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ABSTRACT 

 

In this thesis, three different RF coils were investigated for their application in Magnetic 

Resonance Imaging (MRI). We developed transmit/receive birdcage volume coils since they 

provide better B1 field homogeneity than other coils. Coils were developed for in vivo imaging of 

chlorine and hydrogen nuclei. Chlorine is a low  nucleus, therefore its sensitivity is very low. 

The high field of 21.1 T at NHMFL was exploited in order to obtain better signal strength from 

chlorine. Also, a comparative study was conducted between the linear coil and the quadrature 

coil of chlorine. Quadrature excitation helps in increasing the RF power efficiency, and results in 

up to    improvement in signal-to-noise ratio. In this work, strategies are presented for tuning, 

matching and isolating the two ports. We developed a third coil for proton imaging which 

incorporated the sliding ring tuning mechanism. The principle of sliding ring is to provide 

distributed capacitance. This results in tuning across all legs which in turn helps to maintain the 

symmetry of the birdcage coil. 

 

The resonance and quality factor was measured for all the three coils when loaded with saline, 

oil and poly ethylene glycol (PEG) solutions. In vivo experiments were carried out in order to 

image phantoms and rats in the 21.1 T magnet. It was observed that the quadrature chlorine coil 

provided 1.18 times improvement in sensitivity when compared to the linear coil. The sliding 

ring coil for proton helped in preserving the symmetry; it offered better tuning range when 

compared to the fixed lumped element design. RF coils are critically important in the 

performance of MRI scanners. We believe that the studies conducted in this project are 

contributions toward obtaining better imaging systems.
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CHAPTER 1 

INTRODUCTION 

1.1 MAGNETIC RESONANCE IMAGING 

Magnetic Resonance Imaging (MRI) is a well established image modality in medicine where 

various clinical and research studies are being conducted in cardiovascular, neurological and 

oncological imaging, congenital and developmental disorders, cancer, genetic and metabolic 

diseases, infections and inflammatory conditions, traumatic and other types of injuries. MRI is 

very attractive because it is a non-invasive tool that has the ability to monitor in vivo biological 

variables. At the same time it can also serially track the progression of a disease or intervention 

in the same living animal thus improving a study’s biological and translational relevance. Since 

the inception of MRI, the goal of RF volume coil designs has been to produce a uniform 

circularly rotating component of the transverse magnetic (B1) field, thereby achieving high 

signal-to-noise ratio and good field homogeneity. In this thesis, we have developed a birdcage 

coil for chlorine, a low γ nucleus, which can benefit from the sensitivity available in the unique 

21.1 T magnet available to this project. We also developed a birdcage coil for proton, a high 

gamma nucleus, in order to explore an unusual tuning method called sliding ring tuning which 

provides better B1 field homogeneity. In order to understand these complex MRI techniques, it is 

worthwhile to review the physics and mechanisms behind the measurements. 

1.1.1 Nuclear magnetic resonance 

Magnetic resonance imaging is based on the principles of nuclear magnetic resonance. The 

property of spin angular momentum was predicted by Dirac in the quantum mechanical 

description of atomic nuclei. This spin angular momentum is characterized by the spin quantum 

number I, such that the total spin angular momentum is Iħ. The value of I is an intrinsic property 

of the nucleus. For example, the spin quantum number of 
1
H nucleus is 1/2. In NMR, it is 

unpaired nuclear spins that are of importance rather than the paired ones whose effects are 

nullified because their magnitude gets cancelled. In order to exhibit the property of magnetic 

resonance the nucleus must have a non-zero value of I [1]. The magnitude of the spin angular 

momentum is given by 

                                                                                                                                   (1.1) 
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In the above equation p is a vector. Hence, its orientation must be taken into account. In a 

magnetic field, applied along the z axis, the possible values of the z-components of the angular 

momentum are given by 

                                                                                                                                          (1.2) 

where                                     

For a proton with spin 1/2, the two possible values for    are + ½ ħ. When the proton is placed in 

an external magnetic field B0, the spin vector of the particle behaves like a tiny magnet and 

aligns itself with the external magnetic field. This field is generally in the z-direction. The proton 

may either assume the low energy orientation with the z-component of its magnetic moment 

aligned with external magnetic field called the 'parallel state' or with the z-component of its 

magnetic moment aligned opposite to the external field called the 'anti-parallel state'. The energy 

associated with parallel state is lower than that of the anti-parallel state [2]. 

In order to measure the energy of the spin system, we are using Hamiltonian operator H which 

can be derived from classical electromagnetism for the energy of a magnetic moment placed in a 

magnetic field [3]. 

 The magnetic moment of the nuclei µ  is linearly proportional to the angular momentum p,  

                                                                                                    (1.3) 

where γ is the magnetogyric ratio.  

When this magnetic moment is placed in a magnetic field, B, it has energy 

                                                                                             (1.4) 

Hence, by combining (1.3) and (1.4) we get 

                                                                                                                (1.5) 

By definition, the B field is applied parallel to the z-axis, hence the Hamiltonian becomes 

                                                                                                      (1.6) 
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The corresponding energy is given by [4],  

                                                                                                                                  (1.7) 

As shown in Figure1.1 [1], for a proton with        , a transition between the two states 

represents a change in energy 

                                                                                                                        (1.8) 

The energy, E, is related to its frequency, ν, by Planck's constant (h =6.62x10
-34

 Js) 

                                                                                                        (1.9) 

 

 

 

 

 

 

 

 

 

where ν is called the Larmor frequency in Hz.  

From equation (1.8) and equation (1.9) we get 

                                                                                                                        (1.10) 

Therefore,            

                                                                                                    (1.11) 

Expressing the frequency in angular terms gives the Larmor equation which is the foundation of 

NMR [5] 

                                                                                      (1.12) 

where ω is called the Larmor frequency in rad/sec. 

 

Figure 1.1 Energy level diagram 
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This description of the quantum mechanical behavior of an atomic nucleus leads to the way 

NMR is performed [1-3]. Oscillating magnetic fields at the resonant RF frequency can cause spin 

flip transitions. For a given species of nuclei, this frequency depends purely on the applied 

magnetic field. It is the strength of the field as experienced by the nucleus that enables structure 

to be determined in spectroscopy experiments and position to be found in imaging experiments. 

In a real system there is not just one nucleus in isolation but many nuclei-all of which could 

occupy a particular spin state. This means that the theory must be extended to consider an 

ensemble of spins. 

1.1.2 Bulk magnetization 

When a group of spins is placed in an external magnetic field, each spin aligns in either parallel 

or anti-parallel state [5]. At room temperature, the number of spins in the parallel state N
+ 

is 

higher than the anti-parallel state N
-
 which is given by Boltzmann statistics, as follows: 

                                                        
                                               (1.13) 

On substituting Eq. (1.8) we get, 

                                                        
                  

                                                                                          Provided kBT>>ħγB0 

So the difference between two spin states is given by 

                                                                                                               (1.14) 

∆E is the energy difference between the spin states,  

kB is Boltzmann's constant, 1.3805x10
-23

 J/Kelvin, and T is the temperature in kelvin.  

If we now assume that all the 'parallel state' nuclei have a magnetic moment of 1/2ħγ and the 

'anti-parallel state' nuclei have a magnetic moment of -1/2ħγ, then we can write the bulk 

magnetization of the spin packets as 

                                                                                

                                                                                                          (1.15) 
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where N is the number of spins in the ensemble. The advantage of the classical description is that 

it gives a simpler picture of the NMR experiment. 

1.1.3 Classical description of NMR 

If the spin magnetization vector M is placed in a magnetic field B, M will experience a torque 

[7]. The equation of motion for M can be written as 

                                                          
                                         (1.16) 

If B is a static (time-independent) field along the z axis such that B=B0 k then equation (1.16) 

becomes 

                                                        
                  

                                                        
              

                                                         
                                       (1.17) 

this yields the solutions  

                                                                                    

                                                                                     

                                                                                            (1.18) 

 

where ω0=γB0 and i, j, k denote the unit vectors along x, y and z axis. These equations describe 

the precession of the magnetization vector about the z axis as shown in Figure 1.2[3]. The 

angular frequency of the precession is identical to the Larmor frequency derived in the quantum 

mechanical description above (equation 1.13) which shows how the classical and quantum 

mechanical pictures coincide. Now, in addition to the static B0 field applied along z, consider a 

time varying B1 field applied perpendicularly to B0 and oscillating at ω0. If only the circularly 

polarized component of B1 rotating in the same direction as the precessing magnetization vector 

is considered    

                                                                                                                (1.19) 
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which when we substitute in equation (1.17) yields 

                                                         
                         

                                                         
                          

                                                         
                                          (1.20) 

if a starting condition M (0) =M0k is defined, then the solutions for M are                                           

                                                                                       (1.21) 

where       . This suggests that by applying an oscillating magnetic field of frequency ω0, 

the magnetization simultaneously precesses about B0 at ω 0 and B1 at ω 1, as shown in Figure 

1.3[3]. The most common way to carry out an NMR experiment is to apply a short burst of 

resonant RF field. If the duration of this RF pulse is t, then the magnetization will rotate by an 

angle 

                                                                                                                  (1.22) 

 

 

 

                                                 

 

 

 

 

 

 

 

 

Figure 1.2 Precession of the magnetization vector in a static magnetic field aligned 

along z-axis 
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If that angle is 90
0
, then the pulse is referred to  as a 90x pulse the x subscript showing that the 

precession is about the x axis. In a typical NMR experiment, a 90x pulse is applied which tips the 

magnetization vector from the longitudinal plane (parallel to B0) to the transverse plane 

(perpendicular to B0). Once in the transverse plane, the magnetization can be detected as it 

precesses about the z axis, and this is what gives rise to the NMR signal.  

1.1.4 T1 processes 

Since the application of a resonant RF pulse disturbs the spin system, there must subsequently be 

a process that makes it come back to equilibrium. This involves exchange of energy between the 

spin system and its surroundings. At equilibrium, if the net magnetization vector M0 lies along 

the magnetic field B0, then the z-component of the magnetization Mz equals M0. Mz is referred to 

as longitudinal magnetization. It is possible to change the net magnetization and saturate the 

system (Mz =0) by exposing it to energy at a frequency equal to the energy difference between 

the two spin states. The time constant which describes how Mz returns to its equilibrium value is 

called the spin lattice relaxation time (T1). The equation governing this behavior as a function of 

the time t after its displacement is:                  

                                                          Mz = M0 (1 - e
-t/T1

)                                                   (1.23) 

 

                                            

Figure 1.3 Precession of magnetization in the laboratory frame under the influence 

of longitudinal field B0, and transverse field B1. 
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The spin-lattice relaxation time (T1) is the time to reduce the difference between the longitudinal 

magnetization (MZ) and its equilibrium value by a factor of e. 

 

 

 

 

 

 

 

 

 

 

 

1.1.5 T2 processes 

 In addition to the rotation, the net magnetization starts to dephase because each of the spin 

packets is experiencing a slightly different magnetic field; rotating at its own Larmor frequency. 

 

Figure 1.4 T1 Processes [1] 

 

Figure 1.5 T2 Processes [1] 
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The time constant which describes the return to equilibrium of the transverse magnetization, 

MXY, is called the “spin-spin relaxation” time, T2.The net magnetization in the XY plane goes to 

zero, and the longitudinal magnetization grows until we have M0 along z.                            

                                                      MXY (t) = MXY e
-t/T2

                                            

(1.24) 

 

Both longitudinal and transverse relaxation occurs simultaneously, but T2 is always less than or 

equal to T1.  

 1.1.6 Bloch equations 

Equations (1.23) and (1.24), when combined with the earlier equations of motion, form what are 

known as the Bloch equations:                        

               
                             

                                                        
                                      (1.25) 

Immediately following the application of a    pulse, the magnetization vector has the 

components          
                                                                                  
                                                                                                  (1.26) 

 

which when we substitute into the Bloch equations give,                                
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                                                                                                               (1.27) 

 

To detect the NMR signal, it is necessary to have an RF coil which is in the transverse plane that 

is perpendicular to the B0 field. Also an emf is induced in the coil which is proportional to Mx. 

This process involves separately mixing the emf with two reference signals. Both signals 

oscillate at the Larmor frequency, but are 90
0
 out of phase with each other. Thus the signal 

detected in the coil has the form, 

                                                                                                                             (1.28) 

If ω=ω0, then the signal is just an exponential decay. However, if ω≠ω0, then the signal will 

oscillate at a frequency ∆f. The signal after phase sensitive detection is known as the Free 

Induction Decay (FID). Thus, the signal obtained is used to evaluate different nuclei of interest. 

1.1.7 Quadrature detection 

Quadrature detection is a technique that can be used to improve the SNR.  Depending upon the 

method of feed to the coil, the B1 field produced is either linear or rotating.  Nuclear precession 

produces a rotating magnetic field.  It is therefore reasonable to think that a coil that produces a 

field that co-rotates with the nuclear precession would be more efficient and provide better SNR, 

as will be shown below. 

Driving a single port produces the B field along either the x or y axis. A linear field can be 

written as the sum of clockwise (CW) and counterclockwise (CCW) components [3]. 

Specifically, when the coil is fed along y axis the B field is proportional to, 

                                                           (1.29) 

where, 
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with B10 being the magnitude of the magnetic field. The two fields are rotating opposite 

directions in the transverse plane perpendicular to the direction of B0 field. The nuclei respond to 

only one of the two rotating fields. 

It is convenient to introduce unit vectors x1 and y1 that rotates with the nuclear precession.  

Assuming the precession is clockwise, the rotating fields can be written as 

                                                                                                                                      (1.30) 

                                                                                                           (1.31) 

where,                                             

The time average of BCCW is negligible, and only the BCW component significantly affects the 

nuclear precession.  Since a linear coil creates BCW and BCCW in equal parts, we can see that 

half of the supplied power is wasted. Whereas, when the coil is fed at two locations, a circularly 

rotating field (either CCW or CW) is produced that rotates in the same direction as the nuclei. As 

a result, all the energy supplied to the coil is absorbed by the nuclei and the 2-port drive doubles 

the RF power efficiency. 

 1.1.8 Signal-to-Noise Ratio 

It has been widely reported that there is    improvement in SNR when signals are detected from 

two feed locations that are 90
0
 apart. When the intensity of the signals sent from two 

perpendicular coils is equal, the sensitivity is ideally improved by    as compared with the 

detection of the signal from a single coil [35]. Thus, the outputs of the quadrature coils are 

combined so as to increase the received signal strength. However, the strength of the noise 

component of these signals will increase only according to the square root of the sum of squares 

of the uncorrelated coil components. Due to lack of inductive coupling between the coil pairs, we 

can get a gain of  . This ensures the addition of uncorrelated noise components. In the presence 

of inductive coupling, the noise components will be partly correlated thereby reducing the gain 

achieved with quadrature detection. 
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The fluctuation-dissipation theorem indicates that there is a direct relationship between electrical 

resistance and noise. The thermally activated motions of the charge carriers in dissipative media 

produce random electric and magnetic fields that can be detected as noise. A resistance r 

produces an rms noise voltage Vn given by, 

                                                                                        (1.32) 

where k is Boltzmann’s constant, T is absolute temperature of the resistance and ∆f is the 

bandwidth setup by the data acquisition system. From equation (1.33) a general expression can 

be stated as  

                                                                             (1.33) 

where I is the current in the coil.  For the quadrature mode, the noise is uncorrelated and equal as 

both meshes are matched to 50 Ω. 

                                                                            (1.34) 

                                                                                                   (1.35) 

                                        
                                                    (1.36) 

Thus, SNR for linear and quadrature modes are given as 

                                                                             (1.37) 

                                                                                      (1.38) 

By dividing equation (1.37) by (1.38) we get 

                                                                          (1.39) 

In conclusion, the signal increases by a factor of 2 from linear to quadrature, and the noise 

increases by a factor of    from linear to quadrature.  We can see from this that implementing 

quadrature detection might be an effective way to increase sensitivity. 

The sensitivity is also a strong function of the field strength.  The signal-to-noise ratio is given 

by [25], 
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        (1.40) 

where K is a numerical factor which is dependent on receiving coil geometry,  is the filling 

factor which denotes the fraction of the coil volume Vc occupied by the sample, and     is the 

nuclear magnetization proportional to the field strength  : 

                                                                              (1.41) 

The emf induced in the coil is given by  

                                                                                  (1.42) 

where        ,        is the component of B1 perpendicular to B0. 

From equations 1.41 and 1.42 it follows that emf induced in the coil is proportional to the square 

of the Larmor frequency. 

The noise that originates from the resistance of the coil is given by  

                                                                                   (1.43) 

For a long straight cylindrical conductor [25], the current flows in a skin on the surface which 

yields the resistance as follows: 

                                                                                    (1.44) 

where ρ is the resistivity of the conductor, µ  is the magnetic susceptibility; p and l are the 

perimeter and length of the conductor. 

Combining the above equations we can get the signal-to-noise ratio as, 

                                                                                                            (1.45) 

where Vs is the sample volume. 

From the above equation we can notice that 

                                                                                    (1.46) 

 

This increase in SNR is due to two different and independent factors. The energy level separation 

of spin up and spin down protons is proportional to B0, so their population difference increases at 
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higher values of B0, as does the nuclear magnetic moment [26]. Secondly, the Larmor frequency 

at which the dipole moment precesses is proportional to B0 so that the rate of change of flux 

linked with the coil also increases in proportion to  f0.The above calculation of SNR denotes that 

SNR increases with frequency to the 7/4 power only when sample noise is insignificant. In 

general, the noise is not only associated with coil resistance, but also with dielectric and 

inductive loss from the sample.  When sample noise cannot be neglected, the signal-to-noise 

ratio is given by [27], 

                                                                                                                                  (1.47) 

where α and  are constants; the numerator represents the signal; the first term in the 

denominator denotes the coil resistance, and the second term the sample loss. From equation 

1.47 it is understood that the sample loss also contributes towards signal-to-noise ratio. Hence, 

sensitivity increases with frequency to the 7/4 power at low frequencies but only linearly when 

sample losses are predominant. 

1.1.9 Skin depth 

Skin depth of the conductor used in the coils play a major role in determining the quality factor 

of the coil. Q of the circuit defines the maximum energy stored in the coil and it is a function of 

resistance. Skin depth is also a function of resistivity and it also influences the quality factor of 

the coil. 

Skin depth (δ) is a function of resistivity (ρ), relative permeability (µ r) and frequency (f) which is 

given by 

                                                                                                     (1.48)  

where, 

ρ= bulk-resistivity in -meters. 

f=frequency in Hertz. 

µo=permeability constant (Henries/meter) =4πx10-7
 

µ r= relative permeability usually ~1. 
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1.1.10 21.1 T Magnet facilities at NHMFL 

The vertical, unshielded 21.1-T magnet was designed and constructed at the NHMFL, 

Tallahassee, FL, USA [29, 30]. The magnet has a warm bore of 105 mm and is outfitted with an 

18-channel room-temperature shimming insert (Resonance Research, Billerica, MA, USA) that 

creates a homogeneous area for MR imaging with a diameter of∼40 mm and length of ∼50 mm. 

This magnet is equipped with a Bruker Avance 3 console operated by Para Vision 5.0 and 

Topspin 2.0 software. It offers several options for imaging different sized animals through 

various gradient coils. In vivo rat imaging is performed using the RRI (Resonance Research Inc.) 

gradient coil model BFG 88/64. 

 

 

Physiological monitoring of the animal was performed through the integration of a Small Animal 

Monitoring and Gating System (Model 1025, SA Instruments, Stony Brook, NY, USA) capable 

of recording respiration, body temperature, electrocardiogram, and other parameters. 

 

 

 

 

Figure 1.6 Ultra wide bore 900 MHz NMR magnet system at the NHMFL 
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1.2 RF COIL TECHNOLOGIES 

 An NMR coil assembly has two main functions: to excite the nuclear spins and to detect the 

resulting nuclear precession. During excitation, the RF coil serves as a transducer converting RF 

power into a transverse rotating magnetic field B1 in the imaging volume. When maximum B1 in 

the sample volume is obtained for minimum RF power, the result is high efficiency in the 

transmit mode of operation. During reception, the RF coil and its associated preamplifier serve as 

a transducer which converts a precessing nuclear magnetization into an electrical signal suitable 

for signal processing. 

 A good RF coil should meet the following requirements: it should resonate at the desired 

operating frequency, produce a homogeneous B1 field, be large enough to accommodate the 

imaging volume, have a good filling factor, have minimum coil losses, be able to withstand the 

applied voltages, produce minimum electric fields in the sample, have minimum interaction with 

the rest of the system, and permit quadrature excitation and reception. There is a strong link 

between coil volume and its resonant frequency. Making a body-sized resonant circuit using 

conventional LCR circuit techniques gets more difficult at higher resonant frequencies. 

Designing high frequency resonators requires reduction of both inductance and stray capacitance. 

Lowering the inductance lowers the voltage generated during transmit pulses which, in turn, 

helps in avoiding corona discharge. It also reduces the stray electric field in the sample which 

corresponds to dielectric losses in the sample. Different coils such as single turn solenoid, saddle 

coil, Alderman-Grant coil, slotted tube resonator were developed for spectroscopy but have been 

used for MRI imaging. Birdcage volume coils were specifically designed for imaging to provide 

highly homogeneous B1 field in the sample volume and to have symmetry that would aid 

quadrature excitation and reception.  

1.3 ORGANIZATION OF THE THESIS 

Chapter 1 introduces the basic principles of NMR, and provides a brief introduction on RF coil 

technologies. Chapter 2 focuses on chlorine imaging, and the development of linear birdcage coil 

for chlorine. Also discussed is the problem of shielding and arcing associated with the linear coil, 

along with the development of the quadrature chlorine coil to improve sensitivity. Chapter 3 

discusses the sliding ring birdcage coil developed for in vivo imaging of proton. The conclusion, 

as well as a discussion of future work, is presented in Chapter 4. 
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CHAPTER 2 

BIRDCAGE COIL FOR CHLORINE NUCLEI 

                                   2.1 INTRODUCTION 

Birdcage RF coils have become widespread in the field of NMR imaging and also to an extent in 

spectroscopy [53]. This is due to their highly homogeneous transverse RF magnetic field and the 

ease with which they may be operated in quadrature mode. In the past, researchers have fine- 

tuned birdcage coils by employing RF shielding, increasing the length of the rungs, and  tuning 

by RF shield, four port drive, and various other methods to increase the sensitivity of the coil in 

pursuit of good B1 field homogeneity. It is the objective of this thesis to discuss the linear and 

quadrature birdcage coil for chlorine nuclei. In addition, problems associated with its design will 

also be discussed, along with shielding and steps that were taken to eliminate them. 

2.1.1 Chlorine imaging 

Electrolytes like sodium, potassium, chloride, and bicarbonate are essential for normal cell 

function, and their movement in and out of individual cells plays a critical role in body functions. 

Homeostatic mechanisms within the body regulate the absorption, distribution, and excretion of 

electrolytes. Various conditions can interfere with these mechanisms creating an electrolyte 

imbalance. Sodium imaging is often employed to diagnose brain injuries at a level of 4 T [11, 

12]. It also estimates sodium concentrations in cardiac tissues at 1.5 T [13], in human patellar 

cartilage at 7 T [14], and monitors sodium signals originating from cerebrospinal fluid, blood 

serum, and interstitial fluid of various organs at 1.9 T [15]. Similarly, potassium imaging was 

done to evaluate potassium concentrations in the human heart [16], but very few experiments 

were conducted to image chlorine 
35

Cl [17].  

Chloride is the most abundant (75.8 %) extracellular anion in the mammalian organism which 

contributes to many body functions including the maintenance of osmotic pressure, acid-base 

balance, muscular activity, and the movement of water between fluid compartments. Imaging 

chlorine might open up a new horizon that can help us to understand the physiological processes 

better and advance diagnoses of various diseases. Let us consider the concept of acid base 

balance to explore the capabilities of chlorine imaging. When red blood cells (RBC) move 

through tissue capillaries, they tend to take in carbon dioxide and release bicarbonate. As 

bicarbonate is released, chloride (-1) shifts into the RBC in order to replace the negative 
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bicarbonate (-1). This preserves charge balance in the RBC as shown in Figure 2.1 [54].  In 

recent years, MRI of chlorine in the field of material science has been proposed [18].  

2.1.2 Difficulties in chlorine imaging 

Chlorine is a low gamma nuclei whose gyro magnetic ratio (ɣ= 4.1691 MHz/T) is about one 

tenth of that of hydrogen (ɣ= 42.58 MHz/T). Hence, the chlorine signal will be comparatively 

weak. Chlorine has a spin of 3/2 which leads it to quadrupolar interactions. These interactions 

are created between the nuclear spin I≥1 and the electric field surrounding it which is, in turn, 

created by the charges around the nucleus. Quadrupolar interactions leads to both broad 

resonance lines and short T2, but the very same interactions make it sensitive to its environment 

and more useful as a physiological marker. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3 Methods to overcome difficulties in chlorine imaging 

Sensitivity of chlorine can be improved since it improves as a function of B0 field. Sodium and 

chlorine imaging were generally carried out below magnetic field strength of 9.4 T.  We decided 

to exploit the high field available at National High Magnetic Field Laboratory (NHMFL) to 

  

Figure 2.1 Acid-base balance of RBC showing chloride shift 
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image chlorine so that we can achieve better sensitivity in imaging. Higher field systems have 

the potential to obtain an increased signal-to-noise ratio (SNR) [8, 20], greater chemical shift 

dispersion [21], and increased spectral line width [22]. The improved performance from 

operating at higher field strength, however, is associated with other technical and physical 

challenges; most notably in designing the associated radiofrequency (RF) coils/probes [23]. In 

MRI, increasing radiofrequency magnetic (B1) field frequency is a consequence of employing 

higher static magnetic (B0) field strengths in the drive to improve signal-to-noise ratio (SNR) 

[24]. 

2.2 THEORY OF BIRDCAGE RESONATOR 

Hayes, et al. [32] developed an elegant lumped element resonator that was better than the saddle 

coils or slotted tube resonators because of the uniform RF field it generated. The coil’s symmetry 

allowed quadrature drive and reception which decreased RF power requirements by a factor of 

two, and increased the signal-to-noise ratio by a factor of   [25]. 

A perfectly homogeneous transverse RF magnetic field in an infinitely long cylinder can be 

produced by a surface current which runs along the length of the cylinder. The surface current 

must be proportional to cos  where  is the cylindrical coordinate azimuthal angle. In the 

previous saddle coils, the sinusoidal current distribution was approximated at six equally spaced 

values: =0, θ0, 120, 180, 240, 300.  At =0,180 the currents are zero, and current of equal 

magnitude flows in the other four conductors. In order to obtain the ideal current distribution 

with more conductors, we need to create unequal, sinusoidal currents in adjacent conductors. It 

can be done by creating a standing wave in a transmission line which generates the required 

sinusoidal current distribution [33].  

Let us consider a transmission made from two parallel wires where each is formed into a closed 

loop. Such a transmission line can support standing wave resonances consisting of any whole 

number of wavelengths. For the single wavelength resonance, if the voltage is proportional to 

sin   , then the current is proportional to cos . This current tends to produce a transverse field 

along the x axis. We can shorten the resonant wavelength by adding evenly spaced, equal, 

lumped element capacitors between the two wires. The resultant circuit is essentially a lumped 

element balanced delay line with ends joined together. Shown in Figure 2.2 below, this 

construction has been named the “birdcage resonator” due to its appearance. 
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The inductors in the rungs are coupled to each other by mutual inductance, and inductors in the 

end rings are coupled to each other by inductive coupling. This can be considered as an N 

segment low pass filter, and was designed as shown in Figure 2.3[32]. 

 

Figure 2.2 Design of low-pass birdcage resonator 

 

 

Figure 2.3 Lumped element equivalent circuit of low-pass birdcage resonator 
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 The resonant phenomena can be understood by considering wave propagation in periodic 

structures [6]. Each of the N repeated elements of the transmission line introduces a phase shift 

∆ø (ω). The total phase shift must be an integer multiple of 2π. 

 As such, the resonant condition is given by 

                                                                                                                               (2.1) 

A derivation of          can be obtained by neglecting the mutual inductance, and the resulting 

simplified network is a low pass filter which has a spectrum of N/2 resonances at frequencies 

given by 

                                                                                                                          (2.2) 

where                                             1 ≤ m ≤ N/2. 

 

 

 

 

 

 

 

 

 

 

A standing wave in the low-frequency mode (m = 1) generates currents in the straight segments 

proportional to sin   which, in turn, produce a homogeneous B1 field inside the cylinder. Higher 

frequency resonant modes produce increasingly less homogeneous B1 fields as m increases. For 

m=N/2, adjacent straight segments have currents equal in magnitude but of opposite phase. 

A derivation of resonant condition can also be obtained by taking the mutual inductance (M) into 

account.  

  

Figure 2.4 Current distribution of low-pass birdcage resonator 
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Applying Kirchhoff’s voltage law to the mesh [γ4] as shown in Figure 2.4, we obtain the set of 

equations 

                                                                                 (2.3) 

Because of cylindrical symmetry, the current Ij must satisfy the periodic condition          

Therefore, the N linearly independent solutions (or modes) have the form 

                               

                                                                                                                     (2.4) 

where      denotes the value of current in the j
th

 leg for the m
th 

solution. 

The current distribution in a low pass birdcage coil [9, 10] is shown in Figure 2.4[37].  

In order to find the resonant frequencies or modes, substitute equations 2.4 into equation 2.3 and 

you arrive at, 

                                                                                         (2.5) 

Therefore, the low-pass birdcage coil can be formed by placing the desired number of conductive 

copper strips on a cylindrical coil former. The important feature of the circular birdcage coil is 

that the homogeneous field inside the coil can be achieved by soldering equal value capacitors on 

the coil [37]. Often a birdcage resonator with a higher number of legs is desired for improved RF 

field homogeneity [34].     

2.3 MATERIALS AND METHODS 

2.3.1 Coil construction 

 The linear coil was made using a machined polyetheretherketone (PEEK) former with outer 

diameter of 35.56 mm and inner diameter of 33.02 mm. The diameter of the Faraday shield was 

53.1 mm and the overall length of the coil was 54.35 mm. The leg width was 3.25 mm and the 

end ring width was 3.25 mm. The space that was allocated for the capacitor was 2.54 mm. The 

above-mentioned dimensions were chosen to aid in vivo imaging of rats. The copper coil pattern 

was patterned directly onto the PEEK former by Polyflon Microwave substrates (Norwalk, CT) 
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using their CuFlon electroplating process. Once the coil fabrication was done, we started placing 

capacitors on the coil. The value of the capacitors that should be soldered on the coil was found 

using the software called Birdcage Builder (see section 2.3.2). 

2.3.2 Calculations from the Birdcage Builder 

Birdcage Builder is software that was developed by Penn State Hershey College of Medicine –

Center for NMR Research [39, 47]. It is used to calculate the capacitance for a birdcage coil  

 

given a particular geometry. The values such as number of legs, coil radius, leg length, and end 

ring widths are entered in the respective fields, and the results are obtained as shown in Figure 

2.5. For an 8-leg low-pass birdcage coil with a coil shield radius of 2.665 cm, the following 

calculations were made for different patterns. By entering the coil’s geometrical values in the 

birdcage builder, the capacitance required for the coil to tune itself to the resonant frequency of 

chlorine was estimated to be 55.97 pF as shown in Table A.1. From this table we then chose the 

coil pattern that would fit our coil former and began our trial and error method to tune the coil at 

chlorine resonant frequency (88.32 MHz). 

Figure 2.5 Figure showing the application of Birdcage Builder 
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2.3.3 Tuning 

In our initial prototype, we tried different methods to tune the coil to the chlorine frequency as 

shown in Table 2.1. We employed Voltronics 11 series (Voltronics Corporation, Denville, NJ) 

non-magnetic capacitors because they had the right size that would fit into the gap provided for 

the capacitors in the pattern. Capacitance in the legs was determined by placing random 

capacitors close to the range obtained from the birdcage builder software. In the first method, we 

placed capacitors at one end of each leg, and shorted the other end by 22 AWG wire. In the 

second method, we placed capacitors of different value in alternate legs to maintain the 

symmetry of the coil. Finally, in the third method, we placed same value capacitors in each leg 

but at alternate ends as shown in Figure 2.6. We were able to tune the coil to 86 MHz when we 

soldered a 60.2 pF capacitor at one end of each leg. Additionally, we shorted the other end to the 

end-ring by using a 22 AWG copper wire with a length of 0.15 inches. A variable tuning 

capacitor of 0.6-12 pF (NMA1T12) was soldered across one of the leg capacitors in a particular 

leg that would result in tuning the coil to exactly 88.32 MHz. The matching of the coil was done 

by placing a variable trimmer capacitor 0.6-12 pF (NMA1T12) on the bottom outer ring. The 

tuning and matching circuit is shown in Figure 2.7. The Faraday shield is grounded to the coil by 

means of copper fingers that are attached to the bottom flange of the coil. Hence the coil is 

shielded from electromagnetic interference induced by elements of the outside environment.  

 

Table 2.1 Different Capacitor arrangements employed for tuning 

Serial 

No. 

 

Methods Employed 
Capacitor 

Values(pF) 

Resonant frequency 

(MHz) 

(1) Capacitance at one end of the leg 56 (V302 560G) 91.81 

(2) 
Different capacitors in alternate 

legs 

56 pF alternate 68 

pF 
87.67 

(3) Same value Capacitors in each leg  60.2 pF 88.32 
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Figure 2.6 Picture of the actual Birdcage coil 

 

 

Figure 2.7 Tuning and matching circuit 
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2.3.4 Radio signal interference 

The chlorine resonance at 21.1 T is 88.32 MHz which falls within the FM broadcast band. When 

the probe was used to image chlorine in the ultra-wide bore 900 MHz magnet, it started picking 

up radio signals from the nearby radio station (WFSU- Florida State University) that operates at 

88.9 MHz. The noise observed is shown in Appendix B.1. Initially, we conducted certain tests to 

identify the problem. When we disconnected the probe and replaced it with a 50- load, the 

noise signals disappeared. The source of the noise was identified as the probe coil. There are 

possibilities of conduction of RF signals through gradient cables. Hence, the gradient cables 

were removed, and yet noise signals were still observed. When we connected the probe to the 

magnet with copper shielding tape which provides proper grounding to the coil, the noise signal 

reduced. We thereby determined that radio signals are picked up by the coil because of lack of 

proper grounding in the probe. The rat probe has gaps in the shielding. Since the sample extends 

from the ends of the shielded coil, it can be expected to pick up noise.  

We tuned the probe with a NaCl sample and ran certain bench tests using a Tecmag, Inc. 

(Houston, TX) NMR spectrometer as a source and receiver. In the initial test, we observed a lot 

of noise signals. These signals were probably from FM broadcast stations. This was expected as 

the tests were conducted outside the magnet. We then wrapped the top of the probe using 

aluminum foil and grounded the foil to the brass centering-ring at one end. At the other end, we 

twisted the foil and covered the coil completely. We found that even if the noise had not been 

eliminated, it was greatly reduced. Similar tests were conducted in the 900 MHz magnet with a 

Bruker Avance 3 spectrometer, and we found that noise existed. We then decided to develop a 

shield that will provide proper grounding and block the radio signals from corrupting the NMR 

signal. 

2.3.5 Shielding 

We wanted to build a shield that would fit into the narrow space between the RF coil and the 

RRI gradients; one that would be long enough to prevent an 88 MHz signal from reaching the RF 

coil. Electromagnetic shielding is the process of reducing the electromagnetic field in a space by 

blocking the field with barriers made of conductive or magnetic materials. Electromagnetic 

shielding that blocks radio frequency electromagnetic radiation is also known as RF shielding. 

The shield should be built in a way such that it allows < 100 kHz magnetic fields from the 

switched field gradients to penetrate, but prevents the WFSU signals operating at 88.9 MHz. We 

http://en.wikipedia.org/wiki/Electromagnetic_field
http://en.wikipedia.org/wiki/Electrical_conductor
http://en.wikipedia.org/wiki/Radio_frequency
http://en.wikipedia.org/wiki/Electromagnetic_radiation
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chose to make the shield from conductive foil wrapped around a thin tube.  A thin dielectric 

prevents low frequency eddy currents from shielding the switched field gradients but allows 

capacitive coupling for RF shielding currents.  The design is shown in Figure 2.8.  The thinnest 

dielectric was used to provide maximum capacitance.  Initial fabrication tests were carried out 

with copper as the conductor and polyimide film as the dielectric. In the final shield, aluminum 

foil was used because it was readily available in the required width.  Heat shrink tubing was 

employed over the shield to protect the aluminum foil and polyimide film.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The shield was built on a thin wall fiberglass G-10 tube (McMaster Carr Supply Co, GA) with an 

outer diameter of 2.250 inches, inner diameter of 2.343 inches, and a length of 15.75 inches. 

Polyimide film (.000γ’’ Kapton HN, CS Hyde Co, IL) was used as the dielectric and clear 

polyolefin heat shrink tube (HS2-300FT, Cable  Organizer Inc., FL)  with shrink ratio of 2:1 was 

used over the pattern. A photograph of the final shield is shown in Figure 2.9.  The yellow 

Kapton dielectric is visible through the clear heat shrink tubing.  A thick, conductive copper strip 

 

 

Figure 2.8 Construction of the shield 
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is visible on the left side of Figure 2.9.  This strip was used to make contact between the probe 

ground and the shield.  

 

 

2.3.6 Coil arcing 

For short T2 species such as 
35

Cl, it is advantageous to use short RF pulses to avoid losing the 

NMR signal that would be overlapped with the pulse.  In order to apply short pulses, high B1 is 

required.  High power and high voltage are needed to develop the large currents that produce the 

high B1.  The elements like capacitors that are used in the coil are subject to these high voltages 

and are likely to fail.  As the components fail, arcing often occurs. Arcing can be observed by 

monitoring reflected power, and it was demonstrated using the following setup: 

A 40 dB dual directional coupler of frequency range 0.1 to 1000 MHz was employed. The input 

of the coupler was connected to a solid state pulsed power amplifier. Both the forward and the 

reflected power from the coupler were connected to the Digital Phosphor Oscilloscope 

(Tektronix TDS5104B) as shown in Figure 2.10 [56].  Initially, the test was conducted by 

connecting the output of the coupler to a 50 Ω-load. The oscilloscope was set to its initial 

parameters, and the reflected power was calculated for a 50 Ω-load. The coil was tuned to 

chlorine frequency (88.32 MHz), and the peak-peak voltage was measured from the oscilloscope. 

The power was calculated from the voltage using the following formula: 

 

 

Figure 2.9 Picture of the shield 
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                                                                                                                                  (2.7) 

                                                                                                              (2.8) 

Based on the formula, power can be calculated for different pulse durations. From the calculation 

of reflected power, the probe can be tested for arcing. 

 

2.3.7 Sample preparation 

We wanted to measure the coil’s Q factor by using samples with different dielectric constant and 

conductivity where we can observe different loading conditions. The first sample of mineral oil 

was very light and represented no load condition. PEG solution phantoms were prepared that 

approximated the loading range of a live rodent head. The polyethylene glycol powder when 

dissolved in D20 solution showed a single peak from its methylene group protons. By varying the 

D20/ PEG ratio, the dielectric constant of the solution is changed. This was responsible for the 

frequency shift. The addition of NaCl increased the conductivity of the solution, thereby 

changing the Q of the coils. The lighter PEG1 phantom, which approximates the head of a young 

Fisher rat (150-200 g), was prepared by mixing 61 %( w/v) PEG and 40 mM NaCl. A second 

PEG2 phantom, which approximates even larger adult rats, was prepared by mixing 23 % (w/v) 

PEG and 23 mM NaCl. The fourth sample was a fixed ex-vivo head of an adult Fisher rat (350 g) 

Figure 2.10 Setup of dual directional coupler to measure reflected power 
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which was washed with phosphate buffered saline (PBS) to remove fixative from the sample. 

The fifth sample was (NaCl) saline solution which had concentration of 0.9%.  

2.4 RESULTS FROM LINEAR COIL 

2.4.1 Results obtained from shielding 

Shielding tests were conducted outside the magnet using the Tecmag spectrometer because of the 

ease with which the shield can be removed and replaced. The high noise level without shielding 

is shown in Figure 2.11. We attribute most of this noise to the nearby WFSU-FM radio station 

since we are able to see an FM modulated wave in the right side of the image. The noise 

reduction following initial shielding with aluminum foil is shown in Figure 2.12. The aluminum 

foil was not grounded to the brass ring, and as a result there was little noise reduction. When the 

complete shield including a copper strip to connect the foil and brass ring was developed, there 

was lot of reduction in noise. The result of a final bench test on the cylindrical shield is shown in 

Figure 2.13. The noise level without the shield was estimated around 141 (in arbitrary voltage 

units), but with the shield it was 25. This amounted to a decrease of nearly six times; a 15.2 dB 

reduction in noise.  

 

              

Figure 2.11 Graph showing noise signal picked up by the unshielded probe during bench tests 
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Figure 2.13 Results showing the application of shield 

 

 

 

Figure 2.12 Graph showing noise signal picked up by the probe with foil shield 
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2.4.2 Results from arcing tests 

After being used successfully on both phantoms and animals for several weeks, the coil showed 

characteristics suggestive of arcing. In particular, the signal level fluctuated unpredictably during 

imaging experiments at a power level of ~ 75 W and a pulse of duration 400 µs. Initially, the coil 

withstood the RF amplifier’s full power of γ00 W to achieve short RF pulses.  In order to 

confirm the results and pinpoint the failure, a bench test was performed using the Tecmag 

spectrometer and the test setup is described in Section 2.3.6 and Figure 2.10.  For the bench test, 

the saline phantom was placed in the coil, and the Tecmag was programmed to produce a 1000 

µs pulse every 1 s and the results are tabulated in Table 2.2. 

 

Table 2.2 Results of bench arcing test of 
35

Cl coil.  

Attenuation 

(dB) 

VPP  

into 

probe 

head 
 

Power 

into 

probe 

(W) 

Notes 

14 1.8 81 No arcing observed 

11 2.6 169 Probe arcing observed  

 

 

In order to find the source of arcing, the capacitors were removed one by one. Upon 

examination, it was found that two of the 56 pF capacitors had arced as shown in Figure 2.14.  

We concluded that the capacitors arced because they were not placed in the gap exactly between 

the end-rings and the rungs.  When arcing occurred across the remaining gap, the capacitors were 

damaged. Exact replacements for the Voltronics capacitors were not available, so they were 

replaced with capacitors from the ATC 100B series. With the new capacitors, the resonance 

frequency decreased by about 2 MHz.  In order to bring the tuning range nearer to chlorine 

frequency, 3.2 pF was removed from half of the legs. On removal, it brought the tuning range 

back to 86.8 to 88.8 MHz. The Q with the ATC capacitors was significantly improved.  

Unloaded Q was originally just 84 and it increased to 132. Once the tuning range was restored 
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arcing tests were again conducted to check the power handling capability of the coil. The coil 

with a saline sample was able to withstand the amplifier’s full power of γ00 W on application of 

a 500 µs pulse. 

 

 

 

 

 

 

 

Once the coil was reconstructed with ATC capacitors, it was tested in the 900 MHz magnet with 

the newly completed cylindrical RF shield. As shown in Figure 2.15, the noise had been 

drastically reduced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14 Arced capacitors 

 

Figure 2.15 FID from before and after 
35

Cl coil reconstruction 
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2.4.3 Evaluating coil performance 

The coil performance was evaluated by measuring the tuning range, impedance matching, and 

the quality factor of the coil. We wanted the coil to resonate at 88.32 MHz that falls within the 

tuning range of 87-89 MHz and also to provide -30 dB matching for different loading conditions. 

Measurements of the tuning range were carried out using the vector analyzer. For samples of 

different ranges of dielectric constant and conductivity, the coil was tuned to the 
35

Cl resonance 

of 88.32 MHz. The quality factor Q of the coil was evaluated by measuring S11 reflection at -7 

dB bandwidth. The impedance matching of the circuit was verified by measuring the reflection 

coefficient using Smith chart. 

A table of resonance shifts for different loading conditions was recorded during the bench tests. 

In these experiments we used mineral oil, PEG solution, rat samples, and saline solution to 

evaluate the coil performance [51, 52]. The sample preparation is explained in Section 2.3.7. The 

resonances observed in bench tests as shown in Figure 2.16 and 2.17, respectively demonstrates 

that the coil has been tuned to 88.32 MHz both without and with sample. From the figures it is 

also clear that the coil has been matched at -32 dB. From the Smith chart shown in Figure 2.18 

we are able to conclude that the coil has been matched for both loaded and unloaded condition. 

Different loads will vary both the Q of the coil and the tuning range which is illustrated in Table 

2.3. 

The quality factor of the coil was measured to evaluate the coil performance. The unloaded Q 

was observed as 132, and loaded Q for an ex vivo rat head as 123. From the values it was clear 

that the loaded Q did not vary much when compared to the unloaded Q. If the unloaded Q could 

be improved it will increase the sensitivity of the coil. The low unloaded Q could be due to the 

effect of skin depth (Refer Section 1.1.10). The copper used for electroplating the pattern on the 

peek former was approximately 0.5 oz. copper (12.5 microns) and copper’s skin depth (β δ) at 

88.32 MHz is 14 microns. For the coil to perform with good quality factor the copper used 

should be at least five skin depths greater than copper’s skin depth at that frequency. We thought 

by using a thicker copper strip we can obtain higher skin depth at chlorine frequency. This may 

to lead to improvement of unloaded Q contributing to the increase in sensitivity. 
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Table 2.3 Coil performance with different solution loads  

Samples 
Tuning range 

(MHz) 

Quality Factor 

Q(-7 dB) 

Mineral Oil 86.57-88.87 132.45 

PEG1 86.64-88.6 125.93 

PEG2 86.545-88.72 121.24 

Rat Sample 86.52-88.77 123.55 

0.9% saline solution 86.495-88.645 114.32 

 

 

  

 

Figure 2.16 Resonance obtained in network analyzer with mineral oil  
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Figure 2.17 Resonance obtained in network analyzer with fixed rat head sample 

 

 

Figure 2.18 Impedance matching at 88.32 MHz using Smith chart. 
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2.4.4 Imaging with phantoms 

This is the first chlorine image obtained at 21.1 T. The back projection pulse sequence was used 

to image a phantom of 0.9% saline solution. Compared to experiments conducted with other 

nuclei, higher number of accumulations (NA=64) and long scan time of 29 hrs. was employed to 

get better signal from the chlorine nucleus. The 3D resolution of the image shown below is 

0.5x0.5x0.5 mm. From the image shown in Figure 2.19 we can see that the phantom has been 

resolved and we are able to obtain differentiate chlorine signal from noise. The B1 field 

homogeneity produced by the coil is uniform across the sample and based on chlorine sensitivity 

from phantoms we decided to image rats. 

 

2.4.5 In vivo experiments 

In order to test our coil for our 21.1 T MRI application we need to obtain high resolution images 

from an adult rat head. The high-resolution and high-field imaging capability is an important tool 

for studies involving mutations, brain injury, tumors and cancer. In order to carry out the 

experiments we need sophisticated instruments that would help in imaging. The images were 

acquired using a 900 MHz Bruker Avance spectrometer equipped with RRI BFG 88/64 imaging 

gradient and 60-A triple axis GREAT60 amplifiers (Bruker, Inc., Billerica, MA). The animal's 

breathing rate was continuously monitored and recorded during scanning using a pressure-

sensitive sensor pad. No physiological triggering was used during the MRI scans. The animals 

were anesthetized during MR scanning using 1.5 % isoflurane mixed with oxygen. The mixture  

 

Figure 2.19 3D image showing chlorine signal in saline solution 
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was administered at the rate of ∼2 L/min through the hollow bite bar directly attached to the 

mouth and nose of the animal. Inside the RF coil, the mixture was blended with incoming air. 

All gases were evacuated at the edge of the coil thus preventing their release in the surrounding 

areas. Animal experiments were conducted according to the protocols approved by the Florida 

State University Animal Care and Use Committee [31].The resolution of the above 3D image is 

0.6x0.6x0.6 mm. The scan was run for about 57 min using a short TE pulse of 88 µs since 

chlorine has short T2 relaxation. The 3D image shown in Figure 2.20 illustrates that the signal to 

noise ratio is low and very little is known about the chlorine signal in rat’s brain. From the 

coronal orientation shown in Figure 2.20 we are able to differentiate some parts of the rat brain 

but we need more sensitivity as we received in case of phantom imaging. The resonance 

spectrum obtained for both phantom and in vivo imaging is explained in Appendix C. 

2.4.6 Discussion 

The first chlorine image obtained at 21.1 T shows very good field homogeneity. The phantom 

images have better field of view compared to the in vivo images, and we were able to distinguish 

between noise and signal. We can also see that the phantom has been resolved during imaging 

and we are able to detect the chlorine signal from the saline solution. We notice that images 

obtained from rats need more accumulations when compared to the saline solution in phantoms. 

From the spectrum, we can see that the coil is tuned and matched for both phantom and in vivo 

imaging when placed in the magnet. It was analyzed that the Q factor and sensitivity of the coil 

 

Figure 2.20 3D image showing chlorine signal in rat head 
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can be improved to attain better SNR for in vivo imaging. Therefore, we decided to develop a 

quadrature coil for chlorine that will provide    improvement in SNR. 

2.5 QUADRATURE COIL DEVELOPMENT 

Birdcage coils are widely used because of their ability to accommodate quadrature excitation and 

reception. Such a structure should have two geometrically and electrically orthogonal resonant 

modes tuned to the same resonant frequency. Exciting both modes of equal magnitudes but with 

phases differing by 90
0
 develops a rotating magnetic field which rotates in the same direction as 

the nuclear precession. A quadrature coil requires half as much RF power as a linear coil to 

generate the same B1 field. The signal received in each of the two resonant modes can be 

summed after phase shifting one channel by 90
0
 [42]. It can be done by using a 2-way 90

0
 

quadrature hybrid splitter [41]. The SNR increases by    since the two signals are coherent, but 

the two noises are non-coherent. Quadrature excitation and reception also have the advantage of 

reducing RF penetration artifacts when imaging at high fields [32]. 

2.5.1 Coil construction 

In order to build a quadrature coil, we used the same design as the linear coil, but spacing for 

another port was introduced in the bottom flange of the coil and holes were made for tuning and 

matching capacitors. The quadrature coil was built on a different type of former than the PEEK 

substrate. The coil was machined from G-10; an epoxy glass laminate with Ԑr=4.8.  The outer 

diameter was 35.56 mm, and the inner diameter was 33.02 mm. The diameter of the Faraday 

shield was 53.1 mm and the overall length of the coil was 54.35 mm. The leg width was 3.25 

mm, and the end ring width was 3.25 mm. The space allocated for the capacitor was 3.96 mm. 

Construction of an 8-leg low pass quadrature birdcage coil for chlorine was the main goal of this 

project. The coil pattern was fixed over the G-10 former using an eco-bond two component 

epoxy encapsulant. The ratio of the mixture was 1:0.28 g and it was cured at a temperature of 

65
ᴏ
. In order to prevent the glue from flowing out near the end rings, we wound a Teflon layer 

over the pattern. We used G-10 Garolite XXX grade tube as a clamp to hold the pattern in place 

and to help with the uniform curing of the pattern. The coil constructed is shown in Figure 2.21. 

Initially, we soldered ATC 100B capacitors of a value of 60.7 pF obtained from the Birdcage 

Builder on one end of the alternative legs. The other end of the leg was shorted with a 22 AWG 

wire of 0.165 similar to our linear coil. The tuning capacitor of range 0.5-8 pF (NMA1T8) for 
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port 1 and port 2 were fixed on the bottom flange of the coil. A similarly matching capacitor of 

the range 1-12 pF (NMA1T12) was used in both ports to match the circuit. The tuning and 

matching circuit for one port is similar to the other port, but they are separated by 90
0 

as shown 

in Figure 2.22. 

 

                                                                                                

 

Figure 2.21 Quadrature chlorine coil 

Figure 2.22 Circuit of tuning and matching 
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2.5.2 Quadrature hybrid coupler 

The quadrature mode of operation requires two feeding ports on the coil excited by two currents 

having 90
0 

phase difference. This can be done using a circuit that splits the signal by 90
0 

during 

transmission and combines the two electromagnetic forces induced by the rotating magnetization 

into one signal that is fed into the preamplifier [43]. A directional coupler is a convenient way to 

perform the operation.
  

Directional couplers have been implemented in several ways: coaxial, strip line, lumped element. 

They are also available in different packages. The main idea lies in coupling based on the 

direction of propagation.  For our purpose, a 3 dB quadrature hybrid will be used.  This device 

splits the input power into two equal parts with a phase difference of 90
0
 between them. The 

branch line couplers are the simplest type of quadrature coupler. Note in Figure 2.23 [55] where 

the transmission lines are made quarter wavelengths in order to provide 90
0
 phase shift between 

two ports. Power incident on port 1 will be split into two equal parts between port 2 and port 3.  

Ideally, no power will be coupled into port 4.  Therefore, we say port 4 is the isolated port.  

Because the arms of the coupler must be set to a quarter wavelength, the coupler has limited 

bandwidth. Couplers using transmission lines are more compatible at high frequencies because 

of their small wavelengths which aids in PCB design. Whereas at low frequency, it is impossible 

to build PCB with large wavelength transmission lines.  

  

 

Figure 2.23 Representation of branch line coupler 



42 

 

Therefore, lumped elements can be used to realize the transmission line of a branch line coupler 

at low frequency. By employing a pair of shunt capacitors of equal value separated by a series 

inductor pi network, we can replace the structure of quarter wave transmission lines as shown in 

Figure 2.24 [41].  By optimizing the inductor and capacitor values, we can make the coupler 

work at the desired frequency. We used a capacitance of BP = 48 pF and an inductance of Xm= 

204 nH and XS= 83 nH to optimize it to a tuning range of 80-100 MHz as found in a published 

design [55].  

 

The circuit was also simulated in Eclipse-RF/Microwave linear simulator developed by Arden 

Technologies, Goode, VA. The simulation results are explained in Appendix D. The inductors 

were synthesized with the help of WCalc, a software tool used for synthesis and analysis of 

transmission line structures. Based on the results from WCalc, the lengths of the conductor and 

the number of turns were found. They are listed in Table 2.4.  

 

 

Figure 2.24 Lumped element equivalent circuit of quadrature hybrid coupler 
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Table 2.4 Results obtained from bench test for various inductors 

Length of the 

inductor(inches) 

Number of 

turns 

Frequency 

(MHz) 

Value of the 

inductor 

synthesized 

Q value from 

WCalc 

0.305-0.351 5 174.8 83 nH 245-253 

0.358 6 111.2 204 nH 134 

0.436 5 136.2 136 nH 220 

 

Along with the inductors and capacitors, the circuit was milled using a CNC milling machine 

that controls the X-Y coordinates to form the traces on copper clad boards. A 50 –Ω load was                       

connected to isolate the fourth port and the coupler was tested using a network analyzer. The 

final design of the coupler is shown in Figure 2.25. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.25 Design of quadrature hybrid coupler 
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The insertion loss between the ports and their phase difference was measured with the network 

analyzer. A phase difference of 90
0
 was obtained between the two ports as shown in Figure 2.26. 

For a 3 dB coupler we expected an insertion loss of 3 dB but an insertion loss of 1.2 dB was 

recorded as shown in Figure 2.27. 

 

  

 

 

 

 

 

 

  

Figure 2.27 Graph showing insertion loss from input port to each of two output ports. 

 

 

Figure 2.26 Graph showing phase difference between each of two output ports and the 

input port. 
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2.5.3 Working of quadrature hybrid coupler 

In order to make the coil work in quadrature mode, we need to make proper connections with the 

quadrature hybrid. When the circularly rotating magnetic field produced by the magnetization 

rotates in phase with the Larmor precession, the net nuclear magnetization will be rotated into 

the transverse plane. During transmission, power in port 1 is split into port 2 and 3 which creates 

a rotating magnetic field. If the direction of rotation is the same as the Larmor precession, the 

created net magnetization induces voltage with phase difference in port 2 and 3.  

During reception, the signals that are received at port 1 and 4 are again phase shifted such that 

the summed up quadrature signals arriving at port 4 are out of phase with port 1. The 

transmitting and receiving period of quadrature hybrid is shown in Figure 2.28 [43].  By 

connecting port 1 and 2 of the coil to output port 1 and 2 of quadrature hybrid, we obtained a 

summed up signal as shown in Figure 2.31. When port 2 and 1 were connected to output port 1 

and 2 of quadrature hybrid, it resulted in a null signal because they are rotating in opposite 

direction as shown in Figure 2.32. 

2.6 RESULTS FROM QUADRATURE COIL   

2.6.1 Tuning and isolating the two ports 

The matching and tuning capacitors were connected similarly to our linear coil in both ports. 

When ports were excited on the bench using a network analyzer, we found three prominent 

resonant modes. We choose the lower mode m=1 and we started to adjust the tuning capacitor in 

order to make both the ports resonate at 88.32 MHz. A tuning capacitor of 4.3 pF was added 

across port 1 to make both the ports resonate within the same tuning range of 87.3-88.9 MHz. 

The isolation between the ports was just -4 dB, hence in order to bring about isolation between 

the ports a decoupling capacitor of range 1-12 pF (NMA1T12) was used between the ports [44]. 

Isolation between the ports was not much improved when decoupling capacitor was placed 

exactly between the ports. We then decided to find the location where the circuit can be made 

exactly orthogonal. We soldered the decoupling capacitor between each leg and measured the 

isolation and chose the one that provided maximum isolation. The isolation between the ports 

was measured using network analyzer. The S11 and S22 curves in Figure 2.29 and 2.30 illustrates 

that both the ports are tuned and matched at 88.32 MHz. The isolation was attained by measuring 

the S12 transmission between the two ports. An isolation of -12 dB was obtained between two 
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ports without sample as shown in Figure 2.29. The decoupling capacitor was adjusted to obtain 

the same isolation of -12 dB with sample as shown in Figure 2.30. 

 

Figure 2.28 Transmitting and receiving period of quadrature hybrid 
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Figure 2.29 Isolation between the ports without sample 

 

 

Figure 2.30 Isolation between the ports with sample 
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2.6.2 Evaluating quadrature performance 

Based on our results obtained from the network analyzer, we decided to test the coil in the 900 

MHz magnet to evaluate the quadrature performance. When the net magnetization co-rotates 

with the field of the coil, the signals from the two ports sum using the quadrature coupler as 

shown in Fig 2.31. When the ports are interchanged in the coupler the signal produced by the 

two ports rotate in counter clockwise direction resulting in null signal as shown in Figure 2.32. 

 

 

 

 

 

 

 

 

 

        

 

                                                                                                                                                    

 

Figure 2.31 Graph showing signal when net magnetization co-rotates with 

field of coil 

 

Figure 2.32 Graph showing signal when net magnetization is opposite to field of coil 
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When driving the probe coil in quadrature mode, it produces a circularly rotating magnetic field 

that is totally efficient in reacting with spin magnetization. Alternately, the coil driven in linear 

mode is less efficient in reacting with the precessing spins. The linear mode shows 12.5 % signal 

strength and the quadrature mode shows approximately 14.8% signal strength which is 1.18 

times improvement in SNR. This can be observed by comparing the Free Induction Decay (FID) 

obtained when the coil was operated in linear and quadrature mode as shown in Figure 2.33 and 

Figure 2.34. 

 

 

 

Figure 2.33 FID showing linear mode operation of quadrature chlorine coil 

Figure 2.34 FID showing quadrature mode of operation 
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2.6.3 Imaging with phantoms 

MR imaging was performed on a test sample of NaCl (0.9%) placed in a vial of 50 ml using a 3D 

back-projection pulse sequence. The 3D image shown below in Figure 2.35 was obtained for a 

short TE time of 0.09µs for a scan time of 11 hrs. The Q of the coil was 176 with saline sample 

as shown in Figure 2.30. From the image we have received better sensitivity and quality factor of  

 

 

the coil was also comparatively higher than the linear coil. The field homogeneity across the 

sample was completely uniform and we were able to differentiate between the signal and noise. 

From the image we can also observe that the phantom has been completely resolved and we get 

better sensitivity when operated in quadrature mode rather than linear mode. 

2.6.4 In vivo experiments 

In vivo Imaging of rats was carried out to test the coil performance. A short 8 minute scan was 

run to image rat head. It was observed the signal strength reduced ~ 6 times in the rat sample 

when compared to the saline sample. In order to get sensitivity from the rat sample we increased 

the number of accumulations to 5000 and spectral width of 5 KHz was employed. From the FID 

shown in Figure 2.36 we can see that the signal strength is just 1.8% as compared to 14 % during 

 

Figure 2.35 3D imaging showing chlorine signal in saline solution 
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phantom imaging. Experiments are still carried out to image rats and we are trying to get better 

results. 

 

2.6.5 Discussion 

Theoretically, the quadrature coil provides    improvement in sensitivity when compared to 

linear coil. Practically, we were able to obtain 1.18 times improvement in SNR in quadrature 

detection over linear detection with the same coil. The quadrature coil provided more sensitivity 

than the linear coil because of the higher quality factor which can be seen from the phantom 

images obtained through quadrature chlorine coil. The images obtained using phantoms shows 

that the sensitivity of the coil and quality factor has improved when compared to the linear coil. 

The FID showing chlorine signal in rats illustrates that the signal strength is less compared to 

FID in phantoms. It is because of the higher concentration of chlorine in phantoms. There has not 

yet been time available on the 900 UWB system to run an in vivo image with the quadrature coil. 

 

 

 

 

 

Figure 2.36 FID showing chlorine signal obtained during rat imaging 
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CHAPTER 3 

SLIDING RING BIRDCAGE COIL FOR PROTON NUCLEI 

3.1 INTRODUCTION 

High resolution MRI with increased sensitivity obtained from 21.1 T, 105 mm, superconducting 

magnet has paved the way for new opportunities in the field of research [29]. In birdcage 

resonators a sinusoidal current distribution is required to generate a uniform transverse B1 field 

which is achieved by forming an array of N coupled resonating elements arranged on a 

cylindrical surface. In our case, we need to have a broad frequency range and maintain the 

symmetry of the B1 field. This can be achieved only by varying the self-resonance of all N 

individual elements equally. With a 16-leg or more, the tuning of individual elements gets 

complicated and needs a lot of instrumentation which is quite impossible. In general, we choose 

one, or a limited number of strategically chosen lumped elements, and then tune using a variable 

trimmer capacitor. This method helps in achieving better tuning, but we have to sacrifice 

broadband tuning and coil homogeneity. Tuning by mechanically varied distributed capacitance 

was proposed long ago by Hayes [45]. Later, it was expanded to replace lumped element 

capacitors with distributed capacitance which overlaps the coil’s inductive elements such as end 

rings or legs. 

Varying just one physical part of the coil changes the coil’s effective overlap area simultaneously 

for each resonating element thereby inducing an alteration in capacitance. These were mainly 

employed to image small-sized rats, because the readily available dielectric materials (Ԑr< 10) 

lack the necessary permittivity to obtain the required capacitance. Building a birdcage with thin 

dielectric layers in lower field strengths may be unnecessary, but it’s worthwhile to build them 

for high magnetic fields such as 21.1 T where mechanically robust designs are needed. 

Therefore, we opted for a low pass version rather than a high pass version where we need little 

distributed capacitance to resonate at the same frequency [47]. 

In this chapter, design of the transmit/receive birdcage volume coil for high resolution proton 

imaging has been illustrated. The chapter also describes the functionality of sliding ring tuning 

design. 
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3.1.1 Principle of sliding ring mechanism 

The basic principle of the sliding ring mechanism is explained as follows: the low pass sliding 

ring birdcage coil is constructed by using a desired number of copper strips equally spaced on a 

cylindrical coil former. On either side of the legs, end rings are placed which have diameters 

either larger or smaller than that of the coil former. Either one or both rings are moved along the 

axis of the coil former, varying the area of overlap between the strips and the end rings. These 

overlaps, with dielectric material between the end rings and the legs, form the distributed 

capacitance of the low pass birdcage coil. When the end ring is moved, capacitance at each leg is 

varied at an identical rate, which helps in preserving the electrical symmetry of the birdcage 

while tuning it for different kind of loads. 

Based on our practical convenience, we can design the movement of the end rings. They can be 

moved inside or outside of the coil former based on their diameters. The shielding for the coil is 

done by placing the coil inside a grounded coaxial Faraday shield cylinder with a diameter that is 

larger than the coil. The coupling between the legs of the birdcage and the shield provides a 

return path to the ground. The design is shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 
  

Figure 3.1 Sliding ring coil design 
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3.2 MATERIAL AND METHODS 

3.2.1 Coil construction 

                 The coil was made using the former G-10, an epoxy glass laminate (  =4.8), with an 

outer diameter of 38.1 mm and an inner diameter of 31.75 mm. The diameter of the Faraday 

shield was 53.1 mm, and the overall length of the coil is 54.61 mm. Construction of the 16-leg 

birdcage sliding ring coil for 900 MHz as shown in Figure 3.1 was the main goal of this project. 

We also wanted to devise a new way to fabricate the leg pattern (3.3 mm wide x 54.5 mm long) 

over the G-10 former so that it was mechanically stable.  

In order to lay the pattern, we decided to use a proprietary, flame-retardant, B-staged modified 

acrylic adhesive. We used FR0100 (DuPont Pyralux, USA) sheet adhesive with a thickness of  

25 µm. Sheet adhesive was laid on the G-10 pattern over which the coil pattern was stuck on 

using super glue. In order to fabricate the pattern, we had to treat the adhesive in the oven. In 

order to hold the pattern in place, we used a G-10 Garolite XXX grade clamp tube of outer 

diameter 1.5 inches, inner diameter 1.375 inches, and length 2.15 inches. We slid the tube over 

the former, and it was held in place using Hose clamps. The former with the pattern was cured in 

the oven (Carbolite-Barloworld scientific, UK) at a temperature of 110
0
 for 14 hrs. We employed 

110
ᴏ
 because that is the maximum temperature the G-10 former can withstand. After curing it in 

the oven, the coil pattern was completely laid out on the former.  

In order to place the trimmer capacitors and ports, we need to have flanges that are attached to 

the former. The top and bottom flanges were attached to the former using Stycast 1266 A/B 

(Emerson &Cuming, Billerica, MA) which is a two component, low viscosity epoxy encapsulant. 

Part A was mixed with part B in the ratio 1:0.28, and this was kept in the oven for 2 hrs. at a 

temperature of 65
0
. The trimmer capacitors for tuning and matching were attached to the bottom 

flange, and they were grounded by soldering them to the flange. The 3.3 mm wide moving end 

ring at the top of the coil is fixed in place on dielectric tubing. As shown in Figure 3.2, it was 

designed to fit inside the coil former.  

By sliding this tube along the coil's axis, capacitive overlap between the ring and top edge of 

each leg can be adjusted at a rate of ~0.06 pF/mm (0.2 pF when fully tuned). Gradual adjustment 

was done by threading the dielectric tube into the flange of the coil assembly.  
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The other two fixed rings located outside the coil former were made of 3.3 mm non-adhesive 

copper strip. Multiple layers of Teflon with a thickness of 0.07 mm act as the dielectric between 

the legs and the outer fixed rings. The capacitance of the coil is varied by changing the number  

 

 

of Teflon layers in order to tune the coil to the range of 900 MHz. Generally, more numbers of 

layers was used on top of the coil because we have an inner moving sliding ring on top of the 

coil. Matching of the coil was done using a 0.4-4 pF variable trimmer capacitor (Model 

NMA1T4, Voltronics Corp., Denville, NJ). The final version of our coil is displayed above in 

Figure 3.2. 

3.2.2 Tuning 

In a classic low pass birdcage coil tuning was done by using a variable trimmer capacitor across 

a single leg which creates imbalance in the circuit. In sliding ring coil, tuning is done by 

employing distributed capacitance. The tuning was initially done by varying the number of 

Teflon layers of the two outer fixed end rings. The thickness of the Teflon layer also influences 

change in resonance frequency because of change in capacitance. The change in resonance 

frequency due to change in the number of layers and the thickness of Teflon is explained in 

Table 3.1 below: 

 

Figure 3.2 Sliding ring birdcage coil for proton imaging 
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Table 3.1 Frequency variation with respect to change in number of Teflon layers and thickness 

Thickness of the 

Teflon 

No. of layers in the 

Bottom 
No. of layers in the top 

Resonant frequency 

(MHz) 

½ inches 5 10 889.50 

¼ inches 5 10 793.50 

½ inches 4 8 737.30 

¼ inches 4 8 641.58 

 

We decided to use ¼ inch Teflon in the coil because it occupied less space and was more 

compatible for the coil design. We then started to vary the Teflon layers to observe the change in 

resonance for various conditions as listed in Table 3.2. The change in frequency with the effects 

of tuner, shield, and sample were observed to note their influence on resonance. We chose 7 and 

14 layers of Teflon on the bottom and top end ring of the coil to tune to 900 MHz. 

 

Table 3.2 Resonance variation for various conditions 

No. of 

Teflon 

layers in the 

Bottom 

No. of 

Teflon 

layers in 

the top 

Frequency 

without 

Tuner/Sample/ 

Shield 

(MHz) 

Frequency 

without 

Tuner/Sample 

(MHz) 

Frequency 

without sample 

(MHz) 

Frequency 

with saline 

sample 

(MHz) 

10 20 826 1.04 936-1.04 947.64 

9 18 831 1.01 936-1.01 921 

7 14 776.51 948.8 874-948 936 
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The quality factor of the coil was very low (15-20) when adhesive copper strips were used in the 

two fixed outer rings and in the inner sliding end ring. In order to increase the coil performance, 

the copper strips were replaced with non-adhesive ones which improved the quality factor to 

197. 

 

Table 3.3 Frequency shifts for adhesive/non-adhesive copper strip 

 

3.2.3 Resonant modes of low pass birdcage coil 

Different modes of resonance exist for a birdcage coil. While tuning the proton birdcage coil, 

two different resonant modes were observed. From Section 2.2 it is clear that the lower mode 

corresponds to the desired homogeneous RF field, whereas the higher order mode corresponds to 

RF field gradient modes since the current changes rapidly in phase. In general, m=0 mode 

corresponds to the lowest frequency (ω0=0) for the low pass birdcage coil. The mode 

corresponding to m=1 is the mode of interest from NMR point of view. The mode m=1 appears 

at the lowest non-zero frequency, and other modes appear in increasing order for the low pass 

birdcage coil. A graph showing different resonant modes observed for low pass proton birdcage 

coil is shown in Figure 3.3. 

Nature of 

copper strip 

Frequency 

without 

Tuner/ 

Sample/ 

Shield 

(MHz) 

Frequency 

without 

Tuner/ 

Sample 

(MHz) 

Frequency 

without 

sample 

(MHz) 

Frequency 

with  

saline 

sample 

(MHz) 

Quality 

factor 

 (-3dB) 

without 

sample 

Quality 

factor 

 (-3dB) 

with 

sample 

Adhesive 776.51 948.8 874-948 863-936 17 15.92 

Non-

adhesive 
792 953 953-872 863-940 197 166 



58 

 

The tuning range of the coil with and without sample was measured to evaluate which the mode 

that provides better homogeneity in the coil volume. We achieved at a tuning range of 868-925 

MHz from the coil without a sample. With a neat ethanol sample, the tuning range was 847- 

901.5 MHz. For a low pass birdcage coil, we have to choose the lower mode as the resonant 

mode. It was experimentally confirmed in this coil when the lower mode matched well with the 

sample rather than the higher mode as shown in Figure 3.3.  In order to bring it to the tuning 

range of the lower mode, the numbers of Teflon layers were varied. We employed 8 layers of 

Teflon on the bottom end ring and 16 layers of Teflon on the top end ring of the coil. The 

observations made from lower and higher modes are explained below using Table 3.4. From the 

table it is also clear that the lower mode offers a better quality factor when compared to the 

higher mode, so we tuned the coil to lower mode resonance. 

 

 

 

Figure 3.3 Graph showing different modes of resonance of proton coil. 
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Table 3.4 Frequency shift for lower and higher modes of resonance 

Resonant mode 

Frequency without 

sample 

(MHz) 

Frequency with 

sample 

(MHz) 

Q(-7dB) 

W/o sample 

Q(-7dB) 

With sample 

Lower mode 907-961 875-925 155 136 

Higher mode 912-965 883.5-939 94 72 

 

3.3 RESULTS 

3.3.1 Coil performance with solution loads 

The coil performance was evaluated by measuring the tuning range and quality factor of the 

proton coil. We wanted the coil to resonate at 900 MHz that falls within a tuning range of 875-

925 MHz and also -30 dB matching for different loading conditions. As seen from the bench 

results in the table below, we have tuned and matched the coil for the entire range of prepared 

loads [51, 52]. The quality factor for various loads was observed and is listed in Table 3.5. 

Resonances that were measured in the network analyzer, both with and without sample, are 

shown in Figure 3.4 and Figure 3.5. Mineral oil being a lighter load was used to assume no load 

condition and resonance observed as shown in Figure 3.4 shows that coil has been tuned to 900 

MHz and matched at -33dB. In order to illustrate the effect of sample loading, we have measured 

the coils resonance using an ex-vivo rat head. It proves that the coil was made to tune at 900 

MHz and match at -33 dB with sample as shown in Figure 3.5. From the table we can notice that 

the coil was able to offer a wide tuning range for different loading conditions when compared to 

fixed element design employed for chlorine coils. It proves that we can better tuning range in 

sliding ring design than fixed lumped element birdcage designs. 
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Table 3.5 Observations of quality factor for different loads 

Samples Tuning range (MHz) 
Quality Factor 

Q(-7 dB) 

Mineral Oil 893-956.75 130.59 

PEG1 860-903 32 

PEG2 Doesn’t tune - 

Rat Sample 873-925 33.806 

0.9% VDS saline solution 864-910 31.587 

 

 

  

Figure 3.4 Resonance observed in network analyzer with mineral oil 
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3.3.2 High resolution 21-T MRI of in vivo rat brain 

To test our coil in a practical 21-T MRI application, high resolution spin echo images of an adult 

rat head were collected from the rat with traumatic brain injury. The images were acquired using 

a 900 MHz Bruker Avance spectrometer equipped with an RRI BFG 88/64 imaging gradient and 

60-A triple axis GREAT60 amplifiers (Bruker, Inc., Billerica, MA). This was done using our 

single resonance sliding ring birdcage coil. We obtained diffusion weighted spin echo images for 

a TE time of 25 ms and the scan was run for just 40 min. From the Figure 3.6 shown below we 

can see that the images were obtained over a period of three weeks. It shows that using this coil 

we can image rats to identify the growth of a tumor or any disease over a period of time. The 

sensitivity of coil was high and we were able to differentiate the signal from noise. The field 

homogeneity was uniformly distributed across the sample and from axial orientation images 

obtained as shown in Figure 3.7 depicts that we can differentiate between the different regions of 

rat brain. The Figure shown in Figure 3.7 had a slice thickness of 0.5 mm and TE/TR time was 

20/6000 ms. Signal-to-noise ratio for the above image was calculated over multiple regions by 

post processing the image as in Figure 3.8. In the post processing stage, we picked up regions of 

 

Figure 3.5 Resonance observed in network analyzer with fixed rat head sample 
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higher signal and noise and averaged them to obtain a ratio of SNR and the values are listed in 

Table 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  24 h                           48 h                       1 week                      3 weeks 

 

Figure 3.6 Diffusion weighted spin echo images over 3 week time period 

 

 

b = 0 s/mm
2

 

b =1000 s/mm
2

 

 

Figure 3.7 T2 weighted image taken 24 hrs. after surgery 
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Table 3.6 S/N ratio for various regions 

 

Region of 

interest 
S/N ratio Region of interest S/N ratio 

ISA_1 19.33 ISA_5 17.85 

ISA_2 16.97 ISA_6 20.53 

ISA_3 16.51 ISA_7 17.77 

ISA_4 17.70 ISA_Brain 17.70 

 

From the results we can calculate that the average signal-to-noise ratio is 18 which provide better 

sensitivity for in vivo imaging.  

 

Figure 3.8 3D image showing signal and noise in various regions of the rat 

brain 
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3.4 DISCUSSION 

From the table above, it is clear that sliding ring design of the birdcage coil provides better S/N 

ratio. Also, the method of distributed capacitance using Teflon contributed to a neat design 

without fixed capacitors. Various in-vivo experiments are being carried out using this coil; it 

facilitates the users to image rats in order to find gradual development of tumors and various 

other diseases. Implementation of sliding ring helped us achieve better tuning range and quality 

factor for different type of loads. The B1 field homogeneity has also improved, and therefore we 

are able to obtain good signal from the coil.  
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CHAPTER 4 

CONCLUSION AND FUTURE WORK 

 

This study is focused on developing RF coils for chlorine and hydrogen nuclei to perform 

in vivo imaging. This research also aimed at achieving better sensitivity using quadrature 

operation and better tuning using sliding ring mechanism. Our initial development of the linear 

chlorine coil proved that we can achieve chlorine signals from 21.1 T magnet at NHMFL. The 

first images of chlorine obtained at high field paved way for future chlorine imaging facility at 

the magnet lab.  

By resolving the problem of shielding, we understood that there is lack of proper 

grounding in our rat probes, which led to the development of a shield for the 900 MHz magnet 

that would prevent all electromagnetic interference in the 900 bay.  

Successful development of a quadrature coil for chlorine has motivated us to develop 

quadrature coils for other nuclei which will provide better sensitivity than linear volume coils. In 

the future, we are also aiming to develop a 4 port phased array coil to achieve high SNR. 

Development of such coils will facilitate our users who are conducting various research in the 

field of MRI. 

Implementation of sliding ring tuning for our single resonance proton coil has proved that 

better tuning range and homogeneity can be achieved when compared to fixed element proton 

coils. In the future, we are also planning to develop quadrature coils for sodium which would 

facilitate our users at NHMFL. 

. 
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APPENDICES 

 A.BIRDCAGE BUILDER CALCULATIONS 

 

 A.1 Calculations of capacitance and inductance for different patterns 

 

Serial 

No. 

Leg 

Length 

(cm) 

Coil 

Radius 

(cm) 

Leg 

Width 

(cm) 

End ring 

Width 

(cm) 

Calculated 

Capacitance 

(pF) 

Effective 

Inductance 

in Legs 

(nH) 

Effective 

Inductance 

in End 

Rings (nH) 

1 4.124 1.777 0.325 0.325 55 26 9 

2 3.484 1.777 0.325 0.325 60 21 9 

3 4.124 1.905 0.350 0.325 55 24 10 

4 3.484 1.905 0.350 0.325 59 19 10 

5 3.180 1.587 0.299 0.299 65 21 8 

6 3.80 1.667 0.299 0.299 58 25 8 
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B. SIGNAL FROM 900 MHz MAGNET SHOWING RADIO 

SIGNAL INTERFERNCE 

 

  

  

B.1 Graph showing noise signals picked up by the coil in 900MHz magnet 
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C. RESONANCE SPECTRUM AND 3D IMAGE OBTAINED FOR 

CHLORINE  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C.2 Resonance spectrum at 88.32 MHz for the saline sample 

 

C.1 3D phantom image showing chlorine signal for a scan time of 86 min. 
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C.3 Resonance spectrum at 88.32 MHz for in vivo rat head 
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D. ECLIPSE RESULTS FOR QUADRATURE HYBRID 

COUPLER 

 

 

D.1 Phase difference of 90 degree between the two ports 

 

D.2 Magnitude of Port 2 and Port 3 showing insertion loss of 1dB. 
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