
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2011

A 'Proton-Free' Coil for Magnetic
Resonance Imaging of Porous Media
Madhumitha Seshadhri

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


THE FLORIDA STATE UNIVERSITY

COLLEGE OF ENGINEERING

A ‘PROTON-FREE’ COIL FOR MAGNETIC RESONANCE IMAGING OF POROUS MEDIA

By

MADHUMITHA SESHADHRI

A Thesis submitted to the

Department of Electrical and Computer Engineering

in partial fulfillment of the

requirements for the degree of 

Master of Science

Degree Awarded:

Summer Semester, 2011



ii

The members of the committee approve the thesis of Madhumitha Seshadhri defended on June 

28, 2011.

_______________________________________

Simon Y Foo

Professor Directing 

_______________________________________

William W Brey

Professor Co-Directing

_______________________________________

Petru Andrei

Committee Member

_______________________________________

Rajendra K. Arora

Committee Member

Approved:

_____________________________________

Simon Y. Foo, Chair, Electrical and Computer Engineering

_____________________________________

John R. Collier, Dean, FAMU-FSU College of Engineering

The Graduate School has verified and approved the above-named committee members.



iii

Where the mind is without fear and the head is held high

Where knowledge is free

Where the world has not been broken up into fragments

By narrow domestic walls

Where words come out from the depth of truth

Where tireless striving stretches its arms towards perfection

Where the clear stream of reason has not lost its way

Into the dreary desert sand of dead habit

Where the mind is led forward by thee

Into ever-widening thought and action

Into that heaven of freedom, my Father, let my country awake.

                                                                                          - Rabindranath Tagore, Gitanjali (1912)
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ABSTRACT

Nuclear Magnetic Resonance Imaging or MRI is a non invasive imaging technique 

which exploits the inherent magnetic field produced by nuclei of atoms with a nonzero spin. 

Since hydrogen is the most abundant atom, it forms the basis of NMR imaging techniques. The 

transparency of many materials to RF irradiation coupled with the access to a large variety of 

contrast parameters and the non-destructiveness of the method may make it highly useful in 

materials imaging. 

In a number of situations there is a critical need to evaluate the distribution of small 

amounts of water adsorbed throughout a solid sample. One of these pertains to Spray-On Foam 

Insulation (SOFI), a thermal insulation material used on liquid hydrogen and oxygen tanks on 

space shuttles.  The basic components of an NMR spectrometer are the magnet, amplifiers, 

transceiver and imaging coils. 

In MRI, imaging coils are radio-frequency coils that serve two purposes: the excitation 

of nuclear spins and the detection of nuclear precession. This thesis aims to successfully design a 

RF coil for 
1
H imaging of foam and the water trapped within it. The single turn solenoid is 

probably the most simple and efficient RF coil design. This type was selected as it has high 

sensitivity and uniform homogeneity throughout the volume of the coil. The coil has been 

optimized in terms of dimension, feasibility, strategies for tuning and matching and performance. 
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CHAPTER ONE

INTRODUCTION

1.1 Purpose

An application to evaluate the distribution of small amounts of adsorbed water throughout a 

sample involves the necessity to evaluate the distribution of free and bound water. One such 

application pertains to Spray on Foam Insulation (SOFI) NCFl 24124, an insulation material 

used on the liquid hydrogen and oxygen tanks of the space shuttles at Kennedy Space Center 

(KSC). There are, however, a number of issues to be taken into consideration. 

The major issue to be considered is the design of the Radio Frequency (RF) coil. The coil must 

be designed so that there are no protons in its structure to avoid background signal in the images 

obtained.

Another issue would be to design a coil with the best possible sensitivity. A coil with a higher 

sensitivity can pick up very weak signals from the sample, thereby improving image quality. A 

solenoid has a sensitivity that is 3 times that of a saddle coil [Hoult, D.I., et al., 1976] and 1.6 

times that of the birdcage coil [Giovanetti, G., et al., 2004]. Other issues which are also 

important are the homogeneity of the coil and the capability to image substances with a very 

short T2 relaxation time. 

The purpose of this thesis is to construct and develop such an RF coil with substances having an 

insignificant number of protons in order to reduce the background signal. Then, to evaluate the 

coil on the workbench as well as with the 21.2 T magnet available in the National High Magnetic 

Field Laboratory (NHMFL)                                           

1.2 Organization of Thesis

Chapter 1 presents the concepts of Magnetic Resonance Imaging (MRI), Nuclear Magnetic 

Resonance (NMR) and the types of MRI coils in use at present. Chapter 2 deals with the 

construction of the proton free RF coil, proton free materials, and the sample preparation. 

Chapter 3 provides an overview of coupling mechanisms used to connect the coil to the probe. 

Results are presented in Chapter 4. Conclusions are posited after the results.
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1.3 Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is an imaging technique which uses the principle of Nuclear 

Magnetic Resonance (NMR). The NMR phenomenon was discovered by Felix Bloch and 

Edward Purcell in 1952. MR Imaging is a relatively new technique, first developed by Paul 

Lauterbur and Peter Mansfield in the 1970s. The technique is called magnetic resonance imaging 

rather than nuclear magnetic resonance imaging because of the negative impact associated with 

the word ‘nuclear’[Hornak, J.P., 1997].

The 
1
H nucleus, due to its abundance and response to an applied magnetic field, is the most 

suitable choice for MR imaging techniques [Kuperman, V., 2000]. The human body is composed 

of fat and water tissues consisting of hydrogen atoms with a single proton in the nucleus. These 

protons have a property called spin. On applying a magnetic field of strength B0, the spins align 

themselves with the external field and undergo precession [Weishaupt, D., 2006]. A small excess 

of spins aligned with rather than against B0 results in a net magnetization along the direction of 

B0.  A radio frequency pulse (a magnetic field with frequency equal to the resonant frequency of 

the protons) can be applied to the sample.  This pulse “tips” the magnetization, typically by 90
o
. 

On removal of the pulse, the magnetization precesses around B0 at the resonance frequency, 

creating a detectable signal as the spins return to their original state. Spectral information can be 

recovered by performing a Fourier Transform on the signal obtained

A 3D image can be constructed with the help of the magnetic field gradients. The gradient coils

when placed inside the magnet, produce a uniform and controlled magnetic field gradient, i.e. the 

fields at some locations are stronger. These are superimposed on the primary magnetic field B0 

[Lee, J.K.T., et al 2006]. Contrast between tissues is provided by differences in relaxation 

parameters of various tissues. Sometimes contrast agents are administered to further enhance the 

images or to visualize the circulatory system in the human body. MRI is used to distinguish 

pathological tissues from normal ones. A typical MRI scan consists of 10-20 scan sequences 

which provide information about the subject under observation.MRI does not use ionizing 

radiation unlike CT or X-ray scans, hence it is much safer [Kuperman, V., 2000]. It helps in 

providing better contrast between soft tissues which in turn help in identifying lesions in brain, to 

name one example. A sample MRI image of the human head obtained from Drexel University is 

shown in fig 1.1.
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                     Fig 1.1 – Sample MR image of the human head [Courtesy: Drexel University]

                                                 

1.4 The 900 Ultra-wide bore (UWB) Magnet

The 900 UWB project was funded by the National Science Foundation (NSF) and was 

developed, designed and constructed by a team of scientists at the National High Magnetic Field 

Laboratory (NHMFL) and Intermagnetics General [Fu, R, et al 2005].

The magnet (fig 1.2) assembly is 4.9 m in length and has a mass of 13,600 kg. The magnet has 

38 MJ of stored energy. The magnet is a concentric assembly of 10 superconducting coils 

connected in series. The coils are wound with niobium-tin or niobium-titanium filaments 

reinforced with stainless steel bands and vacuum impregnated with cryogenically tough epoxy 

for structural support. The magnet is enclosed within a cryostat which is filled with helium (2400

L). It is cooled to 1.7 K by a closed loop heat exchanger and the level of helium is controlled by 

a Joule-Thompson (JT) valve. The valve draws liquid from an 1100 L helium upper reservoir. 

The liquid is cooled by vapor which is pumped off. Thermal shields and insulation are used to 

suppress radiative heat loads. All NMR experiments are performed on a 4 channel Bruker 

Avance 900 MHz console. It has 60-A triple axis gradient amplifiers for imaging and diffusion 

NMR experiments. The magnet is re-energized to 900 MHz once a year to compensate for drift 

beyond the frequency range of hardware. The system was upgraded on August 2010 which 

allows for ultra-short echo time 3D performance [Fu, R., et al 2005, Schepkin, V.D., et al 2010].
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                                            Fig 1.2 – The 900 MHz UWB magnet    

                           

1.5 Nuclear Magnetic Resonance (NMR)

NMR is an interaction between nuclei and an external magnetic field. Nuclei with spin 

experience this phenomenon. Consider a 
1
H atom. The atom contains a nucleus with an unpaired 

proton. This proton possesses a property called spin [Hornak, J.P., 1997]. When a sample 

containing protons is placed in a strong magnetic field (B0), the spin vectors take on a definite 

value with respect to the direction of the magnetic field.  As energy is exchanged between the 

proton spins and the sample, a slightly larger fraction of spins tend to align in parallel to the 

external magnetic field. The population in the lower energy orientation is represented by N
+
,

while that of the higher energy state by N
-
. At laboratory temperatures the population ratio 

follows a Boltzmann distribution, and so

                                                                 kT
E

e
N

N 





                                                           … (1.1)  
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where E = hγB is the energy difference, k is the Boltzmann constant given by 1.3810+-23 J/K 

and T is the temperature. As the spins exchange energy and “relax” toward the Boltzmann 

distribution, longitudinal magnetization Mz builds up along the z-direction. Since the energy 

difference (E) depends on the strength of the external magnetic field, Mz increases with field 

strength. If this magnetization is tilted out of alignment with B0 it will precess about B0 at a 

frequency . This frequency is called the Larmor frequency and is given by 

                                                      = γB                                                                              … (1.2)

γ is the magnetogyric or gyromagnetic ratio and is measured in Hz/T. The gyromagnetic ratio of 
1
H is 42.58 MHz/T. 

Let us now look at the two components of magnetization vector (M) before and after the 

application of an RF pulse.

1.5.1 T1 Process

At equilibrium, the net magnetization vector aligns itself along B0. This is called equilibrium 

magnetization M0 and it lies along the z-axis and is equal to Mz. There is no transverse 

magnetization. If enough energy is put into the system, it is possible to reduce Mz to zero. T1 is 

known as spin-lattice relaxation time. It is the time constant required for Mz to return to its 

equilibrium value of M0. The time dependence of Mz (fig 1.3) can be written as 

                                                  )1( 1
0

T
t

Z eMM


                                                             … (1.3)

If the net magnetization is placed along the negative z axis, then Mz is given by

                                                  )21( 1
0

T
t

Z eMM


                                                           … (1.4)
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                                                          Fig1.3 – T1 relaxation curve

1.5.2 T2 Process

When a 90
0

RF pulse is applied, all of the longitudinal magnetization is rotated onto the x-y 

plane. The magnetization vector is now represented as Mxy rather than Mz. This precesses about 

the z-axis and induces an alternating voltage of the same frequency as the Larmor frequency. T2 

is known as the spin-spin relaxation time. It is the time for which the transverse magnetization 

lasts, or a measure of how long the precessing protons stay in-phase. The time evolution of Mxy

(fig 1.4) can be expressed as

                                                  2
0

T
t

XYXY eMM


                                                              … (1.5)

T2 is the time constant required for the transverse magnetization Mxy to return to 1/e of its initial 

value.

The net magnetization in the x-y plane goes to zero more rapidly than the longitudinal 

magnetization M0 grows along the z-axis, so T2 is always less than T1.
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                                               Fig 1.4 – T2 relaxation curve                                       

1.5.3 T2
*

process

As the nuclei precess, they generate a free induction decay (FID). A sample free induction decay 

curve is shown in fig 1.5. The FID is the observable NMR signal generated by the precessing 

spins in the x-y plane after the perturbation of an RF pulse. The amplitude of the FID signal 

becomes smaller over time and decay towards zero with a time constant of T2 or T2
*
.

                                                            

                        Fig 1.5 – Free Induction Decay (FID) curve [Courtesy: Wikipedia]                                        
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1.5.4 Rotating Frame and Laboratory Frame of Reference

For convenience, we define a rotating frame of reference which rotates about the z-axis at 

Larmor frequency. We distinguish this frame from the static frame by allotting the labels x', y'

and z'. In this rotating frame, the magnetic moment no longer feels the effect of the static field 

but rather of a magnetic field B' given by

                                                      
 0

' BB                                                                   … (1.6)

ω is the angular velocity of the rotating frame and ω/γ is a fictitious field which exists because of 

the relative motion of the two co-ordinate systems. The magnetization vector assumes a fixed 

position in the rotating frame if ω is equal to the Larmor frequency.

1.5.5 Pulsed Magnetic Field

The B1 magnetic field is created by passing an alternating current at Larmor frequency. When the 

current is turned on and off, it creates a pulsed B1 along the x' axis. The spins respond in a way 

that the net magnetization rotates about the direction of the applied B1 field. The angle is given 

by

                                                           12 B                                                                … (1.7)

where τ is the time period for which the pulse is applied. A 90
o

pulse rotates the net 

magnetization vector clockwise by 90
o

down to the y' axis.

1.5.6 Bloch Equations

The Bloch equations are a set of equations used to describe the behavior of a nuclear spin 

system. When a spin magnetization vector M is placed in a magnetic field B, M will experience a 

torque. The equation of motion for M can be written as

                                                  BM
dt

dM
                                                                       … (1.8)

The cross product of  BM  = 

zyx

zyx

zyx

BBB

MMM

aaa

                                                          … (1.9)
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                       Therefore 

)(

)(

)(

yxyx
z

zxxz

y

yzzy
x

MBBM
dt

dM

BMBM
dt

dM

BMBM
dt

dM













                                                          … (1.10)           

In 1946, Felix Bloch found out that the nuclear spins ‘relax’ to equilibrium following the 

application of RF pulses. He assumed that they relax along z-axis and x-y planes at different 

rates. These rates are given by 1/T1 and 1/T2 respectively. 

Consider the equation )1( 1
0

T
t

Z eMM


 . Rewriting this equation, we get 1

00

T
t

z eMMM


 . 

Taking the natural logarithm on both sides and differentiating this with respect to t we get

                                                                  
1

0

T

MM

dt

dM zz 
                                            … (1.11)

Similarly, from equation 1.4, we get 
2T

M

dt

dM xx 
 and 

2T

M

dt

dM yy 
                             … (1.12)

Now, adding relaxation to equations (1.10) we get,

                                     

1

0

2

2

)(
)(

)(

)(

T

MM
MBBM

dt

dM

T

M
BMBM

dt

dM

T

M
BMBM

dt

dM

z
yxyx

z

y

zxxz

y

x
yzzy

x














                                   … (1.13)                                                              

1.6 Types of MRI Scans

1.6.1. T1 and T2 Weighted MRI

T1 and T2 weighted scans are a basic type of MRI used to differentiate between tissues in the 

body. A T1 weighted MR image is based on longitudinal magnetization and is created by having 

short TE (≤ 30 ms) and TR (≤ 500 ms) times [Kuperman, V, 2000]. Fat appears brighter and water 

appears darker in a T1 image due to respective T1 times. Whereas, a T2 weighted image is based 

on transverse magnetization, and is created by having longer TE (≥ 2000 ms) and TR (≥ 100 ms) 
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times [Kuperman, V, 2000]. Fat appears darker because of shorter T2 time than water. Due to the 

wide range of T1 and T2 values, images are T1 weighted for some tissues and T2 weighted for 

others.

1.6.2 Functional Magnetic Resonance Imaging (fMRI)

The goal of functional MRI is to map neural brain activity by imaging the hemodynamic 

response of the brain. fMRI is used to identify the regions of neural activity based on the 

enhanced flow of blood to those regions.  It can be based on either intravenous contrast agents or 

endogenous contrast. One of the effects exploited in MRI is the BOLD effect which is based on 

the dependence of magnetic properties of hemoglobin in red blood cells on the blood oxygen 

level. This effect is based on the fact that venous blood with a high level of de-oxy-hemoglobin 

appears dark in the image due to MR signal attenuation [Baert, A.L., et al, 2000]. An increase in 

brain activity leads to increase in oxygen demand. This, in turn, leads to an increased signal level 

indicating neural activity.

1.6.3 In-vivo Magnetic Resonance Imaging

In-vivo MRI is a non-invasive imaging technique that is used to observe the biochemical changes 

in pathological tissues [De Graaf, R.A., 2008]. The imaging technique is carried out in dynamic 

conditions in live species (e.g. rats) and hence the name ‘in vivo’. While MRI provides 

information about damaged tissues such as tumors, this technique furnishes information about 

the metabolic changes occurring inside the tissues.

1.7 Ultra-short Echo Time (UTE) Imaging

There are many tissues and materials with very short relaxation times. Solids have very short T2

due to strong dipolar interaction between immobile nuclei. When imaged under a conventional 

MR pulse sequence, their signals decay very rapidly. By the time the receive mode is enabled, 

the signal is zero or close to zero. The result is, these areas appear dark in conventional MRI. 

There are several methods to depict tissues with short T2 such as single point imaging, water-fat 

suppressed projection MRI, multi point imaging, etc. However, these methods require long scan 

times and present limited applications. 2D UTE makes use of RF – half excitation pulses 

combined with variable rate selective excitation to synchronize RF excitation. This allows data 

of the free induction decay (FID) with TE times very close to zero [Robson, M.D., et al., 2003]. 
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“UTE is a relatively new technology incorporated in Bruker consoles for delivering MR images 

of tissues or structures with very short relaxation times. It is based on pulse-sequences with zero 

or near zero echo time: signals are acquired without the usual delay between the excitation and 

spatial encoding which enables near silent imaging capabilities and higher sensitivity when 

compared to other techniques.  This also opens up new areas of imaging based on contrast 

agents” - Bruker Biospin. The pulse sequence used in the Bruker Console in the 900 UWB 

magnet is given in fig 1.6.

For echo time less than 300 µs, a half pulse excitation in combination with FID acquisition is 

used. The half pulse excitation method consists of two excitations, each scanning half of the k-

space. In MRI, k-space is the Fourier transform of the image being measured. 

The half pulse excitation method used here doubles the total scan. This is because two 

excitations: one with positive and one with negative slice selection gradient are required for each 

radial line.

                        

                      Fig 1.6 – UTE imaging pulse sequence [Bruker Biospin Manual]
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1.8 Materials in MRI

MR imaging of materials is of interest due to the access to a large variety of contrast parameters 

used to locate unknown heterogeneities in materials and the transparency of many materials to 

RF irradiation. Because MRI is non-destructive, it is well suited for the observation of flow 

patterns of fluids, temperature profiles etc. [Blumich, B, 2000]. MR imaging applied to 

polymeric materials is a relatively new technique. It is important since it has the potential to 

reveal unwanted spatial heterogeneities which may lead to product failure, premature aging of 

materials and chemical leaching [Chalmers, J.M., 2000].

Also, materials imaging at high fields has many advantages such as increased resolution, higher 

signal to noise ratio and the potential to provide an absolute measure of fluid absorption. A T2

map should be able to distinguish between interstitial water and tightly bound water since the 

former has a relatively larger T2 time [Keonig, J.L., Perry, B.C., 1989]. Any 
1
H bearing material 

may be studied.

Porous media are the most common materials under observation as they have a fragile structure 

and are fundamental to a number of processes such as oil recovery from rocks. In order to 

analyze their physical parameters is it necessary to use non-invasive imaging techniques 

[Lamrous, O., et al., 1989].  Until recently their properties were studied on a macroscopic scale 

via measurement of properties such as dispersion and mass transfer [Bear, J, 1972]. MRI allows 

spatially resolved measurements which relate the macroscopic characteristics to the pore-scale 

events. Studies have compared the different techniques available for imaging such as ultrasound, 

X-ray and MRI with the conclusion that MRI is the best suited method available [Guillot, G., 

1988].

Foamed solids are characterized by high porosities and complex pore space and distribution 

[Johns, M.L., et al., 2007]. They are used for a variety of applications ranging from thermal 

isolation to carrier materials for lubricants and enzymes. In our case, they are used on the liquid 

hydrogen and oxygen tanks of the Space Shuttle at Kennedy Space Center (KSC). Fluids in 

porous media tend to have very short MR signal transverse relaxation time due to the bound 

fraction of the liquid molecules and susceptibility difference between the material and the pores. 

In this case, a conventional spin-echo technique is not acceptable as it introduces a delay 

between the RF excitation and the MR signal detection. To address this issue, very short echo 
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time imaging pulse sequences are needed to get a quantitative map of fluid concentration. For 

example, Romero Zeron has recently used improved versions of single point imaging (SPI) to 

visualize the distribution of water injected into unconsolidated porous media saturated with oil 

[Romero-Zeron L.B, et al., 2010]. The recently upgraded MR imaging capability of the 900 

UWB at 21.1 T [Fu, R., et al., 2005] allows evaluation of water distribution inside solid foam 

with ultra-short echo time, high resolution and without background from the RF probe. 

1.8.1 Spray-On Foam Insulation (SOFI)

Spray on foam insulation is used as a thermal insulation in liquid hydrogen and oxygen tanks of 

the space shuttle. The reason why the study of shuttle foam is important is because of the 

Columbia space shuttle disaster where blocks of foam separated from the tank and hit the 

underbelly (left wing) of the aircraft after the launch. Water is absorbed from the atmosphere into 

the foam. After the launch, this water evaporates and there is a high pressure in the pores which 

initially contained water (Columbia accident investigation board). The breaking of foam was due 

to cracks developed in the structure due to high pressure in the foam. 

There are different methods to study the water flow through the foam. In this thesis properties of 

foam are explored by magnetic resonance imaging. Another type is the macroscopic study, 

where ink is injected in the foam and the flow through the sample is studied by breaking it 

(Columbia accident investigation board). Other methods include the application of a terahertz 

(THz) pulse to probe the property of the material [Banks, H.T., et al., 2006], microwave and 

millimeter wave imaging [Case, J.T., at al., 2005]. Of all these methods, MRI is the suitable 

choice of study due to its non-destructive property, ability to provide an absolute measure of 

fluid absorption, and wide spectrum of contrast available which can help us locate unknown 

heterogeneities that would otherwise be difficult to locate in a macroscopic study.

1.9 Radio Frequency Coils

Radio frequency coils have two major functions - the excitation of nuclear spins and the 

detection of nuclear precession. These coils create the B1 field which rotates the net 

magnetization vector in a pulse sequence. They also transmit the B1 field and receive the RF 

energy from the sample. These coils must resonate to efficiently store energy at the Larmor 

frequency of the particle under examination. Radio frequency coils are usually made up of a 

resonant circuit whose frequency is determined by
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In eqn. 1.14, L is the inductance and C is the capacitance of the coil. RF coils typically need to be 

tuned and matched for the specific sample. If the frequency of the coil is different from the NMR 

resonance frequency the coil will not efficiently produce the B1 field or detect signal from the 

sample [Hornak, J.P., 1996-2011]. If the coil does not detect the signal efficiently the signal-to-

noise ratio will be poor. The B1 field of the RF coil is always perpendicular to the B0 field. NMR 

RF coils are different from traditional antenna designs. They need to store magnetic energy for a 

short period of time with minimum dissipation and no radiation. The NMR receive coils need to 

detect the rotating nuclear magnetization. A typical RF coil should resonate at the desired 

frequency, have a homogenous B1 field with minimum coil losses, produce minimum electric 

field in the sample, and have minimum interaction with the external environment such as the 

gradients. RF coils have a lot of requirements. Some of these are elucidated below.

1.9.1 Identification of Correct Peak

When an RF coil is connected to the network analyzer, multiple peaks may be seen for a given 

frequency range. In the case of the solenoid, this is due to the existence of sub-circuits along with 

the main circuit. For example, the twisted wires connecting the coil to the matching circuit can 

be modeled as a transmission line which is probably inductive and has currents flowing in it. 

This results in a resonant frequency which may be nearer to the desired frequency or far, 

depending upon the length of the transmission line. In case the frequencies are closer, it is 

necessary to identify the correct homogenous peak for proper imaging. This is done with the help 

of the pick up loop. The pick up loop is moved through the length of the coil. The shift along the 

volume is also noted. The correct peak will have the same amount of coupling through the entire 

volume with a homogenous/same amount of shift regardless of the position of the pick up loop. 

Spurious peaks coupling rises or falls depending upon the position of the loop inside the coil. 

1.9.2 Quality Factor of a RF coil

The Quality factor (Q-factor) is an important factor to be considered when designing and testing 

a RF coil as it allows a preliminary evaluation of the coil sensitivity. The sensitivity of a coil is 

approximately related to the quality factor as QS  [Mispelter, J., et al., 2006] where  is the 
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filling factor. Measuring the Q factor also helps to predict the magnetic field that will be created 

by the coil, which in turn helps to evaluate the correct functioning of the coil. Q factor is 

obtained from the frequency differences that exist between – 3 dB points of the response of the 

circuit. The formula is given as 

                                                   




 0

R

L
Q at – 3 dB                                                  --- (1.15)

The quality factor is evaluated on the RF workbench from the frequency response of )( at – 3 

dB level (fig 1.7). In this case, the true value of Q is twice the measured Q at – 3 dB. This is 

because, on the workbench, the matched resonator is damped by the characteristic impedance Z0

to which the coil is connected.

                                                  

           Fig 1.7 – Q factor measurement on the workbench [Mispelter, J., et al., 2006]

Therefore, half the energy is lost in the source load and the other half in the matched resonator.

1.9.3 Homogeneity in RF coils

The B1 field generated by the RF coil needs to be homogenous over the volume of the sample. 

The important determinants of B1 field homogeneity are the RF coil design, the interaction 

between the RF coil and the sample and the geometry and electrical properties of the sample 

under observation [Ibrahim, T.S., et al, 2001]. Hence the best available homogeneity can be 

reached through coil type and correct coil positioning [Hayes, C.E., et al., 1988]. The 
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homogeneity of a coil can be tested using the ball-shift method [Paulson, E.K., et al, 2004]. In 

this method, a small copper disk is fixed to the end of a non conductive rod and is moved along 

the length of the coil. The homogeneity can be checked by plotting the deviation of the 

frequency along the coil versus the position.

The different types of RF coils used in MR probes are given below.

1.9.4 The Saddle Coil

The saddle coil (fig 1.9) is cylindrically shaped and produces a magnetic field perpendicular to 

the main axis. Two longitudinal wires are located on each half. The wires are driven by the same 

current source and are connected in series. The angle subtended by the two wires determines the 

homogeneity of the field. The best homogeneity is obtained when θ is 60 [Mispelter, J., et al., 

2006].

The saddle coil is simple to design and provides easy sample accessibility, It is well suited for 

working with any size of axial magnets (magnets in which the magnetic field is parallel to the 

axis of the magnet). They are preferred to the birdcage for nuclei with lower gyromagnetic ratio 

because they require less capacitance to tune into a given frequency.  

A saddle coil placed directly over the sample, e.g. the knee, will account for better magnetic 

sensitivity. On the other hand, the saddle coil does not have the best possible NMR sensitivity.

                   

                                                         Fig 1.8 – Saddle coil
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The sensitivity of the saddle coil is one-third of the efficiency of the solenoid [Hoult, D.I., et al., 

1976]. Despite its lower sensitivity, the saddle coil is often used in axial magnets.

1.9.5 The Loop Gap Resonator 

These coils consist of either a wide sheet of copper or a slotted foil wound around a cylindrical 

former (fig 1.10). The number of gaps can vary. In the case of N number of gaps, the equivalent 

circuit of the resonator has the capacitance of the individual gaps connected in series [Froncisz, 

W; Hyde, J.S., 1982]. Tuning is provided by the capacitors inserted across the gap as shown in 

the figure. The working ranges of these coils are of the order of several hundred MHz.  

  

         

                   Fig 1.9 – Three basic loop gap configurations [Mispelter, J., et al., 2006]

The current density on the cylinder is not uniform and increases at the edges of the copper foil. 

The sensitivity is explained in terms of the quality factor. The Q of a loop gap is roughly equal to 

that of a multiturn solenoid for the same dimensions. However, at high frequency the loop gap 

has a better quality factor when it is loaded. For a very small sample the impedance of a loop gap 

is also very small and its unloaded Q reduces dramatically. In these cases, the solenoid would be 

a better option.  

1.9.6 The Solenoid

A solenoid is constructed by winding a long wire around a cylindrical core. The solenoid 

produces a magnetic field when an electric current is passed through the coil. The operating 

frequency of a multiple turn solenoid is limited by the stray capacitance and high inductance.  

There are two ways of reducing the inductance. The first is by inserting N-1 capacitors of value 

NC between the turns of the solenoid. Each capacitor cancels the inductance of a single turn. The 
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second method is to wind a single turn solenoid from a wide sheet of copper (see above). 

Uniform capacitance is provided by inserting capacitors across the gap. The single turn solenoid 

is essentially a loop gap resonator. 

The solenoid coil offers the best sensitivity for NMR [Mispelter, J. et al, 2006].  However, since 

the resonator is placed perpendicular to the magnetic field there are problems in sample 

accessibility. Multiturn solenoids become self-resonant at relatively modest dimensions and 

frequency, resulting in a non-uniform current distribution. A trade off is achieved by employing 

the solenoid for small samples and low frequencies. This is due to the drop in sensitivity of the 

solenoid coupled with increase in diameter for a fixed aspect ratio. In case of larger dimensions, 

the solenoid could be slotted to obtain the required resonant frequency.  Construction of a single 

turn solenoid is elaborated in the following chapter.

1.9.7 The Birdcage Coil

Birdcage coils (fig 1.8) are the most commonly used coils for MRI due to their excellent 

magnetic field homogeneity [Hayes, C.E., et al, 1988]. There are three types of birdcage coils:

the low pass, high pass and band pass coil. The coil is thought to be a linear network of identical 

filter cells. It is formed by evenly spacing conductor strips on a cylindrical former. Capacitors 

are placed either on the end rings or on the strips. When excited by a current source, the waves 

propagating on the strips combine to create stationary waves corresponding to the resonant 

modes. These stationary waves produce the ideal cosine distribution [Hayes, C.E., et al. 1988]. 

Hence the field is homogenous. The homogeneity increases with the number of rungs. 

                                           

                         Fig1.10 – Low and high pass birdcage coil [Mispelter, J., et al., 2006]
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The impedance of all legs of a birdcage coil should be equal in order to provide proper sinusoidal 

current distribution. The advantages of a birdcage coil are excellent homogeneity and closer 

approximation to cosine distribution. Also, the birdcage requires an RF shield to limit interaction 

with the coil and other hardware [Dardzinski, B.J., et al, 1997]. The RF shield is used to 

decouple the RF and gradient coils in the apparatus. 

The first attempt to perform MRI experiments with a RF proton probe specifically designed for 

rodent in vivo MRI demonstrated that the residual signals (a wide line proton spectrum) from the 

polyethylene dielectric in the coaxial cable and the epoxy resin binder in the RF coil former were 

comparable with signals from the small amount of bound water in the foam samples. This is 

shown in fig 1.11. It can be seen that there is no significant difference between images from an 

empty coil and that from the coil with the sample. 

        

                                  Fig 1.11 –MR images from the birdcage coil

Initial MR images were acquired using new Bruker 2D UTE pulse sequence with an echo time 

TE ~ 100 µs and SW = 70 kHz.  The MR images are axial images without slice selection, usually 

taking a few minutes to acquire such images. The corresponding UTE MR image of the empty 

coil (fig 1.11) shows a background signal throughout FOV.
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CHAPTER TWO

THE SINGLE TURN SOLENOID

Inductance and stray capacitance play an important role in the design of a high frequency 

resonator. A wider conductor corresponds to a lower inductance due to lower surface current 

density [Hayes, C.E., at al., 1998]. The RF field near the conductor is proportional to the surface 

current density. A multiple turn solenoid has a high inductance and stray capacitance. Hence its 

operating frequency is very limited. One way of reducing the inductance would be to use a single 

turn solenoid as mentioned above. 

2.1 Materials and Methods

The single turn solenoid, constructed from a wide sheet of copper, is opaque to RF. It forms a 

flux pipe through which the magnetic flux is channeled. The presence of a uniform RF magnetic 

field adjacent to the inner surface of the sheet implies the presence of a uniform surface current 

around the inside of the cylindrical copper sheet [Hayes, C.E., et al., 1998]. The tuning 

capacitors are soldered uniformly across the gaps to maintain the current distribution and the 

homogeneity. The single turn solenoid requires the usage of proton-free materials in building the 

coil. Unfortunately, this is an impossible task as most of the materials used in the laboratory, 

(which were previously regarded as proton-free materials) contain a reasonable amount of 

hydrogen impurities [Bachman, H.N., et al., 2003]. The following table lists some of the 

materials with their respective impurity contents.

            Table 1: Samples and their proton impurity content [Bachman, H.N., et al., 2003]

Sample Preparation Mass (mg) Spins/mg

ATC Chip Capacitors Chip capacitors 57 1.0e+18

PTFE Teflon Flakes 54.5 6.8e+17

FEP Teflon Flakes 54.5 4.5e+17

H20 Tap Water 27.5 6.7e+19
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Also, the G-10 base ring has a lot of protons in its structure. Therefore the materials that we have 

used are not completely devoid of protons. However, the amount of impurities is negligible 

compared to that from the birdcage coil, so there is a minimal, or almost no interference with the 

signal from the sample.

2.1.1 Design and Construction

Four single turn solenoids were made of varying dimensions and with different capabilities. 

These versions are shown in fig 2.2. They were all made from a wide sheet of copper 0.002
”

thick, 2.47
”

in length and 1.378
”

in width. The copper sheet is folded along the length of the 

sample tube to form a cylindrical loop gap resonator with a single or multiple gap(s) as required. 

ATC chip capacitors (fig 2.1) are soldered uniformly across the gaps of the coil. These capacitors 

are non-magnetic and provide homogeneity across the coil. The capacitors used in the solenoid 

are the ATC B series. They are 0.110
”

long and 0.110
”

wide with a thickness of about 0.102
”
. 

The leads are made up of tin/lead and are solder plated over the non-magnetic termination. The 

standard voltage resistance is 500 V for a period of about 5 sec and the Quality Factor (Q) is 

greater than 10,000 at 1 MHz.

                                                   

                                       Fig 2.1– ATC chip capacitors (ATC Corp)

The coils are mounted at a fixed height of 16.93 mm and the center of the coils is about 26.93 

mm to obtain perfect symmetry and homogeneity in the images obtained. The coils are mounted 

on the base ring by soldering it to an inverted U shaped stand made from a bare copper wire with 

AWG 12, where AWG stands for American Wire Gauge, a standardized wire gauge system. 
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             (a)   (b)

             (c) (d)

                                Fig 2.2 - Solenoid (a) coil I (b) coil II (c) coil III (d) coil IV

                                                            

The wire is attached to the base with the help of ring terminals [AMP 31088 by Tyco 

Electronics]. The terminals have straight mounts with copper contacts in which the wire can be 

inserted and soldered to hold it in place. The initial diameter for which these terminals were 

designed was 16-22 AWG but it was machined so that the AWG 12 wire could fit inside the slot. 

The rings are held in place by screws which pass through holes drilled in the base ring. Table 2

lists the changes of the various coils. The first coil is labeled coil I, the second coil II and so on. 

The final version is the fourth version and is called coil IV.
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                                       Table 2 – Changes in dimensions of coi1 I through IV

Coil Version Length Diameter Distance 

from base 

Stand AWG & 

Shape

No. of gaps

I 20 mm

10 mm 35.24 mm

AWG 14

Tripod SingleII 35 mm

III 40 mm

IV 35 mm 20 mm 26.93 mm AWG 12/ 

Inverted U

Two

As the coil dimensions changed, the capacitance required for resonance changed accordingly.

The inductance for a single turn solenoid is given as
l

r
L

2

0
 , where r and l are the radius and 

length of the solenoid respectively. Table 3 lists the calculated inductance, along with the 

capacitance required to achieve resonance condition at 900 MHz, i.e. 
LC

1
 .                        

       Table 3 - Theoretical estimate of inductance and required capacitance for each solenoid

Version Inductance in nH Capacitance in pF

I 4.93 6.4

II 2.81 9.01

III 2.46 12.7

IV 11.27 2.77

Table 4 shows the variation of capacitance across the gaps and the type of coupling used to 

connect the solenoid to the matching circuit.  As seen from Tables 3 and 4, the values of the 

experimental capacitance are found to be within 20% of the theoretical value for coils I-III.  Note 

that as the length of the solenoid increased from version I to version II, the inductance decreased 
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and the capacitance required for resonance increased.  Then as the diameter increased from 

version III to version IV it was no longer possible to choose a capacitance small enough to bring 

the resonance to 900 MHz.  

                                   Table 4 – Variation of gap capacitance with dimension

Coil Version Capacitance added across 

the gap (pF)

Type of coupling

I 7.8     

      InductiveII 11.4

III

IV NA Capacitive

                              

Table 5 shows the variation of measured resonance with added gap capacitance. It is clear that 

the resonance frequency of coil IV will never exceed about 830 MHz no matter how small a 

capacitor is added across the gap.                                 

                            Table 5 – Variation of capacitance with frequency of coil IV

Capacitance (pF) Frequency (MHz)

11.4 402

8 430

4 570

1.32 825

1.26 824

1.06 826

0.99 829
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It seemed likely that the intrinsic capacitance of the gap might be limiting the resonance 

frequency to 830 MHz. If this were the case, it should be possible to plot the resonance 

frequency against a function of the total capacitance to produce a straight line.  Adjusting the 

estimate for the gap capacitance correctly would then bring all the resonance points (and the 

origin) onto the same line.  An attempt to account for the resonance in this way is shown in fig.

2.3.  Estimates of intrinsic gap capacitance between 1 and 2 pF bring the first three points and 

origin approximately to a single line.  However, no matter what guess is made for the gap 

capacitance, the last three points cannot be fit with the straight line.  Therefore, it seems 

reasonable to attribute the limit on resonance frequency for coil IV to wavelength effects.   

                                 Fig 2.3 – A graph of resonant frequency versus gap capacitance for coil IV

To reduce wavelength effects and increase the frequency of the coil, a second gap was inserted.  

With two gaps, coil IV achieved 900 MHz with capacitors of 5.6 pF at each of the two gaps, 

resulting in an equivalent capacitance of 2.8 pF that was very close to the value originally 

predicted in Table 3.

2.1.2 The Bottom Flange

The base ring, or the bottom flange, as it is more commonly known as is made of G-10 material. 
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G-10/FR-4 rings are epoxy industrial laminates consisting of a continuous filament of glass cloth 

material with an epoxy resin binder [Polymer Plastics, LC]. These materials are characterized by 

high dielectric strength, chemical and radiation resistance, tensile strength and cryogenic 

serviceability. FR-4 is actually the flame retardant version of G-10. These materials are rated at 

285 F, but since they are thermo-sets they do not melt above these temperatures. However, 

charring occurs when the voltage is applied for a continuous amount of time. 

The G-10 ring is laminated with a sheet of copper to prevent it from interfering with the signal 

from the proton and to offer an effective ground to the matching circuit and the coil. The rings 

are machined according to requirements. Various holes are drilled through the ring to 

accommodate the matching circuit capacitors, probe connectors and the coil stand. The G-10 ring 

is also used for attaching the coil to the probe.

2.1.3 The Sample and Sample Tube

The glass tube (Wilmad Lablass) is inserted inside the loop gap coil and is made of quartz. The 

tube was cut down to the required length and the ends of the glass tube are left open to enable 

easy accessibility. The foam (fig 2.4) is manufactured by spraying two chemicals onto the 

external tank of the shuttle. 

                                         

                                                       Fig 2.4 – Photo of sample foam

A thin layer of epoxy is used to adhere the foam to the aluminum tank. As the chemicals 

combine, bubbles begin to form and the foam reaches a thickness of about 2-3 inches. The 

specific ingredients of the foam are proprietary but among the three types available, one is made 

up of polyurethane and the other of polyisocyanurate. The foam consists of layers separated by 
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knit lines which signify the transitioning of a new layer of foam. These lines are regions with a 

relatively high density. 

2.1.4 Sample Preparation

                               

                                     Fig 2.5 – SOFI NCFl 24124 sample with length

The samples were launch-pad conditioned (LPC) for either 69 hours or 9.5 hours in a rig which 

subjects one side of the foam to 34 ± 2 °C (mean ± standard deviation) air with a relative 

humidity greater than 75%. The other side is in contact with a cold plate at 77 K. These 

conditions are similar to that experienced by the foam on KSC launch pad. The foam requires 

low conductivity and durability. The cold surface is thought to draw water from humid ambient 

air into the insulation, which KSC studies have shown can increase the weight of the insulation 

by as much as 35-80%. The average unprepared (as received) foam sample mass was 46.5 ± 2.2 

mg and the length was 25 mm as shown in fig 2.5.

2.1.5 Coil Optimization

As seen from fig 2.2, the coil went through a number of changes in dimensions to reach the 

present version. The reasons for increasing the coil dimensions are as follows: A larger coil 

would permit the usage of a larger sample size. This is essential to get a bigger picture of water 

distribution along the foam. The first coil which was 8mm in diameter was too small. Also, the 

water distribution observed was very heterogeneous which might deceive our perception of the 

whole picture. For example, if the original 8mm sample was statistically heavy in the number of 

large pores (which might allow more water to be absorbed), extrapolation of measurement would

yield a larger than average amount of water. The large coil gives us a look over more foam area 

thereby reducing uncertainty. Also, the lower the ratio of surface area to volume (in other words, 
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larger the coil), the lesser the possibility of edge effects. It also allows a better look at the knit 

lines which are overall parallel but may vary locally.

There are similar variations in almost all the factors associated with the coil. The initial versions 

of the coil (coil IV) did not have trimmer capacitances to tune and match the circuit. Since these 

versions used inductive coupling, the coupling loop itself was used to tune and match the coils. 

In addition to these, silver flaps were soldered across the gaps to provide fine tuning. Proper 

steps have to be taken to make sure that the flaps do not come in close contact to the foil as this

might lead to arcing across the flap and the coil. 

Arcing occurs during the application of an RF pulse. It is characterized by a spark between the 

localized area of high voltage and the ground. The integrity of the pulse is affected during arcing 

and the user might observe the FID produced by the amplitude and phase of the signal. The result 

of this phenomenon is a compromise in the quality of data obtained. If arcing persists for long 

periods, it will result in damages to the components of the probe. An arc test (setup shown in fig 

2.6) was carried out to make sure that these flaps do not result in arcing across the gap of the 

coil. 

                                                    Fig 2.6 – Arc test experimental setup

Also, there was a change in the G-10 ring structure used in the final version of the coil. The ring 

had a different structure and was industrially laminated whereas the initial version was laminated

by pasting copper sheets over the G-10 ring. The figures 2.7, 2.8 give an approximate idea about 

the overall circuit of the coils.          

Directional Coupler Coil

Power 

M eter

Oscilloscope

Signal generator
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                                                        Fig 2.7 – Initial versions of the solenoid

                            

                                                      Fig 2.8 – The final version of the solenoid
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2.1.6 The Matching Circuit

The matching circuit is made up of two variable capacitances, also known as trimmer capacitors 

and fixed chip capacitors. The capacitors used here are the NMA1T4 capacitor (fig 2.9) where 

1T4 represents the tuning range (1 to 4 pF). Their voltage withstand capability is 500 V and their 

Q is 5000 at 1 MHz. 

                                                         

                                   Fig 2.9 – Standard air trimmers (Voltronics Corp)

The shaft of these capacitors is lubricated with a mix of Teflon powder and Toluene. It is then 

baked in the oven to evaporate the toluene leaving behind the Teflon powder [Voltronics]. Hence 

the trimmer capacitors used in the coil are termed to have a proton-free lubricant in their 

structure. A sample matching circuit can be modeled as follows:

As seen from fig 2.10, one capacitor acts as the tuning capacitor and the other as the matching 

capacitor. In addition to these, sometimes an extra capacitor called the balancing capacitor is 

used in series with the matching capacitor to increase the matching obtained. The coil is 

connected to the matching circuit by means of either of the two types of coupling: inductive and 

capacitive, discussed in the following chapter.
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                                              Fig 2.10 – Sample matching circuit

2.1.6.1 Matching to 50

The first step in testing a coil is to tune and match it at the desired frequency. For a perfect 

match, the output of the detector is minimum at the corresponding frequency. A typical 

frequency dependent curve showing the types of matching is shown in fig 2.11.

                              

           Fig 2.11 –Types of matching and their reflection coefficient [Mispelter, J., et al., 2006]

If the coil is over-coupled, the reflected voltage increases and the frequency response broadens. 

The resulting frequency is lower than the resonant frequency. If the coil is under-coupled, the 

minimum SWR appears at a higher frequency and the frequency response sharpens. 
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On the workbench, the required resonant frequency is marked as Center on a network analyzer. 

Then a minimum reflected voltage is first obtained by adjusting the matching capacitor. The

tuning is then varied in order to move the resonance to the required frequency level. The 

procedure is repeated until a perfect tune, and match is obtained. Sometimes a non-optimum tune 

and match is deemed satisfactory. The Smith chart is used to check the coupling to the coil. 

Under perfect match conditions, the coil is critically coupled and passes through the center of the 

Smith chart.
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CHAPTER THREE

COUPLING METHODS

Matching/Coupling loops or structures are used to couple signals from the RF coils through a 

transmission line to the pre-amplifier. All the coils are characterized by an inductance in series 

with a small resistance and must be connected to the NMR spectrometer through a transmission 

line which exhibits a pure 50 impedance.  Matching is done by transforming the real part of 

the coil impedance to the spectrometer impedance and reducing the imaginary part to zero. This 

is known as conjugate matching. 

In other words, the coil impedance is given by jXRZ coil  , where X is the reactive 

component. The imaginary part should be compensated to obtain proper impedance matching. It 

can either be positive (inductive) or negative (capacitive).

Matching the impedance of the coil will enable maximum power transfer both into and out of the 

coil. If a proper match does not exist, the transmit pulse will reflect off the probe and return to 

the source rather than the sample. Matching also increases the signal to noise ratio (SNR). The 

reason for matching to 50 is that the internal impedance of the RF amplifiers used in NMR 

hardware is 50 .

Tuning the coil is generally required to ensure that the resonant frequency of the coil is the same 

as that of the element under observation. This results in a very high efficiency in transfer of RF 

power to the sample nuclei as well as increased sensitivity in detecting the free induction decay 

(FID). Coupling loops, on the other hand are used to transfer energy from one medium to 

another. While some loops act as matching loops, others are used to provide an electrical 

connection between two isolated circuits. We will take a look at two different coupling/matching 

techniques in this chapter with their advantages and disadvantages. 

3.1 Inductive Matching

Inductive coupling/matching to a probe resonator requires matching its impedance to Z0, the 

characteristic impedance (50 ). This includes transforming the coil impedance Z into 

impedance appearing at the terminals of the coupling loop. In this case, coupling is done through 

magnetic fields created by both coils. The coupling coefficient determines the proportion of 
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shared magnetic flux. The distance between the two coils determines the amount of match. A 

schematic diagram of an inductively coupled coil is shown in fig 3.1. 

                     

                                          Fig 3.1 – Inductive matching network

In case of inductive coupling, the only interaction between the two coils is through space. There 

is no wire connection between the loop and the coil. Let us consider that the impedance of the 

coil as selfimagein ZZZ  , where Zin is the impedance at the terminals, Zimage is the image 

impedance and Zself is the self-impedance of the loop. There are three types of coupling based on 

the distance between the coupling loop and the resonator:

Under coupling – the circuit is said to be under-coupled when the loop is far away from the 

resonator. This indicates small transformed resistive impedance at the terminals. Zimage is lower 

than Z0 and thus matching is impossible.

Critical coupling – In this case, Zin = Z0. Now the resistive component is matched but the 

reactive component must be reduced to zero. 

Over coupling – when the distance between the loop and resonator is further decreased, the 

resistive impedance becomes higher when compared to Z0. In this case, the impedance value at 

resonance is greatly reduced by the inductive coupling.

Zin
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                        Fig 3.2 Polar plot representing the different types of coupling

Circuit analysis can be used to find an expression that helps understand how to achieve critical 

coupling.  For the circuit given in fig 3.1, the impedance is shown by [Hoult, D.I., et al., 2002]:

                                                    
2

2
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jXr
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LjZ in 



                                                       … (3.1)                     

where
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LjjX


  .  A match is obtained when the input impedance is real and 50 Ω. A 

straightforward way to cancel the reactive part of the above equation ( 1Lj ) is to introduce a 

capacitor C1 in series with the coupling loop so that 0
1

10

10 
Cj
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 . Now the impedance 

becomes simply
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Since M12 depends on the distance between the coil and the coupling loop, it is clear from 

equation 3.2 why moving the coupling loop changes the impedance between the different 

coupling conditions. An even more useful expression can be derived by using the definition

Q
L

r 2 . The mutual coupling between the two circuits (the loop and the coil) can be 

expressed as 

                                                             21. LLkM                                                             … (3.3)

Here M is the mutual coupling, L1, L2: the inductance of the matching coil and the solenoid 

respectively and k is the coupling coefficient. The value of the coupling coefficient is always less 

than or equal to 1. Substituting these into 3.3 we get the useful relationship:

                                                     
01

2 LQkZ in                                                                   … (3.4)

This equation shows how to adjust the circuit components to compensate when under and over 

coupled cases occur. Small values of Q, k, L1 and ω0 will lead to under coupling and large values 

will lead to over coupling.  The factors that can be most easily adjusted are the mutual coupling 

and the inductance of the coupling loop.  There may not always be a satisfactory way to change 

the product kL1 as needed to reach a matched condition. 

One of the advantages of inductive coupling is that it provides automatic electrical balance 

[Hoult, D.I., et al., 2002]. Electrical balancing of circuits helps to avoid noise pickup. It also

helps to reduce the number of spurious resonant modes in the circuit. Only the mutual coupling

has to be adjusted to achieve a match. This gives us considerable flexibility because M can be 

adjusted by moving the loop along the coil, adjusting the orientation of the loop, and changing 

the loop inductance. 

A well know disadvantage of inductive coupling is the possibility that current in the coupling 

loop will creat a magnetic field which will offset the coil field B1, thereby affecting the 

homogeneity of the coil. Therefore coils and their matching circuits are usually designed so that 

the current in the coil is greater than the current flowing in the matching circuit. This can be 

expressed as straycoil II  , where coilI is the current through the coil and strayI is the current in the 

matching circuit. 
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For the smaller coils (I—III) inductive coupling was satifactory. However, for coil IV it was 

challenging to adjust k and L1 to obtain a match. Also, there was a noticable change in B1 near 

the loop.  It was determined that the disadvantages of inductive coupling outweighed the 

advantages and so capacitive coupling was used in the larger coil.

3.2 Capacitive Matching

Capacitive matching is the most widely used method of matching the coil to the spectrometer. A 

capacitive matching circuit is shown in fig 3.2.

                                                        Fig 3.3 – Capacitive matching circuit

The impedance of the parallel LC circuit is given by
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where
T

C
C

X


1
 . In order to obtain matching the real part of the impedance is equal to Z0. At 

resonance the reactive component reduces to XC and can be compensated by the inductance of 

the sample coil. Now, the value of the tuning capacitor can be determined from Mispelter

equation 3.4: 
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Solving for XC using Mispelter equation 3.4, we get,

                                       0
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                      --- (3.6)

This equation is in the form: ax
2
+bx+c = 0. The solution for this type of equation is given by

                                                      
a

acbb
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                                                    --- (3.7)

Using this in equation. 3.14 the value for the tuning capacitor is obtained as
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                                         --- (3.8)

The value of the tuning capacitor can be found out from equation 3.7. Tuning is usually done to 

set the resonance frequency of the coil to the Larmor frequency. The matching capacitor is used 

to match the coil to 50 . The value of the tuning and matching capacitance required will change 

during coil loading.

Capacitive coupling is used in cases where it is not possible to match the coil using inductive 

coupling. Since inductive coupling is limited by loop size, capacitive coupling is more preferred

method for larger coils as in this case. However, the type of matching circuit depends upon the

requirements of the coil and its ability to provide a perfect match while still maintaining the

efficiency of the coil.    

3.3 Coupling Mechanism in the Solenoid

The early versions of the solenoid used inductive coupling. The inductive loop used in coils I-III

had a diameter of about 12.52 mm and a length of about 44.23 mm.  However, with the increase 

in dimensions of the coil, inductive coupling did not provide a proper match and tune for the 

reasons mentioned in 3.1. Tuning the circuit to proton frequency became increasingly difficult 

using the loop and as a result, in the final version, the leads of the twisted wire were soldered 

directly across one of the gaps of the coil. The coil is connected to the matching circuit by 

means of a twisted wire pair which can also be modeled as transmission lines. A balancing 
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capacitor is included to obtain proper matching/coupling. The tuning and matching in the coil is 

done by using a pick up loop and network analyzer.

3.3.1 The Pick Up Loop

The pick up coil is the most commonly used instrument in testing a coil. It is a small loop of wire 

soldered to the ends of a co-axial cable (fig 3.3). When the loop is loosely coupled to the coil and 

connected to the network analyzer or spectrometer, it allows the user to sample the coil’s 

resonant frequencies. The coil can also be used to sample the magnetic field and to evaluate the 

sensitivity, or homogeneity of the coil [Jacobson, N.E., 2007]

                                        

                                                  Fig 3.4 – Simple pick up loop

3.3.2 The Network Analyzer

The network analyzer provides a direct reading of the transmission and reflection coefficient of a 

coil. In the case of a multi-port (dual port, dual channel) network analyzer, the transmission and 

reflection parameters can be analyzed simultaneously. Also, the various display methods 

available enable Smith chart, polar plot modeling, etc. The analyzer consists of at least two 

receivers, one to measure the reflected wave, and the other to measure the transmitted wave. 

When magnitude is the only component that needs to be measured, a scalar network analyzer is 

used. When phase measurements come into picture, the VNA (vector network analyzer) is used. 

The NA used in the lab is an Agilent’s VNA 8753 ET/ES series.
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CHAPTER FOUR

RESULTS

4.1 Evaluating the Coil on the workbench

4.1.1 Tuning and Matching

Table 6 gives the measurements of the tuning range and matching of the final version of the 

single turn solenoid. Usually a matching of -30 dB is considered to be optimum. The coil was 

tuned to the magnet frequency. Figures 4.1, 4.2 show the tuned and matched waveforms.

                                                    Table 6 – Coil measurements

Resonant Frequency 896.4 MHz

Tuning Range 865-900 MHz

Matching - 50.032 dB 

                                            

                                 

                               Fig 4.1 – Tuned and matched waveform of the solenoid
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                                       Fig 4.2 – Smith chart representation 

4.1.2 Q Factor Measurement

The following figures (fig 4.3-4.5) show the quality factor of two coils, coil III and coil IV.              

                                    

                             

                                  Fig 4.3 – Q Factor measurement at -7 dB for coil IV
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                          Fig 4.4 – Q Factor measurement at -3 dB for coil IV                                                      

Figs. 4.3 and 4.4 show Q factor measurements for the coil IV on the workbench. In order to 

verify the value at -3 dB, Q factor is measured at – 7 dB. At – 7 dB, there is no necessity to 

double the Q. 

The Fig 4.5 shows the Q factor measurement of coil III (smaller coil). The Q factor in this case is 

254.75, whereas that of the larger coil was just 172. 
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                                       Fig 4.5 – Q factor at -7 dB for coil III

4.1.3 Power Measurement of Coil II   

                                                  Table 7 – Power measurement of coil II                             

Attenuation (dB) Fwd Power (W) Reflected Power (W)

17 9.6 0.02

14 24.7 0.17

11 66 0.13

8 180 0.5

7 220 0.7

                                                

The pulse length is 200 s . It can be seen from the table that there is no arcing for power values 

up to 220 W. 
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The value of the forward power and reflected power is given in the Table 7. Arcing occurs due to 

an increase in voltage in an electrical circuit. When there is arcing in the coil, a surge in reflected 

power can be observed due to the reason that the circuit is no longer tuned and matched at the 

resonant frequency. The reflected power gives us a measure of the amount of imbalance in a 

circuit. From the values of reflected power in Table 7, it is seen that there is no arcing across the 

coil. However, as arcing was observed in the magnet, it is assumed that it could have been due to 

the flap positions across the gap.

4.1.4 B1 Homogeneity Evaluation

As mentioned in the previous chapters, the homogeneity of an RF coil is an important factor in 

determining the sensitivity and accuracy of images obtained form the coil.  Therefore, it is

important to obtain an estimate of the homogeneity across the volume of the coil. This can be 

carried out by attaching a copper disc to a wooden stick and moving it across the length of the 

coil. 

                                                     Fig 4.6 – Homogeneity test

Changes in frequency are noted down from the network analyzer. A plot of f versus l is

obtained as in fig 4.6. The coil length and sample length are indicated in boxes in fig 4.6. This 
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depicts the change in B1 field across the coil and hence the homogeneity. The graph shows the 

homogeneity of the coil. The B1 field is related to the frequency variation by the equation

fB 1 . Here, xfff ~0 , is the frequency variation. The base frequency (f0) is set as 896.4 

MHz. fx is the frequency at distance x. Data for the graph is given in Appendix A

4.2 Evaluation in the 900 UWB Magnet

NMR Imaging could be perceived as a form of multi-dimensional spectroscopy where the 

application of inhomogeneous magnetic fields converts the frequency axes to space axes. 

Experiments were conducted using a Bruker Avance III console operated by Paravision 5.1. MR 

images were acquired using Bruker 3D UTE pulse sequence with TE ~ 45-80 microseconds and 

a spectral width of 70-200 kHz.

4.2.1 MRI from the Single Turn Solenoid

4.2.1.1 Coil I

                          

                                            Fig 4.7 – MRI of saturated sample using coil I
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Coil I, which was designed to eliminate background, was tested on the 3 August, 2010. As seen 

from fig 4.7, there is no observable background signal from the coil or probe materials. The 

sample used here is a saturated sample which was immersed in water before being imaged.

4.2.1.2 Coil II

The spectrum of an unprepared sample is shown in fig 4.8. The double peaks correspond to the 

signal from the sample itself (peak with larger magnitude) and that from the knit lines (peak with 

smaller magnitude). When a piece of foam without knit lines was imaged using the same coil, the 

spectrum contained only a single peak at the center.

                                           Fig 4.8 – Spectrum of SOFI with knit layers

An unprepared sample of BX-265, was also imaged (fig 4.9) by 2D MRI to characterize the 

small water signal which originated from the air dry foam.  A long echo time of 1.7 ms was used 

to obtain this image.  Fig 4.9 illustrates a distribution of the residual water where two dark strips 

in the image correspond to the layer transitions or knit lines, created in the spraying process.
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                                 Fig 4.9 – Image of air-dried SOFI with knit lines

4.2.1.3 Coil III

Coil III used trimmer capacitors to enable tuning and matching in the magnet. Owing to the 

success of the previous coils, the very first 3-D images were obtained using this coil. The 

spectrum of the empty coil is shown in fig 4.10.

                                               Fig 4.10 – Spectrum from the empty coil
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The vertical scale is normalized, but based on the low SNR there is very low concentration of 

background signal. The width of the residual 
1
H resonance lines at full width half maximum 

(fwhm) is about 20 kHz, corresponding to a decay time of about 18 µs; less than half the 50 µs 

echo time of the available UTE sequence. The result is that most of the residual signal will decay 

and not be efficiently detected by the UTE sequence.    

In this case only an ultra-short echo MRI can be used to acquire the images.  3D MRI images 

with echo time of 45 µs show the accumulated bound and trapped water inside the foam after 

being conditioned for different durations (fig 4.11). An inhomogeneous internal distribution of 

the water can be seen on the images in fig 4.11. There was no background observed and the 

sensitivity of the coil was also very high which can be seen from the MR images. There is a large 

inhomogeneity of the water distribution throughout the sample represented by the bright spots in 

the image.

(a) (b)

Fig 4.11 – 3-D MRI of foam (a) conditioned for 69 hours and (b) conditioned for 9.5 hours. 

The warm side of the sample is oriented to the lower part of the image. There is a slow decrease 

in the water content away from the warm end. The frame represents the total sample length

which shows no water accumulation at the foam’s cold end.  Sections void of water can be seen 

as two black bands which correspond to the knit lines between foam layers.  Knit lines in the 
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NCFI 24124 are approximately spaced every 5 ± 2 mm. Intensity of the MRI signal is 

proportional to the water content in the sample. The amount of water in the sample was ~ 100 

times less than in a 69-hour conditioned sample.

Water Absorption Along the Foam

From mass measurements of samples taken (fig 4.12), as much as 35 percent of the water 

evaporates during the 5 hours of scanning.  The peaks in the graph correspond to higher water 

accumulations in the foam between the knit lines. The foam is tightly fitted into the holder 

constricting the water evaporation out of the foam’s warm face. This accounts for the low water 

content of the foam in the first peak.  The dips in the water content correspond to knit lines. 

However, the knit lines in the samples are irregular: not always perpendicular to the axis of the 

sample, as seen in a profile MRI Therefore, the decreases in moisture content at the knit lines do 

not exactly correspond to the knit lines in the 69 hr sample photo. Light was shined from the 

warm-end side to help distinguish the knit lines.

                           

            Fig 4.12 - Water content of SOFI sample conditioned for 9.5 and 69 hours
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Data for the graph in fig 4.13 is given in Appendix A.

4.2.1.4 Coil IV

The spectrum and free induction decay of coil IV is shown in fig 4.13. The empty coil was run 

first as a rule to ensure that there was no significant signal from the structure or from the chip 

capacitors soldered across the gap. Tuning and matching were done from the probe. 

2D MR images were obtained for the foam sample. The sample preparation is the same for all 

cases, however, in this case, the sample was conditioned for 8 hours and 70 hours, respectively. 

Fig 4.14 shows the MR images of the sample foam

                             Fig 4.13 – Spectrum and free induction decay of the coil
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  (a) (b)

    Fig 4.14 – MR Image of (a) 8 hour conditioned foam (b) 70 hour conditioned foam

A 3D image for the 70 hour conditioned sample was obtained and is shown below (fig 4.15). 

From the image, it can be seen that there is excellent homogeneity and a considerable amount of 

sensitivity in the coil.

                               

                                Fig 4.15 – 3D image of 70 hour conditioned foam
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CHAPTER FIVE

CONCLUSION

This thesis demonstrates the successful implementation of a solenoid RF coil to perform 

magnetic resonance imaging of a porous material as well as any water in the material.  The coil 

has been designed to image 
1
H nuclei at a frequency of 900 MHz. Ultra-short echo time images 

were performed to verify the lack of a 
1
H background signal. Further measurements were made 

to determine the sensitivity and homogeneity of the coil. Finally, images of solid foam insulation 

and water distribution within the foam insulation were obtained to verify proper operation of the 

coil.

Each version of the coil was an improvement to the previous version. A new design aspect or 

concept was learned at every stage. This helped to better understand the mechanism of the coil. 

A significant amount of time was spent designing the larger coil, as it required low capacitance, 

as well as a new tuning and matching method. The final version of the coil incorporates elements 

from all the previous versions in addition to some new features. As can be observed from the 

images, there is no background signal from any of the coils in the field of view. 

From the images, it can be seen that transitions in the layering are constrictions in the water flow 

path and if increased in number, might be used as tools in minimizing water absorption. The 

current ultra short echo time MRI with TE ~ 50 µs is expanding the area of MR imaging analysis 

which can be performed.  UTE pulse sequences provide a new approach to imaging materials 

and biological tissues that were previously inaccessible to MRI.  The coil will be made available 

to users of the 21.1 T ultra wide bore NMR/MRI user facility at the National High Magnetic 

Field Laboratory at Florida State University.

However, there are certain issues regarding the use of the solenoid for very large samples as the 

self-resonance of the coil becomes a significant issue for larger dimensions. Future work can 

encompass addressing this issue while maintaining the desired homogeneity and sensitivity 

across the coil. Further experiments will include measuring the thermal conductivity and 

modulus of elasticity of launch pad conditioned samples.
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APPENDIX A

TEST RESULTS – TABLES

A.1 Sample MATLAB Programs for T1 and T2

T1=200e-3;

i=1;

for (t=0e-3:10e-3:1000e-3)

M=1-exp(-t/T1);

A(i)=t;

B(i)=M;

i=i+1;

end

plot(A,B)

xlabel("t in milliseconds")

ylabel("Mz")

T2=100e-6;

i=1;

for(t=0e-6:10e-6:1000e-6)

M=exp(-(t/T2));

A(i)=t;

B(i)=M;

i=i+1;

end

plot(A,B)

xlabel("t in microseconds")

ylabel("Mxy")
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A.2 Homogeneity Test

Distance in mm ∆f MHz √∆f

-20 0.0375 0.193649

-10 0.1125 0.33541

0 0.5 0.707107

1 0.575 0.758288

2 0.5875 0.766485

3 0.6375 0.798436

4 0.725 0.851469

5 0.7375 0.858778

6 0.7525 0.867468

7 0.75 0.866025

8 0.775 0.880341

9 0.8 0.894427

10 0.7875 0.887412

11 0.825 0.908295

12 0.825 0.908295

13 0.8375 0.91515

14 0.8375 0.91515

15 0.8375 0.91515

16 0.85 0.921954

17 0.8875 0.942072

18 0.9 0.948683

19 0.9125 0.955249

20 0.975 0.987421

21 0.975 0.987421

22 1.05 1.024695

23 1.0125 1.006231
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24 1.0125 1.006231

25 0.9375 0.968246

26 0.875 0.935414

27 0.7375 0.858778

28 0.5625 0.75

29 0.5525 0.743303

30 0.5175 0.719375

31 0.5025 0.708872

32 0.4825 0.694622

33 0.3375 0.580948

34 0.3125 0.559017

45 0.275 0.524404

55 0.0375 0.193649

A.3 Water Profile – 9 hours

0_Pro 1

I ntegral Methodconversion factor

XS- I ntensit y I Trapezoidal 0.000506331m g/ I

I ntensity( I / m m ) Posit ion (m m ) I ntegral ( I ) water content  (m g)

0 0

0 0 0 0

522.42 0.234 61.12314 0.132258775

971.4 0.468 174.77694 0.378183844

998.02 0.702 230.42214 0.498589406

982.35 0.936 231.70329 0.501361569

724.06 1.17 199.64997 0.43200432

1042.39 1.404 206.67465 0.447204383

1346.12 1.638 279.45567 0.604688579

1669.94 1.872 352.87902 0.763562654

1794.82 2.106 405.37692 0.877158061

1856.61 2.34 427.21731 0.924416485
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1878.16 2.574 436.96809 0.945515306

1895.67 2.808 441.53811 0.955403955

1663.78 3.042 416.45565 0.901130312

1592 3.276 380.92626 0.824251513

1537.12 3.51 366.10704 0.792185558

1204.53 3.744 320.77305 0.694091481

1295.33 3.978 292.48362 0.632878569

1361.35 4.212 310.83156 0.672579999

1563.59 4.446 342.21798 0.740494204

1981.02 4.68 414.71937 0.897373335

2786.55 4.914 557.80569 1.206984743

3957.94 5.148 789.10533 1.70747289

4980.53 5.382 1045.80099 2.262913164

5916.86 5.616 1274.99463 2.758844331

6302.37 5.85 1429.64991 3.093488754

5900.55 6.084 1427.74164 3.089359623

5392.63 6.318 1321.30206 2.859044746

5059.41 6.552 1222.88868 2.646097029

4651.04 6.786 1136.12265 2.458351948

4390.18 7.02 1057.82274 2.28892593

4305.06 7.254 1017.34308 2.201335694

4087.43 7.488 981.92133 2.124689807

3716.59 7.722 913.07034 1.975709444

3243.71 7.956 814.3551 1.76210856

2875.29 8.19 715.923 1.549120336

2520.88 8.424 631.35189 1.366124642

2402.35 8.658 576.01791 1.246392501

2253.57 8.892 544.74264 1.178718803

2131.25 9.126 513.02394 1.110085608

2279.25 9.36 516.0285 1.1165869

2148.02 9.594 517.99059 1.120832488

2148.2 9.828 502.65774 1.087655135

2430.49 10.062 535.70673 1.159166823

2374 10.296 562.12533 1.216331617

2161.41 10.53 530.64297 1.148209816
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2192.22 10.764 509.37471 1.102189372

2458.02 10.998 544.07808 1.177280822

2603.82 11.232 592.23528 1.281483785

2485.16 11.466 595.41066 1.2883547

2259.96 11.7 555.17904 1.201301175

1942.8 11.934 491.72292 1.063994278

1661.43 12.168 421.69491 0.912467068

1448.37 12.402 363.8466 0.787294398

1253.65 12.636 316.13634 0.684058528

1076.55 12.87 272.6334 0.589926492

934.86 13.104 235.33497 0.509219829

850.06 13.338 208.83564 0.451880351

763.2 13.572 188.75142 0.408421944

680.63 13.806 168.92811 0.365528095

653.59 14.04 156.10374 0.337778613

610.41 14.274 147.888 0.320001325

578 14.508 139.04397 0.300864536

556.47 14.742 132.73299 0.287208784

512.9 14.976 125.11629 0.270727703

481.92 15.21 116.39394 0.251854207

457.29 15.444 109.88757 0.237775668

436.39 15.678 104.56056 0.226249038

430.47 15.912 101.42262 0.219459136

417.63 16.146 99.2277 0.214709749

381.88 16.38 93.54267 0.202408433

349.43 16.614 85.56327 0.185142539

333.53 16.848 79.90632 0.172901982

335.1 17.082 78.22971 0.169274118

336.65 17.316 78.59475 0.170063995

350.06 17.55 80.34507 0.173851353

348.18 17.784 81.69408 0.176770352

346 18.018 81.21906 0.1757425

354.69 18.252 81.98073 0.177390608

331.24 18.486 80.25381 0.173653883

317.16 18.72 75.8628 0.164152578
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317.59 18.954 74.26575 0.160696868

318.86 19.188 74.46465 0.161127249

296.73 19.422 72.02403 0.155846215

293.47 19.656 69.0534 0.14941834

301.27 19.89 69.58458 0.150567712

318.92 20.124 72.56223 0.157010776

320.84 20.358 74.85192 0.161965227

313.14 20.592 74.17566 0.16050193

292.08 20.826 70.81074 0.153220887

282.39 21.06 67.21299 0.145436045

259.78 21.294 63.43389 0.137258796

256.63 21.528 60.41997 0.13073725

249.51 21.762 59.21838 0.128137239

234.37 21.996 56.61396 0.122501773

233.73 22.23 54.7677 0.11850682

233.53 22.464 54.66942 0.118294161

225.2 22.698 53.67141 0.116134658

205.94 22.932 50.44338 0.109149819

193.59 23.166 46.74501 0.101147254

202.39 23.4 46.32966 0.100248516

200.69 23.634 47.16036 0.102045992

185.61 23.868 45.1971 0.097797873

191.65 24.102 44.13942 0.095509256

189.22 24.336 44.56179 0.096423184

179.31 24.57 43.11801 0.09329912

177.31 24.804 41.72454 0.090283918

177.33 25.038 41.49288 0.08978265

185.76 25.272 42.48153 0.091921899

179.1 25.506 42.68862 0.092370003

181.16 25.74 42.15042 0.091205441

176.2 25.974 41.81112 0.090471261

183.1 26.208 42.0381 0.090962402

181.63 26.442 42.67341 0.092337091

189.1 26.676 43.37541 0.093856085

207.69 26.91 46.42443 0.10045358
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206.98 27.144 48.51639 0.104980181

203.33 27.378 48.00627 0.103876379

193.82 27.612 46.46655 0.10054472

178.25 27.846 43.53219 0.094195327

183.69 28.08 42.34698 0.091630759

172.76 28.314 41.70465 0.09024088

174.1 28.548 40.58262 0.087813022

159.37 28.782 39.01599 0.084423134

180.84 29.016 39.80457 0.08612947

164.9 29.25 40.45158 0.087529476

164.53 29.484 38.54331 0.083400345

146.09 29.718 36.34254 0.0786383

39.88 29.952 21.75849 0.047081208

37465.59492 81.06837607

Total I ntensit y # VALUE!

A.4 Water Profile – 69 hours

Assum e:

Total intensity direct ly 

proport ional to Weight  gain

1

I ntegral Method conversion factor

Trapezoidal 0.000731075m g/ I

I

I ntensity( I / m m ) Posit ion (m m ) I ntegral ( I ) water content  (m g/ m m )

0 0I dx

0 0 0 0 0

2374.79 0.234 277.85043 0.868074628 0.10156473

3577.69 0.468 696.44016 2.175854229 0.35613968

4432.71 0.702 937.2168 2.928101012 0.59716276

5064.29 0.936 1111.149 3.471508952 0.74875437

5539.59 1.17 1240.65396 3.876115021 0.859672

5683.43 1.404 1313.09334 4.102433864 0.93349022

5142.53 1.638 1266.63732 3.957293573 0.94298811

4290.59 1.872 1103.67504 3.448158422 0.86643788

3744.08 2.106 940.05639 2.936972606 0.74706033
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3662.61 2.34 866.58273 2.707422412 0.66039422

4267.18 2.574 927.78543 2.89863504 0.65590872

5192.57 2.808 1106.79075 3.457892683 0.74371374

6353.35 3.042 1350.87264 4.220465899 0.89836795

7050.61 3.276 1568.26332 4.899649062 1.06705345

8841.55 3.51 1859.38272 5.80917929 1.25293292

10381.25 3.744 2249.0676 7.026652868 1.50179236

11580.12 3.978 2569.48029 8.027702702 1.7613596

13012.59 4.212 2877.34707 8.989555958 1.99101926

13607.14 4.446 3114.50841 9.730507635 2.19024744

14420.12 4.68 3279.18942 10.24501253 2.33713586

16746.25 4.914 3646.46529 11.39247473 2.53158601

19226.88 5.148 4208.85621 13.14952541 2.87141402

21083.06 5.382 4716.26298 14.73479178 3.26246511

22878.53 5.616 5143.50603 16.06960653 3.6041146

24246.1 5.85 5513.58171 17.22581604 3.89556444

25215.33 6.084 5786.98731 18.0800039 4.13078093

26146.98 6.318 6009.39027 18.77484669 4.31201752

26733.02 6.552 6186.96 19.32961919 4.45822251

26693.35 6.786 6250.88529 19.52933787 4.54649798

25935.51 7.02 6157.57662 19.23781812 4.53575725

24824.78 7.254 5938.95393 18.55478584 4.42173466

23412.65 7.488 5643.77931 17.63258609 4.23392252

21810.92 7.722 5291.15769 16.53090746 3.99712874

20115.39 7.956 4905.37827 15.32563552 3.72721553

18526.71 8.19 4521.1257 14.12513384 3.44574001

16921.69 8.424 4147.4628 12.95771696 3.16869354

15595.63 8.658 3804.52644 11.88629751 2.90674969

14459.47 8.892 3516.4467 10.98626395 2.67608969

13242.47 9.126 3241.12698 10.12609589 2.4701461

12355.61 9.36 2994.97536 9.357056321 2.27952881

11674.92 9.594 2811.57201 8.784058126 2.12251039

11207.43 9.828 2677.23495 8.364355362 2.00636438

10959.98 10.062 2593.58697 8.103018034 1.92668269

10975.04 10.296 2566.39734 8.018070791 1.88616739
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11241.31 10.53 2599.31295 8.120907436 1.88826045

11644.35 10.764 2677.62222 8.365565291 1.92891731

12106.78 10.998 2778.88221 8.681926969 1.99455659

12498.67 11.232 2878.83765 8.994212904 2.06810837

13094.61 11.466 2994.41376 9.355301742 2.14689321

13772.69 11.7 3143.4741 9.821003736 2.24362774

14240.14 11.934 3277.50111 10.23973783 2.34710676

14458.86 12.168 3357.783 10.49055864 2.42544469

14400.94 12.402 3376.5966 10.54933706 2.4616678

14337.1 12.636 3362.35068 10.50482922 2.46333746

13737.47 12.87 3284.72469 10.26230611 2.42975483

12664.78 13.104 3089.06325 9.651010555 2.32985805

11689.67 13.338 2849.47065 8.90246301 2.17075641

10678.02 13.572 2617.01973 8.17622787 1.99820683

9663.53 13.806 2379.96135 7.435597866 1.82658361

8721.14 14.04 2151.00639 6.720284984 1.65623829

7917.61 14.274 1946.73375 6.082085878 1.49787739

7262.55 14.508 1776.07872 5.548916641 1.36082729

6685.1 14.742 1631.87505 5.098388106 1.24573466

6283.51 14.976 1517.32737 4.740512342 1.15115135

5995.73 15.21 1436.67108 4.488521806 1.079797

5735.75 15.444 1372.58316 4.288295024 1.02688757

5591.67 15.678 1325.30814 4.140595971 0.98618025

5473 15.912 1294.56639 4.044551012 0.9576622

5367.69 16.146 1268.36073 3.962677939 0.93684579

5437.73 16.38 1264.23414 3.949785434 0.92575821

5468.47 16.614 1276.0254 3.986624296 0.92855994

5320.1 16.848 1262.26269 3.943626128 0.9278393

4991.8 17.082 1206.4923 3.769385402 0.90242235

4501.8 17.316 1110.7512 3.470266125 0.84703923

4167.55 17.55 1014.31395 3.1689719 0.77679085

3977.98 17.784 953.02701 2.977496085 0.71913675

3558.37 18.018 881.75295 2.754817994 0.67068075

3122.78 18.252 781.69455 2.442210386 0.60805232

2793.73 18.486 692.23167 2.162705847 0.5387752
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2499.49 18.72 619.30674 1.934870024 0.47941638

2332.88 18.954 565.38729 1.7664121 0.43305001

2152.78 19.188 524.82222 1.639676619 0.39851238

1949.35 19.422 479.94921 1.499482049 0.36728156

1808.35 19.656 439.6509 1.373579993 0.33614826

1718.76 19.89 412.67187 1.289290717 0.31155587

1615.1 20.124 390.06162 1.218650609 0.29342914

1526.47 20.358 367.56369 1.148361417 0.27694041

1440.9 20.592 347.18229 1.084684797 0.26126641

1367.14 20.826 328.54068 1.026443719 0.24700204

1320.53 21.06 314.45739 0.982443979 0.23503986

1273.82 21.294 303.53895 0.948332026 0.22590079

1238.71 21.528 293.96601 0.918423754 0.21841043

1227.43 21.762 288.53838 0.901466472 0.21292716

1161.78 21.996 279.53757 0.873345678 0.20765302

1092.86 22.23 263.79288 0.824155306 0.19860762

1029.57 22.464 248.32431 0.775827603 0.187198

970 22.698 233.94969 0.730917675 0.1762892

914.76 22.932 220.51692 0.688950323 0.16612456

862.37 23.166 207.92421 0.649607529 0.15661127

828.82 23.4 197.86923 0.618193243 0.14833269

798.94 23.634 190.44792 0.595007204 0.14194445

783.8 23.868 185.18058 0.578550709 0.13730628

764.04 24.102 181.09728 0.565793452 0.13388827

705.9 24.336 171.98298 0.537318087 0.12906405

674.71 24.57 161.53137 0.504664628 0.12191198

672.29 24.804 157.599 0.492378915 0.11665409

672.69 25.038 157.36266 0.49164053 0.11513028

678.37 25.272 158.07402 0.493862997 0.11530391

666.24 25.506 157.31937 0.491505281 0.11528809

690.04 25.74 158.68476 0.495771103 0.11551134

702.63 25.974 162.94239 0.50907301 0.11756676

732.43 26.208 167.90202 0.524568141 0.12093601

768.39 26.442 175.59594 0.548605882 0.12556136

773.35 26.676 180.38358 0.563563674 0.13012384



63

805.57 26.91 184.73364 0.577154356 0.13346401

819.16 27.144 190.09341 0.593899625 0.13701332

827.51 27.378 192.66039 0.601919516 0.13991084

834.51 27.612 194.45634 0.607530516 0.14150565

822.18 27.846 193.83273 0.605582201 0.14193419

794.37 28.08 189.13635 0.590909529 0.13998953

747.12 28.314 180.35433 0.56347229 0.13506267

677.94 28.548 166.73202 0.520912767 0.12687305

573.47 28.782 146.41497 0.457437193 0.11446695

516.9 29.016 127.57329 0.398571045 0.10015296

427.06 29.25 110.44332 0.34505271 0.08700398

471.63 29.484 105.14673 0.328504831 0.07880623

478.63 29.718 111.18042 0.347355596 0.07907567

136.15 29.952 71.92926 0.2247251 0.06693344

221618.8927 692.3931624 161.993707

Total I ntensit y # VALUE! # VALUE!
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