU device, it was possible 

to determine some guidelines for future designs. It was 

determined that geometry is a significant factor in 

achieving a high coupling coefficient. It was also 

determined that parasitic losses and self-capacitances can 

seriously degrade DRT performance and must, therefore, be 

minimized. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introductory Comments 

Applications of pulsed power systems include lasers, 

radar, precision thrusters and x-ray generators to name a 

few. Despite the variety of applications, pulsed power 

systems are generally organized as shown in Figure 1.1. The 

energy store can be a capacitor, inductor, flywheel or 

chemical store [1]. Marx banks are a very popular means of 

energy storage; one reason for their popularity is the high 

quality of capacitors manufactured in the West. 

Prime r- Energy r- Pulse Forming r- Matching ~ Output r- Load Power Store Network Network Switch 

Figure 1.1. General Pulsed Power System. 

Russia, however, has pursued inductive energy storage -

largely due to limited access to those same high-quality 

capacitors. Furthermore, the problems associated with Marx 

banks--stray capacitance, high inductance, a large number of 

spark gaps, and jitter [2]--can be avoided. The Institute 

of High Current Electronics in Tomsk and the Institute of 

Electrophysics in Ekaterinburg developed the RADAN and SEF 

series of accelerators which utilize a single capacitor as 
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the energy store but achieve large voltage gains through 

inductive coupling. It is the heart of these systems, a 

double resonant transformer (DRT), which will be the focus 

of this thesis. 

An undergraduate student from Texas Tech University 

(TTU) built a DRT based on the RADAN 1502 accelerator. 

However, the TTU device did not perform as expected. The 

purpose of this thesis is to determine why the device did 

not work and if possible, modify it to achieve the desired 

results. Furthermore, this research provided insight as to 

how to design and build DRT's. The analysis program 

developed for this research can be a useful tool in 

designing future DRT's. 

The following part of the introduction develops some of 

the basic theory behind DRT's. Chapter 2 presents the 

physical systems used in the RADAN 1502 accelerator and in 

the student model. Chapter 3 discusses the development of 

the computer simulation used to analyze the DRT. 

Experimental results are presented in Chapter 4. Finally, 

conclusions drawn from this research are discussed in 

Chapter 5. 

1.2 DRT Theory 

The circuit model of a DRT is shown in Figure 1.2. It 

is essentially two RLC circuits with a coupling coefficient, 

k, greater than zero. The circuit is double resonant if the 
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primary and secondary have the same resonant frequency, 

roo=ro1=ro2.· An integration routine is necessary to solve for 

the currents and voltages of this system as shown. Bruns 

illustrates a simple integration method to solve such a 

circuit [3], while more complex methods, such as Runge-

Kutta, are explained in a variety of texts . 

R1 ... R2 
.. v\\·- : '\At\------

~ i ~ 
~ 'I o; . l 
- j_ L1 >- L2 C2 Vo C1 ....;.... 

T ?- T '· 

t 
Figure 1.2. DRT Circuit Model. 

A closed-form solution can be obtained if resistances 

(R1 and R2) are neglected. While this model is simplistic, 

it does help one gain a better understanding of DRT 

behavior. 

Using Laplace transformations, the circuit equations 

are 

sM l * [ ~~ l 
sL2 + s~ 2 

( 1. 1) 

* In fact, Skilling shows that the individual resonant frequencies 
can differ by up to twenty-five percent and the circuit will still 
behave as a DRT [4]. However, to derive the closed form solution it is 
required that the resonant frequencies be equal. 
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Solving for i1 and i2 gives 

sC1 * (1 + s 212C2) 

den 
-s3MC1C2 

-s3MC1C2 

den 
sC2 * (1 + s 211C1) 

den 

* [~0 J. (1.2) 

where 

den 

den = s 4 * (11 * C1 * 12 * C2 + M2 * C1 * C2) + 

s 2 * (11 * C1 + 12 * C2) + 1. 

Treating the denominator as a quadratic in s2 and 
1 1 M 

substituting ro 0 = = and k = 
.J11 * C1 .J12 * C2 .J11 * 12 

gives 

Further simplification yields the following roots: 

±jroo 
= .J1 + k ' S3,4 = 

Using partial fraction expansion and the initial 

( 1. 3) 

( 1 . 4) 

conditions, the current equations can be solved. A detailed 

proof is given in Transient Electric Currents [4]. However, 

the secondary voltage is the parameter of interest in the 

accelerator application. It is described by 

V2(t) = ~o * g-: (cos .j~o_\ - cos .j~~\) ( 1 . 5) 
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Equation (1.5) reaches its maximum when root = nn and 
J1 + k 

ro 0 t 
.J = (n + 1)n for n=0,1,2 .... Simplification yields an 

1 - k 

equation for the optimal values of k. 

k = 
2n + 1 

2n2 + 2n + 1 
n=0,1,2 .... ( 1. 6) 

Thus, the optimal coupling coefficients are k=1,0.6,0.385 ... 

Returning to Equation (1.5), it is evident that 

frequency splitting occurs and that it is a function of the 

coupling coefficient. A graphical representation of this 

effect is shown in Figure 1.3 [5]. Figure 1.3 uses 

frequency, f, rather than angular frequency, ro, which are 

related by the factor 2n. Therefore, 

fa = roo 
2n 

fL = 
roo 

2n.J1 + k 

fu = 
roo 

2n.J1 - k 

, 

The critical coupling coefficient, kc, is defined as 

where 

Q1 = ~ * 
R1 

k - 1 
c - .Jo1 * 02 

m and Q2 = 

5 

~* 
R2 

rw. vC2 

( 1 . 7) 



f 

fu 

0 l.O 

Figure 1.3. Frequency Splitting versus Coupling 
Coefficient. 

k 

When the circuits are impedance matched and k=kc, 

maximum power transfer occurs. However, the efficiency is 

only fifty percent. As k approaches one, the efficiency 

increases. The rate of energy transfer from primary to 

secondary also inc=eases with tighter coupling (Figure 1.4). 

When k is close to one, the maximum voltage occurs at the 

first peak. This condition has the additional benefit that 

the voltage can be switched into the load before any voltage 

reversal occurs; this makes the pulse-forming line 

dielectric electrically stronger. Based on these 

observations, it is desirable for the coupling to be as 

close to one as possible in the accelerator application. 
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CHAPTER 2 

PHYSICAL SYSTEMS 

2.1 Russian Design 

Perhaps the most significant characteristic of the 

RADAN accelerators is their compactness given the output 

voltages produced. This compactness is achieved by two 

means. The first technique is to integrate the pulse

forming line within the DRT. As Figure 2.1 illustrates, 

doing so takes advantage of what would be unused space in 

the coaxial geometry of the coils. 

~ Primary Coil 

Pulse Forming Lin< ....::::.... _______ _ 

Figure 2.1. Schematic of DRT Used in RADAN Accelerators. 
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The second technique is to wind the secondary on a 

conical form. A bigger gap is needed at the high voltage 

end to prevent breakdown. The conical shape preserves 

electrical strength without sacrificing coupling. This 

approach was also used by C.R.J. Hoffman, although it was 

the primary that was wound on a conical form [6]. 

Another notable characteristic is the high coupling 

coefficients obtained in the RADAN accelerators. Coils of 

this type typically have coupling coefficients less than 0.6 

[3] [6]. To achieve higher values of k, a magnetic core must 

be used. A coupling coefficient of 0.83 was achieved using 

a similar coaxial setup [7]. The RADAN DRT's are specified 

to have a coupling coefficient greater than 0.9. 

There are three core designs used in the RADAN 

accelerators. All three consist of two cylinders of 

unclosed magnetic material. They differ in how the material 

is laid out around the cylinders. Figure 2.2 shows cross

sections of the three designs. Spacing the core material in 

sections minimizes eddy current losses because there is not 

a large continuous path along which current can flow. 

Figure 2.2(b) is the type of core used in the RADAN 1502 

accelerator. 
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Figure 2.2. Types of Core Designs Used in RADAN 
Accelerators. (1) case (2) internal conductor 
of the pulse-forming line· (3) external and 
internal core. 

Figures 2.3 through 2.6 contain detailed drawings with 

dimensions of the coils and core material used in the RADAN 

1502 accelerator. The accelerator was disassembled so 

precise measurements could be made. Aside from their use in 

this thesis, the drawings will provide a valuable reference 

for future research so that complete disassembly will not be 

necessary again. 

2.2 Student Model 

An undergraduate student built a primary and secondary 

coil based on X-ray pictures of the DRT in the RADAN 1502. 

Because precise measurements were not available, the student 

model is not exactly to scale. This discrepancy contributes 

to a slightly lower coupling coefficient. Nevertheless, the 

10 
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2.675 - -·-·-·-·-·-·-·-·-·-------------------- - --- - ·- -- -- - . 

L~== 
I. .I 4.4000 

A 

Figure 2.3. RADAN 1502 DRT Primary Coil. 

0.0330 J 

A 

-t 1 
1.5500- . - . -.-.- .-. - . - .-.-.-.-. - .-.-.-.-.-.-.-.-.-.-.-. - .-. -2! :3500· - . - . . ~.5500 

-~ ~~~Lj _j 
1.1550 --1 L 
---1-1 5.6000 

A 

Figure 2.4. RADAN 1502 DRT Secondary Coil. 
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t-------- 6.2500 

~ .. ·-·-·-·-·-· -·-· -·-·-·-·-·-·-·-·-·-·-·-·-·-· -·-·-·-·- - · 

'l~~·~t~_]~----------------------~ 

Figure 2.5. RADAN 1502 DRT Inner Core. 

I L 6.2750 

I 

0.0750 

Figure 2.6. ~~AN 1502 DRT Outer Core. 

computer simulation developed in Chapter 3 correctly 

predicts the behavior of this model. Figures 2.7 through 

2.10 show the dimensions of the student model. 

The primary coil consists of two turns of sheet copper 

wound on the inside of the outer core cylinder. The conical 

form for the secondary is made of polyethylene, and it is 

machined to fit around the inner core. The secondary 

consists of 416 turns of number 32 wire. Finally, ferrite 

rods, two inches long and 0.125 inches in diameter, were 

used for the core material. The rods were fit into the 

keyways machined in the inner and outer cylinders. 
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Figure 2.8. Student Model DRT Secondary Coil. 
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r---------------------~01.250 

1-----------------------------------j -. F~-~-~-----~~~-~-~--~-~~-~-~-~-~-~-~ ~ ~-----~-~-~~---~---~-~--]- . 0.125 

7.000 

Figure 2.9. Student Model DRT Inner Core. 

0.125 

t--------- 7.000 

Figure 2.10. Student Model DRT Outer Core. 

The test circuit used 723 nanofarads for the primary 

capacitance and 88.5 picofarads for the secondary 

capacitance. A silicon-controlled rectifier (SCR) was used 

as the primary switch. The results from this test circuit 

indicated two problems. The secondary voltage did not 

achieve the expected gain, and it exhibited an RLC discharge 

rather than the more complex waveshape predicted by Equation 

(1.5). The computer models developed in Chapter 3 were used 

to determine the cause of these problems, and the results 

are explained in Chapter 4. 
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Table 2.1 summarizes the parameters of interest for 

both the RADAN 1502 and the student model. It also contains 

the variable names by which the parameters will be referred 

to in the remainder of this thesis. 
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Table 2.1. Summary of Important Parameters. 

Parameter Units Variable RADAN Student 

Name 1502 Model 

Primary: 

Turns N/A np 4 2 

Length inches lp 4.4 4.75 

Radius inches rp 1.3375 2 

Foil Thickness inches ts 0.009375 0.02 

Secondary: 

Turns N/A ns 270 416 

Length inches ls 5.6 4.75 

Larger Radius inches r1 2.2775 1. 78 

Smaller Radius inches r2 0.8775 0.9 

Inner Core: 

No. of Sections N/A N/A 24 16 

Length of Section inches lc 6.25 7 

Width of Section inches N/A 0.125 0.125 

Depth of Section inches N/A 0.125 0.125 

Outer Core: 

No. of Sections N/A N/A 42 52 

Length of Section inches N/A 6.275 7 

Width of Section inches N/A 0.125 0.125 

Depth of Section inches N/A 0.075 0.075 
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CHAPTER 3 

COMPUTER SIMULATIONS 

The computer simulation involves three parts. First, 

two C programs were developed to calculate the coil 

inductances, coupling coefficient and the coil resistances 

based on physical parameters supplied by the user. Next, 

COSMOS/M, a finite element analysis program, was used to 

compare with the C program results. While COSMOS/M is more 

accurate, it is not user-friendly, nor is it conducive to 

making small changes to see subsequent effects. The C 

programs, on the other hand, are easy to use and provide 

good results. Finally, a PSpice model predicts the behavior 

of the system. 

3.1 C Program 

Two versions of this program were developed. Sim1.cpp 

is designed for systems using core material as designed in 

Figure 2.2(b). Sim2.cpp handles the other two core 

geometries. An explanation of each subroutine follows, and 

any differences between the two versions are noted. 

Complete program listings are in Appendices A a~d B. 

3.1.1 Getparameters 

As the name implies, this subroutine asks the user to 

input specific parameters needed for the calculations. Data 
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may be entered in either metric or English units. Sim1.cpp 

asks the user to enter the length, width and depth of a 

section of core material and the total number of sections on 

the inner cylinder. Sim2.cpp asks the user to enter the 

inner and outer radii and the length of the inner core 

material. Section 3.1.4 explains why only the inner 

cylinder of core material is used. All other parameters are 

the same in both versions. 

3.1.2 Showparameters 

The subroutine Showparameters simply echoes the user

supplied data to the screen. The user can then verify the 

data and change it in case of an error. 

3.1.3 Editparameters 

The Editparameters subroutine allows the user to modify 

any of the parameters already entered. This feature is 

particularly useful if only one or two parameters are to be 

changed to see the effect. The user can make a few changes 

without having to retype all of the data. 

3.1.4 Getinductance 

This subroutine calculates the self-inductances of each 

coil and the coupling coefficient between them. The method 

developed for coupled current cylinders in the Pulsed Power 

Short Course provides the basis for this subroutine [8]. 
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No theoretical method for calculating the inductance of 

a conical coil was found. Instead, an equivalent 

cylindrical coil was used in the calculations. Because 

inductance is a function of area, the radius corresponding 

to the average cross-sectional area of the coil was used. 

The formula is 

rsav ( 3. 1) 

The next approximation involves the core material. As 

mentioned earlier, only the inner cylinder of core material 

is used in the calculations. This is because the method 

used assumes that the coils are ideal. The only way to 

incorporate the outer section of core material is to assume 

a path for the magnetic field; this is not feasible because 

the core material is unclosed and the air gap is very large. 

Some further approximation is necessary in sim1.cpp. 

Inductance is calculated according to 

where 

n * q> 
L = 

i 

n number of turns, 

q> = magnetic flux, 

i = applied current. 

The magnetic flux is defined as 

19 
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q> = J J.ill . ds ( 3. 3 ) 

where H is the magnetic field intensity and is defined as 

f H · dl = ienclosed · ( 3. 4 ) 

When the core material is spaced out in sections around 

the inner cylinder, the permeability, ~' is a funct i on of 

both radius, r, and angle, e. A ring with the same cross-

sectional area and the same outer radius as the actual core 

material is used instead because it simplifies the 

calculations significantly. Sim2.cpp does not require this 

additional step because ~ is already a function of radius 

only. Once the approximations have been made both programs 

use the same model to calculate inductances (Figure 3.1 ) . 

~--------------lc--------------~ 
~-----------15------------~ 

~---------lp----------~ 

r--- ------------ ------ -----

- - -- -- - -- - -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- r~o 1 

--- -- ------------------ -- -- --T 
_ _ ------------------- _ lrsav 

J rp 
'-- ------------------- -----------'-

Figure 3.1 . Model Used in Computer Simulations. 
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Using Equations (3.2), (3.3) and (3.4), the following 

equations for the self-inductances are obtained. 

<p 11 = J..l.o * np * i 1 * 1t * + 
[

rci2 

lc 

J..l.r ( rco2 - rei 2 ) 

lc 
- rco

2
] 

lp 

L1 = J..l.o * np2 * 7t 
[

rei 2 J..l.r ( rco
2 

- rei 
2

) 2 2] * __ + + rp - reo 
lc lc lp 

( 3. 5) 

[ rci
2 J..l.r(rco2 - rci2 ) rsav2 - rco

2
] <p22 = J..1. * ns * i 2 * 1t * + + 0 lc lc ls 

2 [ rci
2 J..l.r(rco2 - rei 2 ) rsav2 -

rco
2l L2 = J..l.o * ns * 7t * lc + + 

lc ls 

( 3. 6) 

Determining the coupling coefficient is slightly more 

complex. Because the secondary is completely enclosed by 

the primary, <p12=<p22; the coupling from the secondary to 

the primary, k2, equals one. The coupling from the primary 

to the secondary, k1, is determined from the field created 

by the primary that intersects the secondary. 
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q>21 = J.lo * np * i 1 * 1t * 
[ 

rei 2 + llr ( reo2 - rei 2) + _r_s_a v_2_-_r_c_o_2] 
lc lc ls 

( 3. 7) 

The coupling coefficient is given by 

k = .Jk1 * k2 ( 3 • 8) 

where 

k1 
<j) 21 

and k2 
q>12 

= = 
<j) 11 q>22 

Therefore, 

rci2 J.Lr(rco2 - rci2 ) rsav2 - rco2 
+ + 

k = lc lc ls 
rci2 J.lr (rco2 - rei 2 ) rp2 - rco2 

+ + 

( 3. 9) 

lc lc lp 

The coupling coefficient may be determined by an 

alternate method. The mutual inductance, M, is given by 

M = N2 * q>21 N1 * q>12 
= (3.10) 

i1 i2 

The coupling coefficient is then calculated according to 

k - M 
- .JL1 * L2 

(3.11) 

As expected, both methods yield the same expression for k. 

Once the ideal values have been calculated, Nagaoka's 

constant (Kn) accounts for end-effects. Inductance 
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Calculations is generally recognized as an excellent source 

for calculating inductances and correction factors [9]. 

However, it is not well suited for use in a computer program 

because it requires interpolation of tables. Instead 

siml.cpp and sim2.cpp use equations to calculate Nagaoka's 

constant [ 10] . 

For a multilayer solenoid, such as the primary, 

Kn = 
1 

(3.12) 

1 + 0.9 * (~) + 0.32 * (~) + 0.84 * (~)' 

where R is the radius, 1 is the length and t is the 

thickness of the coil. The secondary is a single-layer 

coil, and the corresponding correction factor is 

Kn = 
1 

(3.13) 

1 + 0. 9 * ( ~) - 0. 002 * ( ~ ) 2 
. 

L1 and L2 are multiplied by the appropriate Kn to obtain a 

more accurate answer. There is no similar correction factor 

that can be applied to the coupling coefficient. It is 

possible, however, to get an idea of the effect on k. For 

example, if Kn is close to one for both the primary and 

secondary, it is safe to assume that end effects are 

negligible. Therefore, the ideal coupling coefficient is 

close to the actual value. On the other hand, if the 

correction factors are much less than one, it is safe to 
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assume that the ideal value calculated for k overestimates 

the true value. 

3.1.5 Getresistance 

The final subroutine calculates the resistance of each 

coil. The primary resistance is calculated according to 

[12] 

where 

p * 1 R = 
A 

(3.14) 

p = resistivity of material (1. 7 * 10-8 n. m for copper), 

1 = total length of foil used, 

A = area of foil cross section. 

where 

The secondary resistance is given by 

R = r * 1 

1 = total length of wire used, 

r = resistance per unit length. 

(3.15) 

The resistance per unit length can be found in an AWG gauge 

table [12]. It is important to note that the values 

calculated in this subroutine correspond to the direct 

current (DC) resistance. When the current is oscillatory, 

as in the DRT operation, skin depth effects may become 

significant. High-frequency electromagnetic waves are 
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attenuated in a good conductor [13]. Therefore, if the 

frequency is such that the current only flows along the 

surface rather than through the entire conductor, the 

resistance increases. 

3.2 COSMOS/M 

The second aspect of the computer simulations uses the 

finite element analysis system COSMOS/M. Geostar is the 

pre-processing module; this is where the model to be 

analyzed is created. Geostar has some advantages over the 

approach used in the C programs. Geostar models can 

incorporate the outer core material while siml.cpp and 

sim2.cpp cannot. Furthermore, a three-dimensional model in 

Geostar can accurately reflect the core geometry shown in 

Figure 2.2(b). This model would clearly be more accurate 

than the approximation explained in Section 3.1.4. Finally 

the secondary coil can be modeled as conical rather than 

cylindrical. 

Despite the benefits, Geostar does have its drawbacks. 

Most significant is the fact that it is not very user

friendly, nor is it easy to make small changes to see the 

subsequent effect. Less obvious, but equally important, is 

that the user is responsible for creating a meaningful 

model. This includes selecting appropriate boundaries, 

loads and meshes. In this respect, the numerous examples in 

the reference manuals will be helpful to the new user. 
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Due to radial symmetry, only a ten degree section of 

each coil is modeled. The final results are then multiplied 

by thirty-six to obtain values for the entire coil. The 

model includes part of the air surrounding each coil to 

obtain accurate inductance calculations. 

Geostar recognizes three types of 3-D current sources. 

They are cylindrical, arc type and bar type. The 

cylindrical current source is applicable in this situation. 

The primary coil is modeled as a series of concentric, 

single-turn cylindrical coils. Modeling the RADAN 1502 

secondary winding is straightforward because it is wound in 

sections with constant radii (see Figure 2.4). The TTU 

device, on the other hand, is wound with a continuously 

decreasing radius. The most accurate approach would be to 

form each turn separately in Geostar. However, that would 

be extremely time consuming because there are 416 turns. 

Instead, the secondary is modeled like the RADAN 1502. It 

is important to break the secondary into enough sections so 

that the radius increases gradually with each section. 

Clearly, two sections would be inadequate. 

Estar is the advanced module that actually performs the 

electromagnetic analysis on the Geostar model. In this 

thesis it performs three-dimensional magnetostatic analysis 

with current sources. A reduced potential method is used 

for this type of analysis. The magnetic field intensity is 

divided into two parts: 
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(3.16) 

where Hm is the induced magnetization and Hs is the field 

due to the current source. Hm is a function of scalar 

potential 

Hm = - V<l>. (3.17) 

Hs is defined according to the Biot-Savart law 

_ 1 J J s x ( .r - rs ) 
Hs = - -----~ · dVs 

47t v 1- - 13 s r- rs 
(3.18) 

where r - fs is the vector from the source point to the 

field point [14]. Equations (3.16), (3.17) and (3.18) are 

the basis for the inductance calculations done by Estar. 

Estar does not directly calculate coupling 

coefficients. Instead the mutual inductance is determined, 

and then k can be calculated using Equation (3.11). Command 

listings for all the models used in this thesis can be found 

in Appendix C. 

3.3 PSpice Model 

Once component values have been determined using the C 

programs and COSMOS/M, the final step is to use PSpice to 

predict the behavior of the circuit. The PSpice circuit 

model, Figure 3.2, is slightly more complex than the one 

shown in Figure 1.2. An explanation of the components is as 

follows: R1 and R4 are the resistances due to the switch, 
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connections, etc.; C1 and C4 are the primary and secondary 

capacitances, respectively; R2 and R3 are the resistances 

due to the primary and secondary coils, respectively; C2 and 

C3 are the self-capacitances of the primary and secondary 

coils, respectively; 11 and 12 are the primary and secondary 

inductances, respectively. The resistors RS and R6 do not 

correspond to actual components. They simply serve to 

prevent floating nodes which cause problems when running 

PSpice. Due to their large values, 100 megaohms, they act 

as open circuits. 

R1 R3 R4 

,---------- -v· ,\.---~------'· I',A,-----1 I 'I I V 'f , 1 

; I 
(· L2 ··'-- C4 .. : .. C2 

~.__. ___ r----4J-----'! 
T, 

R6 ~~ 

l 

Figure 3.2. PSpice Circuit Model. 

The values for R2 and R3 are obtained from the C 

program simulation. R1 is mostly due to the switch 

resistance. R4, the resistance of wire, connections, etc., 

is negligible compared to R3. C2 and C3 may or may not be 

negligible depending on what values are chosen for C1 and C4 

to make the circuit resonant. Finally, 11, 12 and k are 
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chosen based on the results from the C programs and the 

COSMOS/M si~ulations. For this thesis, the actual values 

for all of these components were available because the coils 

had already been built. Therefore, PSpice is used to verify 

rather than predict the circuit behavior. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 Air Core Tests 

Before attempting to troubleshoot the TTU device, the 

accuracy of the C programs and the COSMOS/M simulations is 

verified by comparing the calculated values with the 

measured values for the RADAN 1502 and TTU device. The air 

core situation is used because core approximations do not 

come into play. Therefore, the only significant 

discrepancies between the calculated and measured values 

should be due to end effects. 

Either sim1.cpp or sim2.cpp can be used when there is 

no core material. The first column of Table 4.1 lists the 

ideal values for the RADAN 1502. The second column lists 

the inductance values when corrected for end-effects. 

Nagaoka's constants for both the primary and secondary coils 

are close to 1. Therefore, the COSMOS/M simulation should 

give a coupling coefficient close to the ideal value. As 

expected, the two coupling coefficients differ by only 5%. 

The measured values for the inductances are 0.6 microhenries 

and 1.82 millihenries for the primary and secondary, 

respectively. 
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Table 4.1. Simulation Results for the RADAN 1502. 

Ideal Values Corrected Values COSMOS/M Values 

Primary Inductance 0.65 mH 0.51 uH 0.50 uH 

Secondary Inductance 2.70 mH 2.08 mH 1.81 mH 

Coupling Coefficient 0.84 N/A 0.80 

Table 4.2 summarizes the results for the TTU device. 

Nagaoka's constants for this device are smaller than those 

for the RADAN 1502. As a result, COSMOS/M yields a coupling 

coefficient that is only 80% of the ideal value. The 

measured values are 0.29 microhenries for the primary 

inductance and 5.36 millihenries for the secondary 

inductance. 

Table 4.2. Simulation Results for the TTU Device. 

Ideal Values Corrected Values COSMOS/M Values 

Primary Inductance 0.34 mH 0.24 uH 0.28 uH 

Secondary Inductance 7.27 mH 5.70 mH 4.51 mH 

Coupling Coefficient 0.71 N/A 0.56 

The following observations are made on the basis of 

these data. COSMOS/M tends to underestimate in its 

calculations with the greatest deviation being 17%. 

Sim1.cpp or sim2.cpp overestimates as expected when 

calculating the ideal values. It is therefore important to 
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include Nagaoka's constant. The corrected values differ 

from the measured values by 17% at most. The primary 

inductance is closer to the ideal value while the secondary 

inductance is closer to the corrected value for both the 

RADAN 1502 and the TTU device. 

The end effects will become less significant with the 

use of core material. Therefore, the COSMOS/M simulations 

should approach the ideal values calculated by the C 

programs. When only the inner section of core material is 

used, the secondary will be affected more than the primary 

because a greater percentage of the enclosed area is 

composed of the core material. Conversely, the outer core 

material will affect the primary more than the secondary due 

to its proximity. Considering these factors, the coupling 

coefficient calculated by the C programs will overestimate 

less and less as more core material is introduced and k 

approaches unity. 

4.2 Troubleshooting the TTU Device 

Once thi ~ccuracy of the .c programs and COSMOS/M was 

determined, the TTU device could be analyzed. The relative 

permeability, ~r' of the ferrite rods must be determined 

before sim1.cpp can be used. The rods are two inches long 

and 0.125 inches in diameter with an initial permeability, 

~i' equal to 125. While ~i is the rating determined by the 

material used, the size and shape of the rods can 
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signif~car.Lly affect the effective per~eability of the roc, 

~~od· The effective permeability is equivalent to the 

relative permeability used by the C programs and COSMOS/~. 

Dete~~i~~ng ~~od from t~e ~od di~ensions and Figure 4.1 

yields a val~e of 70. 
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Before plugging these values into sim1.cpp, there are 

some other factors to consider. High frequencies, such as 

in the DRT operation, often reduce the effective 

permeabilities of many materials. Fortunately, ferrites are 

not much affected in this respect. Another factor to 

consider is the potential for eddy currents to form in the 

core material. Again ferrites perform well in this regard 

because the resistivity of the rods is so high (107 O·cm) 

that losses due to eddy currents are negligible. 

Table 4.3 lists the values predicted by sim1.cpp. 

Measurements gave a primary inductance of 0.6 microhenries 

and a secondary inductance of 13.0 millihenries. As 

expected, the primary inductance is close to the ideal 

value, whereas the secondary inductance is close to the 

corrected value. 

Table 4.3. Simulation Results for the TTU Device with 
Ferrite Rods. 

Ideal Values Corrected Values COSMOS/M Values 
. , . 

Primary Inductance 0.64 mH 0.46 uH N/A 

Secondary Inductance 20.26 mH 16.01 mH N/A 

Coupling Coefficient 0.86 N/A N/A 

One of the problems with the TTU device is immediately 

obvious. The ideal coupling coefficient is 0.86; the actual 

value of k is even lower. Because there is no way the 
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coupling could be 0.9 or greater a COSMOS/M simulation is 

unnecessary. The secondary voltage should reach its maximum 

at the second peak since k is approximately 0.8. However, 

Chapter 2 mentioned that the secondary voltage never reached 

the predicted maximum and that it looked like a simple RLC 

discharge. These results are attributed to the use of an 

SCR in the primary circuit. The primary capacitor 

discharges when the SCR is triggered. Simultaneously the 

secondary capacitor is charging. However, an SCR only 

allows current to flow in one direction. When the secondary 

circuit begins to discharge after the first peak, the 

primary circuit cannot recharge because the SCR does not 

allow the current to flow in the opposite direction. 

Therefore, the coupling between the circuits is no longer 

functional, and the secondary behaves as a simple RLC 

circuit after reaching the first peak. Furthermore, the 

secondary voltage never reaches the maximum value because it 

would occur at the second peak. 

4.3 Modified TTU Device 

Once the problem with the TTU device was determined 

some changes were made to the circuit. First, a mercury 

wetted relay replaced the SCR as the switch in the primary 

circuit because it conducts alternating currents. Once the 

coupling is high enough that the maximum secondary voltage 

occurs at the first peak it should not matter whether the 
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switch conducts alternating currents. However, in the 

interests of clarity, the relay ensures there is nothing to 

interfere with the behavior of the DRT circuit as explained 

in Section 1.2. 

The second change concerns the core material. In order 

to achieve a coupling coefficient closer to one, either more 

core material must be used or a material with a higher 

effective permeability must be used. A combination of both 

methods was used to achieve a greater coupling coefficient. 

Hy mu 80 annealed panels compose the modified core material. 

Each panel is twelve inches long, eight inches high and 

0.004 inches thick. Two panels each form the inner and 

outer cores. First, only the inner core is used because 

sim2.cpp does not incorporate the outer core. The goal is 

to achieve a coupling coefficient of at least 0.9 with just 

the inner core; that will ensure the secondary voltage will 

reach its maximum at the first peak. Then, upon introducing 

the outer core, the coupling coefficient will be even closer 

to the optimal value of one. The core material is assembled 

as in Figure 2.2(c). The resistance of the panels is very 

high because they are only 0.004 inches thick (see Equation 

(3.14)). Thus eddy currents are again negligible. However, 

frequency does have a much greater impact on the panels than 

it does on the ferrite rods. The manufacturer provided 

information about the relative permeability as a function of 
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frequency. Based on data from the manufacturer, the 

relative permeability is approximately 100. 

Sim2.cpp is then used to analyze the modified TTU 

device. Calculations yield a coupling coefficient of 0.91, 

which is an improvement over the original setup. The next 

step uses COSMOS/M to calculate the coupling coefficient; 

the result is a value of 0.90. The difference between the 

two calculations is negligible; the actual value of k is no 

less than 0.9. A summary of the predicted values is listed 

in Table 4.4. The measured inductances are 1 microhenry and 

28 millihenries for the primary and secondary, respectively. 

Once the desired coupling is achieved it is time to select 

the rest of the components for the circuit. 

Table 4.4. Simulation Results for the TTU Device with Hy Mu 
80 Annealed Panels. 

Ideal Values Corrected Values COSMOS/M Values 

Primary Inductance 0.99 mH 0.71 uH 0.77 uH 

Secondary Inductance 35.48 mH 28.04 mH 36.00 mH 

Coupling Coefficient 0.91 N/A 0.90 

The self-capacitance of each coil was measured before 

the primary and secondary capacitors were chosen. If the 

self-capacitances are large enough, they may be the decisive 

factor in determining the resonant frequency. The primary 

self-capacitance is 3.35 nanofarads and the secondary 
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self-capacitance is 420 picofarads. The self-capacitance of 

the secondary coil seems very large. As a rule of thumb, 

the capacitance of a single layer coil in picofarads is of 

the same order as the coil diameter in centimeters [10]. The 

measured self-capacitance is an order of magnitude greater 

than expected. However, the discrepancy is most likely due 

to two factors. First, the secondary coil is not perfectly 

wound in a single layer. The probability of overlapping 

turns is rather high considering that there are 416 turns 

and that it was wound completely by hand. Second, enameled 

wire was used; the dielectric constant for the enamel is 

close to four according to the manufacturer. 

The primary and secondary capacitors are in parallel 

with the self-capacitances (see Figure 3.2). Thus, the 

equivalent capacitance 

increased. Given that 

of each circuit 
1 . . 

CO = r;-;;t lt lS 
vLC 

can only be 

evident that the 

self-capacitances determine the maximum possible resonant 

frequencies. In this case, the self-capacitance of the 

secondary coil is the limiting factor. Given all of these 

data, 25 microfarads serve as the primary capacitor and 675 

picofarads serve as the secondary capacitor. The resonant 

frequencies of the primary and secondary differ by less than 

10%--well within the limits proposed by Skilling [4]. 

The final components to be considered are the 

resistances. The resistance of the primary coil is 
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calculated to be 6.7 milliohms, and the resistance of the 

secondary coil is calculated to be 49 ohms. Measurements 

with an ohmmeter confirm the calculations. As explained in 

section 3.2, skin depth effects need to be considered. Skin 

depth penetration is calculated according to 

where 

1 
f = 

27tJLC' 

J..1 = 47t * 10-7 , 

0 = 
1 

.J7t * f * J..1 * cr 

cr = conductivity (5. 8 * 10 7 n . m - 1 for copper). 

( 4 • 1) 

The skin depth for the modified TTU primary coil is 0.37 

millimeters at 31847 Hz. The resistance of the primary coil 

increased to 9.2 milliohms. The secondary coil is 

unaffected because the number 32 wire is only 0.2 

millimeters in diameter, and the skin depth is 0.39 

millimeters at 28757 Hz. The switch resistance is 

significant because the resistance of the primary coil is 

much smaller. However, the resistance of the secondary coil 

is so large that any parasitic losses (R4 in Figure 3.2) are 

negligible. Figure 4.2 illustrates the complete PSpice 

model. 
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Figure 4.2. PSpice Model for the Modified TTU Device. 

The initial condition for the primary capacitor is ten 

volts. A transient analysis is performed with PSpice. The 

resulting output voltage appears in Figure 4.3. The maximum 

value occurs at the first peak as expected, and the voltage 

gain is almost sixty. At first glance, the waveform does 

not resemble the one in Figure 1.4(c). However, resistances 

were neglected in section 1.2. The PSpice model includes 

resistances, especially the large secondary coil resistance, 

that attenuate the output voltage considerably. 

Figure 4.4 shows the oscilloscope traces from the 

actual circuit. The top trace is the voltage across the 

primary capacitor. The actual voltage is ten times greater 

due to the use of a Tektronix P6108 lOx probe. The bottom 

trace is the output voltage, and the Tektronix 66015 lOOOx 

probe gives a multiplication factor of 1000. The vertical 

scale is 0.2 volt per division, and the horizontal scale is 

40 



800 

600 

en 
~ 

400 .-t 
0 
> 
41 200 
O't 
cu 
~ 

0 .-t 
0 
> 
;:- -200 
cu 

"0 
1: 

-400 0 
u 
Q) 

til 

-600 

-800 

0 10 20 30 40 50 60 70 80 90 100 

Time (Microseconds) 

Figure 4.3. PSpice Output Voltage for the Modified TTU 
Device with the Inner Core. 

20 microseconds per division for both traces. The actual 

output voltage is almost identical in shape to the PSpice 

results. The voltage gain is slightly less at fifty. 

The final setup included the outer core material. Only 

a COSMOS/M simulation applies to this situation. The 

results are 0.83 microhenries for the primary inductance, 

36.2 millihenries for the secondary inductance and a 

coupling coefficient of 0.98. The measured values are 1.1 

microhenries and 29.2 millihenries for the primary and 

secondary inductors, respectively. The circuit is otherwise 

unchanged. The change in inductances results in a resonant 

frequency difference of 7%. 
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Figure 4.4. Primary and Secondary Voltages for the Modified 
TTU Device with the Inner Core. 

Figure 4.5 illustrates the PSpice results and Figure 

4.6 shows the actual traces. All parameters for the 

oscilloscope traces are the same as in Figure 4.4. Once 

again the results closely match. The frequency is slightly 

lower because both inductances increase while the 

capacitances remain unchanged. The PSpice voltage gain 

showed no discernible increase. The actual voltage gain 

increased slightly to fifty-three. 
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Figure 4.5. PSpice Output Voltage for the Modified TTU 
Device with the Inner and Outer Cores. 

Figure 4.6. Primary and Secondary Voltages for the Modi f i ed 
TTU Device with the Inner and Outer Cores. 
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CHAPTER 5 

CONCLUSION 

The first goal of this research, to determine why the 

TTU device did not work, was accomplished. This chapter 

will now address the second goal which is to provide 

suggestions for the design of future DRT's. The following 

suggestions are based on the knowledge gained from analyzing 

the TTU device. 

As section 4.3 demonstrated, almost any design can be 

made to work if enough core material with a high enough 

permeability is used. The elegance of the RADAN DRT, 

however, lies in the fact that regular transformer steel 

serves as the core and a relatively small amount is used. 

Future DRT designs should follow suit. 

The requirements for the core material are minimized if 

the air core DRT has a high coupling coefficient. Referring 

to Equation (3.9), if no core is used and the lengths of the 

primary and secondary are approximately equal 

k = rsav 

rp 
( 5. 1) 

Maximizing this ratio will maximize the coupling 

coefficient. The potential difference between the primary 

and secondary dictates rp and r2; the gap must be large 

enough to prevent breakdown. There is no such limit on rl. 
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Therefore, r1 must be as large as possible to maximize rsav 

and k. 

Equation (3.9) is based on the assumption that the 

coils are ideal. It follows that the true coupling 

coefficient improves as the actual coils approach the ideal, 

namely the length is much greater than the radius. 

Equations (3.12) and (3.13) also support this assertion. As 

the length increases with respect to the radius, the values 

of Nagaoka's constants approach one. For the ideal coil, 

Nagaoka's constant is equal to one. 

Another important area to consider is self-capacitance. 

The self-capacitance of the secondary coil is the decisive 

factor in choosing the resonant frequency. As a result, an 

extremely large, 25 ~F, primary capacitor was used. 

Immediately obvious as a drawback is the physical size of 

the capacitor. It is almost as large as the entire DRT 

which negates the compactness achieved by using a DRT. 

Second, the charging time can be extremely long depending on 

the current-limiting resistor used. For example, a one 

megaohm charging resistor has been used with the RADAN DRT, 

resulting in a charging time of a few seconds. If that same 

resistor were used with the modified TTU device, the 

charging time would increase to two minutes. The self

capacitance can be reduced by reducing the number of turns. 

Remember that the RADAN secondary coil only had 270 turns. 

45 



At first it may seem that reducing the number of turns 

is self-defeating. Doing so reduces the maximum possible 

gain per Equation (1.5). However, the TTU device only 

achieved a gain of 53 despite an ideal gain of 84. This 

difference is due to parasitic losses, especially the large 

secondary resistance. Reducing the number of turns reduces 

the ideal voltage gain, but it also reduces the secondary 

resistance. Therefore, the actual voltage gain will be 

closer to the ideal value and higher overall. 

The C programs and COSMOS/M will be helpful guides in 

designing future DRT's. Two factors should be kept in mind 

when using this software. First, the ideal coupling 

coefficient and the COSMOS/M coupling coefficient should not 

differ greatly. The difference for the RADAN DRT was only 

5% while for the TTU DRT it was 20%. If the simulations 

differ by more than 10%, a redesign is called for. The 

second guideline is the actual value of the coupling 

coefficient for the air core case. Anything less than 0.6 

should be redesigned because it will require a significant 

amount of core material to achieve a value of 0.9 or 

greater. Ideally, the value of k should be close to 0.8 as 

in the RADAN DRT; much less stringent requirements must be 

met by the core material. 

These guidelines are based on observations made during 

this research. One possible area to expand on this research 

would be to optimize the equations and determine more exact 
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criteria. Then, siml.cpp and sim2.cpp could be modified to 

serve as design tools. They are presently intended for 

analysis. This thesis should provide future designers a 

good understanding of the theory governing DRT's as well as 

some practical insight to "real world" operation. 
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APPENDIX A 

PROGRAM LISTING FOR SIMl.CPP 
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/* Melissa K. Less */ 
I* This program analyzes the performance of a double */ 
I* resonant transformer like those used in the Russian */ 
/* RADAN series accelerators. */ 
/* It is assumed that the primary coil is Np turns of */ 
/* copper foil and the secondary is Ns turns of wire on a */ 
/* conical shape. */ 

#include <stdio.h> 
#include <math.h> 
#include <limits.h> 
#include <float.h> 
#include <ctype.h> 

void info(); 
void getparameters(float *a,float *b,float *c, float *d, 

float *e,float *f,float *g,float *h, 
float *i,float *j, float *k, float *1, float *m,float 

*n,float *o,float *p); 
void getinductance(float *a, float 

float e,float f,float g,float 
j,float k,float l,float m,float n, 
p, float q) ; 

*b, float *c,float d, 
h, float i, float 

float o,float 

void editparameters(float *a,float *b,float *c, float *d, 

*n) ; 

float *e,float *f,float *g,float *h, 
float *i,float *j, float *k, float *1, float *m,float 

void showparameters(float d,float e,float f,float g,float h, 
float i,float j,float k,float l,float m, float 

n,float o,float p,float q); 
void getresistance(float *a,float *b,float c,float d, 

float e,float f,float g,float h,float i, float 
j,float k,float 1); 

/* The main program calls the functions that actually do the 
calculations */ 

void main () 
{ 

float Lp,Ls; /* primary and secondary inductance */ 
float k; /* coupling coefficient */ 
float Rp,lp,Np,Kp,t,rhop,Resp; /*parameters for 

the primary coil */ 
float Rl,R2,ls,Ns,Ks,rhos,Ress; /*parameters for 

51 



} 

float wc,dc,lc,Rco,ur,nc; 
int again; 

the secondary coil */ 
/* paramters for the core */ 

/* user entered choice */ 

info() ; 

printf("\nEnter 0 to Exit this program or 1 to 
Continue. \n") ; 

scanf("%i",&again); 

while (again != 0) 
{ 

} 

if (again == 1) 

getparameters(&Rp,&lp,&Np,&t,&R1,&R2,&1s,&Ns,&wc,&dc, 
&lc,&Rco,&ur,&nc,&rhop,&rhos); 

else 

editparameters(&Rp,&lp,&Np,&t,&R1,&R2,&1s,&Ns,&wc,&dc, 
&lc,&Rco,&ur,&nc); 

showparameters(Rp,lp,Np,t,R1,R2,1s,Ns,wc,dc,lc,Rco, 
ur, nc) ; 

getinductance(&Lp,&Ls,&k,Rp,lp,Np,t,R1,R2,1s,Ns,wc,dc,lc, 
Rco,ur,nc); 

getresistance(&Resp,&Ress,lp,Np,Rp,t,rhop,R1,R2,1s, 
Ns,rhos); 

printf("\nEnter one of the following:\nO -> Quit\n"); 
printf("1 ->Enter a new set of data\n2 ->Edit existing 
data\n"); 

scanf("%i",&again); 

/* This subroutine gives the user general information about 
the program. */ 
void info () 
{ 

char cont; 

printf("This program analyzes a double resonant 
transformer like those used in the\n"); 

printf("Russian Radan series of accelerators.\n"); 
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} 

printf("It is assumed the primary coil consists of Np 
turns of copper foil and the\n"); 

printf("secondary is Ns turns of wire on a conical 
shape. \n"); 

printf("The calculations done are approximate - only the 
inner section of core material\n"); 

printf("is used in the calculations.\n"); 
printf("A list of parameters that must be known is as 

follows: \n"); 
printf ( "PRIMARY\n"); 
printf(" Radius, Length, Number of Turns and Thickness 

and Resisitivity of Copper Foil\n"); 
printf ( "SECONDARY\n") ; 
printf(" Larger and Smaller Radii, Length, Number of 

Turns and Resistance/Unit Length\n"); 
printf(" of Wire Used\n"); 
printf("INNER CORE\n"); 
printf(" Length, Width and Depth of a Section, Number of 

Sections and Permeability\n"); 

/* This subroutine asks the user for specific parameters of 
the primary and secondary coil */ 
/* It returns all units in meters */ 
void getpararneters(float *Rp,float *lp,float *Np, float *t, 

float *Rl,float *R2,float *ls,float *Ns, float 
*wc,float *dc,float *lc,float *Reo, float *ur,float 
*nc,float *rhop, 

float *rhos) 

float ts; 
int ans; 

ans=O; 

/* thickness of copper foil */ 
/* ans is a user entered choice */ 

while ( (ans!=l) && (ans!=2)) 
{ 

} 

printf("\nSelect 1 to enter metric units or 2 to enter 
English units.\n"); 

scanf("%i",&ans); 

if (ans==l) 
printf("Enter units in meters please.\n"); 

else 
printf("Enter units in inches please.\n"); 

53 



} 

I* User enters parameters for the primary coil */ 
printf("Enter the radius, length, and number of turns of 

the primary.\n"); 
printf("Also enter the thickness and resistivity of the 

copper foil. \n") ; 
scanf("%f %f %f %f %f", Rp, lp, Np, &ts,rhop); 

/* User enters parameters for the secondary coil */ 
printf("Enter the larger radius, the smaller radius, 

length and number of turns\n"); 
printf("of the secondary. Also enter the resistance/unit 

length of the wire.\n"); 
scanf("%f %f %f %f %f", Rl, R2, ls, Ns,rhos); 

/* User enters parameters for the inner section of core 
material */ 

printf("Enter the length, width and depth of one section 
of the inner core material.\n"); 

printf("Also enter the outer radius, the number of 
sections of inner core material \n"); 

printf("and the permeability.\n"); 
scanf("%f %f %f %f %f %f",lc,wc,dc,Rco,nc,ur); 

/* Convert to metric units if necessary */ 
if (ans==2) 
{ 

} 

*Rp=*Rp*0.0254; 
*lp=*lp*0.0254; 
ts=ts*0.0254; 
*Rl=*Rl*0.0254; 
*R2=*R2*0.0254; 
*ls=*ls*0.0254; 
*wc=*wc*0.0254; 
*dc=*dc*0.0254; 
*lc=*lc*0.0254; 
*Rco=*Rco*0.0254; 

*t=*Np*ts; 

/* Based on the user supplied parameters, this subroutine 
calculates the inductance of each */ 
/* coil, the mutual inductance and the coupling coefficient. 
*I 
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void getinductance(float *Lp, float *Ls, float *k,float Rp, 
float lp,float Np,float t,float Rl, 

{ 

float R2,float ls,float Ns,float we, 
float dc,float lc,float Rco,float ur, float nc) 

canst float pi=3.14159; 
canst float uo=4*pi*pow(10,-7); 

float phill,phi22,phi12,phi21; /* flux density */ 
float kl,k2; /* coupling coefficient */ 
float Rsav,Rceq; /* Average radius of secondary and 

Equivalent radius of inner core */ 
float NCp,NCs; /* Nagoaka's Constant for the primary and 

secondary */ 

/* The following calculations are based on the Pulse 
Transformer section of the */ 

/* Pulsed Power Short Course. */ 

Rceq=sqrt(pow(Rco,2)-((wc*dc*nc)/pi)); 
Rsav=sqrt( (pow(R1,2)+pow(R2,2))/2); 

NCp=l/(1+0.9*(Rp/lp)+0.32*(t/Rp)+0.84*(t/lp)); 
NCs=l/(1+0.9*(Rsav/ls)-0.02*pow((Rsav/ls),2)); 

phill=( (uo*Np*pi* (pow(Rceq,2)+ur*(pow(Rco,2)
pow(Rceq,2)))/lc) + uo*Np*pi*(pow(Rp,2)
pow(Rco,2))/lp); 

phi22={(uo*Ns*pi* (pow(Rceq,2)+ur*(pow(Rco,2)
pow(Rceq,2)))/lc) + uo*Ns*pi*(pow(Rsav,2)
pow(Rco,2))/ls); 

phi12=phi22; 
phi21={(uo*Np*pi* (pow(Rceq,2)+ur*(pow(Rco,2)

pow(Rceq,2)))/lc) + uo*Np*pi*(pow(Rsav,2)
pow(Rco,2))/lp); 

*Lp=Np*phill; 
*Ls=Ns*phi22; 
kl=phi21/phill; 
k2=phi12/phi22; 
*k=sqrt(kl*k2); 

/* Convert to microhenries */ 
*Lp=*Lp*pow(10,6); 
*Ls=*Ls*pow(10,6); 

printf("The primary inductance is %f microhenries\n",*Lp); 
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} 

printf("The secondary inductance is %f 
microhenries\n",*Ls); 

printf("The coupling coefficient is %f\n\n",*k); 

printf("Nagaoka's Constant for the primary and secondary 
are %f and %f\n",NCp,NCs); 

/* This subroutine lets the user edit previously entered 
data */ 
void editparameters(float *Rp,float *lp,float *Np, float *t, 

float *Rl,float *R2,float *ls,float *Ns, float 
*wc,float *dc,float *lc,float *Reo, float *ur,float *nc) 

{ 

int edit; /* user's choice of which paramter to edit */ 
float newval; /* new value entered by user */ 
char again; /* user entered choice */ 

printf("l -> 
printf ( "2 -> 
printf ( "3 -> 
printf("4 -> 
printf ( "5 -> 
printf("6 -> 
printf("7 -> 
printf("8 -> 
printf("9 -> 
printf("lO -> 
printf("ll -> 
printf("12 -> 
printf("13 -> 
printf("14 -> 

do 
{ 

radius of primary\n"); 
length of primary\n"); 
number of turns of primary\n"); 
thickness of copper foil (primary)\n\n"); 
larger radius of secondary\n"); 
smaller radius of secondary\n"); 
length of secondary\n"); 
number of turns of secondary\n\n"); 
width of core material\n"); 
depth of core material\n"); 
length of core material\n"); 
outer radius of core material\n"); 
number of sections of core material\n"); 
permeability of core material\n"); 

printf("\nEnter the number corresponding to the 
parameter to be edited.\n"); 

scanf("%i",&edit); 
printf("Enter the new value. (Note: Value must be in 
meters) \n") ; 

scanf("%f",&newval); 

switch (edit) 
case l:*Rp=newval; break; 
case 2:*lp=newval; break; 
case 3:*t=(*t)/(*Np)*newval; *Np=newval; break; 
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} 

} 

} 

case 4:*t=(*Np)*newval; break; 
case S:*Rl=newval; break; 
case 6:*R2=newval; break; 
case 7:*ls=newval; break; 
case 8:*Ns=newval; break; 
case 9:*wc=newval; break; 
case lO:*dc=newval; break; 
case ll:*lc=newval; break; 
case 12:*Rco=newval; break; 
case 13:*nc=newval; break; 
case 14:*ur=newval; break; 
default: printf("Invalid parameter 

selection.\n"); break; 

printf("Edit another value? (y/n)\n"); 
scanf("%1s",&again); 

while ((again=='y') I I (again=='Y')); 

/* This subroutine prints out the values of the parameters 
*I 

void showparameters(float Rp,float lp,float Np,float t, 
float Rl,float R2,float ls,float Ns, 
float wc,float dc,float lc,float Reo, float ur,float 

nc) 

{ 

printf("The parameters for the primary are as 
follows:\n"); 

printf("Radius- %f meters\n",Rp); 
printf("Length- %f meters\n",lp); 
printf("Number of turns - %f\n",Np); 
printf("The total thickness- %f meters\n",t); 

printf("\nThe parameters for the secondary are as 
follows:\n"); 

printf("Longer Radius- %f meters\n",Rl); 
printf("Shorter Radius- %f meters\n",R2); 
printf("Length- %f meters\n",ls); 
printf("Nurnber of turns- %f\n",Ns); 

printf("\nThe parameters for the inner section of core 
material are as follows:\n"); 
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} 

printf("Width- %f rneters\n",wc); 
printf("Depth- %f rneters\n",dc); 
printf("Length- %f rneters\n",lc); 
printf("Outer Radius- %f rneters\n",Rco); 
printf("Nurnber of Sections- %f\n",nc); 
printf("Perrneability- %f\n\n",ur); 

void getresistance (float *Resp,float *Ress,float lp, 
float Np,float Rp,float t,float rhop, float Rl,float 

R2,float ls,float Ns, 

} 

float rhos) 

canst pi=3.14159; 

int i; 
float r,l,lstotal,tr; 
float lptotal; 

lptotal=O; 
for(i=O;i<Np;i++) 

lptotal=lptotal+2*pi*(Rp+i*(t/Np)); 
*Resp=(rhop*lptotal)/(lp*(t/Np)); 

lstotal=O; 

for(l=O;l<=ls;l=l+(ls/Ns)) 
{ r=((R2-Rl)/ls)*l+Rl; 

lstotal=lstotal+2*pi*r; 
} 

*Ress=lstotal*rhos; 

printf("The primary resistance is %f ohrns\n",*Resp); 
printf("The secondary resistance is %f ohrns\n",*Ress); 
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APPENDIX B 

PROGRAM LISTING FOR SIM2.CPP 
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/* Melissa K. Less */ 
I* This program analyzes the performance of a double */ 
I* resonant transformer like those used in the Russian */ 
/* RADAN series accelerators. */ 
I* It is assumed that the primary coil is Np turns of */ 
I* copper foil and the secondary is Ns turns of wire on a */ 
/* conical shape. */ 

#include <stdio.h> 
#include <math.h> 
#include <limits.h> 
#include <float.h> 
#include <ctype.h> 

void info(); 
void getparameters(float *a,float *b,float *c, float *d, 

float *e,float *f,float *g,float *h, 
float *i, float *j, float *k, float *1, 
float *rn,float *n); 

void getinductance(float *a, float *b, float *c,float d, 
float e,float f,float g,float h,float i, 
float j,float k,float l,float rn,float n, 
float o); 

void editparameters(float *a,float *b,float *c, float *d, 
float *e,float *f,float *g,float *h, 
float *i,float *j,float *k, float *1); 

void showparameters(float d,float e,float f,float g,float h, 
float i,float j,float k,float l,float rn, 
float n,float o); 

void getresistance(float *a,float *b,float c,float d, 
float e, float f,float g,float h,float i, 
float j,float k,float 1); 

/* The main program calls the functions that actually do the 
calculations */ 

void main() 
{ 

float Lp,Ls; /* primary and secondary inductance */ 
float k; /* coupling coefficient */ 
float Rp,lp,Np,Kp,t,rhop,Resp; /*parameters for*/ 

float Rl,R2,ls,Ns,Ks,rhos,Ress; 
/* the primary coil */ 

/* parameters for the */ 
/* secondary coil */ 

float Rci,Rco,lc,ur; 
int again; 

info(); 

/* paramters for the inner core */ 
/* user entered choice */ 
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printf("\nEnter 0 to Exit this program or 1 to 
Continue. \n"); 

} 

scanf("%i",&again); 

while (again != 0) 
{ 

} 

if (again == 1) 

getparameters(&Rp,&lp,&Np,&t,&R1,&R2,&1s,&Ns,&Rci,&Rco, 
&lc,&ur,&rhop,&rhos); 

else 
editparameters(&Rp,&lp,&Np,&t,&R1,&R2,&1s,&Ns,&Rci, 

&Rco,&lc,&ur); 
showparameters(Rp,lp,Np,t,R1,R2,1s,Ns,Rci,Rco,lc,ur); 

getinductance(&Lp,&Ls,&k,Rp,lp,Np,t,R1,R2,1s,Ns,Rci,Rco, 
lc,ur); 

getresistance(&Resp,&Ress,lp,Np,Rp,t,rhop,R1,R2,1s,Ns, 
rhos); 

printf("\nEnter one of the following:\nO -> Quit\n"); 
printf("1 ->Enter a new set of data\n2 ->Edit existing 

data \n") ; 
scanf("%i",&again); 

/* This subroutine gives the user general information about 
the program. */ 
void info () 
{ 

char cant; 

printf("This program analyzes a double resonant 
transformer like those used in the\n"); 

printf("Russian Radan series of accelerators.\n"); 
printf("It is assumed the primary coil consists of Np 

turns of copper foil and the\n"); 
printf("secondary is Ns turns of wire on a conical 

shape. \n"); 
printf("The calculations done are approximate - only the 

inner section of core material\n"); 
printf("is used in the calculations.\n"); 
printf("A list of parameters that must be known is as 

follows:\n"); 
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} 

printf("PRIMARY\n"); 
printf(" Radius, Length, Number of Turns and Thickness 

and Resisitivity of Copper Foil\n"); 
printf ( "SECONDARY\n") ; 
printf(" Larger and Smaller Radii, Length, Number of 

Turns and Resistance/Unit Length\n"); 
printf(" of Wire Used\n"); 
printf ("INNER CORE\n") ; 
printf(" Inner Radius, Outer Radius, Length and 

Permeability\n"); 

/* This subroutine asks the user for specific parameters of 
the primary and secondary coil */ 
/* It returns all units in meters */ 
void getparameters(float *Rp,float *lp,float *Np, float *t, 

float *Rl,float *R2,float *ls,float *Ns, 
float *Rei, float*Rco,float *lc, 

{ 

float ts; 
int ans; 

ans=O; 

float *ur, float *rhop,float *rhos) 

/* thickness of copper foil */ 
/* ans is a user entered choice */ 

while ((ans!=l) && (ans!=2)) 
{ 

} 

printf("\nSelect 1 to enter metric units or 2 to enter 
English units.\n"); 

scanf("%i",&ans); 

if (ans==l) 
printf("Enter units in meters please.\n"); 

else 
printf("Enter units in inches please.\n"); 

/* User enters parameters for the primary coil */ 
printf("Enter the radius, length, and number of turns of 

the primary.\n"); 
printf("Also enter the thickness and resistivty of the 

copper foil.\n"); 
scanf("%f %f %f %f %f", Rp, lp, Np, &ts,rhop); 

/* User enters parameters for the secondary coil */ 
printf("Enter the larger radius, the smaller radius, 

length and number of turns \n"); 
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printf("of the secondary. Also enter the resistance/unit 
length of the wire\n"); 

scanf("%f %f %f %f %f", Rl, R2, ls, Ns, rhos); 

I* User enters parameters for the inner section of core 
material */ 

} 

printf("Enter the length, inner radius and outer radius 
inner core material.\n"); 

printf("Also enter the permeability.\n"); 
scanf("%f %f %f %f",lc,Rci,Rco,ur); 

/* Convert to metric units if necessary */ 
if (ans==2) 
{ 

} 

*Rp=*Rp*0.0254; 
*lp=*lp*0.0254; 
ts=ts*0.0254; 
*rhop=*rhop*0.0254; 
*Rl=*Rl*0.0254; 
*R2=*R2*0.0254; 
*ls=*ls*0.0254; 
*Rci=*Rci*0.0254; 
*Rco=*Rco*0.0254; 
*lc=*lc*0.0254; 
*rhos=*rhos/0.0254; 

*t=*Np*ts; 

/* Based on the user supplied parameters, this subroutine */ 
/* calculates the inductance of each coil, */ 
/* the mutual inductance and the coupling coefficient. */ 
void getinductance(float *Lp, float *Ls, float *k,float Rp, 

{ 

float lp,float Np,float t,float Rl, 
float R2,float ls,float Ns,float Rei, 
float Rco,float lc,float ur) 

canst float pi=3.14159; 
canst float uo=4*pi*pow(10,-7); 

float phill,phi22,phi12,phi21; /* flux density */ 
float kl,k2; /*coupling coefficients */ 
float Rsav; /* Average radius of secondary */ 
float NCp,NCs; /* Nagoaka's Constant for the primary and 

/* secondary */ 
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} 

I* The following calculations are based on the Pulse */ 
I* Transformer section of the Pulsed Power Short Course */ 

Rsav=sqrt((pow(R1,2)+pow(R2,2))/2); 

NCp=l/(1+0.9*(Rp/lp)+0.32*(t/Rp)+0.84*(t/lp)); 
NCs=l/(1+0.9*(Rsav/ls)-0.02*pow((Rsav/ls),2)); 

phill=((uo*Np*pi* (pow(Rci,2)+ur*(pow(Rco,2)-
pow(Rci,2)) )/lc) + uo*Np*pi*(pow(Rp,2)-pow(Rco,2) )/lp); 

phi22=((uo*Ns*pi* (pow(Rci,2)+ur*(pow(Rco,2)
pow(Rci,2)))/lc) + uo*Ns*pi*(pow(Rsav,2)
pow(Rco,2))/ls); 

phil2=phi22; 
phi21=((uo*Np*pi* (pow(Rci,2)+ur*(pow(Rco,2)

pow(Rci,2)))/lc) + uo*Np*pi*(pow(Rsav,2)
pow(Rco,2))/lp); 

*Lp=Np*phill; 
*Ls=Ns*phi22; 

k2=phi12/phi22; 
kl=phi21/phill; 
*k=sqrt(kl*k2); 

/* Convert to microhenries */ 
*Lp=*Lp*pow(10,6); 
*Ls=*Ls*pow(10,6); 

printf("The primary inductance is %f microhenries\n",*Lp); 
printf("The secondary inductance is %f 

microhenries\n",*Ls); 
printf("The coupling coefficient is %f\n\n",*k); 

printf("Nagaoka's Constant for the primary and secondary 
are %f and %f\n",NCp,NCs); 

/* This subroutine lets the user edit previously entered 
data */ 
void editparameters(float *Rp,float *lp,float *Np, float *t, 

float *Rl,float *R2,float *ls,float *Ns, 
float *Rci,float *Rco,float *lc, 
float *ur) 
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{ 

int edit; /* user's choice of which paramter to edit */ 
float newval; /* new value entered by user */ 
char again; /* user entered choice */ 

printf("l -> 
printf("2 -> 
printf("3 -> 
printf("4 -> 
printf("S -> 
printf("6 -> 
printf("7 -> 
printf("8 -> 
printf("9 -> 

radius of primary\n"); 
length of primary\n"); 
number of turns of primary\n"); 
thickness of copper foil (primary)\n\n"); 
larger radius of secondary\n"); 
smaller radius of secondary\n"); 
length of secondary\n"); 

printf("lO -> 

number of turns of secondary\n\n"); 
inner radius of core material\n"); 
outer radius of core material\n"); 
length of core material\n"); 
permeability ·of core material\n"); 

printf("ll -> 
printf("l2 -> 

do 
{ 

} 

printf("\nEnter the number corresponding to the 
parameter to be edited.\n"); 

scanf("%i",&edit); 
printf("Enter the new value. (Note: Value must be in 
meters) \n") ; 

scanf("%f",&newval); 

switch (edit) 

} 

case l:*Rp=newval; break; 
case 2:*lp=newval; break; 
case 3:*t=(*t)/(*Np)*newval; *Np=newval; break; 
case 4:*t=(*Np)*newval; break; 
case S:*Rl=newval; break; 
case 6:*R2=newval; break; 
case 7:*ls=newval; break; 
case 8:*Ns=newval; break; 
case 9:*Rci=newval; break; 
case lO:*Rco=newval; break; 
case ll:*lc=newval; break; 
case 12:*ur=newval; break; 
default: printf("Invalid parameter 

selection.\n"); break; 

printf("Edit another value? (y/n)\n"); 
scanf("%ls",&again); 
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while ( (again=='y') 11 (again=='Y')); 
} 

I* This subroutine prints out the values of the parameters 
*I 

void showparameters(float Rp,float lp,float Np,float t, 
float Rl,float R2,float ls,float Ns, 
float Rci,float Rco,float lc,float ur) 

{ 

printf("The parameters for the primary are as 
follows: \n") ; 

printf("Radius- %f meters\n",Rp); 
printf("Length- %f meters\n",lp); 
printf("Number of turns - %f\n",Np); 
printf("The total thickness- %f meters\n",t); 

printf("\nThe parameters for the secondary are as 
follows:\n"); 

printf("Longer Radius - %f meters\n",Rl); 
printf("Shorter Radius- %f meters\n",R2); 
printf("Length- %f meters\n",ls); 
printf ("Number of turns - %f\n" ,Ns); 

printf("\nThe parameters for the inner section of core 
material are as follows:\n"); 

printf("Inner Radius- %f meters\n",Rci); 
printf("Outer Radius- %f rneters\n",Rco); 
printf("Length- %f rneters\n",lc); 
printf("Permeability - %f\n\n",ur); 

void getresistance (float *Resp,float *Ress,float lp, 
float Np,float Rp,float t,float rhop, 
float Rl,float R2,float ls,float Ns, 
float rhos) 

canst pi=3.14159; 

int i; 
float r,l,lstotal,tr; 
float lptotal; 
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} 

lptotal=O; 
for(i=O;i<Np;i++) 

lptotal=lptotal+2*pi*(Rp+i*(t/Np)); 
*Resp=(rhop*lptotal)/(lp*(t/Np)); 

lstotal=O; 

for(l=O;l<=ls;l=l+(ls/Ns)) 
{ r=((R2-Rl)/ls)*l+Rl; 

lstotal=lstotal+2*pi*r; 
} 

*Ress=lstotal*rhos; 

printf("The primary resistance is %f ohms\n",*Resp); 
printf("The secondary resistance is %f ohms\n",*Ress); 
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APPENDIX C 

COMMAND LISTINGS FOR GEOSTAR MODELS 
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VIEW,l,l,l,O, 
PLANE I y I 0 I 1 I 
SF4CORD,l,0,0,-6.0325E-3,5.08E-2,0,-6.0325E-3,5.08E-2,0, 

1.146175E-l,O,O,l.l46175E-1, 
VLSWEEP,l,l,l,Z,lO,l, 
SCALE, 0 I 
MPROP,l,MPERM,1.256637E-6, 
M_VL,l,l,1,8,6,10,1,1,1,1, 
NMERGE,l,154,1,0.0001,0,1,0, 
NCOMPRESS,1,154, 
NPND,l,0,143,1, 
EGROUP,l,MAG3D,O,O,O,O,O,O,O, 
CSANGL,3,0,0,0,0,0,0,0,0, 
CSANGL,4,0,0,0,1.2065E-2,0,0,0,0, 
CSANGL,5,0,0,0,2.413E-2,0,0,0,0, 
CSANGL,6,0,0,0,3.6195E-2,0,0,0,0, 
CSANGL,7,0,0,0,4.826E-2,0,0,0,0, 
CSANGL,8,0,0,0,6.0325E-2,0,0,0,0, 
CSANGL,9,0,0,0,7.239E-2,0,0,0,0, 
CSANGL,10,0,0,0,8.4455E-2,0,0,0,0, 
CSANGL,ll,0,0,0,9.652E-2,0,0,0,0, 
CSANGL,12,0,0,0,1.08585E-l,O,O,O,O, 
JSDEF,1,1,3,2.032E-4,1.2065E-2,2.286E-2,1,20,20.5, 
JSDEF,2,1,4,2.032E-4,1.2065E-2,2.53436E-2,1,20,20.5, 
JSDEF,3,1,5,2.032E-4,1.2065E-2,2.78271E-2,1,20,20.5, 
JSDEF,4,1,6,2.032E-4,1.2065E-2,3.03107E-2,1,20,21, 
JSDEF,5,1,7,2.032E-4,1.2065E-2,3.27942E-2,1,20,21, 
JSDEF,6,1,8,2.032E-4,1.2065E-2,3.52778E-2,1,20,21, 
JSDEF,7,1,9,2.032E-4,1.2065E-2,3.77614E-2,1,20,21, 
JSDEF,8,1,10,2.032E-4,1.2065E-2,4.02449E-2,1,20,21, 
JSDEF,9,1,11,2.032E-4,1.2065E-2,4.27285E-2,1,20,21, 
JSDEF,10,1,12,2.032E-4,1.2065E-2,4.5212E-2,1,20,21, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM OUTPUT,l,l,O,l,O.S,O, 
R MAGNETIC, 
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VIEW,l,l,l,O, 
PLANE,Y,O,l, 
SF4CORD,l,0,0,-1.5875E-2,3.3973E-2,0,-1.5875E-2,3.3973E-2,0, 

9.5885E-2,0,0,9.5885E-2, 
VLSWEEP,l,l,l,Z,lO,l, 
SCALE,O, 
MPROP,l,MPERM,1.256637E-6, 
M_VL,l,l,l,8,6,10,1,1,1,1, 
NMERGE,l,154,1,0.0001,0,1,0, 
NCOMPRESS,l,154, 
NPND,l,O,l43,1, 
EGROUP,l,MAG3D,O,O,O,O,O,O,O, 
CSYS,3,0,1,2,5, 
CSANGL,4,0,0,0,5.715E-3,0,0,0,0, 
CSANGL,S,O,O,O,l.l43E-2,0,0,0,0, 
CSANGL,6,0,0,0,1.7145E-2,0,0,0,0, 
CSANGL,7,0,0,0,2.286E-2,0,0,0,0, 
CSANGL,8,0,0,0,2.8575E-2,0,0,0,0, 
CSANGL,9,0,0,0,3.429E-2,0,0,0,0, 
CSANGL,10,0,0,0,4.0005E-2,0,0,0,0, 
CSANGL,ll,0,0,0,4.572E-2,0,0,0,0, 
CSANGL,12,0,0,0,5.1435E-2,0,0,0,0, 
CSANGL,13,0,0,0,5.715E-2,0,0,0,0, 
CS~~GL,14,0,0,0,6.2865E-2,0,0,0,0, 

CSANGL,15,0,0,0,6.858E-2,0,0,0,0, 
CSANGL,16,0,0,0,7.4295E-2,0,0,0,0, 
CSANGL,17,0,0,0,8.001E-2,0,0,0,0, 
JSDEF,1,1,3,3.175E-4,5.715E-3,2.19075E-2,1,20,9, 
JSDEF,2,1,4,3.175E-4,5.715E-3,2.27457E-2,1,20,9, 
JSDEF,3,1,5,3.175E-4,5.715E-3,2.35839E-2,1,20,9, 
JSDEF,4,1,6,3.175E-4,5.715E-3,2.44221E-2,1,20,9, 
JSDEF,5,1,7,3.175E-4,5.715E-3,2.52603E-2,1,20,9, 
JSDEF,6,1,8,3.175E-4,5.715E-3,2.60985E-2,1,20,9, 
JSDEF,7,1,9,3.175E-4,5.715E-3,2.69367E-2,1,20,9, 
JSDEF,8,1,10,3.175E-4,5.715E-3,2.77749E-2,1,20,9, 
JSDEF,9,1,11,3.175E-4,5.715E-3,2.86131E-2,1,20,9, 
JSDEF,l0,1,12,3.175E-4,5.715E-3,2.94513E-2,1,20,9, 
JSDEF,11,1,13,3.175E-4,5.715E-3,3.02895E-2,1,20,9, 
JSDEF,12,1,14,3.175E-4,5.715E-3,3.11277E-2,1,20,9, 
JSDEF,13,1,15,3.175E-4,5.715E-3,3.19659E-2,1,20,9, 
JSDEF,14,1,16,3.175E-4,5.715E-3,3.28041E-2,1,20,9, 
JSDEF,15,1,17,3.175E-4,5.715E-3,3.36423E-2,1,20,9, 
A MAGNETIC,S,MKS,O.OOOl,lS,l,O,O, 
EM OUTPUT,l,l,O,l,O.S,O, 
R MAGNETIC, 
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VIEW,l,l,l,O, 
PLANE I y I 0 I 1 I 
SF4CORD,l,0,0,-6.0325E-3,1.5875E-2,0,-6.0325E-3,1.5875E-2, 

0,1.146175E-1,0,0,1.146175E-1, 
SF4CORD,2,1.5875E-2,0,-6.0325E-3,1.8415E-2,0,-6.0325E-3, 

1.8415E-2,0,1.146175E-1,1.5875E-2,0,1.146175E-1, 
SF4CORD,3,1.8415E-2,0,-6.0325E-3,5.08E-2,0,-6.0325E-3, 

5.08E-2,0,1.146175E-1,1.8415E-2,0,1.146175E-1, 
VLSWEEP,l,l,l,Z,lO,l, 
SCALE, 0, 
MPROP,l,MPERM,l.256637E-6, 
M_VL,l,l,1,8,2,10,1,1,1,1, 
M_VL,3,3,1,8,4,10,1,1,1,1, 
MPROP,2,MPERM,1.5708E-4, 
M_VL,2,2,1,8,1,10,1,1,1,1, 
NMERGE,l,220,1,0.0001,0,1,0, 
NCOMPRESS,l,220, 
NPND,l,O,l70,1, 
EGROUP,l,MAG3D,O,O,O,O,O,O,O, 
CSANGL,3,0,0,0,0,0,0,0,0, 
CSANGL,4,0,0,0,1.2065E-2,0,0,0,0, 
CSANGL,5,0,0,0,2.413E-2,0,0,0,0, 
CSANGL,6,0,0,0,3.6195E-2,0,0,0,0, 
CSANGL,7,0,0,0,4.826E-2,0,0,0,0, 
CSANGL,8,0,0,0,6.0325E-2,0,0,0,0, 
CSANGL,9,0,0,0,7.239E-2,0,0,0,0, 
CSANGL,l0,0,0,0,8.4455E-2,0,0,0,0, 
CSANGL,ll,0,0,0,9.652E-2,0,0,0,0, 
CSANGL,12,0,0,0,1.08585E-l,O,O,O,O, 
JSDEF,1,1,3,2.032E-4,1.2065E-2,2.286E-2,1,20,20.5, 
JSDEF,2,1,4,2.032E-4,1.2065E-2,2.53436E-2,1,20,20.5, 
JSDEF,3,1,5,2.032E-4,1.2065E-2,2.78271E-2,1,20,20.5, 
JSDEF,4,1,6,2.032E-4,1.2065E-2,3.03107E-2,1,20,21, 
JSDEF,5,1,7,2.032E-4,1.2065E-2,3.27942E-2,1,20,21, 
JSDEF,6,1,8,2.032E-4,1.2065E-2,3.52778E-2,1,20,21, 
JSDEF,7,1,9,2.032E-4,1.2065E-2,3.77614E-2,1,20,21, 
JSDEF,8,1,10,2.032E-4,1.2065E-2,4.02449E-2,1,20,21, 
JSDEF,9,1,11,2.032E-4,1.2065E-2,4.27285E-2,1,20,21, 
JSDEF,10,1,12,2.032E-4,1.2065E-2,4.5212E-2,1,20,21, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM OUTPUT,l,l,O,l,O.S,O, 
R MAGNETIC, 
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VIEW,l,l,l,O 
PLANE I y I 0 I l, 
SF4CORD,l,O,O,O,O.l524,0,0,0.1524,0,0.1905,0,0,0.1905, 
VLSWEEP,l,l,l,Z,lO,l, 
SCALE, 0, 
MPROP,l,MPERM,l.256637E-6, 
M_VL,l,l,l,8,6,12,1,1,1,1, 
NMERGE,l,l82,1,0.0001,0,1,0, 
NCOMPRESS,l,l82, 
NPND,l,O,l82,1, 
EGROUP,l,MAG3D,O,O,O,O,O,O,O, 
CSYS,3,0,1,2,5, 
JSDEF,l,l,3,0.000508,0.12065,0.0508,1,20,0.5, 
JSDEF,2,1,3,0.000508,0.12065,0.0515,1,20,0.5, 
VLGEN,l,l,l,l,O,O,O,-O.l905, 
CLS, 1, 
SCALE, 0, 
M VL,2,2,1,8,6,12,1,1,1,1, 
NMERGE,l,351,1,0.0001,0,1,0, 
NCOMPRESS,1,344, 
NPND,l,0,325,1, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM OUTPUT,l,l,O,l,O.S,O, 
R MAGNETIC, 

72 



VIEW,l!l,l,O, 
PLANE,Y,O,l, 
SF4CORD,l,O,O,O,O.l524,0,0,0.1524,0,0.1905,0,0,0.1905, 
VLSWEEP,l,l,l,Z,lO,l, 
SCALE,O, 
MPROP,l,MPERM,l.256637E-6, 
M_VL,l,l,l,8,6,12,1,1,1,1, 
NMERGE,l,l82,1,0.0001,0,1,0, 
NCOMPRESS,l,l82, 
NPND,l,O,l82,1, 
EGROUP,l,MAG3D,O,O,O,O,O,O,O, 
CSYS,3,0,1,2,5, 
JSDEF,l,l,3,0.000238,0.11176,0.03397,1,20,0.5, 
JSDEF,2,1,3,0.000238,0.11176,0.0343,1,20,0.5, 
JSDEF,3,1,3,0.000238,0.11176,0.0346,1,20,0.5, 
JSDEF,4,1,3,0.000238,0.11176,0.0349,1,20,0.5, 
A_MAGNETIC,S,MKS,O.OOOl,lS,l,O,O, 
EM_OUTPUT,l,l,O,l,O.S,O, 
R MAGNETIC, 

73 



VIEW,1,1,1,0, 
PLANE I y I 0 I 1 I 
SF4CORD,1,0,0,-0.1016,0.015875,0,-0.1016,0.015875,0,0.1016, 

0,0,0.1016, 
SF4CORD,2,0.015875,0,-0.1016,0.018415,0,-0.1016,0.018415,0, 

0.1016,0.015875,0,0.1016, 
SF4CORD,3,0.018415,0,-0.1016,0.1524,0,-0.1016,0.1524,0, 

0.1016,0.018415,0,0.1016, 
SF4CORD,4,0,0,-0.1905,0.1524,0,-0.1905,0.1524,0,-0.1016,0, 

0,-0.1016, 
SF4CORD,5,0,0,0.1016,0.1524,0,0.1016,0.1524,0,0.1905,0,0, 

0.1905, 
VLSWEEP,1,5,1,Z,10,1, 
SCALE,O, 
MPROP,1,MPERM,1.256637E-6, 
M VL,1,1,1,8,2,8,1,1,1,1, 
M-VL, 3, 3, 1, 8, 4, 8, 1, 1, 1, 1, 
M-VL,4,5,1,8,6,4,1,1,1,1, 
MPROP,2,MPERM,1.5708E-4, 
M VL,2,2,1,8,1,8,1,1,1,1, 
NMERGE,1,320,1,0.0001,0,1,0, 
NCOMPRESS,1,320, 
NPND,1,0,270,1, 
EGROUP,1,MAG3D,O,O,O,O,O,O,O, 
CSYS,3,0,1,2,5, 
JSDEF,1,1,3,0.000508,0.12065,0.0508,1,20,0.5, 
JSDEF,2,1,3,0.000508,0.12065,0.0515,1,20,0.5, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM OUTPUT,1,1,0,1,0.5,0, 
R MAGNETIC, 

74 



VIEW 11 11 11 10 1 
PLANE I y I 0 I 1 I 
SF4CORD11 10 10 1-0.1016 10.015875,0,-0.1016 10.015875 10,0.1016 1 

01010.1016,& 
SF4CORD,2,0.015875 10 1-0.1016,0.018415,0,-0.1016,0.018415,0, 

0.1016,0.01587510,0.1016, 
SF4CORD,3 10.018415,0,-0.1016 10.05207,0,-0.1016,0.05207 10, 

0.1016,0.018415,0,0.1016, 
SF4CORD1 4,0.05207,0,-0.1016,0.05232 10,-0.1016,0.05232,0, 

0.1016,0.05207,0,0.1016, 
SF4CORD,5,0.05232,0,-0.1016,0.1524,0,-0.1016,0.1524,0, 

0.1016,0.05232,0,0.1016, 
SF4CORD,6,0,0,-0.1905,0.1524,0,-0.1905,0.1524,0,-0.1016,0, 

0,-0.1016, 
SF4CORD,7,0,0,0.1016,0.1524,0,0.1016,0.1524,0,0.1905,0,0, 

0.1905, 
VLSWEEP,1,7,1,Z,10,1, 
SCALE, 0, 
MPROP,1,MPERM,1.256637E-6, 
M VL,1,1,1,8,2,8,1,1,1,1, 
M-VL, 3, 3, 1, 8, 2, 8, 1, 1, 1, 1, 
M-VL,5,5,1,8,4,8,1,1,1,1, 
M-VL,6,7,1,8,6,3,1,1,1,1, 
MPROP,2,MPERM,1.5708E-4, 
M VL,2,2,1,8,1,8,1,1,1,1, 
M-VL 14,4,1,8,1,8,1,1,1,1, 
NMERGE,1,382,1,0.0001,0,1,01 
NCOMPRESS,1,382, 
NPND,1,0,287,1, 
EGROUP,1,MAG3D,O,O,O,O,O,O,O, 
CSYS,3,0,1,2,5, 
JSDEF,1,1,3,0.000508,0.12065,0.0508,1,20,0.5, 
JSDEF,2,1,3,0.000508,0.12065,0.0515,1,20,0.5, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM OUTPUT,1,1,0,1,0.5,0, 
R MAGNETIC, 
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VIEW,1,1,1,0 1 
PLANE I y I 0 I 1' 
SF4CORDI110 10 1-0.07 10.1524 10 1-0.07 10.1524 10 10.1905 10 10 1 

0.19051 
VLSWEEP 11 11 11 1Z110 11 1 
SCALE,O, 
MPROP,1 1MPERM,1.256637E-6, 
M_VL,1,1,1,8,6,12,1,1,1,1, 
NMERGE,1,182,1,0.0001,0,1,0, 
NCOMPRESS,1,182, 
NPND,1 10,182,1, 
EGROUPI1,MAG3D,O,O,O,O,O,O,O, 
CSANGL,3,0,0 10,0,0,0,0,0, 
CSANGL,4,010,0,1.2065E-2,0,0,0,0, 
CSANGL,5,0,0,0,2.413E-2,0,0,0,0, 
CSANGL,6,0,0,0,3.6195E-2,0,0,0,0, 
CSANGL,710,0,0,4.826E-2,0,0,0,0, 
CSANGL,S,0,0,0,6.0325E-2,0,0,0,0, 
CSANGL 19,0,0,0,7.239E-2,0,0,0,0, 
CSANGL,10,0,0,0,8.4455E-2,0,0,0,0, 
CSANGL,11,0,0,0 19.652E-2,0,0,0,0 1 
CSANGL,12,0,0,0,1.08585E-1,0,0,0,0, 
JSDEF,1,1,3,2.032E-4,1.2065E-2,2.286E-2 11,20,20.5, 
JSDEF,2,1,4,2.032E-4,1.2065E-2,2.53436E-2,1 120,20.5, 
JSDEF,3,1,5 12.032E-4,1.2065E-2,2.78271E-2,1,20,20.5, 
JSDEF,4 11,6,2.032E-4,1.2065E-2,3.03107E-2,1,20,21, 
JSDEF,5,1,7,2.032E-4,1.2065E-2,3.27942E-2,1,20,21, 
JSDEF,6,1,8,2.032E-4,1.2065E-2,3.52778E-2,1,20,21, 
JSDEF,7,1 19,2.032E-4,1.2065E-2,3.77614E-2,1,20,21, 
JSDEF,8,1,10,2.032E-4,1.2065E-2,4.02449E-2,1,201211 
JSDEF,9,1,ll 12.032E-4 11.2065E-2,4.27285E-2,1,20,21, 
JSDEF,10,1,12,2.032E-4,1.2065E-2,4.5212E-2,1,20,21, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM_OUTPUT,1,1,0,1,0.5,0, 
R MAGNETIC, 

76 



VIEW,l,l,l,O, 
PLANE,Y,O,l, 
SF4CORD,l,0,0,-0.1048,0.1524,0,-0.1048,0.1524,0,0.1905,0,0, 

0.1905, 
VLSWEEP,l,l,l,Z,lO,l, 
SCALE,O, 
MPROP,l,MPERM,l.256637E-6, 
M_VL,l,l,1,8,6,12,1,1,1,1, 
NMERGE,l,l82,1,0.0001,0,1,0, 
NCOMPRESS,l,l82, 
NPND,l,O,l82,1, 
EGROUP,l,MAG3D,O,O,O,O,O,O,O, 
CSANGL,3,0,0,0,0,0,0,0,0, 
CSANGL,4,0,0,0,5.715E-3,0,0,0,0, 
CSANGL,5,0,0,0,1.143E-2,0,0,0,0, 
CSANGL,6,0,0,0,1.7145E-2,0,0,0,0, 
CSANGL,7,0,0,0,2.286E-2,0,0,0,0, 
CSANGL,8,0,0,0,2.8575E-2,0,0,0,0, 
CSANGL,9,0,0,0,3.429E-2,0,0,0,0, 
CSANGL,10,0,0,0,4.0005E-2,0,0,0,0, 
CSANGL,ll,0,0,0,4.572E-2,0,0,0,0, 
CSANGL,12,0,0,0,5.1435E-2,0,0,0,0, 
CSANGL,13,0,0,0,5.715E-2,0,0,0,0, 
CSANGL,14,0,0,0,6.2865E-2,0,0,0,0, 
CSANGL,15,0,0,0,6.858E-2,0,0,0,0, 
CSANGL,16,0,0,0,7.4295E-2,0,0,0,0, 
CSANGL,17,0,0,0,8.001E-2,0,0,0,0, 
JSDEF,1,1,3,3.175E-4,5.715E-3,2.19075E-2,1,20,9, 
JSDEF,2,1,4,3.175E-4,5.715E-3,2.27457E-2,1,20,9, 
JSDEF,3,1,5,3.175E-4,5.715E-3,2.35839E-2,1,20,9, 
JSDEF,4,1,6,3.175E-4,5.715E-3,2.44221E-2,1,20,9, 
JSDEF,5,1,7,3.175E-4,5.715E-3,2.52603E-2,1,20,9, 
JSDEF,6,1,8,3.175E-4,5.715E-3,2.60985E-2,1,20,9, 
JSDEF,7,1,9,3.175E-4,5.715E-3,2.69367E-2,1,20,9, 
JSDEF,8,1,10,3.175E-4,5.715E-3,2.77749E-2,1,20,9, 
JSDEF,9,1,11,3.175E-4,5.715E-3,2.86131E-2,1,20,9, 
JSDEF,10,1,12,3.175E-4,5.715E-3,2.94513E-2,1,20,9, 
JSDEF,11,1,13,3.175E-4,5.715E-3,3.02895E-2,1,20,9, 
JSDEF,12,1,14,3.175E-4,5.715E-3,3.11277E-2,1,20,9, 
JSDEF,13,1,15,3.175E-4,5.715E-3,3.19659E-2,1,20,9, 
JSDEF,l4,1,16,3.175E-4,5.715E-3,3.28041E-2,1,20,9, 
JSDEF,15,1,17,3.175E-4,5.715E-3,3.36423E-2,1,20,9, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM OUTPUT,l,l,O,l,O.S,O, 
R MAGNETIC, 

77 



VIEW,1,1,1,0, 
PLANE,Y,0,1, 
SF4CORD,1,0,0,-0.041275,0.015875,0,-0.041275,0.015875,0, 

0.161925,0,0,0.161925, 
SF4CORD,2,0.015875,0,-0.041275,0.018415,0,-0.041275, 

0.018415,0,0.161925,0.015875,0,0.161925, 
SF4CORD,3,0.018415,0,-0.041275,0.1524,0,-0.041275,0.1524,0, 

0.161925,0.01845,0,0.161925, 
SF4CORD,4,0,0,0.161925,0.1524,0,0.161925,0.1524,0,0.1905,0, 

0,0.1905, 
SF4CORD,5,0,0,-0.041275,0.1524,0,-0.041275,0.1524,0,-0.07,0, 

0,-0.07, 
VLSWEEP,1,1,1,Z,10,1, 
SCALE, 0, 
MPROP,l,MPERM,1.256637E-6, 
M_VL,l,1,1,8,2,8,1,1,1,1, 
M_VL,3,3,1,8,4,8,1,1,1,1, 
M_VL, 4, 5, 1, 8, 6, 2, 1, 1, 1, 1, 
MPROP,2,MPERM,1.256637E-4, 
M_VL,2,2,1,8,1,8,1,1,1,1, 
NMERGE,1,264,1,0.0001,0,1,0, 
NCOMPRESS,1,228, 
NPND,1,0,207,1, 
CSANGL,3,0,0,0,0,0,0,0,0, 
CSANGL,4,0,0,0,1.2065E-2,0,0,0,0, 
CSANGL,5,0,0,0,2.413E-2,0,0,0,0, 
CSANGL,6,0,0,0,3.6195E-2,0,0,0,0, 
CSANGL,7,0,0,0,4.826E-2,0,0,0,0, 
CSANGL,8,0,0,0,6.0325E-2,0,0,0,0, 
CSANGL,9,0,0,0,7.239E-2,0,0,0,0, 
CSANGL,10,0,0,0,8.4455E-2,0,0,0,0, 
CSANGL,l1,0,0,0,9.652E-2,0,0,0,0, 
CSANGL,l2,0,0,0,1.08585E-1,0,0,0,0, 
JSDEF,1,1,3,2.032E-4,1.2065E-2,2.286E-2,1,20,20.5, 
JSDEF,2,1,4,2.032E-4,1.2065E-2,2.53436E-2,1,20,20.5, 
JSDEF,3,1,5,2.032E-4,1.2065E-2,2.78271E-2,1,20,20.5, 
JSDEF,4,1,6,2.032E-4,1.2065E-2,3.03107E-2,1,20,21, 
JSDEF,5,1,7,2.032E-4,1.2065E-2,3.27942E-2,1,20,21, 
JSDEF,6,1,8,2.032E-4,1.2065E-2,3.52778E-2,1,20,21, 
JSDEF,7,1,9,2.032E-4,1.2065E-2,3.77614E-2,1,20,21, 
JSDEF,8,1,10,2.032E-4,1.2065E-2,4.02449E-2,1,20,21, 
JSDEF,9,1,11,2.032E-4,1.2065E-2,4.27285E-2,1,20,21, 
JSDEF,l0,1,12,2.032E-4,1.2065E-2,4.5212E-2,1,20,21, 
A MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM_OUTPUT,l,1,0,1,0.5,0, 
R MAGNETIC, 

78 



VIEW,1,1,1,0, 
PLANE,Y,0,1, 
SF4CORD,1,0,0,-0.041275,0.015875,0,-0.041275,0.015875,0, 

0.161925,0,0,0.161925, 
SF4CORD,2,0.015875,0,-0.041275,0.018415,0,-0.041275, 

0.018415,0,0.161925,0.015875,0,0.161925, 
SF4CORD,3,0.018415,0,-0.041275,0.05207,0,-0.041275,0.05207, 

0,0.161925,0.018415,0,0.161925, 
SF4CORD,4,0.05207,0,-0.041275,0.05232,0,-0.041275,0.05232,0, 

0.161925,0.05207,0,0.161925, 
SF4CORD,5,0.05232,0,-0.041275,0.1524,0,-0.041275,0.1524,0, 

0.161925,0.05232,0,0.161925, 
SF4CORD,6,0,0,-0.07,0.1524,0,-0.07,0.1524,0,-0.041275,0,0, 

-0.041275, 
SF4CORD,7,0,0,0.161925,0.1524,0,0.161925,0.1524,0,0.1905,0, 

0,0.1905, 
VLSWEEP,1,7,1,Z,10,1, 
SCALE, 0, 
MPROP,1,MPERM,1.256637E-6, 
M VL,1,1,1,8,2,8,1,1,1,1, 
M -VL' 3 ' 3 ' 1 I 8 ' 2 ' 8 ' 1 ' 1 ' 1 ' 1 ' 
M-VL,S,S,1,8,4,8,1,1,1,1, 
M-VL,6,7,1,8,6,2,1,1,1,1, 
MPROP,2,MPERM,1.256637E-4, 
M VL,2,2,1,8,1,8,1,1,1 111 
M -VL I 4 I 4 I 1 I 8 I 1' 8 I 1 I 1 I 1' 1 I 
NMERGE 11 1354,1,0.0001 1011101 
NCOMPRESS,1 1282 1 
NPND 1110,261 111 
EGROUP 1 1,MAG3D1 0 10,0,0,0 1 0 10, 
CSANGL,3 10 10,0 10,0 10 10 101 
CSANGL 14,0 10 10 11.2065E-2,0 10,0101 
CSANGL,5,0 1 0 10,2.413E-2,0,0,0,0, 
CSANGL,6,0,0 10,3.6195E-2,0 10,0,0, 
CSANGL,7,0,0,0,4.826E-2,0,0,0,0, 
CSANGL,8,0,0,0,6.0325E-2,0,0,0,01 
CSANGL,9,0 10,0,7.239E-2,0,0,0,0, 
CSANGL,10,0 10 10,8.4455E-2,0,0,0,0, 
CSANGL,ll,0,0,0 19.652E-2,0,0,0,0, 
CSANGL,12,0,0,0,1.08585E-l,O,O,O,O, 
JSDEF,1,1,3,2.032E-4,1.2065E-2,2.286E-2,1,20,20.5, 
JSDEF,2,1,4,2.032E-4,1.2065E-2,2.53436E-2,1,20,20.5, 
JSDEF,3,1,5,2.032E-4,1.2065E-2,2.78271E-211,20,20.51 
JSDEF,4,1,6,2.032E-4,1.2065E-2,3.03107E-2,1120,21, 
JSDEF,S,1,7,2.032E-4,1.2065E-2,3.27942E-2,1,20,21, 
JSDEF,6,1,8,2.032E-4,1.2065E-2,3.52778E-2,1 1201211 
JSDEF,7,1,9,2.032E-4,1.2065E-2 13.77614E-2,1,20,21, 
JSDEF,8,1,10,2.032E-4,1.2065E-2,4.02449E-2,1,20,21, 
JSDEF,9,1,11,2.032E-4,1.2065E-2,4.27285E-2,1,20,21, 
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JSDEF,10,1,12,2.032E-4,1.2065E-2,4.5212E-2,1,20,21, 
A_MAGNETIC,S,MKS,0.0001,15,1,0,0, 
EM_OUTPUT,l,l,O,l,O.S,O, 
R_MAGNETIC, 
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