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ABSTRACT

This article describes both the setup and the use of a system for magnetic resonance
imaging (MRI) in the Earth’s magnetic field. Phase instability caused by temporal
fluctuations of Earth’s field can be successfully improved by using a reference signal
from a separate Earth’s field nuclear magnetic resonance (NMR) spectrometer/
magnetometer. In imaging, it is important to correctly determine the phase of the
NMR signal. A reference signal of a fixed-frequency oscillator cannot be used since
the Larmor frequency changes with time, following temporal fluctuations of Earth’s
magnetic field. The reference signal frequency and phase, provided by a separate
NMR spectrometer, change in the same way as Earth’s field, creating thereby, a
stable rotating frame of reference for the measured signal. In principle, excellent
homogeneity of the magnetic field enables scanning of very large volume samples.
Reduction in S/N ratio due to the weak magnetic field can be partly compensated by
the receiving coil design and shielding of electromagnetic pick-up in audio frequency
(AF) range. The smallest voxel examined so far is on the order of 50 mm?>. Unlike in the
case of strong magnetic fields, detection and processing of low frequency signal are less
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demanding for the electronics. The techniques used and the results of measurements
are briefly presented.

Key Words: Earth’s magnetic field; NMR; Imaging; Spin lock.

INTRODUCTION

The advent of nuclear magnetic resonance (NMR), originally discovered in 1946
independently by Bloch et al. and Purcell et al.'*! was followed by the introduction
of pulsed NMR.**! Magnetic resonance imaging (MRI) was first demonstrated in 1973
by Lauterbur and Mansfield and Granell.”®! In 1975, Ernst proposed MRI using phase
and frequency encoding and the Fourier transform."”! In pulsed NMR, and for the detection
of signal (phase detection and averaging), the phase of the signal and pulses is important
and must be monitored accurately.®~'°! The importance of NMR in a non-uniform
magnetic field for the analysis of molecular motion has also been realized!'' ~'* and
the technique, such as pulsed gradient spin echo (PGSE) is presently the standard
method used to determine dynamical properties of matter, such as diffusion constant.!'>!
Parallel to the development of NMR in a strong magnetic field, the NMR in Earth’s
magnetic field evolved.'®~2!

EXPERIMENTAL

Typically, NMR experiments are performed in static uniform magnetic fields.
Common sources of static magnetic fields are super conducting coils, electromagnets,
and permanent magnets. The induced magnetization, and thus the signal, is proportional
to the magnitude of the magnetic field. This fact stimulates the use of strong static
magnetic fields. The system for MRI described here utilizes Earth’s magnetic field. The
magnitude B, of Earth’s magnetic field at the site of the system is about 50 wT. The
very uniform field (inhomogeneity on the order of 10 '* T/m) is aligned 11° west
from the north—south geographical axis and inclined 30° from the vertical toward the
north, as shown in Fig. 1. The corresponding proton Larmor frequency (w = yBy; 7y is
gyromagnetic ratio) of 2kHz is in the audio frequency (AF) range. Because the
equilibrium magnetization is too weak for NMR experiment, it is enhanced during the
polarization interval; duration of this interval depends on the longitudinal relaxation
time of the sample and is usually a few seconds long. Besides polarization, NMR experi-
ments comprises a preparation period (excitation of magnetization with oscillating
magnetic field and phase encoding with magnetic field gradients) and detection period.
The scheme of the components necessary to perform NMR imaging experiments, is
shown in Fig. 2. Uniaxial coils (detection, three gradient, AF, and polarizing) constitute
the core of the system (Fig. 3).

The polarizing magnetic field is switched off adiabatically; after the polarization
the magnetization is aligned in equilibrium direction along By. Thus, the orientation of
the polarizing coil (a solenoid 70 cm long and 40 cm in diameter with 650 windings of
3mm by 4mm thick copper wire) is not important. Symmetry axis of the polarizing
coil lies horizontally and is perpendicular to Earth’s magnetic field. The axis coincides
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Figure 1. The direction of Earth’s magnetic field at the site of the NMR imaging system.

with that of the detection coil enabling easy access to the sample area. The polarizing-
current source is capable of up to 100 A output at 60 V. In practice, a somewhat lower
current of 50 A (optimal duty cycle 2:3) is normally used, producing the magnetic
field of 60 mT in the center of the coil. When grounded during the detection period, the
polarizing coil acts as a shield against external AF interferences. Optimum shielding is
achieved using a suitable inductor connected parallel to the polarizing coil.'** The resistor
and the diode connected parallel to the coil prevent the current leakage during the polari-
zation (the applied voltage is negative) and enable the current flow through the resistor
during the adiabatic switch off; the coil is critically damped.

The magnetization is excited with AF pulses produced by a solenoid, coiled up in
30 windings, on the inner side of the polarizing coil. It is much larger than the detecting
coil so the AF field is uniform across the sample region. The coil is tuned to the Larmor
frequency. Two signals are fed into the AF circuit: the first one is the control signal
determining the length and the amplitude of the AF pulse. In our case, typical duration
of a 7r/2 pulse is a few Larmor periods (about 5 msec). Another input is the free induction
signal from the reference coils. The amplitude of this signal decreases exponentially with
transverse relaxation of 2sec. This signal is amplified to get rectangular oscillations,
unaffected by transverse relaxation. The harmonic signal is then obtained with a suitable
high frequency filter. In a strong field NMR, this signal is provided by a stable frequency
oscillator. The envelope of the signal can be controlled enabling soft AF pulses.

After excitation, the magnetization can be manipulated with additional AF pulses and
magnetic field gradients produced by gradient coils. The frequency and the phase of the
signal are controlled by three orthogonal magnetic field gradients. Three gradient coils
produce quadrupole magnetic fields with components parallel to Earth’s field, changing
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Figure 3. The coils of the system; the outermost coil is the polarizing coil and the detecting coil is
at the center. The AF and gradient coils are located in between these two. All coils are centered at the
same point. The coils are shown in a pullout side view for clarity. The vertical and magnetic field are
shown to indicate the orientation of the coils.

linearly in three orthogonal directions: z gradient (direction along By), x gradient (along
the symmetry axis of the detection coil), and y gradient. The gradient coils have low
inductance in order to minimize transients.

The gradients in directions perpendicular to the symmetry axis of the detection coil
(z and y gradient) are produced by quadrupolar coils with straight wires aligned on the
surface of a 70 cm long cylinder (diameter 34 cm) with a symmetry axis along x. The
wires are distributed to produce the current density on the surface of the cylinder that
varies as sin 2¢ for z gradient and as cos 2¢ for y gradient; ¢ is the polar angle measured
from z axis. The continuous distribution is mimicked by changing the distance between
the wires. Each coil is made of four rectangular spirals of 10 windings. The currents in
adjacent loops run in the opposite directions. The arcs, completing the loops at the ends
of the straight wires, do not contribute significantly to the magnetic field in the probe
area. The magnetic fields produced by these two coils are given by

By, = (0, =Gy, Gz)
By, = (0, Gz, Gy) 1
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with gradient per unit current G/I =2 x 10"*T/Am. The inductance of the coils is
84 wH and the resistance is 0.4 ().

The x gradient is produced by a quadrupolar coil with the distribution of wires
determined by a target field method."****! The four loops, each with six windings, are
on the surface of the 16 cm diameter cylinder coaxial with the detection coil. Such arrange-
ment enables easy access to the probe area. In the first approximation, the field produced
by this coil is

By, = (Gz, 0, —Gx) (2)

with gradient per unit current G/I =425 x 10"*T/Am. The inductance of the
coil is 23.2 wH and the resistance is 0.31 (). The length of the linear gradient region
is 11 cm.

The NMR signal in a strong magnetic field is usually detected with low-inductance
coils (small number of windings) because coils must be tuned to high Larmor frequency.
The coils with a small number of windings produce low thermal noise, which increases
with the fourth root of Larmor frequency (due to the skin effect). Sample induced
thermal noise (caused by dissipation of induced currents) increases linearly with
Larmor frequency. In a strong magnetic field, the sample induced thermal noise domi-
nates coil’s thermal noise. In our case, detecting coils with a high number of windings
can be successfully used because the signal frequency is low. In Earth’s magnetic
field, sample induced noise can be neglected and even the coil thermal noise is often
smaller than the noise induced by background electromagnetic field, unless the experi-
ment is performed in an AF shielded environment. To some extent, rapid interferences
of magnetic field usually caused by urban activities (railroad, electrical network,
distant storms), can be reduced using gradiometric coils or shield coils. A grounded
polarizing coil is employed as a shield.”®! The detecting coil is a solenoid (11cm
length, 11 cm diameter, 6000 windings) placed coaxially with the polarizing coil and per-
pendicular to Earth’s magnetic field. The size of the detecting coil is limited by the x
gradient coil. The large number of windings enhances the signal and the windings are
wound in six sectors to minimize self-capacitance of the coil. The coil is connected to
the pre-amplifier only during the signal acquisition. This is necessary because the coil
amplifying electronics is sensitive to the current changes in all other coils (especially
large polarizing current changes can damage the amplifier). The Q of the coil is
deliberately lowered by a resistor to enable the detection of a signal from a 200 Hz
bandwidth. A wider bandwidth receiving coil does not require sharp tuning to the
signal frequency.

The signal from the detection coil is sampled either directly, or after quadrature
detection with a 15bit A/D converter, and sent to a PC for storage and further
analysis. Besides the signal amplitude, both the phase and frequency of the signal
are important and even necessary in imaging. The fluctuations in magnetic field affect
the Larmor frequency, and these fluctuations hinder the detection of the phase and
frequency of the signal. Random phase changes of the signal also attenuate the averaged
signal. The phase and the frequency of the signal are controlled with AF pulses and
magnetic field gradients, but in order to predict (calculate) the phase at a given time,
the exact time variation of the Larmor frequency should be known. In a quadrature
detection, common practice is to use AF (or radio-frequency in strong field) signal
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generated by a stabilized oscillator, and to stabilize the static field by shimm coils
controlled by a signal from a proper probe (spin-lock signal) whenever phase
stability is an issue. This method is inadequate in our case; the problem is Earth’s
magnetic field temporal instability. The field fluctuates by 2.5 x 107°T/year,
5 x 10_8T/day, and 107°T with a period of about 25sec. These changes are
caused by electric currents in Earth’s core, fluctuations in ionosphere, sun activity,
etc.”’? Since scanning is inherently slow because of the polarization period,
changes in magnetic field are inevitable. Accurate detection of the signal phase,
using a fixed-frequency reference oscillator, is impossible and active shimming of
slow field fluctuations is practically challenging. This problem is circumvented
by using a reference oscillating signal provided by a separate NMR spectrometer.
The construction of the reference spectrometer is simple, since providing the free
induction signal is the only requirement imposed. The spectrometer, placed some
20m from the imaging coils, experiences similar B, but does not disturb the measure-
ment. It consists of two solenoids placed next to one another; their symmetry axes
are perpendicular to By (parallel to the symmetry axis of the detecting coil). Each
coil contains water-filled 1L bottles. The coils are connected in a series but oriented
in gradiometric arrangement to improve S/N. The reference coils perform two tasks:
they are used for polarization of the sample and to detect free induction decay.
The 1A polarizing current can be turned on and off by a transistor switch. The
coils are tuned to the Larmor frequency with high Q-value. The magnetization is
induced in the direction perpendicular to B, (along the symmetry axes of the coils).
The variable resistor connected to the polarizing-current source in a series with coils
slightly below critical damps the polarizing current until the switch turns off. As the
current in the coils decays after a few oscillations, the magnetization remains in
the plane perpendicular to By and free induction signal is induced. In such case,
excitation AF pulses are not required. The polarizing field of the reference coils is
switched off before the polarizing field of the imaging coils, since the reference signal
is needed for the AF excitation pulse. The reference signal used for the quadrature
detection® 1! is given by

St = Sor Siﬂ(wof + wft + ¢ + (Pr)

Here, wy is the average Larmor frequency, wy represents the fluctuations in magnetic
field, ¢r is a random phase induced by magnetic bursts, and ¢, is the phase of the undis-
turbed reference signal and can be set to 0. The signal shifted in phase by 7/2, required
for quadrature detection, is generated with a phase shifter.

To demonstrate the use of the reference signal in quadrature detection, one can write
the signal s,,, from a small part of the sample (voxel) as

Sm = Som Sin(wot + wrt + ont + ¢ + @)

Here, w,, t is the phase generated by the magnetic field gradient applied during the
signal acquisition (readout gradient) and ¢,, is the phase of the signal generated by the
gradient applied during the magnetization manipulation (phase gradient). We assume
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that the field fluctuations at the location of the sample and reference coils are the same.
After the quadrature detection of this signal, the real and imaginary parts s, and s; of
the signal are, respectively,

1
Sy = Es()ms()r cos(wmt + ¢ — @)

§; = Es()ms()r sin(wnt + ¢, — @)

The unwanted phase and frequency fluctuations cancel out. The signal of the complete
magnetization is the sum (integral over the sample volume) of all partial magnetizations.
The frequency and phase distribution of spins can be determined using inverse 2D Fourier
transform™® of [ (s, + is;) dV.

The experiments are controlled by a personal computer using a homemade pulse
controller. The beat of the controller is 20 MHz, enabling a 0.5 psec time resolution,
which is sufficient for our purpose. The controller uses four D/A converters for gradient
and AF amplitude modulation, two A/D converters for the imaging and reference signal
sampling, and four digital gates for controlling the polarization, reference, AF, and
detection. In addition, the controller buffers sample data and communicates with a PC
through a standard RS232 port.

To reduce electromagnetic interferences, the NMR system is located outside an
urban area. Power supply and other electronics are located some 20 m from the system
of coils and connected to the coils with coaxial cables. The coils are mounted in a
wooden shack based on aluminum frame; no ferromagnetic material is used for construc-
tion since it can distort Earth’s magnetic field.

OVERVIEW

The NMR studies performed with the above-described system include: diffusion
measurements,>” imaging,”*'! flow measurements combined with imaging of flow distri-
bution,'*? 7, and 7> measurements, and contrast enhancement in imaging,”** imaging of
diffusion distribution,* natural convection,’*>! and other more specialized unpublished
experiments such as slice selection specific measurements.>®’

For the imaging experiments spin-warp imaging technique®”! is employed; some
images are shown in Fig. 4. They show slices of different fruits: (a) apple, (b) orange,
and (c) pepper. A typical scan takes on the order of an hour. With gradient coils, the
field of view is limited to a maximum of 30 cm, the best resolution achieved so far is
2 mm/pixel. Flow measurements have been performed using different techniques such
as spin warp, time of flight, wash in/out described elsewhere.*® %1 Examples of
the flow measurements in Earth’s magnetic field are shown in Fig. 5. Figure 6 shows a
slice profile of water flowing in a cylindrical tube. From the slice profile and encoding
parameters, the velocity can be determined. The relaxation times for different substances
were also measured. The shortest measurable relaxation times are limited by the duration
of excitation pulse to some 10 msec. The results are important since they differ from those
in the strong field, since the relaxation is caused by field fluctuations at different frequency

7]
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a b

Figure 4. Images obtained with spin-warp imaging sequence in Earth’s magnetic field: (a) apple,
(b) orange, (c) pepper. The field of view is 15 cm with a resolution of 64 x 64 pixel.

scales. Likewise, contrast in images can be improved as shown in Figs. 5-7.1°%
The sequence used for these images employs spin-warp imaging technique combined
with contrast enhancing techniques.’® ' The diffusion measurements are quite simple
yet specific, since By is on the same order of magnitude as gradient field. In Earth’s mag-
netic field, the concomitant components of magnetic field cannot be neglected in certain
cases.POH =41 Self_diffusion of different liquids was measured with PGSEP+!1-14
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Figure 5. An example of flow measurements. The images show deformation in a plane slice of
excited water spins after encoding time for counter-flows in two pipes (top) and a flow in a single
pipe (bottom).

a) b)

Figure 6. A 64 x 64 pixel 2D image with 20 cm field of view showing the distribution of self-
diffusion constant as measured with PGSE and spin warp combination: (a) no gradient, (b) with gra-
dient (parts with higher self-diffusion constant become darker). The sample studied consists of three
cylindrical tubes each 5cm in diameter filled with water, ethanol, and propanol. A coronal slice
through the sample is shown.
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a)

Figure 7. The coronal slice of a 10 cm diameter cylinder filled with propanol. Dark patches seen
on the image that was scanned with gradient field turned on (a) image made without gradient. (b) The
manifestation of natural convection. The arrow n indicates vertical.

methods. The range of diffusion constants is limited by a finite gradient strength of 0.02 T/
m (and relaxation, which limits the encoding time). The distribution of diffusion constant
was measured with a spin-warp imaging, preceded by PGSE sequence to enhance the dif-
fusional contrast,** as shown in Fig. 6. The effect of natural convection was observed
(Fig. 7) and investigated."”!

CONCLUSION

Measurements in Earth’s magnetic field offer an inexpensive alternative to a strong
field NMR. Weak B, provides unique experimental conditions comparable only with
NMR in a stray field of a superconducting magnet, where the effects of strong concomitant
gradient components can be studied. In NMR, the “magnetic field gradient” is named a
non-uniform magnetic field only when it is weaker than the main magnetic field, B,,.
According to Maxwell’s equations, the direction of a non-uniform magnetic field is
always changing. This means that there is always more than one component of the field
different from zero. Therefore, the magnetic field at a point shifted from the initial position
for dr can be written as

B = By + By(r, t) = By + G(t)dr

with G being a tensor. In the case of B,(r;, t) > B, the magnetic field components
perpendicular to the static magnetic field are neglected; index j stands for the individual
spin. The magnetic field gradients are the remaining components of the tensor. This
approximation has no meaning whenever the applied non-uniform magnetic field is of
the order of, or larger than, the main magnetic field. However, in a weak main magnetic
field the spin echo response

B~ Y e bt gy
J
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is governed by the effective precession frequency

wer(r. 1) = (00 + VB, 0 + VB, 1) + P11
whenever the magnetic field time-variation fulfills the adiabatic condition

dwest
dt

& Wiy

Thus, in the first approximation, the signal in the vicinity of spin echo peak encodes
spin location at r; = rjo + Ar; as

By~ Y ety drViewato. olar
7

because j%T wesr (7j0, 1) dt ~ 0; the effective precession frequency changes sign upon
application of a 7 RF pulse.

The magnetic field gradient caused by susceptibility mismatch is much smaller in a
weak field, which results in a longer signal and helps to increase S/N. Also longitudinal
and transversal relaxation is different, and measurements of relaxation give information
on molecular dynamics outside the reach of strong field NMR. Furthermore, field uniform-
ity enables use of large samples and with proper polarization, shielding and reference
detection, S/N can be maintained at reasonably high values.
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