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EXECUTIVE SUMMARY

This project evaluates the feasibility of using a strong alternating magnetic field, in
addition to the Earth’s weaker magnetic field, to improve nuclear magnetic resonance
spectroscopy. In this new method of NMR spectroscopy devised by Prof. Michal, an
electromagnet, instead of the Earth, is used to generate static magnetic field. A solenoidal
coil produces a magnetic field strength of approximately 2.35 mT, over 40 times greater
than that of the Earth. The stronger static magnetic field is expected to increase the signal-

to-noise ratio of the NMR signal by more than 700 times over traditional Earth’s field NMR.

The objective of this project is to produce an engineering prototype demonstrating
parametrically enhanced NMR spectroscopy. The prototype consists of a transmitter coil to
generate the alternating static magnetic field, a receiver coil to detect the Larmor
precession of the test specimen, and an electronic circuit to filter and amplify the NMR
signal. By using an alternating static magnetic field, the detrimental spin dephasing caused
by field inhomogeneities can be reduced. The prototype necessitates relatively inexpensive

components and maintains a portable form factor.

In developing the prototype, the transmitter coil and the receiver coil has been
fabricated and characterized. After evaluating the two proposed waveforms for driving the
transmitter coil, the sinusoidal waveform is selected and a circuit has been designed and
breadboarded. The NMR signal processing circuit successfully rejects 37 dB of the offending
noise signal to theoretically allow the Larmor precession to be discerned. Due to
unforeseen distortion in the output signal of the power amplifier, the specified static
magnetic field strength cannot be achieved. As a result, the parametrically enhanced NMR

spectrometer prototype has not been realized within the project timeframe.

Several recommendations are suggested to correct the identified problems and
improve the current design. With additional development, this novel NMR spectroscopy

method can be developed into inexpensive and portable NMR spectroscopy applications.
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INTRODUCTION

BACKGROUND

Nuclear magnetic resonance (NMR) is a phenomenon discovered relatively recently
in 1945, and has revolutionized medical imaging and chemical analysis since. Nuclei with
non-zero spin, such as protons, have an intrinsic magnetic moment and spin angular
momentum that can be manipulated using an externally applied static magnetic field.
Nuclear spins preferentially align with the static magnetic field B, to lower their energy
state, resulting in a bulk spin magnetization in the field direction. When an appropriate
oscillating magnetic pulse is applied, the nuclear spins can be reoriented perpendicular to
the direction of B,. Because of their intrinsic spin angular momentum, nuclear spins
precess about B, before dephasing and returning to equilibrium parallel to the direction of
the static magnetic field. This phenomenon is termed Larmor precession. Using a sensitive
magnetic coil perpendicular to B, the precessing magnetization from the nuclear spins can
be detected. The properties of the signal, such as relaxation time, can be used to

characterize the sample under analysis. [1]

The high cost of the equipment to generate the intense static magnetic field,
however, has been a major deterrent to the widespread adoption of NMR technology. The
homogeneity of B is directly related to the spectral resolution of the NMR signal, which
also contributes to the cost. The Bruker BioSpin AVANCE 1000 NMR spectrometer, which
incorporates the world’s strongest superconducting NMR magnet at 23 T, has a list price of

11.7 million Euros. [2]

The Earth produces a magnetic field that can be utilized as the static magnetic field
in NMR measurements, in lieu of an externally generated magnetic field. The strength of the
Earth’s magnetic field varies approximately from 30 uT near the equator to 60 uT near the
geomagnetic poles. [3] The strength of the Earth’s magnetic field on the University of
British Columbia Vancouver campus (49°15'59", -123°15'13") is approximately 55 uT. [4]



The portable Magritek Terranova-MRI spectrometer uses the Earth’s magnetic field to

perform spectroscopy and three-dimensional imaging relatively inexpensively. [5]

The spin-% proton is often the subject of NMR spectroscopy measurement because
of its high gyromagnetic ratio and its abundance in molecules in the form of the positive
Hydrogen ion. The gyromagnetic ratio y relates the Larmor precession frequency f, to the

static magnetic field strength B, by

_Y
fo = 5= Bo-[1]

Thus, deviation in the Larmor precession frequency is directly dependent on the
homogeneity of the static magnetic field. On the University of British Columbia Vancouver
campus, the Earth’s magnetic field results in a proton precession frequency in the audio
spectrum:

fo = (42.6 MHz T~1)(55 uT) = 2.34 kHz. [6]
The most significant limitation of using the Earth’s magnetic field for NMR spectroscopy is
the poor signal-to-noise ratio (SNR) of NMR signals at low field strengths. The SNR is
predicted to vary dramatically with B, per

SNR (BO)%. [7]
Notwithstanding, the excellent homogeneity of the Earth’s magnetic field somewhat
compensates for its low field strength. The spatial homogeneity of the test specimen’s spin
magnetization enables a much larger sample to be used without decreasing the spectral
resolution due to deviating Larmor precession frequencies. To enhance the magnetization
of the nuclear spins and thus the SNR of the NMR signal, the nuclei can be pre-polarized by

applying a strong magnetic field before the spins are perturbed from equilibrium. [8]

PROJECT DESCRIPTION

This project evaluates the feasibility of using a strong alternating magnetic field, in
addition to the Earth’s weaker magnetic field, to improve NMR spectroscopy. The objective

is to produce an engineering prototype demonstrating parametrically enhanced NMR using



a new method devised by Prof. Michal. The prototype consists of a transmitter coil and a
receiver coil, along with the electronic circuits to filter and amplify the NMR signal. Off-the-
shelf equipment is used for the transmitter coil signal synthesizer and driver, as well as the
pre-polarizing field power supply. Due to time and resource constraints, the prototype only
attempts to distinguish between specimens with and without the presence of nuclei of non-
zero spin. Two convenient test specimens used are water (the protons contribute spin %2
each) and air (the nitrogen and oxygen molecules contribute spin 0). Future studies may
investigate the use of this method for practical NMR spectroscopy or imaging, but these

goals are beyond the scope of this project.



DISCUSSION

THEORY

The primary disadvantage of using the Earth’s magnetic field for nuclear magnetic
resonance spectroscopy is the poor signal-to-noise ratio of NMR signals. By somehow
increasing the strength of the static magnetic field B, the SNR can be improved
significantly. The proposed method literally turns Earth'’s field NMR spectroscopy on its
head.

An electromagnet, instead of the Earth, is used to generate B,. A solenoidal coil,
hereafter called the transmitter coil, is expected to produce a magnetic field strength of
approximately 2.35 mT. This field is over 40 times stronger than the Earth’s 55-uT magnetic
field on the University of British Columbia campus. Thanks of the stronger static magnetic

field, the SNR of the NMR signal is expected to increase by

7
SNR,  ((Bo)2\* _ <z.35 mT
SNR, \(By);/ \ 55uT

7
4
) =714=57148.
If, initially, the spins of the specimen are perpendicular to the static magnetic field
generated by the transmitter coil, they would precess about the axis of the transmitter coil.
Because the transmitter coil’s magnetic field is significantly stronger than the Earth’s, the

Larmor precession frequency would be proportionally higher, approximately

f, = %BO — (42.6 MHz T~1)(2.35 mT) = 100 kHz

where y is the gyromagnetic ratio of the specimen. The Earth’s magnetic field plays a
different role in the proposed NMR spectroscopy method. Rather than being used as B, the
Earth’s magnetic field is used to orient the spin magnetization perpendicular to the axis of

the transmitter coil.



When the transmitter coil is not conducting current, the spin magnetization of the
specimen equilibrates to the direction of the Earth’s magnetic field. When the transmitter
coil is starts conducting current, the net external magnetic field is along the axis of the coil,
due to its much greater field strength. Because of the abrupt change in magnetic field
direction, the spins precess about the axis of the transmitter coil, at the Larmor precession
frequency. The resulting spin precession of the bulk spin magnetization can be detected in
the direction perpendicular to the transmitter coil axis using a second electromagnetic coil,

hereafter called the receiver coil.

Because the magnetic field of the transmitter coil is expected to be much less
homogeneous than the Earth’s magnetic field, the nuclear spins would precess at slightly
different frequencies. The destructive interference caused by the different precession
frequencies of individual nuclear spins results in the decay of the bulk spin magnetization
over time. In traditional NMR spectroscopy, the dephasing of the spins can be corrected by,
for instance, using a spin-echo sequence to invert the direction of the spins and allow the
slower spins to “catch up” with the faster spins, reconstituting the bulk spin magnetization
after one Larmor precession cycle. [1] An analogous method is proposed by Prof. Michal. By
reversing the direction of B, the nuclear spins of the specimen would precess in the
opposite direction, allowing the slower spins to “catch up” to the faster spins. This scheme
reduces the negative consequences of inhomogeneities of the transmitter coil’s magnetic
field. This achievement is possible because the field inhomogeneity of an electromagnet is

equal in magnitude but opposite in direction when its current is reversed.

One important distinction to note in the proposed method is that By is no longer
time-independent, as its direction reversed periodically. To produce a single Larmor
precession frequency of the specimen’s nuclear spins, the static magnetic field must be
constant for each precession cycle, which implies the transmitter coil should generate a
square wave, Le.,

By(t) = B, sgn(sin(anB0 t)),

where the f5_ is the frequency of the static magnetic field B, and not the Larmor precession



frequency. To achieve the highest Larmor precession frequency possible at Bj, one Larmor
precession is allowed while B, is constant. Over one period of the B, square wave, the spins
precess twice, once in each direction. The NMR signal detected at the receiver coil is a
decaying sinusoidal waveform at twice the frequency of the transmitter coil. If the
transmitter coil’s frequency is 50 kHz, the frequency of the NMR signal would be 100 kHz,

in the ultrasonic spectrum.

Driving the transmitter coil with a square wave would produce harmonics that may
coincide with the Larmor frequency. Moreover, the solenoidal transmitter and receiver coils
may form an RLC circuit with parasitic capacitance to cause ringing. To mitigate these
problems, a sinusoidal wave, ie,

B,(t) = B, sin(ZHfBOt),
will also be tested. One disadvantage of a sinusoidally varying B, is the fluctuating spin
precession speed over each half cycle of B,. Because the Larmor precession frequency f, is
directly proportional to By, per
fo(t) = yBy(t) = yB, Sin(ZNfBOt);
the Larmor precession spectrum broadens, thereby reducing spectral resolution. The NMR
signal would no longer be a simple sinusoidal waveform, but a composite function with the
form
E(t) = |&1|sin(rfy (D)E) = |&4] sin(ZnyBO sin(anBOt) t)
The Larmor precession frequency may be extracted from the composite waveform in
software using an inverse transform. Both transmitter coil waveforms will be tested
empirically to determine the best solution. In either case, the Larmor precession frequency

of the nuclear spins is twice the frequency of the alternating static magnetic field.

The major challenge of this project is to detect the low-amplitude NMR signal in the
presence of the radiation from the high-current transmitter coil at half the frequency. The
signal driving the transmitter coil may be easily coupled to the receiver coil by any
misalignment between the perpendicular coils, or from long runs of wire from the coils to

the NMR signal detector. The NMR signal processing circuit must be apt at eliminating the



the transmitter coil frequency, which may be orders of magnitude greater in amplitude than

the desired NMR signal.

The Earth’s magnetic field weakly polarizes the nuclear spins of the specimen. To
enhance the magnetization of the nuclear spins and thus the SNR of the NMR signal, the
nuclei can be pre-polarized by applying a strong magnetic field using the transmitter coil.
[8] Since the axis of the transmitter coil is perpendicular to the Earth’s magnetic field, the
spin magnetization must be allowed to return to the direction of the Earth’s magnetic field
after being pre-polarized. This reorientation can be accomplished be ramping down the
pre-polarizing magnetic field adiabatically over a time shorter than the specimen’s T

period. [8]

METHOD
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FIGURE 1: BLOCK DIAGRAM OF EXPERIMENTAL SETUP

The experimental setup consists of off-the-shelf and bespoke instruments (Figure
1). A generic 6-A power supply is connected directly to the transmitter coil to pre-polarize
the test specimen. After several seconds, the power is manually ramped down to zero to
allow the spin magnetization to realign to the Earth’s magnetic field. The HP 3325A
function generator produces the driving signal for the static magnetic field B, which is

buffered by the Hafler XL-280 power amplifier. The transmitter coil is oriented
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perpendicular to the Earth’s magnetic field, so the oscillating current perturbs the spin
polarization of the test specimen from equilibrium. The resulting Larmor precession of the
specimen induces a time-varying voltage in the receiver coil. Because the driving signal of
the transmitter coil is also coupled to the receiver coil, the NMR signal processing circuit is
needed to remove the offending signal before the NMR signal can be discerned on the

Tektronix TDS1012 oscilloscope.

FIGURE 2: PHOTOGRAPH OF TRANSMITTER AND RECEIVER COILS

Two solenoidal coils are fabricated and wound for the transmitter and receiver coils
(Figure 2). The coil cores are made by machining and joining off-the-shelf PVC pipes and
pipe fittings. Five inches of 4-inch diameter unthreaded pipe forms the core of the
transmitter coil. Two NPT-female to socket-weld adapters are solvent welded to the ends of
the pipe to act as flanges to fix the windings in place. A threaded plug may be screwed into
the adapter to close either or both ends of the coil. For the receiver coil, two inches of 2-

inch diameter unthreaded pipe is used. Because the receiver coil fits perpendicularly into
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the transmitter coil and is constrained by the latter’s inner diameter, smaller socket-weld
caps in lieu of adapters are used as the winding flanges to maximize the winding area. One

of the caps is cut open to permit access to the coil volume.

A Meteor ME 301 coil winder is used to wind round enameled copper wire around
the PVC pipes. To tolerate the high current through the transmitter coil windings during the
pre-polarization phase, thick 18-AWG wire is used for four layers of windings in series of

approximately 100 turns each. The DC resistance through the series coil windings is

4
R i -1y =
7 (0.043 in) (5.0in)(6.39 mQ ft™*) = 3.50 Q,

where D, is the outer diameter of the solenoid core, n, is the turn density, L is the length of

R
R = nD,ny,L— = m(4.5 in)

the winding area, and R /¥ is the resistance per unit length of wire. Using a 24-VDC power

supply, a current of
V24V

R 3500

may be applied to the solenoid to pre-polarize the specimen to generate a polarization field

=6.85A

Ip:

strength of

Bp = unolp = (1.26 X 107 Tm A™1) ( (6.85A) = 31.5 mT,

0.043 in)

where p is the magnetic permeability. [9] This field strength is more than 500 times greater
than that of the Earth’s 55-uT magnetic field. To produce the specified static magnetic field
strength B, of 2.35 mT, the required electric current is
By (2.35mT)

MM (126 x 10-6 Tm A-1) (ﬁ)

Because the HP 3325A function generator cannot source such a high current, the Hafler XL-

= 0.511 A. [9]

10:

280 power amplifier is used to buffer the signal.

The induced voltage in the receiver solenoidal coil due to an oscillating

magnetization M of a specimen is

dM

B,
E () =—V—,
1 I, dt
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where V is the volume of the specimen and B; /I, is the magnetic field strength per unit
current through the receiver coil. [10] Assuming a single sinusoidal Larmor precession

frequency of w,, the magnitude of the NMR signal across the receiver coil is

Y 2 2
1= By il = v, 22) 1B
L 4kyT

where n, is the turn density of the receiver coil, h and kj are the Planck and Boltzmann
constants respectively, N, y, and T are the spin density, gyromagnetic ratio, and
temperature of the specimen respectively, and Bj is the polarization field strength applied
to the specimen. [10] To maximize the NMR signal, two layers of thin 30-AWG wire is used
for the receiver coil windings to increase the turn density. For water, the spin density is the
number of protons per unit volume, Ze.

N = 2pN,  2(1000 kg m™3)(6.02 x 10?* mol™*)
M (18.0 g mol-1)

= 6.69 X 1028 m™3

where p is the density, N, is the Avogadro constant, and M is the molar mass. [11]
Assuming a 125-mL test specimen of water at 298 K is pre-polarized to 31.5 mT, the

magnitude of the NMR signal is

1€, = (1.26 X 105 Tm A™1) ( (125 mL) (100 kHz)

0.012 in)
(6.69 x 1028 m~3)(42.6 MHz T~1)2(6.63 X 10734 ] 5)2(31.5 mT)
X
4(1.38 x 10~23 JK-1)(298 K)

= 10.5 pV.
The realizable voltage that can be detected would be lower than the calculated value above

due to the gradual loss of the specimen magnetization after the pre-polarization field is

shut off. [9]

When the transmitter coil is driven with a square wave, significant ringing is
observed at the receiver coil. Because both solenoids act as large inductors, any parasitic
capacitance would produce an RLC circuit that resonates due to the step function of each
square wave cycle. [12] The capacitance of the preamplifier circuit, the receiver coil leads,
and the winding layers all contribute to parasitic capacitance. The amplitude of the ringing

far exceeds that of the NMR signal; damping the ringing to below the threshold of the NMR
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signal without detrimentally affecting it would be a challenge. To eliminate the ringing
associated with the step response, the spectrally efficient sinusoidal wave is tested. With a
sinusoidal wave driving the transmitter coil, a faithful representation of the driving signal

can be detected by the receiver coil and attenuated using a notch filter.

To measure the microvolt NMR signal at 100 kHz in the presence of the large static
magnetic field at 50 kHz, a low-noise amplifier with wide dynamic range is necessary.
Logarithmic converters are evaluated for dynamic range compression, but the noise
performance of commercially available ICs is inadequate for the application. The 30-
nV/+/Hz input voltage noise of the Burr-Brown LOG series of logarithmic amplifiers would
significantly increase the SNR of the desired NMR signal. [13] Moreover, additional circuitry
would have to be inserted ahead of the single-ended input of the logarithmic converter to
rectify the AC NMR signal, further increasing the noise floor. Low-noise operational
amplifiers with wide output voltage swing are considered instead. Operational amplifier ICs
such as the Linear Technology LT1028 and Analog Devices ADA4898 feature input voltage
noise under 1 nV/+v/Hz. [14], [15] Due to ease of availability, however, the Linear Technology

LT1037 with input voltage noise of 2.5 nV/v/Hz is used. [16]
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GND

FIGURE 3: SCHEMATIC DIAGRAM OF NMR SIGNAL PROCESSING CIRCUIT

The prototyped NMR signal processing circuit consists of a notch filter with two gain stages
(Figure 3). The first stage is a preamplifier to buffer the NMR signal before further filtering.
Alarge gain cannot be used for this stage because the high-amplitude 50-kHz noise signal
coupled from the transmitter coil would cause the operational amplifier to clip. A bridged
differentiator notch filter follows the preamplifier to attenuate the unwanted 50-kHz signal.
A notch filter that removes the narrowband noise signal achieves much greater rejection
than a bandpass filter that indiscriminately filters wideband noise. Thus, fewer components
are needed to realize the same level of attenuation, resulting in a lower noise floor in the
filtered signal. Similar to the twin-T notch filter, the bridged differentiator notch filter splits
the input signal into two paths and sums them with a 180° phase shift at the notch
frequency to theoretically achieve infinite attenuation. [17] The capacitor values must be
well matched obtain a steep null and maximize the quality factor of the filter. The
potentiometers R4 and R5 are adjusted until the filter frequency is attained and the roll-off
slope is maximized, respectively. Once the noise signal is attenuated, the small NMR signal
can be amplified without risk of clipping. Additional notch filter stages may be appended to
further attenuate the 50-kHz signal.

15



RESULTS

To characterize the notch-frequency rejection ratio NMR signal processing circuit,
sinusoidal waves of equal amplitude at 50 kHz and 100 kHz are fed sequentially into the
circuit, which is tuned to reject 50 kHz. The output is measured, and the amplitude of the
50-kHz signal is observed to be approximately 71 times lower than that of the 100-kHz.
This value represents a rejection of 37 dB at the notch frequency, reducing the voltage of
the noise signal to the same order of magnitude as that of the expected NMR signal. One
additional stage of filtering would be enough to attenuate the 50-kHz signal to below the
noise threshold. A bandpass filter centered on the Larmor precession frequency may be
included as the final stage to reduce wideband noise introduced by the environment and

the circuit components.

The frequency responses of the transmitter and receiver coils are characterized by
sweeping them with a sinusoidal wave in the frequency bands of interest. Due to parasitic
capacitance in series and in parallel with the solenoidal coil, the transmitter coil exhibits a
resonance peak near 88 kHz and an anti-resonance null near 35 kHz. The anti-resonance
null is predicted to be caused by the four superimposed layers of winding, which act as
capacitors. Unfortunately, the null is situated near the driving frequency, thus requiring
higher voltage to achieve the same current. The receiver coil exhibits a resonance peak near
80 kHz, below the desired Larmor precession frequency of 100 kHz. Tuning using a
capacitor in parallel with the coil can only decrease the resonant frequency further below
100 kHz. The lack of correspondence between the resonant frequencies of the coils and

desired frequencies would lead to suboptimal performance of the prototype.

Near the end of the project period, the Hafler XL-280 power amplifier is discovered
to distort high-amplitude signals above approximately 20 kHz and generate harmonic
frequencies. The second harmonic corresponds to the expected Larmor precession
frequency and would obscure the NMR signal. The HP 3325A function generator does not

provide sufficient output current to drive the transmitter coil directly and produce the
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desired static magnetic field strength. Due to time limitations, unfortunately, alternative

avenues to drive the transmitter coil or lower the driving frequency have not been explored.
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CONCLUSION

This project investigates the feasibility of increasing the signal-to-noise ratio of
nuclear magnetic resonance spectroscopy without using massive and costly magnets. The
proposed parametrically enhanced NMR spectrometer utilizes the Earth to provide one of
the necessary magnetic fields, reducing the cost and size of the instrument. The remaining

two electromagnet coils are portable and can be manufactured easily and inexpensively.

In developing the prototype, the transmitter coil and the receiver coil has been
fabricated and characterized. After evaluating the two proposed transmitter coil driving
signals, the square waveform is deemed unacceptable due to the difficulty in filtering the
ringing generated. A filter and amplifier circuit has been designed and breadboarded to
extract the NMR signal from the sinusoidal waveform for driving the transmitter coil. The
NMR signal processing circuit successfully rejects 37 dB of the offending noise signal,
theoretically allowing the Larmor precession to be discerned. Due to the inability to
generate a clean high-current sinusoidal waveform at the specified frequency, a positive
NMR signal has not been observed within the project timeframe. Nonetheless, progress has
been made to enable further development to the design of the prototype. Some

recommendations developing the current prototype are described in the next section.

This novel method has the potential to be developed into practical NMR
spectroscopy applications, such as the study of sea ice in Antarctica away from a laboratory
setting. [18] More research may also be conducted to explore the prospect of exporting this
parametrically enhanced NMR spectroscopy method to low-cost magnetic resonance

imaging.
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RECOMMENDATIONS

A power amplifier that does not distort at the required power and frequency should
be procured or constructed to continue exploring this prototype of the parametrically
enhanced NMR spectrometer. This crucial link is currently preventing the NMR

spectroscopy prototype from being realized.

If new transmitter and receiver coils are to be fabricated, their inductances should
be calculated so their frequency response can be optimized. The power required to drive
the transmitter coil can be minimized at the desired static magnetic field frequency to allow
a lower powered amplifier to be used. The induced voltage in the receiver coil can be
maximized at the expected Larmor precession frequency to increase the signal-to-noise
ratio of the NMR signal. The coils can be tuned using a parallel capacitor to reduce the

frequency of the resonances.

Rather than a solenoidal coil for the transmitter coil, a Helmholtz coil may be
employed to enhance the homogeneity of the static magnetic field. [19] The geometry
would also allow the receiver coil to be permanently attached to the transmitter coil
hardware so the test specimen can be inserted and removed easily. More importantly, the
stationary alignment of the receiver coil relative to the transmitter coil would reduce the
mutual coupling between the two coils without time-consuming readjustments after each

sample is loaded.

Depending on the model used, a soft-start circuit may be connected to the function
generator output to ramp up the signal amplitude. During experimentation, the abrupt
connection of the HP 3325A function generator to the transmitter coil resulted in transient
ringing of the receiver coil. A soft-start circuit that limits the slew rate would reduce the

transient ringing and unmask the desired NMR signal.
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