
vii

TABLE OF CONTENTS

CHAPTER TITLE PAGE

DECLARATION ii
DEDICATION iii
ACKNOWLEDGEMENT iv
ABSTRACT v
ABSTRAK vi
TABLE OF CONTENTS vii
LIST OF TABLES x
LIST OF FIGURES xi
LIST OF ABBREVIATIONS xiv
LIST OF SYMBOLS xv
LIST OF APPENDICES xvii

1 INTRODUCTION 1
1.1 Introduction to Modeling 1
1.2 Open Source 2
1.3 Research Profile 3

1.3.1 Background of Research 3
1.3.2 Statement of Problem 3
1.3.3 Purpose of Research 4
1.3.4 Objectives of Research 4
1.3.5 Significance of Research 4
1.3.6 Scope of Research 5
1.3.7 Methodology of Research 5

1.4 Summary 6

2 LITERATURE REVIEW 7
2.1 Theory of Nuclear Magnetic Resonance 7
2.2 Nuclear Magnetic Resonance Hardware 9

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Universiti Teknologi Malaysia Institutional Repository

https://core.ac.uk/display/11787637?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


viii

2.2.1 Main Magnet 10
2.2.2 Gradient Coils 10

2.2.2.1 Longitudinal Gradient Coil 11
2.2.2.2 Transverse Gradient Coil 12

2.2.3 Radio Frequency System 13
2.3 Biot-Savart’s Law 13
2.4 Biot-Savart’s Law for Finite Length Current Segment 14
2.5 Related Research 16
2.6 Summary 19

3 RESEARCH METHODOLOGY 20
3.1 Simulation Model 20
3.2 Problem Formulations 21
3.3 Python Coding 26
3.4 Data Collection and Analysis Procedures 28
3.5 Summary 30

4 RESULTS AND DISCUSSION 31
4.1 Three-Dimensional Visualization 31
4.2 Results on Golay Coil 34

4.2.1 General Results 35
4.2.2 Variation of θ 38
4.2.3 Variation of r 42
4.2.4 Variation of a 42
4.2.5 Variation of d 48
4.2.6 Variation of l 53

4.3 Results on Maxwell Coil 57
4.3.1 General Results 57
4.3.2 Variation of r 59
4.3.3 Variation of d 59

4.4 Discussion 63
4.5 Summary 67

5 CONCLUSIONS 68
5.1 Conclusions 68
5.2 Suggestions for Further Works 69



ix

REFERENCES 71

Appendices A – F 75 – 103



x

LIST OF TABLES

TABLE NO. TITLE PAGE

3.1 Calculation Time Comparison 27

4.1 Correlation and Gradient value for various θ 38
4.2 Usable Volume for various θ 42
4.3 Correlation, Gradient value and Usable volume for various a 44
4.4 Correlation, Gradient value and Usable volume for various d 48
4.5 Correlation, Gradient value and Usable volume for various l 54
4.6 Correlation, Gradient value and Usable volume for various d 60



xi

LIST OF FIGURES

FIGURE NO. TITLE PAGE

2.1 Precession of (a) Nucleus with External Field, B0 and (b)
Spinning Top with Gravity 8

2.2 Block Diagram of a Simple MRI/NMR Hardware 9
2.3 z axis Maxwell Coil 11
2.4 x axis Golay Coil 12
2.5 y axis Golay Coil 13
2.6 Biot-Savart’s Law 14
2.7 (a) A Finite Wire Carrying a Current I with the Magnetic Field

at M is Out of the Paper and (b) The Limiting Angles θ1 and θ2 15

3.1 x axis Golay Coil Simulation Model 20
3.2 x axis Golay Coil Simulation Model on xy Plane 21
3.3 z axis Maxwell Coil Simulation Model 21
3.4 z axis Maxwell Coil Simulation Model on xy Plane 22
3.5 Flow Chart of Research Methodology 22
3.6 Parameters for Parametric Equation of Circle 23
3.7 Parameters Related to Finite Length Segment

−−→
AB and

Measurement Point, M 24
3.8 Execution Flow of the Simulation 26
3.9 Example Plot to Determine the Linearity Range 28
3.10 Example Plot to Determine the Usable Region on xy Plane 29
3.11 Example Plot to Determine the Usable Region on xz Plane 29

4.1 x axis Golay Coil with a Three-dimensional Calculation Grid 32
4.2 Three-dimensional Contour Surface Plot 32
4.3 Three-dimensional Contour Plot 32
4.4 Projected Two-dimensional Contour Plot on xy Plane 33
4.5 Projected Two-dimensional Contour Plot on xz Plane 33
4.6 Projected Two-dimensional Contour Plot on yz Plane 33



xii

4.7 (a) x axis and (b) y axis Golay Coil 34
4.8 x axis Golay Coil with (a) xz Calculation Plane and (b) xy

Calculation Plane 34
4.9 Bz versus x at (y, z) = (0, 0) 36
4.10 Bz versus x at z = 0 for various y 36
4.11 Bz versus x at y = 0 for various z 36
4.12 4% Contour Plot on xy Plane at 5% interval at z = 0 37
4.13 4% Contour Plot on xz Plane at 5% interval at y = 0 37
4.14 Bz versus x for various θ at (y, z) = 0 39
4.15 4% Contour Plot on xy Plane at 5% interval at z = 0 for θ = 800 39
4.16 4% Contour Plot on xy Plane at 5% interval at z = 0 for θ = 1000 39
4.17 4% Contour Plot on xy Plane at 5% interval at z = 0 for θ = 1400 40
4.18 4% Contour Plot on xy Plane at 5% interval at z = 0 for θ = 1600 40
4.19 4% Contour Plot on xz Plane at 5% interval at y = 0 for θ = 800 40
4.20 4% Contour Plot on xz Plane at 5% interval at y = 0 for θ = 1000 41
4.21 4% Contour Plot on xz Plane at 5% interval at y = 0 for θ = 1400 41
4.22 4% Contour Plot on xz Plane at 5% interval at y = 0 for θ = 1600 41
4.23 Different Focal Point of Two Arcs of Golay Coil 43
4.24 Bz versus x for various a at (y, z) = 0 43
4.25 4% Contour Plot on xy Plane at 5% interval at z = 0 for a = 2.5r 44
4.26 4% Contour Plot on xy Plane at 5% interval at z = 0 for a = 3.0r 45
4.27 4% Contour Plot on xy Plane at 5% interval at z = 0 for a = 3.5r 45
4.28 4% Contour Plot on xy Plane at 5% interval at z = 0 for a = 4.0r 45
4.29 4% Contour Plot on xy Plane at 5% interval at z = 0 for a = 4.5r 46
4.30 4% Contour Plot on xz Plane at 5% interval at y = 0 for a = 2.5r 46
4.31 4% Contour Plot on xz Plane at 5% interval at y = 0 for a = 3.0r 46
4.32 4% Contour Plot on xz Plane at 5% interval at y = 0 for a = 3.5r 47
4.33 4% Contour Plot on xz Plane at 5% interval at y = 0 for a = 4.0r 47
4.34 4% Contour Plot on xz Plane at 5% interval at y = 0 for a = 4.5r 47
4.35 Bz versus x for various d at (y, z) = 0 48
4.36 4% Contour Plot on xy Plane at 5% interval at z = 0 for d = 0.2r 49
4.37 4% Contour Plot on xy Plane at 5% interval at z = 0 for d = 0.4r 49
4.38 4% Contour Plot on xy Plane at 5% interval at z = 0 for d = 0.6r 50
4.39 4% Contour Plot on xy Plane at 5% interval at z = 0 for d = 0.8r 50
4.40 4% Contour Plot on xy Plane at 5% interval at z = 0 for d = 1.2r 50
4.41 4% Contour Plot on xy Plane at 5% interval at z = 0 for d = 1.4r 51
4.42 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 0.2r 51
4.43 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 0.4r 51



xiii

4.44 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 0.6r 52
4.45 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 0.8r 52
4.46 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 1.2r 52
4.47 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 1.4r 53
4.48 Bz versus x for various l at (y, z) = 0 53
4.49 4% Contour Plot on xy Plane at 5% interval at z = 0 for l = r 54
4.50 4% Contour Plot on xy Plane at 5% interval at z = 0 for l = 2r 54
4.51 4% Contour Plot on xy Plane at 5% interval at z = 0 for l = 4r 55
4.52 4% Contour Plot on xy Plane at 5% interval at z = 0 for l = 5r 55
4.53 4% Contour Plot on xz Plane at 5% interval at y = 0 for l = r 55
4.54 4% Contour Plot on xz Plane at 5% interval at y = 0 for l = 2r 56
4.55 4% Contour Plot on xz Plane at 5% interval at y = 0 for l = 4r 56
4.56 4% Contour Plot on xz Plane at 5% interval at y = 0 for l = 5r 56
4.57 z axis Maxwell Coil with (a) xz Calculation Plane and (b) yz

Calculation Plane 57
4.58 Bz versus z at (x, y) = (0, 0) 58
4.59 4% Contour Plot on xz Plane at 5% interval at y = 0 58
4.60 4% Contour Plot on yz Plane at 5% interval at x = 0 59
4.61 Bz versus z at (x, y) = (0, 0) for various d 60
4.62 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 0.8r 60
4.63 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 1.2r 61
4.64 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 1.4r 61
4.65 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 1.6r 61
4.66 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 1.8r 62
4.67 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 2.0r 62
4.68 4% Contour Plot on xz Plane at 5% interval at y = 0 for d = 2.2r 62
4.69 Magnetic Field Generated by a Straight Segment 64
4.70 Schematic of Gradient Value and Slice Thickness 66
4.71 Schematic of Gradient Value and Resolution 66



xiv

LIST OF ABBREVIATIONS

NMR - Nuclear Magnetic Resonance

MRI - Magnetic Resonance Imaging

RF - Radio Frequency

ROI - Region of Interest

VOI - Volume of Interest

DSV - Diameter Spherical Volume

VTK - Visualization Toolkit



xv

LIST OF SYMBOLS

A - Ampere

T - Tesla

m - meter

mT/m - mili-Tesla per meter

mT/m/A - mili-Tesla per meter per Ampere

GB - Gigabytes

ω - Larmor precession frequency

γ - Gyromagnetic ratio

µ0 - Permeability of free space

I - Current

rc - Correlation coefficient
−−→
AB - Vector from A to B
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