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Though NMR Spectroscopy is a very powerful technique for the determination of 

molecular structure and dynamics, it suffers from poor sensitivity. Development of RF 

technology for improved detection is the most efficient means to achieving higher 

sensitivities. We are designing a probe for NMR spectroscopy at 600 MHz that is 

intended to produce the highest ever sensitivity per mass of sample for the detection of 

13C, without compromising significantly on 1H sensitivity. High-temperature 

superconducting (HTS) material will be used to construct these coils in order to achieve 

high signal-to-noise ratio (SNR). With a 1.5-mm sample diameter and 18 µL sample 

volume, this probe will be optimized for characterizing mass-limited metabolites and 

natural products. Extensive electromagnetic simulation and modeling were performed in 

order to characterize the coil designs according to specifications commonly quoted by 

spectroscopists. These simulations have been validated by comparing with 

experimental parameters of commercial designs. We have designed newer coils that 

are predicted to perform better than current benchmarks.    
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CHAPTER 1 
INTRODUCTION TO NMR SPECTROSCOPY 

Nuclear magnetic resonance (NMR) is a physical phenomenon that facilitates the 

observation of specific quantum mechanical magnetic properties of atomic nuclei. NMR 

is the fundamental basis of the popular clinical imaging modality of magnetic resonance 

imaging (MRI). NMR spectroscopy is a very powerful technique for the determination of 

molecular structure and dynamics. This power arises from the wealth of information that 

can be obtained by the precise manipulation of the nuclear spins in a molecule [1]. 

Nuclear Magnetic Resonance Physics 

Nuclei, which have non-zero spin, exhibit nuclear magnetic resonance. These 

nuclei possess intrinsic spin angular momentum and a magnetic moment. Both of these 

properties are vector quantities and are related by a proportionality constant known as 

the gyromagnetic ratio, which is unique to each isotope and is dependent on the 

charge-to-mass ratio.  The gyromagnetic ratio is typically defined in units of MHz/Tesla 

or radians/second/Tesla. [2] This relation is shown by the formula 

� � ��           (1-1) 

where, � is the gyromagnetic ratio (in rad/s/T), � is the magnetic moment, and � is the 

intrinsic angular momentum (or spin) of the nucleus. (Boldface font in equations 

indicates vector notation.) Table 1-1 (adapted from [3]) lists the gyromagnetic ratio of 

some nuclei exhibiting magnetic resonance. A more complete list is available at the 

National High Magnetic Field Laboratory  [4]. Some common biological nuclei of interest 

are 1H, 13C, 15N, 17O, 31P. 

When placed in an external magnetic field, the magnetic moment causes the 

nuclear spins to align either parallel or anti-parallel to the static magnetic field. The 
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number of spins aligned parallel to the magnetic field is slightly higher than the number 

of spins aligned anti-parallel to it.  This difference in the alignment of the spins creates a 

net magnetic polarization. The first step of an NMR experiment involves the placement 

of the sample in a steady magnetic field ��of sufficient strength to induce a net 

magnetic moment of detectable strength. The net induced magnetization�� is the vector 

sum of all the magnetic moments. This induced magnetization is along���and its 

strength is commonly denoted�	�.  

However, in a classical description of magnetic resonance, since the nuclei have 

angular momentum, the spins do not immediately align with the magnetic field. Rather 

they precess around the magnetic field, steadily aligning with the magnetic field with 

time, which is of the order of milliseconds to a few seconds. Therefore, the net induced 

magnetization is also commonly referred to as the equilibrium magnetization.  

The precession of an isolated magnetic moment � in a magnetic field 
�is 

described by the Bloch equation. Figure 1-1 is a representation of this behavior. 

���� � ��  
          (1-2)  

The strength of the applied steady state magnetic field is conventionally 

designated as���. The precession of the magnetic moment around��� occurs at a 

particular frequency defined as the Larmor frequency. The Larmor frequency ω0 (in 

radians/second) is given by the Larmor equation,  

�� �� ������           (1-3) 

The gyromagnetic ratio is often expressed as��, where 

� � � ���            (1-4) 
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The units of � are MHz/Tesla. This representation is convenient to express the 

precession frequencies in MHz units directly as  

�� � �����           (1-5)  

Since 1H is the most commonly studied nucleus, it is common in NMR 

spectroscopy to refer to a magnet of particular field strength by the resonance 

frequency of the 1H nucleus. For example, in a 21.1 Tesla magnetic field, 

protons resonate at 900 MHz. Thus, a 21.1 T magnet may commonly be referred to as a 

900 MHz magnet, although different nuclei resonate at a different frequency at this field 

strength.  

The second and most crucial step of an NMR experiment is the successful 

measurement of this magnetization. It is difficult to measure the equilibrium 

magnetization 	��since it is parallel to the polarizing �� field and is relatively very weak 

in comparison. If the magnetization is tipped away from this alignment, it creates a 

component of 	� perpendicular to���, which can then be measured more easily.  

The direction of the B0 magnetic field is conventionally assigned as the positive 

z-axis. Thus, the steady magnetic field 
 is  


 � 
� � ����         (1-6) 

where, �� is the unit vector along z-axis. The same convention will be followed here. The 

perpendicular component of�	�, created by the tipping of the magnetic field away from 

the z-axis, is thus created in the transverse plane. While the individual components of 

	��are given the ‘x’, ‘y’ or ‘z’ subscripts, the transverse component is usually denoted as 

	� or 	�� signifying that it is the sum of both the x and y-components.  
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A second magnetic field�
� is applied to tip the magnetization away from the z-

axis. The secondary field is most efficient when it is perpendicular to the direction of���. 

However, if this secondary magnetic field is stationary, it will result in 	�� precessing 

around and aligning along the resultant of the two stationary fields. Therefore the 

secondary magnetic field is made to be a time-varying magnetic field such that it is 

always perpendicular to�	��. It is transmitted as a short pulse at the frequency���. In 

other words, �
��is a radio frequency (RF) pulse at the Larmor frequency of the nucleus 

of interest.  


� � ��������� !"# $ �%&��� !'#!       (1-7) 

This �
� pulse tips the equilibrium magnetization into the transverse plane. The 

behavior of the equilibrium magnetization after the 
� pulse is a precession, described 

by the Bloch equation for the net magnetization: 

���� � ��  
          (1-8) 

The precessing magnetization creates a time-varying electromagnetic field at its 

Larmor frequency. This field detected by a receiver coil is an RF signal, and contains 

the wealth of information sought for from the sample. 

Rotating Frame of Reference 

With the �(aligned along the z-axis, a ���pulse rotating at the radio frequency is 

applied in the transverse xy-plane in order to tip the magnetization away from��(. This 

setup is said to be observed from a stationary or laboratory frame of reference. Figure 

1-2 shows the plot of the tip of the magnetization flipping through 900 in the laboratory 

frame of reference.  
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 To make analysis more convenient, Rabi et al. [5] introduced a system of 

rotating coordinates such that the rotating magnetic field is more readily solved. A frame 

of reference is chosen to be rotating around the z-axis at precisely the precession 

frequency. The )*-axis and +*-axis are defined on the rotating frame of reference such 

that, the ��field will appear as a steady field, say along the ),-axis.  The magnetization 

precesses in the +-. plane around ��at a frequency 

�� � ���           (1-9) 

A����pulse of duration t would flip the magnetization by an angle�/, where 

/ � ���           (1-10) 

The strength of the resultant transverse magnetization 	�� is given as 

	�� � 	� �%& / � 	� �%&���� !        (1-11) 

A tip angle of 900 produces the maximum signal. The pulse duration for this 900 tip is 

given as 

 0� � 1 2�345             (1-12) 

Figure 1-2 shows the plot of the tip of the magnetization flipping through 900 in the 

rotating frame of reference.   

Free Induction Decay 

After the tipping pulse, the observation is in the laboratory frame of reference. 

After the magnetization is tipped away from���, the transverse component 

	���precesses around ��at the Larmor frequency, thereby producing a time-varying 

magnetic field. This time-varying magnetic field induces an electric potential in the 

conducting wires of the receiver coil. Generally, the transmitting coil itself is used as the 

receiver coil. 
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The induced voltage due to the precessing magnetization is known as the free 

induction decay (FID). The strength of the FID is given by Equation 1-11. A typical free 

induction decay shown in Figure 1-3. 

Relaxation 

The FID signal decays exponentially and goes to zero as the net transverse 

magnetization disappears, and the longitudinal magnetization grows back to�	�. These 

two events are known as relaxation. As indicated before, relaxation is caused due to the 

interaction of spins with neighboring spins, as well as other molecular interactions.  

Spin-lattice relaxation time, or�6�, is a time constant characterizing the rate at 

which the longitudinal component 	7 exponentially grows back to the equilibrium 

value�	�. The name spin-lattice relaxation refers to the process in which the spins 

transfer their spin energy to the surrounding lattice as thermal energy, thereby restoring 

their equilibrium state. 

Spin-spin relaxation time, or�62, is a time constant characterizing the rate at 

which the transverse component 	�� exponentially decays to zero.  The name spin-spin 

relaxation refers to the process in which the spin energy of one nucleus is transferred to 

a neighboring nucleus, thereby restoring their equilibrium state of no net transverse 

magnetization.  

�62�relaxation is generally much faster than�6� relaxation. It is of importance for a 

spectroscopist to have knowledge of the �6� timescale, since the maximal signal from an 

NMR experiment is obtained when the RF pulse is applied at equilibrium. When 

designing pulse sequences, a time period greater than 5  �6� is considered as the time 

required for the magnetization 	� to completely grow back to equilibrium. In practice, 
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maximal signal strength may be compromised by applying pulses at a faster rate in 

order to shorten the experiment time.  

The behavior of the magnetization following a RF pulse is described by the Bloch 

Equation 1-8 modified to account for relaxation as  

���� � ��  
 $ �85 �	� � 	7!�� � �89 �"'       (1-12) 

where, 	7 is the magnitude of the z-component of�� and �"' is the transverse 

component of��. Figure 1-4 represents the behavior of the magnetization following an 

RF pulse, including relaxation effects. 

Spectroscopy 

In order to obtain the NMR spectrum, a Fourier transform (FT) converts the time-

domain signal (FID) into a frequency-domain spectrum. The close examination of the 

fine details of this NMR spectrum reveals plenty of information about the molecules 

under experiment. Figure 1-6 displays the FID and the corresponding 1-dimensional 1H 

NMR spectrum of a sample of ibuprofen in DMSO solvent following a single 900 pulse.  

The chemical shift is the frequency of a particular resonance, and describes the 

dependence of the resonance frequency of a nucleus on the surrounding electronic 

environment. The electrons in a magnetic field circulate in a magnetic field and create 

an induced magnetic field acting on the nucleus. This field is opposed to the applied 

field, and hence a nucleus with higher electron density in its vicinity is shielded relative 

to nuclei with a lower electron density. This is reflected in resonance frequencies. The 

shifts in frequencies are one of the sources of information obtained from an NMR 

spectrum. Chemical shift : is usually expressed in parts per million (ppm) by frequency.  
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: � ;<=>?;@A�B<?C��?D�E7���F
BG=;�H(>=�=H�CH=IJ=D;��?D�E7 �KKL       (1-13) 

The chemical shift is independent of the polarizing field strength when expressed in 

ppm units. 

Another important observable effect in an NMR spectrum is the J-coupling (also 

known as scalar coupling) between two nuclear spins through the influence of bonding 

electrons between the two nuclei. This causes NMR signals in a spectrum to be split 

into multiple peaks which are up to several Hertz frequency from each other. 

Although they contain a large amount of information, in some experiments, the 

presence of these J-couplings can be undesired. These can be suppressed by the 

application of a RF pulse at a certain frequency, also known as decoupling pulse. For 

example, 13C NMR spectra are often 1H decoupled to remove the signal splitting.  

The use of more complicated pulse sequences provides different types of 

information about the molecule. Multi-dimensional NMR spectroscopy is a kind of FT 

NMR in which there are at least two pulses and one variable time period, and, as the 

experiment is repeated, the pulse sequence is systematically varied. Figure 1-7 shows a 

COSY (correlated spectroscopy) spectrum, a common 2D-NMR experiment, of a 

sample of ibuprofen in DMSO solvent. 
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Table 1-1. Gyromagnetic ratio and natural abundance of common NMR nuclei [3] 

Nucleus Gyromagnetic ratio � (rad/s/T) 
Gyromagnetic ratio � (MHz/T) 

Natural abundance 
(%) 

1H 267.5123 42.5759 99.9844 
2H 41.0648 6.53566 0.0156 
7Li 103.9679 16.547 92.57 

9Be 37.5923 5.983 100 
10B 28.7456 4.575 18.83 
11B 85.8283 13.660 81.17 
13C 67.2615 10.705 1.108 
14N 19.3271 3.076 99.635 
15N 27.1119 4.315 0.365 
17O 36.2665 5.772 0.037 
19F 251.6730 40.055 100 

23Na 70.7612 11.262 100 
25Mg 16.3740 2.606 10.15 
27Al 69.7057 11.094 100 
29Si 53.1432 8.458 4.70 
31P 108.2970 17.236 100 
33S 20.5209 3.266 0.74 
35Cl 26.2134 4.172 75.4 
37Cl 21.8152 3.472 24.6 
39K 12.4847 1.987 93.08 
79Br 67.0227 10.667 50.57 
81Br 72.2503 11.499 49.43 

 

 

Figure 1-1. In a classical picture of magnetic resonance, the Bloch equation describes 
the behavior of the magnetic moment � when placed in an external magnetic 
field magnetic field�
 as a precession of the magnetic moment around the 
applied field. 



21 

 

Figure 1-2. Motion of equilibrium magnetization M0 as it is tipped through 900 from the 
z-axis equilibrium position into the xy-plane. In a laboratory frame of reference 
(red), the magnetization precesses around the z-axis simultaneously as it is 
tipped into the xy-plane. In a frame of reference rotating at the Larmor 
frequency (green), the magnetization appears to rotate in a plane 
perpendicular to direction the B1-pulse. 
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Figure 1-3. Free induction decay (FID) is the typical time domain signal observed in an 
NMR experiment. The data for this figure is from a sample of ibuprofen in 
DMSO collected on a Bruker Avance 500 MHz spectrometer in the AMRIS 
facility with the help of J. R. Rocca. 
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Figure 1-4. Behavior of transverse magnetization Mxy following the B1-pulse. The 
magnetization precesses around the B0 field, simultaneously relaxing in the 
transverse as well as longitudinal axis.   
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Figure 1-5. The time-domain FID and its corresponding frequency-domain 1-
Dimensional 1H NMR spectrum obtained from a sample of ibuprofen in 
DMSO. The data for this figure was collected on a Bruker Avance 500 MHz 
spectrometer in the AMRIS facility with the help of J. R. Rocca. 
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Figure 1-6. A 2-Dimensional COSY spectrum obtained from a sample of ibuprofen in 
DMSO. The data for this figure was collected on a Bruker Avance 500 MHz 
spectrometer in the AMRIS facility with the help of J. R. Rocca. 
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CHAPTER 2 
IMPROVEMENT IN NMR SENSITIVITY THROUGH PROBES 

Even though NMR Spectroscopy has the potential to reveal a wealth of 

information about the molecule under study, a major drawback of this technique is its 

inherently low sensitivity relative to other spectroscopic techniques. Research groups 

sometimes spend several months in an effort to obtain enough material to be analyzed 

by NMR. Thus, NMR spectroscopy often becomes a bottleneck in natural product 

identification.  

Factors Affecting Sensitivity 

The inherent low sensitivity is due to the low equilibrium polarization. The 

theoretical signal strength induced by the precessing magnetization is proportional to 

square of the static magnetic field���  [6]. However, the exact increase in signal-to-noise 

ratio (S/N or SNR) depends on many factors, including ���-dependent relaxation effects. 

It is generally accepted that S/N increases approximately as �(M 2�  [7]. This relation, and 

also increased chemical shift dispersion with increase in���, drives the development of 

higher and higher magnetic fields for NMR. Unfortunately, the cost of developing these 

magnets is great as the field strength increases. Such high magnetic fields are also 

expensive to maintain. An additional constraint in constructing magnets for NMR is the 

requirement of extremely high �� homogeneity. Magnets made from currently used 

superconducting materials have an upper limit of about 22 T, although new materials 

are being developed that may substantially increase the upper limit.   

Sensitivity in NMR is also a function of the number of nuclear spins available in 

the sample. The 1.1% natural abundance of 13C isotopes causes the detection of 13C 

NMR to be more difficult. Increasing the amount of sample in the experiment may not 
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always be possible. The sensitivity of the detectors is higher at higher frequencies. Also, 

according to Equation 1-1, the spins with a higher gyromagnetic ratio have a larger 

magnetic moment. Hence the lower gyromagnetic ratio of 13C relative to 1H is also a 

cause of lower sensitivity on the 13C channel.  

Improvement in RF probe technology is often the most cost-efficient means to 

achieve better SNR in an NMR experiment. This involves efficient detection of the 

available signal in a low-loss low-noise environment in order to maximize the signal. 

Neglecting sample losses, the effect of the features of the probe on SNR can be written 

as 

N O� P Q RS8T���8U          (2-1) 

where, V, the filling factor of the coil, is a measure of how much of the total RF field 

energy is within the sample volume, W is the quality factor of the coil, 6; is the coil 

temperature, and 6@ is the pre-amplifier noise temperature  [6]. The SNR of an 

experiment is measured in practice by the techniques described in Chapter 3.  SNR in 

an NMR experiment depends on various factors: 

Sample Volume 

Smaller diameter probes with small sample volumes improves the filling factor of 

the coils, thereby increasing the signal per nuclear spin  [6]. While there is a decrease in 

the overall sensitivity due to lesser sample, the mass sensitivity increases by 

approximately X YZ , where Y is the diameter. The experimentally measured SNR will be 

significantly lower, since the measured signal with a larger sample is bound to be 

stronger. Thus, using small diameter probes is an efficient strategy only with mass-

limited samples.  
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Temperature of the Coils and Preamplifiers 

The sources of noise in a spectrometer are Johnson noise arising from the coils, 

preamplifiers and the sample under consideration  [8]. Cooling the coils and 

preamplifiers down to about 20 K reduces the thermal noise up to a factor of four  [9].  

Biological samples usually have specific temperature requirements and cannot 

generally be cooled. 

Quality-Factor of Coils 

Matched Q’s of room-temperature coils are not more than a few hundred.  Cold 

normal-metal coils can get Q’s between 1000 and 1600.  Coils made from high-

temperature superconductors have Q’s typically in the range 5000 to 10,000. Physically, 

the coil Q is the factor representing the ratio of the total energy stored to the energy lost 

in the coil. Higher coil Q’s therefore lead to very efficient conduction of the induced 

electric signal in the receiver system.  

Cryogenic Normal Metal Coils 

The principal source of noise in an NMR experiment is the thermal noise in the 

coils, the preamplifier and the sample itself. The idea of reducing the temperature of the 

coil to improve SNR was originally proposed by Hoult and Richards [7]. The earliest 

implementation of an NMR probe with cryogenically cooled coils and preamplifiers was 

by Styles, et al. [10]. The preamplifiers were placed within a cryostat filled with liquid 

helium, while the coil is cooled by pumping liquid helium through the hollow centers of 

the inner transmission line conductor and coil. The probe was designed for 13C 

detection at 45.9 MHz (i.e. a 4.3 T magnet) and has a 10-mm sample diameter. The 

transmitter coils, proton decoupling coils and a sample spinner were contained within a 
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room-temperature assembly. The root mean square noise voltage [ from a coil of 

resistance \ at a temperature T is described by the Johnson noise equation, 

[ � ]^_6\�           (2-2) 

where, _ is Boltzmann’s constant and � is the receiver bandwidth [11]. The reduction in 

noise is due to both the fall in thermal energy as well as lower resistance at the reduced 

temperatures  [7]. The noise reduction is slightly compromised by the loss in filling factor 

that is caused due to the need to thermally insulate the sample from the cold receiver 

coils. Compared to a room temperature probe, about an 8x increase in signal-to-noise 

was measured. 

NMR probes with cryogenically cooled coils and preamplifiers have been 

developed and available commercially. The development of cryoprobes delivered the 

single largest increase in NMR sensitivity in the last few decades  [12] [13]. 

Commercially available probes have achieved enhancements of up to a factor of four. 

This jump in sensitivity enables scientists to observe sample amounts that were 

considered too small just a few years ago and to increase sample throughput up to 16-

fold. The coil assembly and preamplifier are cooled using cold helium gas in a closed-

loop cooling system. Modern cold probe systems employ a Helium compressor to 

circulate cold helium gas in a closed-loop cooling system. The cooling system assembly 

is vacuum-insulated in order to reach very low temperatures. The samples are thermally 

isolated from the probe and the air stream near the sample tube is temperature 

regulated to allow precise control over the actual sample temperature. 
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High-Temperature Superconducting Cryoprobes 

As evident from Equation 2-1, the signal-to-noise in an NMR experiment can be 

improved by using conductors with high Q-factors, such as superconductors, to 

construct the receiver coils. The advent of high-temperature superconductors made 

possible the use of very high-Q materials for NMR receiver coils. The quality factor of a 

resonator is governed by the equation 

W � `ab            (2-3) 

where, � is the resonant frequency, c is the inductance and \ is the resistance of the 

resonator. 

While HTS coils offer a significant boost in sensitivity over cold normal-metal 

coils, they also present additional complexity. In order to obtain high SNR, the coils 

must be placed as close as possible to the sample. However, this is offset because of 

the need to thermally isolate the coils from the room-temperature sample. Also, 

superconductors are highly diamagnetic. Any magnetization of the coil material results 

in degradation of the homogeneity of the static magnetic field B0, which in turn leads to 

distortions in the spectral lineshape and degradation of SNR. In addition, HTS thin-film 

coils have been limited to planar configurations, which limits their filling factor and hence 

sensitivity. Crystalline defects in the deposition of HTS films encounter the risk of burn-

out of fine elements of coils carrying high currents, rendering the entire probe useless 

[14]. Another complication in the design of HTS probes is the inefficiency of the coil to 

form ohmic contacts with normal metal conductors. The resulting parasitic losses nullify 

the advantages gained from using HTS coils.  
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In 1992, Black et al. developed a cryogenic superconducting coil for NMR 

microscopy  [15]  [16]. The coils were patterned out of thin-film yttrium-barium-copper-

oxide (YBa2Cu3O7-δ or YBCO) superconductors. The coil was composed of a split-C 

shaped self resonant structure, in which the conductive strip was the inductive 

component and the dielectric substrate was the capacitive component. The coil design 

is shown in Figure 2-1. Fine frequency tuning was achieved using a small sliding copper 

cylinder. The resonators were inductively coupled to a secondary circuit, in which the 

inductance was made of non-superconducting materials. The secondary circuit was 

impedance matched to a low-noise preamplifier so that the gain in SNR was preserved. 

The sample was maintained at ‘room temperature’ by passing heated nitrogen gas.  

Conductus Inc., a start-up company working on electronics applications of thin-

film YBCO, began work in collaboration with Varian Inc. to develop high sensitivity NMR 

probes based on high-Q RF coils made of YBCO. Anderson et al. developed the first 

probe for high-resolution NMR utilizing high-temperature superconducting technology 

[17].  The prototype probe had 1H observe capacity at 400 MHz and employed a 2H 

lock. The probe coils were fabricated by deposition of YBCO as an epitaxial film 

between 300 and 650 nm in thickness on a planar substrate of lanthanum aluminate, 

sapphire or magnesium oxide. Not much effort was focused on optimizing the resonator 

design, and the only coil criterion used to choose the coil was to provide an RF field 

over a volume similar to that of existing probes. A simple lumped element coil as shown 

in Figure 2-2 was used. The magnetic field perturbations were reduced by using thin 

films of HTS and by placing the coils far away from the sample. In 1996, Varian 
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commercialized the SuperProton line of cryogenic probes offering a gain in sensitivity of 

at least four times over conventional probes  [18].  

Further efforts were then focused on improving various coil parameters. 

Particularly, coil design was improved to reduce the fringing electric field from the coil 

entering penetrating the sample region, reducing the effect of the HTS coil from 

affecting the homogeneity of the B0 magnetic field and reducing the effect of conductor 

burnout causing shifts in the resonance frequency of the coil [14].  The electric field in 

the sample region is contained by ingenious design of the coil, wherein the capacitive 

elements, which act as the source of the electric field, are contained within the fingers of 

the coil and are distributed into a plurality of capacitors in series. The resulting coil 

design, labeled as the ‘racetrack’ design, consists of interdigital capacitors with the 

fingers behaving as inductive elements and is shown in Figure 2-3. The fingers forming 

the capacitors are slit extensively into fingerlets in order to reduce DC shielding currents 

in the coil. The slitting of the coils is in a direction parallel to the flow of the RF current, 

as shown in Figure 2-4. The effect of burn out of coils due to high current density in thin 

fingerlets is avoided by a method of burning-in the coils prior to the final trimming 

process that eliminates the potential weak links in the film prior to incorporation into the 

NMR probe. Further, the design was improved to decrease asymmetry along the length 

and breadth of the coil, since asymmetry in the coil design would inevitably translate 

into inhomogeneity in the polarizing field. The coil traces were rounded in order to avoid 

current crowding at the edges, which could have resulted in burn out of the coil at the 

edges  [19]. 
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Brey, et al. previously designed a 1-mm HTS probe with 1H, 2H, 13C, and 15N 

channels for spectroscopy at 600 MHz  [9].  This configuration is called ‘triple 

resonance’ by biomolecular NMR spectroscopists, because the 2H channel is used only 

for locking the spectrometer to a specific reference frequency. The 1-mm HTS probe 

had record setting mass sensitivity on the 1H channel. The Helmholtz pair nesting of the 

coils is shown in Figure 2-5. The 1H coils were placed closest to the sample in order to 

optimize the sensitivity on this nucleus. For the 1H channel, racetrack coil designs were 

used. The racetrack was specially designed to reduce the electric field in the sample 

region. The other channels used simple multi-turn spiral coil designs, similar to the one 

shown in Figure 2-6. The large electric field from these spirals was acceptable since 

they were far away from the sample. The mass sensitivity of this probe is about 20x 

greater than a conventional 5-mm probe and over 4x greater than 5-mm cryogenic 

probes.  

Bruker Biospin commercialized a 1.7-mm MicroCryoProbeTM as the probe with 

the highest commercially available 1H mass sensitivity. With a 30 µL sample volume, 

the mass sensitivity is claimed as 14x higher than conventional 5-mm probes and 6x 

higher than conventional 1.7-mm probes. This probe was awarded the 2008 R&D-100 

award [20].  

More recent improvements in coil design have focused on reducing the electric 

field from the coil windings penetrating into the sample region. The racetrack design 

efficiently reduces the electric field in the sample region. However, the racetrack coil is 

not suitable for low frequencies, since it is difficult to generate enough capacitance to 

tune the design to sufficiently low frequencies. Spirals can be tuned to low frequencies, 
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but produce a large fringing electric field. Withers described the use of electric field 

shields with spiral coil designs in order to approach this problem  [21]. The shield 

assembly consists of a series of HTS strips placed directly across from the entire coil 

windings, preferably on the other side of the substrate. The strips are oriented at right 

angles to the windings as shown in Figure 2-7. Another approach to reduce the electric 

field involves two spirals counter-wound on the opposite sides of the substrate  [22]. 

The design incorporates two overlapping spirals on opposing sides of the substrate, 

such that one spiral moves from the inside to the outside with a clockwise sense, while 

the other moves from the inside to the outside with a counter clockwise sense. This 

design minimizes the electric field in the sample region by containing most of the 

electric field within the substrate.  

Carbon is an important nucleus in biological NMR studies, but 13C has a much 

lower sensitivity relative to 1H, and the natural abundance of 13C is only 1.1%.  This 

creates a major obstacle in performing direct detected 13C experiments.  However, 

experiments to determine direct 13C-13C correlations are very useful for biomolecular 

studies. The success of the 1-mm HTS probe has inspired our current project to tap into 

the capability of HTS to produce high sensitivity probes for 13C NMR. The choice of a 

1.5-mm sample tube diameter allows for a sample volume of about 18 µL, thereby 

optimizing the probe for natural products and small molecule metabolites. The aim is to 

design a probe with an improvement in overall sensitivity of 13C by close to a factor of 

10, while still maintaining or improving the 1H mass-sensitivity of the existing 1-mm HTS 

probe. 
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Figure 2-1. Split-ring coil design used in the first HTS coil used as magnetic resonance 
RF receiver [15]. The C-shaped conductors form the inductance while the 
capacitance is the parallel plate capacitance between the two layers. 

 

 

Figure 2-2. Lumped element resonator used in the first high resolution NMR coil made 
of HTS material  [17]. The capacitance is lumped  into a single interdigital 
capacitor. 
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Figure 2-3. Distributed capacitance or racetrack coil designed to provide improved 
performance over a lumped element coil  [19]. The lumped element 
approximation of this coil has two capacitors. 

 

Figure 2-4. Blown up image of racetrack design showing slitting of coil along direction 
parallel to current flow  [19]. Slits in the design reduce the shielding currents 
in the coil, and lead to improvement in lineshape. 
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Figure 2-5. Overall coil layout of the 1-mm HTS probe in cross section, showing the 
Helmholtz nesting of the resonators  [9]. 1H channel coils placed closest to 
sample to achieve optimum sensitivity. 

 

Figure 2-6. Multi-turn spiral design used for 2H, 13C and 15N channels in the 1-mm 
probe  [9]. Though suitable for tuning to lower frequency channels, the spiral 
produces large fringing electric fields. 
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Figure 2-7. Faraday shielding can be used to minimize the electric field from the spiral 
design  [21].  
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CHAPTER 3 
DESIGN CRITERIA AND CHARACTERIZATION OF PROBES 

B1 Pulse Length 

The function of an NMR probe is the excitation and detection of the desired 

spins. As described in Chapter 1, the B1 excitation pulse consists of turning ‘on’ the RF 

signal of strength B1 for a time period t and then turning it ‘off’, thus resulting in the 

tipping of the magnetization M0 into the transverse plane. This applied electromagnetic 

field is at the Larmor frequency. It is desired (except in special cases) in Fourier 

transform NMR spectroscopy that the excitation and detection range of the B1 excitation 

pulse scan the entire chemical shift range of the corresponding nucleus. It may appear 

that the applied pulse is monochromatic and that it will be unable to excite all 

resonances in the spectrum simultaneously. However, the Fourier transform of the B1 

pulse represents its frequency spread as � d Z  Hz, where d  is the pulse width. Hence 

the effective behavior of the B1 pulse is polychromatic  [23]. The relationship between 

pulse width�efg, where / is the angle of tip, and the RF field strength ���is given as: 

��� � �hijFk � �lhimk n.         (3-1) 

 A short high power pulse provides excitation over a wide frequency window, 

while a longer, low power pulse providing the same tip angle will excite very a much 

narrower frequency range. Short, high power pulses and are referred to as ‘hard 

pulses’. In NMR experiments, the word ‘pulses’ generally refers to non-selective hard 

pulses, unless otherwise stated. In practice, modern NMR probes are designed to 

deliver high-power 900 pulses with values less than 10 µs for 1H. Long, low power 

pulses are commonly referred to as ‘soft pulses’. Such pulses are used for selective 

excitation or decoupling in numerous NMR experiments. 
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Calibration of NMR pulse widths for the observed nucleus is straightforward. In 

an NMR experiment, an RF pulse applied for time t will produce a transverse 

magnetization of magnitude 	�� 

	�� � 	�  �%& ���          (3-2) 

where, B1 is the peak magnitude of the pulse. Assuming M0 is constant (i.e. a 

homogenous B0 field), the magnetization at each point, following an RF pulse of length 

 , is proportional to �%&���� !. The behavior of the magnetization is observed as the 

excitation pulse is increased. Nulls in the signal intensity occur at 1800 and 3600. The 

probe needs to be tuned for the sample before any pulse calibration and the transmitter 

frequency should be placed on resonance. An initial spectrum is recorded with a pulse 

width of less than 900, say 2-3 µs. The phase correction for all subsequent experiments 

is defined according to this spectrum. The experiment is then repeated for with 

progressively larger pulse width. Passing through the 1800 null provides the �ef�o� 

calibration. Pulse widths larger than 1800 yield inverted peaks. In practice, the null may 

not be precisely achieved and the minimal residual signal or a visual interpolation may 

be approximated as the null. Figure 3-1 shows the calibration of an 1800 pulse on a 5-

mm TXI probe with a Bruker Avance 500 MHz spectrometer on a 0.1% H2O sample in 

D2O solvent. The 1800 pulse width was approximated to be 19.6 µsec. Care must be 

taken to provide adequate delay between acquisitions for complete relaxation of the 

spins. Alternate approaches include observing for the 3600 null, which is a more 

convenient measurement for samples with long relaxation times or with strong water 

signals  [24]. 
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B1 Homogeneity 

A fundamental requirement for RF probes is to create a homogenous magnetic 

field in the sample region.  A homogenous B1 field tipping the magnetization through 

4500 should produce the same signal as the 900 pulse, neglecting T2 relaxation effects. 

However, any inhomogeneity will cause the spins to move through a range of tip angles 

causing a loss in the signal strength. A 4500 pulse will produce more dephasing of the 

spins than a 900 pulse, causing more loss of signal. Hence, a ratio of the signal 

strengths produced by 4500 and 900 pulses (4500/900) and/or (8100/900) are commonly 

quoted as a measure of the homogeneity of the probe. 

The 450/90 and 810/90 measurements are made on a spectrometer similar to 

the pulse width calibration and are usually performed after the pulse width calibration in 

order to satisfy the previous conditions of probe tuning and phase correction. Figure 3-2 

shows the homogeneity calculation performed using a 5-mm TXI probe with a Bruker 

Avance 500 MHz spectrometer. The excitation pulse width is set to start from a 00 pulse 

and repeated through discrete steps past the 4500 or 8100 pulse widths as required. The 

required signal intensities are measured off the spectrum and the ratios are calculated. 

Signal-to-Noise Ratio 

The term ‘sensitivity’ strictly defines a minimum amount of material that is 

detectable under defined conditions, but is rather loosely used throughout NMR and 

often interchangeably with ‘signal-to-noise ratio’. The signal to noise measurement, in 

which the peak height of the sample is compared with the noise level in the spectrum, is 

the instrument sensitivity test. It is essential that the probe is tuned to the test sample 

and the 900 pulse is determined accurately. The signal-to-noise is given by  
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N O� � p2qrst � 2uvpqww          (3-3) 

where, N is the peak intensity, OH>B�is the root mean square noise, and OGG is the peak-

to-peak noise measured in the spectrum  [24]. The test samples used for the sensitivity 

measurements of various nuclei are described in Table 3-1 [23]. Figure 3-3 

demonstrates the signal-to-noise test measured on a 5-mm TXI probe with a Bruker 

Avance 500 MHz spectrometer using a 0.1% ethylbenzene sample in CDCl3 solvent. 

Table 3-1. Standard sensitivity test samples of some common nuclei [23].  
Nucleus Sensitivity test sample Notes 
1H 0.1% ethylbenzene in CDCl3  
13C 10% Ethylbenzene in CDCl3 Use broadband proton decoupling 
13C 40% dioxane in C6D6 (ASTM) No decoupling, C6D6 used for 

measurement 
31P 0.0485 M triphenylphiosphate in d6-

acetone 
No decoupling 

19F 0.05% trifluorotoluene in CDCl3 No decoupling 
15N 90% formamide in d6-DMSO Use inverse gated decoupling to 

suppress negative NOE 
29Si 85% hexamethyldisiloxane in d6-benzene No decoupling 
 

 



Figure 3-1. Pulse width calibration performed 
Avance 500 MHz spectrometer on a 0.1% H
width is calibrated by 
absence of an absolute null, da
Experiment performed in the AMRIS facility with the help of J. R. Rocca.
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1. Pulse width calibration performed on a 5-mm TXI probe with a Bruker 
Avance 500 MHz spectrometer on a 0.1% H2O sample in D2O solvent.
width is calibrated by observing the null occurring due to an 180
absence of an absolute null, data is visually interpreted to measure the null. 
Experiment performed in the AMRIS facility with the help of J. R. Rocca.

 

mm TXI probe with a Bruker 
O solvent. Pulse 

observing the null occurring due to an 1800 pulse. In the 
ta is visually interpreted to measure the null. 

Experiment performed in the AMRIS facility with the help of J. R. Rocca.  
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Figure 3-2. The B1 homogeneity measurement of a 5-mm TXI probe with a Bruker 
Avance 500 MHz spectrometer on a 0.1% H2O sample in D2O solvent. The 
900, 4500 and 8100 peak values are measured and the ratio of signal 
strengths are quoted as a measure of the B1 homogeneity. Experiment 
performed in the AMRIS facility with the help of J. R. Rocca. 
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Figure 3-3. The signal-to-noise test measured on a 5-mm TXI probe with a Bruker 
Avance 500 MHz spectrometer using a 0.1% ethylbenzene sample in CDCl3 
solvent. The expansions of the signal region and the noise region are shown 
in the insets. Experiment performed in the AMRIS facility with the help of J. R. 
Rocca. 
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CHAPTER 4 
COIL SIMULATIONS 

Electromagnetic field calculations are difficult and tedious because of the nature 

and large number of calculations involved.  Electromagnetic simulation is the use of 

high speed computers to model the electromagnetic fields with physical objects and 

environments. Electromagnetic simulation of coils used in magnetic resonance is 

necessitated by the fact that the sample is placed very close to the coil, and affects the 

behavior of the coils greatly. IE3D (from Mentor Graphics, Inc., formerly Zeland) is an 

integrated full-wave electromagnetic simulation and optimization package for the 

analysis of three dimensional and planar circuits. Introduced in the 1993 IEEE 

International Microwave Symposium (IEEE IMS 1993), IE3D has been adopted as an 

industrial standard in planar and 3D electromagnetic simulation.  

Electromagnetic Simulations in IE3D 

Maxwell’s equations describe the electromagnetic phenomena as a series of 

differential equations.  The solutions to these equations are the 3D electric and 

magnetic fields. Numerical solution of these equations involves many unknowns. 

Instead IE3D solves the Maxwell’s equations in an integral form through the use of 

Green’s functions. In the integral form, Maxwell’s equations are: 

x y z Y{�B ��S�|!}k           (4-1) 

x 
 z Y{�B � ~          (4-2)  

� y z Y� � �� ���������           (4-3) 

� 
 z Y��� �����p $ ���� �������         (4-4)  
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where, 

y = electric field strength 


 = magnetic field strength 

Y{ = differential vector element of surface area { 

Y� = differential vector element of path length � 
W�[! = net electric charge enclosed in the volume [�
�� = permittivity of free space 

��= permeability of free space 

x ��p  = surface integral over the closed surface N�
� ���  = line integral over the closed loop � 

�p = net electric current passing through the surface S 

���� = electric flux through the surface N 

���� = magnetic flux through the surface N 

��� = partial derivative with respect to time 

The formulation for electric current is as follows  [25]. Consider a conducting 

structure in a stratified 3D space consisting of a stratified medium of N+1 dielectric 

layers separated by N parallel planar interfaces. An incident field is imposed on the 

structure, inducing a current distribution on it. The induced current will create a 

secondary field to satisfy the boundary conditions. For a typical conducting structure, 

the current is distributed on the conducting surface and the boundary condition is  

y��! � �B��!���!          (4-5) 

where, N is the conducting surface and � � N. y��! is the total tangential field on the 
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surface, ���! is the current distribution on the surface, and �p��! is the surface 

impedance of the conductor. The total electric field is given as, 

y��! � y?��! $ � �����-! z ���-!Y�-�p        (4-6) 

where, �����’! is the dyadic Green’s function for the dielectric environment and y?��! is 

the incident field on the conducting surface. Components of the dyadic Green’s function,  

������-!  and �E����-! represent the electromagnetic fields at location r excited by 

current dipole at r’. Therefore, �����’! satisfies the boundary conditions everywhere in 

the 3D medium except the boundary condition on the conducting surface. Substituting 

Equation 4-6 in Equation 4-5, we get the integral equation, 

�B��!���! � y?��! $ � �����-! z ���-!Y�-�p        (4-7) 

The incident field and the surface impedance are provided, and the Green’s function 

can be derived. The current distribution ���! is the only unknown in the Equation 4-7. It 

may be assumed to be a represented by a set of complete basis functions with an 

infinite number of terms. This infinite dimensional problem cannot be solved analytically, 

except for some very special cases, and may be solved by a numerical method by 

truncating the infinite series with a finite number of terms. A method of moments (MoM) 

formulation is used to solve for the current distribution over the entire metallic surface. 

After the current distribution is solved, the simulation solves for the scattering 

parameters, radiation parameters, RLC equivalent circuit of the structure, near field 

distribution and other parameters of interest. The magnetic current formulation is similar 

to the electric current formulation. The newer versions of IE3D are capable of solving 

3D finite dielectric problems. A Green’s function satisfying the boundary conditions on 

the finite dielectrics cannot be obtained. Hence, the finite dielectrics have to be meshed 
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and the equivalent current distribution inside the finite dielectrics has to be solved. Since 

IE3D is a full wave simulator, there are no assumptions involved in solving the field 

equations. The only source of error is the numerical nature of the solution. The 

simulations are, therefore, claimed to be very accurate.  

Figure 4-1 shows the basic parameter definition for a new geometry file. In IE3D, 

substrates are defined and modeled as infinite planar dielectrics in the x-y plane.  Figure 

4- 2 shows the dialog for defining new substrates. It allows the user to enter the z-

coordinate of the top surface layer to define the thickness of the substrates. The 

electromagnetic properties of the substrate must also be defined here. Typical substrate 

definition parameters used in our simulations are as in Figure 4- 1.  The z=0 plane is 

usually defined as the ground plane. The sapphire substrates used in most of our 

simulations are of commercially available 17-mil (or 432 microns) thickness. The 

metallic strip types (Figure 4- 3) and any finite dielectrics (Figure 4- 4) are also defined 

from within the basic parameters.  

MGRID is the user interface throughout the process of electromagnetic 

simulation. It is the layout editor for construction of a structure, and also serves as the 

post processor for current display, near field calculation and visualization. The coil 

layout can be created using this polygon editor by entering the vertices of the polygon. 

There are also predefined macros for conveniently creating standard structures such as 

rectangles, spirals, circles, ellipses and rings. 

 MGRID allows for the construction of geometry using other tools and the free 

import and export in GDSII and CIF formats. The coil geometries for our simulations 

were usually created using the XIC graphical input editor (Whiteley Research Inc.).  It is 
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primarily an integrated circuit mask layout editor. We have written scripts that generate 

the coil designs by accepting the user-defined dimensions. The layouts are saved within 

XIC in a proprietary format, and can be exported to the GDSII format. It can then be 

imported into the IE3D format from within MGRID. Once the structure layout is 

completed and excitation ports are defined, the geometry description is saved as a 

‘.geo’ file.   

IE3D is the dialog shell for invoking and monitoring the progress of the 

simulation. The IE3D dialog is conveniently integrated into MGRID. The EM simulation 

engine for numerical analysis is IE3DOS, which is a DOS-style command line 

application. It is called in the background by the IE3D dialog to perform the simulation 

and is hidden from the user. The simulation setup dialog allows the user to define and 

change the meshing parameters, accuracy control parameters and the simulation 

frequency points. These simulation control parameters are stored in a ‘.sim’ file. A very 

advantageous feature of IE3D to obtain fast and accurate frequency response is the 

Adaptive Intelli-Fit (AIF). The AIF can adaptively select some of the defined simulation 

frequency points, simulate them and extrapolate the remaining frequency points.  

The simulation result is saved in a format compatible with Agilent/EEsof. The 

simulation results are displayed and processed using the MODUA post processor. The 

current distribution file (.cur) can be optionally saved after a simulation. The current 

distribution can be opened in MGRID in post-processing to display as colorful density 

plots and vector current distribution plots. The MGRID post processor also allows the 

calculation of near field distribution on the structure. 
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Sensitivity 

The principal aim of this project is to achieve improved sensitivity on the 13C 

channel, while maintaining or improving on the 1H sensitivity. The benchmark for the 1H 

sensitivity is the 1-mm HTS triple resonance probe described in Chapter 2  [9]. Some 

gain in sensitivity is achieved by the slightly larger sample volume. However, much of 

the proposed improvement in sensitivity must come from improvements in coil designs. 

The capability to predict and compare sensitivities of candidate coil designs is, 

therefore, of utmost importance.  

Fuks and Anderson [26] described a method for the determination of the 

magnetic field generated by an NMR coil. Their approach is a perturbation method in 

which a small test body is moved inside the coil. The resulting shift in resonance 

frequency is used to determine the map of the magnetic field of interest. The 

determination of the RF magnetic field can be performed independent of the static 

magnetic field, thus freeing up valuable spectrometer time.  

This method is known as ‘Ball shift’ or ‘B1 shift’, and is a standard industrial test 

to quantify the sensitivity of the coils. A small metallic cylinder, often smaller than the 

sample dimensions, is inserted in the sample region [27] [28]. For a constant coil Q, the 

ratio of the resulting upward shift in frequency to the resonance frequency is 

proportional to the square of the B1 field in the sample region. 

 �� P ��� ���           (4-8) 

where��� is the resonance frequency in the absence of the metal cylinder and �� is the 

shift upon insertion of the cylinder. Since sensitivity varies directly as the B1,  
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N���� ��� + P ��� ���          (4-9)  

This method is incorporated into our simulations to quantify and compare the 

sensitivity of the candidate coil designs. The B1-shift test simulation was validated by 

comparison to an actual coil used in a 5-mm Varian NMR probe. The coil geometry file 

and experimental data were provided by Dr. Richard Withers (Agilent Technologies, 

Inc.). In order to calculate the frequency shift, a metallic cylinder of 2-mm diameter and 

5-mm height is modeled in IE3D by approximating the cylinder 16 sides.  

Homogeneity 

As detailed in Chapter 3, it is a fundamental requirement in NMR probe design 

that the time-varying magnetic field produced by the RF coil be homogenous in nature. 

Homogeneity of the candidate coil designs were evaluated using the electromagnetic 

simulations. The near field calculation capability of IE3D enables us to predict the 

homogeneity of the candidate coil designs. The MGRID post-processor is capable of 

color rendering as well as generating plots of the magnetic field. Figure 4-8 shows the 

color plot of the magnetic field on a plane parallel to the substrates. This field data is 

manipulated in order to simulate the 810/90 homogeneity tests (explained in Chapter 3) 

used experimentally on an NMR spectrometer. This enables us to characterize the coil 

designs based on standard experimental tests.   

In order to evaluate the homogeneity of the coils, we need to evaluate the 

magnetization at every data point in the sample region. Having established an 

equilibrium polarization M0 of the sample by introduction into a static magnetic field, an 

RF pulse applied for time t will produce a transverse magnetization of magnitude 	�� 
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	�� � 	�  �%& ���          (4-10) 

where, B1 is the peak magnitude of the pulse. Assuming M0 is constant (i.e. a 

homogenous B0 field), the magnetization at each point, following an RF pulse of length 

 , is proportional to��%&����? !. By the principle of reciprocity, the detection efficiency is 

proportional to the B1 field produced by the coil at the specific data point. Hence, the 

signal N? contributed by each data point is described by 

N?� ! P ���?��������? !         (4-11)        

where, B1i is the B1 at each data point i. The overall signal detected is the summation 

from each data point. 

N� ! P   ��? �������? !?          (4-12)  

For a reasonably uniform B1, N� ! typically resembles a decaying sinusoid.  We 

can consider the first maximum to correspond to a 900 pulse, the second maximum a 

4500 pulse, and the third an 8100 pulse.     

To carry out the homogeneity prediction, the magnetic field values in the sample 

region are determined using the near field calculations capability in IE3D.  The 

calculated magnetic field data over a sample region of 1.2 mm × 1.2 mm × 30 mm is 

saved into an ASCII file. This data file is then exported to MATLABTM. A script in 

MATLABTM (appendix) sums over the data points within the defined sample region 

following Equation 4-12 for the desired set of time points.  A sample plot of�N� !, as 

shown in Figure 4-10, is used to verify that enough time points have been evaluated to 

reach the 8100 pulse. For the present purposes, arbitrary units can be used for both the 

signal intensity and time step.  Ratios of the first three maxima then provide the 
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predictions for the expected 450/90 and 810/90 values. The values can be directly 

compared against the homogeneity test results as described previously in Chapter 3. 

Electric Field 

The presence of electric field in the NMR sample region is not desired. Losses 

due to electric field penetrating the sample region have been analysed previously and 

classified as inductive and dielectric losses  [29].   

The applied B1 pulse is an alternating magnetic field in the sample region. As 

described by the Maxwell-Faraday equation, the time varying magnetic field induces an 

electric field.  

¡  y � � �
��            (4-13) 

This component, known as non-conservative electric field, is associated directly with the 

time varying magnetic field and cannot be removed. The eddy currents are induced by 

the alternating B1 field and are classified as inductive losses . To minimize losses from 

this component, NMR probes are designed so that the sample is in a region where the 

RF electric field passes through a minimum or null  [21].   

The other component of electric field is produced by the distributive electric 

potential in the conductor of the probe coil. This component, known as conservative 

electric field, is associated with the voltage needed to drive current through the 

resonator. Since there is no associated magnetic field,  

¡  y� � ~           (4-14) 

where y� is the conservative electric field   It is sometimes referred to as electrostatic 

field, since there is no associated time varying magnetic field. The losses are classified 

as dielectric losses. There is observed heating of the sample during the transmit or 
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decoupling pulses [30].  In the receive phase, it both decreases the quality factor of the 

probe and adds thermal noise to the signal, thus affecting the sensitivity of the probe. 

Research is continuously focussed on reducing the electric field [21] [22] [31].  With a 

“low-E” probe that reduced the conservative electric field component in the sample 

region, it was noted that the change in resonance frequency and matching of the probe 

upon sample insertion was very little [31].  

To quantify the electric field in the sample region, we simulate the sample loading 

of the coil. The sample is modeled as a finite dielectric layer 1.2mm × 1.2mm × 30mm. 

This is implemented by defining a finite dielectric. The dielectric constant is chosen as 

70, close to that of water at typical sample temperatures. The conductivity of the 

dielectric is set to zero in order to eliminate the inductive losses and only observe the 

dielectric losses [29]. The modeling of the sample as a slab is dictated by the limitation 

of IE3D to model 3D dielectrics. The resulting shift in frequency is a measure of the total 

electric field in the sample region.  
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Figure 4-1. Basic parameters definition dialog box 

 

 

Figure 4-2. Substrate layer definition window 
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Figure 4-3. Metallic characteristics definition dialog box 

 

 

Figure 4-4. Finite dielectrics definition window 
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Figure 4-5. MGRID window showing the 2-D and 3-D display of the coil layout 
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Figure 4-6. Simulation setup dialog box with typical parameters 

 

 

Figure 4-7. Frequency range definition dialog 



Figure 4-8. Perspective view of the B
resonance frequency upon insertion of the metallic loading is a measure of 
the coil sensitivity  

Figure 4-9. Plot of the component of the magnetic field in the transverse plane 
simulated by IE3D. The field calculations from IE3D are e
the homogeneity of the coils.
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8. Perspective view of the B1-shift test simulation setup. The shift in the 
resonance frequency upon insertion of the metallic loading is a measure of 

 

 

9. Plot of the component of the magnetic field in the transverse plane 
. The field calculations from IE3D are exported to predict 

the homogeneity of the coils. 

The shift in the 
resonance frequency upon insertion of the metallic loading is a measure of 

9. Plot of the component of the magnetic field in the transverse plane 
xported to predict 
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Figure 4-10. Plot of the signal intensity as a function of pulse length used to calculate 
the 8100/900 values. This figure is a simulated version of the 8100/900 test 
shown in Figure 3-2. 

 

Figure 4-11. Perspective view of the dielectric shift test simulation setup. The shift in 
resonance frequency is a measure of the electric field in the sample region. 
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CHAPTER 5 
COIL DESIGNS 

Conventional Design 

The aim of the current project is to design and construct an NMR probe that 

highly increases the sensitivity of the 13C detection in a natural abundance 600 MHz 

NMR spectroscopy. Specifically, the project aims to improve the overall sensitivity of the 

13C detection by close to a factor of 10, while not significantly compromising the 1H 

mass-sensitivity  [9]. As detailed in Chapter 2, the sensitivity of the coils decreases as 

they are moved away from the sample. Therefore, a very easy means to improving the 

sensitivity on the 13C channel is to place them closest to the sample. One embodiment 

of the 1.5-mm 13C optimized probe utilizes this approach. The 1H channel is placed 

second from the sample, the 2H lock channel third from the sample and the 15N channel 

fourth from the sample. The overall coil layout is as shown in Figure 5-1. There will 

undoubtedly be some reduction in sensitivity in the 1H detection and 2H lock sensitivity 

compared to the 1-mm probe. This is partly offset by the larger sample volume 

accommodated in the 1.5-mm probe. The compromise in the 1H sensitivity is acceptable 

considering the enormous advantages offered by the gain in 13C sensitivity.  

This embodiment of this probe design utilizes rather conventional coil designs. 

The coil designs are proprietary to Agilent Technologies, Inc., and were provided only 

for electromagnetic simulations. Electromagnetic simulations of the coil designs in this 

probe were performed in IE3D, not for evaluation as a candidate coil, but as a 

benchmark for the newer coil designs. The results of the tests for homogeneity, 

sensitivity and sample loading are summarized in Table 5-1.  
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Double Resonance Design 

In the earlier conventional embodiment described, the 13C channel was chosen to 

be the highly optimized channel. In order to eliminate the slight compromise on the 1H 

channel, one approach is to use doubly tuned coils. Such doubly tuned coils have 

previously been reported for normal metal coils [32] [33] [34] [35]. The overall coil layout 

of the 1.5-mm probe employing such doubly tuned coil sets is depicted in Figure 5-2.  

Shielding in Parallel Modes 

The limitation of patterning the YBCO films only on planar sapphire substrates 

restricts the coils to planar designs. This eliminates the potential of high filling factors 

achievable only with curved coils designed to snugly fit around the sample. The nested 

Helmholtz pair arrangement causes only one channel, the one placed closest to the 

sample, on the probe to be highly optimized. Towards the building of a 13C optimized 

probe, the plan was to put a 13C coil on the inside of a 1H coil. These coils would 

preferably be patterned on opposite sides of the substrate. One problem with this 

arrangement is the 13C spiral shielding the field from 1H coils. We predicted that there 

might be enhanced shielding around the higher mode resonances of the spiral. We also 

hypothesized the possibility of anti-resonances where the shielding was less. In that 

case we could possibly tune the spiral to resonate at 13C frequency and be transparent 

at the proton frequency. To study these effects in further detail, IE3D simulations were 

carried out.  

An 18-turn rectangular spiral was used for the simulations. The fundamental 

resonance occurred at 68.9 MHz, and higher order resonances were observed at 165.2 

MHz with one internal node, 257.5 MHz with two internal nodes, and so on. The 
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strategy was to put loop shaped ports on either side of the spiral, and sweep the 

frequency. This would enable us to study the transmission as a function of frequency. 

The choice of circular loops as coupling ports was to be able to see the shielding of the 

magnetic field across the spiral and to ensure that the coupling between the spiral and 

the port was entirely due to the magnetic field. The setup is shown in perspective in 

Figure 5-3. 

S21 is a scattering parameter defined as the ratio of the power of the wave 

incident on port 2 to the power of the wave transmitted from port 1. It is essentially the 

transmission coefficient signifying the proportion of power transmitted from port 1 to port 

2. Figure 5-4 shows the S21 transmission with and without the spiral in between. Except 

at the resonances, the shielding due to the spiral is fairly constant at around 4dB up to 

frequencies as high as 1 GHz.  A 4dB reduction in field is unacceptable as this is 

accompanied by a significant shielding current in the spiral, which can distort the shape 

of the applied field. At the resonances, the shielding is less at the lower frequency limit 

and higher at the higher frequency limit. The region of lower shielding cannot be used 

as a window for proton frequency because of the very narrow range. The -3dB range in 

the unshielded region around the 3rd mode is 13 kHz and around the 5th mode is 9 kHz.  

Hence, the ideal approach to optimizing the sensitivity of two channels 

simultaneously is to design the channels with minimum magnetic interaction. Coil sets 

for doubly tuned performance on 1H and 13C channels were designed with mutually 

perpendicular fields in order to minimize the magnetic interaction.  
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 ‘I-bar+Spiral’ Design 

The first design demonstrating this double resonance effect is the ‘I-bar+spiral’ 

design. This coil is a two layered coil with conductive elements on both sides of a 

sapphire substrate. As the name indicates the coil incorporates an I-bar on one side of 

the substrate, say front layer, and a simple spiral on the other layer, say back layer. The 

coil design is represented in Figure 5-5. The spiral individually acts as the 13C resonator, 

but in the 1H mode, current flows in both layers. The current distribution plots at the 

resonance frequencies are shown in Figures 5-6 and 5-8. At the 13C mode, the spiral 

behaves independent of the upper layer and produces a field perpendicular to the 

substrate. This mode is observed at a frequency close to the fundamental resonance of 

the spiral. At a much higher frequency, the coil resonance is observed wherein all of the 

current flows through the central strip of the I-bar, couples capacitively onto the back 

layer and flows back along the turns of the spiral on either side. The resultant magnetic 

field at this mode is parallel to the substrate. A schematic of the magnetic field lines is 

shown in Figures 5-7 and 5-9. This design allows the placement of both 1H and 13C coils 

close to the sample, and therefore provides improved sensitivity on both channels 

simultaneously. 

It was realized that the ends of the spiral need to align along the top and bottom 

of the spiral in order to produce the double layer resonance. This can be attributed to 

the fact that the current in the spiral layer at this mode goes through nulls at the top and 

bottom of the spiral, appearing as if the spiral is individually in a higher ordered 

harmonic. Placing the ends of the spiral away from this setup disturbs the alignment of 

the nulls and the fields are no longer additive.  
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One of the requirements for this coil design is that the substrate needs to be thin 

enough to allow enough capacitive coupling between the two layers. Initial simulations 

results were obtained with a 6-mil thick sapphire substrate. However, the difficulty of 

patterning and trimming the YBCO films on extremely thin sapphire wafers encourages 

the use of thicker wafers. 17-mil thick wafers are the current industry standard. As a 

compromise, this design was patterned on 8-mil substrates. 

The 13C mode, being a simple spiral fundamental resonance, behaves in a 

relatively predictable manner, and produced a satisfactorily homogenous field. 

However, in the 1H mode, the homogeneity was very poor. Figure 5-10 shows the 

homogeneity along the long and short axis of the coil. The centre strip of the I-bar was 

made broader at the middle and tapered at the ends in order to balance the current 

density distribution. Figure 5-11 shows the modified design and Figure 5-12 shows the 

improved homogeneity of the field plots.  

Before incorporating these coils into a probe, these designs are extensively slit 

along a direction parallel to the flow of current. In simulations of the unslit version of this 

coil, there was observed relatively large shielding currents in the I-bar layer in the 13C 

mode. Hence, the slit version of the design was generated using the XIC layout editor. 

The slit I-bar coil is shown in Figure 5-13. We hypothesized that the presence of 

conductive elements of the I-bar overlapping the regions of the spiral would act as 

shields for the electric field. In order to simulate this effect, it was essential to use the slit 

versions of these designs. However, the dielectric shift test simulations do not 

demonstrate much reduction in the electric field.  
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After fabrication, the HTS coils undergo final fine tuning by laser trimming of 

small portions of the coil. When fabricated and laser trimmed on overlapping regions of 

opposite sides of a single sapphire wafer, the laser trimming can potentially damage the 

film on the back layer inadvertently. In order to allow for final frequency trimming, it is 

required that there be non-overlapping regions of coil. This additional constraint makes 

the design and construction of this I-bar + spiral coil extremely complicated. 

Three-Layer Design  

In order to improve on some of the shortcomings of the ‘I-bar +spiral’ design, a 

three layered design is proposed. The coil design is shown in Figure 5-14. This design 

incorporates two independent resonators on two different substrates, which are then 

cemented together back-to-back and the back layer of one of the substrates includes 

Faraday shielding  [21]. For the 1H resonator, the I-bar design in the above coil is 

modified to include inter-digital capacitance, thus eliminating the need for parallel plate 

capacitance with the back layer. The Faraday shielding is incorporated in order to 

reduce the high electric field from the 13C spiral. Additionally, the shielding eliminates 

any residual capacitive coupling between the two resonators. There is minimum overlap 

in magnetic field components of both the resonators since the 1H mode produces a field 

perpendicular to that of the 13C field. Therefore, the two resonators are essentially 

completely isolated from each other, even though they are placed close to each other. 

This is observed in the current plots of the two resonances as seen in Figures 5-15 and 

5-16. A schematic of the magnetic field lines is shown in Figures 5-16 and 5-18. 

The Faraday shielding helps in minimizing the electric field from the spiral. Since 

the two resonators are independent of each other, the thickness of substrate is no 
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longer critical. Since these two resonators are constructed on two different substrates, 

the final frequency trimming can now be conducted independently. 

Results and Discussions 

Table 5-1 compares the various parameters studied for these candidate coils 

against the benchmark of the conventional coil designs.    

In conventional HTS coils for NMR, the coil for only one nucleus is patterned on a 

single sapphire substrate. Two such coils are used as a Helmholtz pair on either side of 

the sample in order to achieve reasonable homogeneity. In the 'conventional design' 

described, four pairs of substrates are employed in order to realize the four channels of 

the triple resonance probe, i.e. 1H, 13C and 15N, and the 2H lock channels. In the ‘double 

resonance’ coil embodiment, coils for two different nuclei are included on a single 

substrate. Hence, the four channels are included with only two pairs of substrates. This 

enables us to improve the filling factor of the coils, and hence, their detection sensitivity. 

The double resonance "I-bar +spiral" design is predicted to perform efficiently 

when patterned on a two-sided 8-mil sapphire substrate. The B1-shift test for sensitivity 

predicts a 5.60 MHz shift for the 1H mode, compared to the conventional 1H design B1-

shift of 2.42 MHz. According to Equation 4-9, this would translate to about a 52% 

increase in 1H sensitivity. The increase in sensitivity is predicted to arise mainly from the 

ability to place the 1H closest to the sample, compared to the second position in the 

conventional design. The reduction of about 30% in 13C sensitivity is also attributed to 

the increase in distance from the sample. 

In one of the modes, i.e. 1H mode, current flows in both the conducting layers. 

This affects the tuning capability, since fine tuning on the 1H mode is not possible 
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without significantly altering the 13C mode. The tuning of this I-bar + spiral coil would be 

tricky and would require special allowance of non-overlapping 'tuning areas' in the 

design. 

The fringing electric field from the 1H mode is slightly elevated compared to the 

conventional coils. This effect is expected because of the close placement of the 1H 

coils. This increase in electric field is acceptable. However, the large fringing electric 

field from the spiral resonance (13C mode) is highly unacceptable. It was anticipated that 

the presence of the traces of the I-bar overlapping the regions of spiral traces would 

shield the fringing electric field from the spiral. However, there is still a large electric field 

in the sample region, as observed in the dielectric shift tests. 

In the case of the “three-layered design”, the current flow in both the modes is in 

one layer of the conductors only. This mutual decoupling is achieved by the 

incorporation of the Faraday shields in between the two coils. Since the resonance 

modes are now independent, the tuning of these coils is much less trickier. As the two 

coils are fabricated on two different substrates, the fine tuning using laser trimming is 

anticipated to be relatively easy.  

The sensitivity tests predict about 63% increase in 1H sensitivity when compared 

to the conventional designs. There is a slight reduction of about 10% in 13C sensitivity 

compared to the conventional designs. Both the changes are in accordance with the 

change in the relative distances of the coils from the sample.  

The dielectric shifts indicate the electric fields from this design to be slightly 

elevated compared to the conventional coil designs. The increase in the 1H mode 

electric field is expected, since the coils are placed very close to the sample. The 
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reduction in the fringing electric field in the sample region in the 13C mode is attributed 

to the Faraday shields placed between the two coils.  

The homogeneity values of the 1H mode on both the double resonance designs 

are poor. This is due to the polarization of the magnetic field parallel to the substrate, in 

contrast to the conventional perpendicular polarization of the magnetic field. Efforts are 

on-going to optimize this further.  

Table 5-1. Comparison of candidate coils for 1.5-mm probe 
Coil Set Conventional 

Designs 
2-sided spiral/I-bar Spiral + Figure-8-

racetrack 
Parameters to 

Consider 

1H 13C 1H 13C 1H 13C 

Substrate 
requirements 

--- --- 2-sided 8-mil 17-mil + 17-mil 

Tuning Easy Easy Difficult Easy Easy Easy 
810/90 (%) 83% 82% ~50% 83% 65% 84% 

B1-shift (d�) 2.42 MHz 1.20 MHz 5.60 MHz 0.62 MHz 6.50 MHz 0.96 MHz 
Dielectric Shift 

(d�) 
70 kHz 8 kHz 110 kHz 140 kHz 126 kHz 28 kHz 

 

 

Figure 5-1. Proposed overall coil layout of conventional design for 1.5-mm probe.  13C 
coils, placed closest to sample, will provide a significant gain in sensitivity.  
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Figure 5-2. Overall coil layout of double resonance design for 1.5-mm probe. Doubly-
tuned coils allow the possibility of simultaneously optimizing two channels. 

 

 

Figure 5-3. Perspective view of setup for shielding effect of spiral coil. Loop ports on 
either side of the spiral enable us to look at the effect the spiral on 
transmission. 
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Figure 5-4. S21 transmission curve with and without spiral between the two coupling 
loops. The spiral causes about 4 dB reduction in the transmission, even up to 
frequencies as high as 1 GHz. 
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Figure 5-5. Unslit design of the double resonance candidate coil design ‘I-bar + spiral’. 
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Figure 5-6. Current distribution plot of the I-bar + spiral design in the 1H mode. Current 
flow is observed in both the layers. The alignment of the nulls in the spiral at 
the top and bottom is critical to producing a useful magnetic field pattern. 
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Figure 5-7. Current flow and magnetic field lines in the 1H mode of the I-bar + spiral 
design shown in cross section. The magnetic field in the sample region is 
parallel to the substrate.  
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Figure 5-8. Current distribution plot of the I-bar + spiral design in the 13C mode. Current 
flow is primarily in the spiral layer. Apparent current flow in the I-bar is due to 
Eddy-current effects. 
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Figure 5-9. Current flow and magnetic field lines in the 13C mode of the I-bar + spiral 

design shown in cross section. The magnetic field in the sample region is 
perpendicular to the substrate. 

 



Figure 5-10. Magnetic field plots showing the poor homogeneity on the 
I-bar + spiral design
to coil is plotted along the length of the sample.
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Magnetic field plots showing the poor homogeneity on the 1H mode of the 
bar + spiral design. The total magnetic field at the centre of the sample due 

to coil is plotted along the length of the sample. 

 

H mode of the 
. The total magnetic field at the centre of the sample due 
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Figure 5-11. Tapered edges and broad belly of the modified I-bar + spiral design.   



Figure 5-12. Magnetic field plots showing the improved homogeneity on the 
the I-bar + spiral design due to the streamlined I
at the centre of the sample due to coil is plotted alon
sample. 
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. Magnetic field plots showing the improved homogeneity on the 
bar + spiral design due to the streamlined I-bar. The total magnetic field 

at the centre of the sample due to coil is plotted along the length of the 

 

. Magnetic field plots showing the improved homogeneity on the 1H mode of 
The total magnetic field 

g the length of the 
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Figure 5-13. I-bar design generated using XIC layout editor to include slits parallel to 
flow of current.  
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Figure 5-14. The three layered design candidate coil with Faraday shields (in blue) 
sandwiched between the front and back layers 
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Figure 5-15. Current distribution plot at 1H mode of three layered design. 
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Figure 5-16. Current flow and magnetic field lines in the 1H mode of the figure-8 + spiral 

design shown in cross section. The magnetic field in the sample region is 
parallel to the substrate. 
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Figure 5-17. Current distribution plot at 13C mode of three layered design 
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Figure 5-18. Current flow and magnetic field lines in the 13C mode of the figure-8 + 

spiral design shown in cross section. The magnetic field in the sample region 
is perpendicular to the substrate. 
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CHAPTER 6 
CONCLUSION 

Years of research have been devoted to designing NMR probes constructed from 

high temperature superconducting materials. However, the ability to predict the behavior 

of these HTS coils is limited. Previously, electromagnetic modeling was used only to 

predict the resonance frequencies and to guide the tuning of these coil designs. With 

the help of a commercial electromagnetic simulation program IE3D, we have been able 

to create a set of standardized tests in order to characterize and compare the candidate 

coil designs.  Prediction of the homogeneity values of the coils according to the 

specifications commonly quoted by spectroscopists enables us to directly compare with 

experimental values. Efforts are on-going to add more simulation tests, such as 

prediction B1 pulse lengths and signal-to-noise ratio. 

We have also been able to design HTS coils that exhibit double resonance. 

Though previously described for normal metal coils, double resonant designs have not 

been previously achieved for HTS coils. The planar construction geometry of the HTS 

coils has so far limited the probe design such that sensitivity optimization was possible 

on only one nucleus. Patterning of coils for two different channels on the same 

substrate allows for optimization of sensitivity on two different nuclei. Comparative 

characterization of these double resonance designs against more conventional designs 

suggest that the slight compromises on electric field and homogeneity are a small price 

to pay for dual sensitive probes.  

The conventional coil design described in Chapter 5 is currently under 

manufacture at Agilent Technologies, Inc. and will be installed for use in the Advanced 

Magnetic Resonance Imaging and Spectroscopy (AMRIS) facility at the University of 
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Florida. Once the double resonance designs are optimized, the most promising among 

those will be manufactured into a second 1.5-mm probe for use at the same facility. 

Beyond the obvious advantage of the availability of two extremely high sensitivity 

probes available on campus for research purposes, this will also enable us to 

experimentally characterize and compare the performance of these two probes to 

further validate the simulations. 
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APPENDIX: MATLABTM script to calculate 810/90 values 

function homogeneity() 
 
filename = input('Enter name of file:  ', 's'); 
dt = input('Enter timestep: '); 
T = input('Enter total time: '); 
nx = input('No. of data points in x: '); 
ny = input('No. of data points in y: '); 
nz = input('No. of data points in z: '); 
 
filename_Hx=strcat(filename,'_Hx.txt'); 
filename_Hz=strcat(filename,'_Hz.txt'); 
 
fidd=fopen(filename_Hx) ;  % Reading the X component file 
fid=fopen('Hx.txt','w') ;   
while ~feof(fidd) ;  
    tline=fgets(fidd) ;  
    if isletter(tline(1))==1 ; 
    else 
        fwrite(fid,tline) ; 
    end 
end 
fclose all; 
 
fidd=fopen(filename_Hz) ; % Reading the Z component file 
fid=fopen('Hy.txt','w') ;  
while ~feof(fidd) ;  
    tline=fgets(fidd) ;  
    if isletter(tline(1))==1 ; 
    else 
        fwrite(fid,tline) ; 
    end 
end 
fclose all; 
 
fid=fopen('Hx.txt'); 
Hx=fscanf(fid,'%f'); 
fid=fopen('Hy.txt'); 
Hy=fscanf(fid,'%f'); 
n=length(Hx)/7; 
hx=zeros(n,1); 
hy=zeros(n,1); 
Ht=zeros(n,1);     
for i=1:n 
    hx(i)=Hx(i*7-1); 
    hy(i)=Hy(i*7-1); 
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    Ht(i)= sqrt(hx(i).^2 + hy(i).^2); % Total B1 field 
end 
 
H=zeros(nx,ny,nz); 
L=zeros(length(Ht),1); 
for i=1:nx 
    for j=1:ny 
        for k=1:nz 
            if (i^2 + j^2 <= nx^2)  % Circular cross section 
                H(i,j,k)=Ht((i-1)*ny*nz+(j-1)*nz+k); 
            end 
            L((i-1)*ny*nz+(j-1)*nz+k)=H(i,j,k); 
        end 
    end 
end 
 
no=T/dt+1; 
 
for i=1:no 
    t(i)=(i-1)*dt; 
    temp=L.*sin(L.*t(i)); 
    S(i)=sum(temp); 
end 
         
plot(t,S); grid on; 
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