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Abstract—Magic angle field spinning (MAFS) is a Nuclear
Magnetic Resonance (NMR) spectroscopy technique used in
NMR Compact Devices to enhance the spectral resolution. In this
technique, the sample is placed inside a magnet which generates
a magnetic flux density oriented at 54.74° with respect to the
sample main axis and spun at high frequencies. We present here,
the design and construction of a novel magnet that generates a
magnetic field according to the MAFS technique. The prototype
generates two radio frequency and one dc magnetic fields by
the combined action of three electromagnets. This combination
results in a magnetic flux density of ~10 mT, with field deviations
<1% inside a cylindrical volume of 30 x 30 mm, an orientation
easily controlled by field amplitudes and precessing at frequencies
up to 12 kHz. The magnet has been characterized by using a
novel Flux+Gauss meter (FGM) built and calibrated in-house.
The FGM is able to measure ac and dc magnetic fields along
seven different longitudinal axes, one of them corresponds to the
longitudinal axis of the prototype. The other six axes are placed
at six angular orientations on a 30-mm-diameter circumference.
The characterization of the magnet includes field profiles of the
RF and dc fields along the FGM axes and deviations of the field
in the 30 x 30 mm cylinder. The homogeneity is evaluated as the
relative differences between the field measured at the centered
axis and the field measured along the six extra axes for both RF
and dc fields.

Index Terms—Instrumentation and measurement, magnetic
field measurement, magnetic resonance imaging (MRI), nuclear
magnetic resonance (NMR), radio frequency.

I. INTRODUCTION

AGIC angle field spinning (MAFS) is a technique

presented in the 1960s to the Nuclear Magnetic Res-
onance (NMR) community [1] and tested at Berkeley in
the 2000s [2], [3]. The technique skews the main internu-
clear interaction (dipolar—dipolar coupling [4]) responsible for
reducing the spectral resolution in NMR experiments with
solid samples [5]. This skewing process is achieved by placing
the solid sample inside a magnetic field oriented at 54.74°
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with respect to the longitudinal axis of the experimental device
and rotating the field at a certain spinning frequency, Qror.
When the NMR experiment of a solid sample takes place
under these circumstances [6], it results in a dramatically
narrowed spectrum compared with the spectrum obtained in
regular NMR experiments.

The fact that the sample remains static with respect to the
magnetic field presents a considerable advantage compared
with another magic angle spinning (MAS) techniques [7], [8].
Typically, in MAS NMR experiments, the sample is oriented
at 54.74° with respect to a strong magnetic field and spun at
kilohertz frequencies. Therefore, in order to reduce the solid
interactions and sample anisotropies, MAFS technique is the
perfect candidate to increase image resolution in Magnetic
Resonance Imaging (MRI) [9] where the patient cannot be
spun at kilohertz frequencies as the sample is in MAS NMR
experiments [10], [11].

In this direction, there is an increasing interest in pro-
ducing a MAFS magnetic field for MRI experiments. Some
designs include a superconducting magnet spinning at low
frequencies [12], [13] where the cryogenic fluids are also spun
and replaced during experiments. Some other groups have
developed assemblies of permanent magnets producing a tilted
magnetic field and they have spun mechanically the magnet
achieving spinning frequencies up to 10 Hz [14], [15].

This approach presents two inconveniences. First, the spin-
ning frequency of the magnetic field is not high enough.
It is found that line narrowing in NMR MAS experiments
is appreciable when Qrot > (Aw) holds, where (Aw) is the
square root of the absorption line of the sample in a static
field [1]. Therefore, when spinning frequencies are limited to
10 Hz, many of the interactions that decrease the resolution
in MRI images are not canceled.

Second, the final prototypes consist of heavy magnets
(300-500 kg) attached to voluminous instruments for mechan-
ical spinning and massive electronic instrumentation. Consid-
ering the electronics needed during the MRI experiment, these
solutions would need a room for safe functionality. Moreover,
safety rules in medical environments make the applicability of
these solutions barely possible.

In this paper, we present the design, construction, and
characterization of a novel electromagnet for NMR-MRI
experiments with application in mobile environments such
as emergency rooms and medical ambulances. The prototype
overcomes the two disadvantages of the MAFS magnets pre-
sented earlier. It produces a magnetic flux density, BMAFS,
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of ~1.5 mT/Amms (Ams is the root-mean-square value of
the current flowing through the coil), with deviations of
the intensity <1% in a cylindrical volume of 30 x 30 mm
(height x diameter) and spinning frequencies up to 12 kHz.
The magnetic field can be oriented at 54.74° with respect to
the sample by controlling the amplitude ratio of a rotating
and a static magnetic field. These fields are both generated
inside the magnet by the assembly of three concentric coils
working together. The rotating magnetic field is produced
by two transverse resonators on the transverse plane of the
assembly (xy plane). The static field is oriented along the
longitudinal axis of the device (z-axis) and created by a double
Helmholtz pair surrounding the transverse resonators. Our aim
is to present a proof of concept of the technology behind the
production of the RF-MAFS field. Therefore, the homogeneity
of the different components of the field, a key parameter in
NRM and MRI experiments, is evaluated in accordance with
other designs where the homogeneity limit is ~5000 part per
million (ppm) [16]-[20].

Most commercial Fluxmeters and Gaussmeters measuring
ac or dc magnetic fields at frequencies higher than 3 kHz
and intensities higher than 500 4T are expensive, and their
dimensions do not fit in the design of our prototype. At the
same time, the most accurate way of measuring magnetic
fields, an NMR spectrometer [21], is not available in our
laboratory. Therefore, in order to characterize the RF and dc
fields, we have designed and built a Flux+Gauss meter (FGM)
able to measure ac and dc fields in the required range of
frequencies and intensities (€ > 3 kHz and B > 500 uT).
We present the information about the FGM and the control
platform which allow us to characterize the magnetic flux
densities inside our prototype along different longitudinal axes.
We also present information about the calibration method [22]
that ensures the correct measurements of the MAFS field.

This paper is then organized as follows. First, in Section II,
the MAFS concept is described with detail. We describe the
different coils forming the assembly, their design, and final
configuration. In Section III, the in-house built magnetic FGM
is addressed. We present information about the calibration
process and the measurement capabilities. The characteriza-
tion of the magnet is detailed in Section IV and, finally in
Section V, we summarize this paper and the performance of
the MAFS RF magnet.

II. MAFS ELECTROMAGNET

The MAFS electromagnet generates a magnetic flux density,
BmAFs, precessing at Oyars with respect to its longitudinal
axis, z-axis. Fig. 1(a) shows the arrangement of the different
magnetic flux densities involved in the production of BymaFs.
Its precession is provided by a rotating magnetic flux density,
Bror, with a rotating frequency Qrort. This Bror can be gen-
erated by the combination of two linearly polarized magnetic
flux densities, B 2, spatially oriented as depicted in Fig. 1(b).
They both oscillate at the same frequency, Q; = Q> = Qror
but 90° out of phase. The orientation of Byars is controlled
by the intensity ratio Brot/B; = tan(OMAFs).

Our prototype is depicted in Fig. 2. The magnetic assembly
consists of two transverse resonators, Try 2, producing By and
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Fig. 1. Magnetic flux densities of the MAFS field. (a) Processing magnetic

field consists of two components. The precession is provided by a rotating
magnetic flux density, Bror spinning in the plane perpendicular to the
longitudinal axis of the device. The tilting angle is controlled by the intensity
ratio of BroTr and B;. (b) Bror can be created by two linearly polarized
magnetic flux densities, oriented at 90° with respect to each other and
oscillating 90° out of phase. The frequencies of Bj 2, Qi , respectively,
define Qrot of BroT-
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Fig. 2. Design of the MAFS prototype. The RF signals are generated
with 90° phase shift with respect to each other. They are amplified by two
power amplifiers attached to Trj . A dc-power supply feeds the Z-coil.
The magnetic assembly (Trj > and Z-coil) is controlled in temperature by
an ARDUINO-based platform and a PC. The system is monitored by a PC
through Ethernet connection.

B> and a double Helmholtz pair coil (Z-coil) producing B;.
Two sinusoidal signals with frequencies up to 12 kHz and 90°
out of phase with respect to each other are provided by the
signal generator. They are separately amplified and transferred
to Try 2.

The system is controlled by a PC connected through Eth-
ernet to the different devices. In order to prevent any damage
of the magnetic assembly, the temperature is monitored dur-
ing experiments. Resistive temperature sensors are placed in
different points and the temperature data is acquired by an
ARDUINO-based platform.

A. Transverse Resonators Trj >

There are different transverse resonators that could produce
B [23] (see Fig. 1). However, most of them are designed
with small inner bores and dimensions. Therefore, a different
design is needed in our case. The double helix dipole (DHD)
coil [24], has been used in particle accelerators for many years
to generate the transverse magnetic fields for particle guiding.
Its design offers high amplitude and large homogeneous vol-
ume of transverse magnetic flux densities.
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Fig. 3. Conceptual description of the DHD coil. (a) Combination of two
tilted coil fed by currents flowing in opposite direction produces 2By. (b)
Two concentric double layered FR4 tubes with IDs = 42, 50, 58, 66 mm
carved with 2 mm grooves where a 1.9-mm single strand wire is placed. The
winding corresponds to an helical coil tilted an angle o = 30° and winding
pitch d = 5 mm. (c) Practical realization of Trj . Power cabling and the
temperature sensors can be observed in the photography already in place.

We have constructed two of these resonators, Try, and
assembled them concentrically [see Fig. 3(b)]. In order to
achieve a cylindrical volume of the homogeneous magnetic
field of 30 x 30 mm, the minimum inner bore diameter
of the resonators must be ~42 mm. This diameter allows
us to easily accommodate the sample and the future coils
needed for NMR/MRI experiments like MRI Gradient and RF
transceiver coil. Therefore, Tr; consists of two 3-mm-thick
concentric FR4 tubes with an inner diameter (ID) = 42 mm
and ID = 50 mm. They act as holders of the first DHD coil
wound with 1.9-mm single strain wire. In the same way, Tr,
consists of other two 3-mm-thick concentric FR4 tubes with
ID = 58 mm and ID = 66 mm holding the second DHD
coil wound with the same wire. The tubes were carved with
2-mm-deep square grooves forming a helical winding tilted
an angle a = 30° and a winding pitch, d, of 5 mm. This
configuration produces maximum amplitude of the magnetic
fields generated at the center of both resonators while o
and d ensure the mechanical feasibility of both structures.
A final description of these resonators working together is
depicted in Fig. 3(b) and their practical realization is shown
in Fig. 3(c). This practical realization was carried out by a
company which manufactured the necessary tools and carved
the profiles on material based on epoxy resin. Once the four
cylinders were received in-house, the coils were wound and
glued with an epoxy resin that holds the wire in place. The
cylinders were placed concentrically and held tight by glue
tape which allowed their free movement in order to perform
the manual alignment mentioned above.

With  this configuration, numerical integration of
Biot—Savart law predict magnetic flux densities of ~1.5 and
~1.3 mT/Amms for By, respectively. Each resonator shows
an orthogonal component (B, for Tr; and B for Try) <1%
inside a cylindrical volume of 30 x 30 mm. Measurements
presented in Section IV validate the numerical simulations
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Fig. 4. Homogeneity along the z-axis for the configurations presented
in Table I. (a) Schematic of the double Helmholtz pair where the distance
between each ring has been set to the radius, rg. (b) V-configuration shows
a homogeneity lower than 0.01%. However, this configuration results in a
practical winding of 270 m of wire. Therefore, a configuration with two
layers less than the previous one was also tested in order to reduce the
amount of wire (e). It results in a deviation of ~0.01% along the z-axis.
(c) Contour plot of the homogeneity in the zx plane obtained from simulations
for the @ configuration taken every 20 xT. The contour levels in the zoomed-in
view area are taken every 1 uT.

allowing us to predict magnetic flux densities of future
designs.

B. Double Helmholtz Pair, Z-Coil

B is the static component of Byars. Therefore, in com-
parison with the linear components of Bror, Bi,2, its inho-
mogeneities are not averaged by any rotation. Consequently,
the design of the coil producing B, was focused on obtaining
very small intensity deviations, AB; inside a cylinder of
30 x 30 mm.

We have performed simulations of different configurations
of the Z-coil with COMSOL multiphysics. An optimization
process was performed on multiple Helmholtz pairs working
together with some constraints on power and dimensions. First,
the total power dissipated by the Z-coil was constrained to
200 W which is the maximum power we can dissipate without
including complicate cooling systems. Second, the maximum
radius of the Helmholtz pairs was constrained to 150 mm and
the distance to the center of each pair to 200 mm. These
dimensions fit well in the aluminum frame where the elec-
tromagnet was installed (see Section II-C). Third, the amount
of cable available in the laboratory for the practical winding
of the coil was limited to 200 m. Table I shows the possible
configurations for one and two Helmholtz pairs [see Fig. 4(a)].
Fig. 4(b) shows the homogeneity along the longitudinal axis
of the coils when it is calculated with the following equation
for the configurations of Table I:

By —B
AB.(%) = IOT(Z)' x
0

100 (1)
where By is the magnetic flux density at z = 0 and By is
the magnetic flux density along the z-axis [see Fig. 4(a)]. The
optimization process had a goal of 8 mT at the center of the
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TABLE I
DIFFERENT RADII, POSITIONS, AND CURRENTS FOR ONE AND TWO HELMHOLTZ COILS PRODUCING B;

NHelm =1 NHelm =2
Radii (imm) N;,,.,s  Current (A)Power (W) Radii (mm) Niwrns Current (A)Power (W)
rn =90 N; =105 P, =17.74
80 200 3.56 24.12 ry = 140 N, — 84 5.04 P, — 22.08
r, =110 N; =105 P, =27.98
90 200 4.02 34.32 ry = 140 N, — 84 5.73 P, — 28

Z-coil. The best compromise between homogeneity and power
dissipation is achieved with the V-configuration. However,
the amount of copper wire of this configuration (~270 m) was
too high to consider its practical realization. Therefore, the
e-configuration with two layers less per pair than
V-configuration was constructed. This configuration consists
of ~198 m of 1.9-mm single-strand copper wire wound
around the structure depicted in Fig. 4(a). Each layer is held
together with epoxy resin and the total resistance of the
Z-coil is ~3 Q.

Fig. 4(c) shows the detail of a contour plot of the homo-
geneity in the xz plane obtained from simulations. The contour
levels were taken every 1 uT. As we expected, changes
along 30 mm of the z-axis were around 0.01%. In the radial
direction, we observed deviations around 0.07%. Therefore,
the expected homogeneity is around 0.07% inside the cylin-
drical volume of 30 x 30 mm around the center of the coil.

C. Final Assembly

Fig. 5 shows the design and realization of the novel
RF-MAFS magnet. The assembly is ~1.1 m tall and ~15 kg
weight. Try > are placed one inside the other and oriented
manually. The two pairs of the Z-coil are placed at 70 and
55 mm, respectively, from the center of the assembly. These
three electromagnets are enclosed in an aluminum frame
grounded in order to avoid parasite radiation inside the coils
and reduce the electromagnetic (EM) radiation outside. On top
of the aluminum frame, an insertion and connection port
allows us to attach the FGM and rotate it around the z-axis
in six different positions. This port also includes electrical
connections for Try > and the Z-coil.

The current amplifiers, AR3501AH (see Fig. 2), are con-
nected to Try, through low inductance twisted wire and
programed by the PC to provide up to 13 A;ys each in a
frequency range up to 12 kHz. The phase of the input signals
(coming from an AFG3102 signal generator) is also controlled
by the PC in order to compensate the misalignment of Try >.
A KIKUSUI bipolar power supply is connected to the Z-coil
providing up to £10 A over a 4 Q-load in a controlled way.
We have not included any noise mitigation method for the
current source.

III. FLUX AND GAUSS METER DESIGN AND TEST
A. Description of the System

In order to characterize the magnetic assembly presented
earlier, an integrated FGM was designed, built, and calibrated
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Fig. 5. Prototype of the novel RF-MAFS magnet placed in our laboratory.
The Aluminum frame is grounded in order to avoid parasite radiation inside
the magnet. The final assembly (down right corner) is a portable device of
1.1 m height and 15 kg weight with connection ports for Trj », the Z-coil
and the FGM. Note that in the design Try is inside Trp.

in-house. It consists of a mobile platform pushed up and down
by a stepper motor that is controlled by an ARDUINO-based
device. A PC controls the movement of the motor in steps
>2 mm. Fig. 6 shows the conceptual scheme of the system
and its practical realization. We have minimized the amount
of metallic parts in the mobile platform in order to avoid any
undesired perturbation of the Bror field. Therefore, all the
parts were 3-D-printed or based on epoxy resin.

The RF sensors depicted in Fig. 6(b) consist of two pairs
of pick-up coils separated 15 mm to each other. Each pair
has two 2 x 2 mm?, four turns, squared coils orientated in
quadrature as depicted in Fig. 7, allowing us the detection of
two perpendicular components of the magnetic field in the
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Fig. 6. Measurement system of Byjars. (a) Mobile platform is controlled
by and ARDUINO-based device and the measurement is organized by the
PC. The PC orders the ARDUINO to move the platform, and once is moved,
it triggers the measurement in the oscilloscope. At the end, Vpp is read and
processed by the PC and a new measurement starts. The mobile platform is
attached to the motor through a polylactic acid and fiberglass structure. At the
end of the structure, a printed circuit board (PCB) allows connection of the
different sensors. (b) Pick-up coil sensing BRot and Hall sensors measuring
B;. Both sets of pick-up coils are placed on the same plane 15 mm away
from each other. The Hall sensors are placed one on top of the other (3 mm
apart) and 15 mm away from each other.
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Fig. 7.  Details of the measurement chain for Bror. The pick-up coils
are wound around the square structure which is a 2 x 2 mm? section. The
windings are four turns of 0.25-mm copper wire and they are connected to
the ending PCB by a coaxial cable from LAKESHORE. The induced voltage
is amplified by two instrumentation amplifiers and their output measured by
an oscilloscope. The measurement chain results in a voltage resolution of
+0.5 mV which theoretically corresponds to ~+26 uT.

xy plane. Each set is connected to two INA128PA instru-
mentation amplifiers by a coaxial cable from LAKESHORE.
After low-pass filtering, their output goes to an INFINIUM
A-series oscilloscope where the RF signals oscillating at the
two orientations are measured. After 5 mm displacement of the
platform, the PC triggers the measurement in the oscilloscope.
It takes 16 scans and averages the input signal before the PC
reads the value of the peak-to-peak voltage. The measurement
chain is depicted in Fig. 7, and it results in a voltage resolution
of 0.5 mV which theoretically corresponds to ~+26 uT.
The dc-Field sensors are two AD22151 Hall sensors, placed
15 mm away to each other and configured to provide Vi./2 +
11.56 mV/G x B; and V. /2 + 40.85 mV/G x B, at the
center and 15 mm away, respectively. The supply voltages and
the output signals were routed outside the RF-MAFS magnet
through an eight-wire twisted cable. The output voltage was
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measured with an AGILENT 34401 A multimeter controlled
by the PC. The input current was measured by recording the
voltage on a noninductive 10-Q resistor. In the same way,
we measure the RF magnetic field, the PC takes 16 values of
the voltage measured with the Agilent multimeter and averages
the final result. In this way, the resolution is defined by the
maximum rms noise of the Hall sensors for the selected gains.
We observed ~£20 and ~%70 uT at the center and 15 mm
away respectively.

B. Calibration

A calibration experiment was performed in order to obtain
the transfer function of the pick-up coils and the Hall sensors
and determine the accuracy of our FGM. In the calibration
of both type of sensors (RF and dc), we used available
commercial devices.

For the Hall sensors, a commercial longitudinal Gaussmeter
was placed at the center of the Z-coil and 15 mm away in
the same plane when 1 A was flowing through the coil. The
measurement was recorded (1225 + 10 and 1228 £ 10 uT,
respectively) and then the same measurement was performed
with the Hall sensors placed in the mobile platform [see
Fig. 6(b)]. Correction factors of 428 and —25 uT where
obtained for both Hall sensors (centered and 15 mm away
from the center).

In this calibration process, a temperature drift of 0.5 uT/s
of B, was observed. This drift is related to the heating process
of the Z-coil observed in every resistive magnet without
refrigeration. Besides the simple refrigeration techniques that
can be implemented in order to mitigate this drift, an electronic
control of the output current of the power supply feeding
the Z-coil must be developed. The KIKUSUI power supply
provides a control system of its output current of 1 mA every
0.1 s with which, in the case of long experiments (more than
30 s in this case), the temperature drift of the magnetic field
at the center of the magnet could be compensated by a control
program working at the PC.

For the pick-up coils, a commercial three-axis Fluxmeter
(Mag585 from Bartington, Inc.) was placed at the geometrical
center of the concentric DHD coils. Try was oriented properly
with respect to the measurement axis of the Fluxmeter and fed
with 1 Ay at 1 kHz. First, measurements of the magnetic
flux density were performed with the Fluxmeter oriented in
six different directions between 0° and 180°. Second, the mea-
surement tip was placed in the same geometrical position than
the Fluxmeter and the measurements were taken at the same
six angular orientations. The same procedure was performed
for the pick-up coils placed 15 mm away from the center of
the tip. Fig. 8(a) and (b) shows the absolute errors for both
sets of pick-up coils. These errors were used to correct the
measurement that characterizes Bror.

It is important to note that the commercial instruments used
during the calibration allowed us to perform measurements in
particular locations inside the final assembly. However, they
were not suitable for performing a complete characterization
of the three electromagnets due to their dimensions and their
limited measurement capabilities.
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TABLE 11
SOURCES OF UNCERTAINTY IDENTIFIED DURING THE DESIGN AND TEST OF THE FGM

B; > Meas. B, Meas.
Source  Deviation % Source Sensor Deviation % Error
Error
HScent 3.8x107° +0.004
O 0.0013 £0.13 O HSi5mm  3.8x107° +0.004
HS cnt 0.156 mV/mT  £0.15
AG, 0.00094 +0.09 AG, HSys 0.156 2V /o 104
HSent 7.15uT +0.5
AITT 3.5 mATmS +0.35 AIHel‘ HS15mm 715 MT +0.5
60533300 Sefr, was introduced. The voltage induced in each coil by By >
) ) b) is consequently given by (2), and the effective surface of the
04 1207220 o4 e coil is given by (3). Therefore, the uncertainty of the magnetic
_oap I field is given by (4)
<§ 0.2 <g 02} 12
E 0.1 E 01} Vpéoil = B12Seftw (2
g 0 § or Setf = Stheo COS O 3)
w w
o1E e o1t AB = £||1 —cosOx| )
0.2 . . . . . 0.2 . L . L ]
ol i?ngle EB;) o o f\ong|e Ec?)o 0 Where 6, is the deviation of the normal vector to the surface
Stheo With respect to the vector defined by the magnetic
Fig. 8. Calibration curves of the FGM for the pick-up coils. (2) Absolute  flux density to be measured (B 2). Considering an estimated

errors of the central pick-up coils with respect to the measurements performed
with the mag585 Fluxmeter in six different angular orientations. (b) Absolute
errors of the pick-up coils placed 15 mm away from the center of the
measurement tip with respect to the measurements performed with the
mag585 Fluxmeter in seven different angular orientations.

C. Sources of Uncertainty in Homogeneity Measurements

In order to evaluate the deviation of B> and B; inside a
certain volume, it is necessary to enumerate different sources
of uncertainty in the measurement of the magnetic field value.
These sources can be corrected in the measurement chain
depicted in Figs. 6 and 7 by enhancing the performance
of the FGM. Also, note that these sources are not related
with the design of Trj > or the double Helmholtz coil but with
the practical implementation of the FGM. Table II shows the
different sources of uncertainty of the magnetic field identified
during the design and measurement processes. The sources
are divided in phenomena affecting Bj, and phenomena
affecting B;.

Some uncertainties affecting the measurement of B> and
noise produced in the excitation currents were identified during
the design process of the measurement chain depicted in Fig. 7.
Three different sources of uncertainty were identified. The
pick-up coils placed in the measurement head (see Fig. 7)
slightly changed their angular orientation during the movement
along the z-axis and they did not present the same angular
orientation with respect to the x- and y-axes for every point.
Therefore, considering the theoretical surface of the pick-up
coils, Stheo, as the surface perpendicular to the direction of B
2x2 mmz), an uncertainty modeled as an effective surface,

O = £1.5°, the deviation from the value of the magnetic flux
density is ~=£0.13%.

Before the voltage induced in the pick-up coils by Bj > is
recorded by the oscilloscope, the signal is amplified by the
instrumentation amplifiers. The voltage gain, G, is defined
in the following equation. Considering tolerances of ARg =
+1% for the resistor Rg, the final uncertainty at the first order
is ~=£0.1%:

50 kQ 50 kQ
— AG, =

G G

G, =1+

ARg. 5)

Despite the temperature drift of the magnetic flux densities
was corrected by measuring the current through the DHD coils,
this measurement was performed with an oscilloscope able to
provide up to £1-mV accuracy. This accuracy results in sharp
steps in the measurements of B > of ~£5.3 uT. Considering
the values of By, measured at the center of Trj >, the steps
result in an uncertainty of £0.35%. Finally, the theory of error
propagation provides the total contribution to these sources.
In the worst case scenario, the final uncertainty is ~=40.6%.

The same uncertainty analysis can be applied to the mea-
surement of B,. Both sensors (at the center of the mobile
platform and 15 mm away from the center) measure the
magnetic flux density perpendicular to their surface. There-
fore, uncertainties observed in measurements respond to (4)
as described for the pick-up coils. However, in this case,
the angles considered are constrained to +0.5° due to the
stability of the positioning platform where the sensors are
placed (see Fig. 6). For both sensors, the uncertainty is
~=40.004%.
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Also, both sensors are configured with resistors of 1%
tolerance. Therefore, if the uncertainty in the sensor voltage
gain, G,, is given by the following equation, where R, and R3
are the resistances configuring the voltage gain of the sensor,
the relative uncertainty for both sensors are ~£0.16% and
~=40.4%, respectively

R3 mV
AG, =2—0.004—. (6)
R mT

These sources of uncertainty are related to the measurement
chain of the B,. However, as it was explained earlier for the
measurement of By, the KIKUSUI power supply has a limit
for the accuracy of the output current which results in an
uncertainty in B;. In this case, the error in the output current is
~=+5 mA which corresponds to a field uncertainty of 0.5% for
both sensors. At the end, the measurements of B, are affected
by total deviations of ~40.6% at the z-axis and ~%+0.8%
15 mm away from it.

In summary, the presented sources of inhomogeneities affect
the measurements of the magnetic flux density obtained with
the FGM. Therefore, the uncertainty observed in the mea-
surement of the magnetic flux density can be reduced by
considering the obtained values.

IV. CHARACTERIZATION OF THE MAFS RF MAGNET

In order to characterize the magnetic field created by the
assembly described in Section II, the magnetic flux densities
generated by Try > and the Z-coil were measured separately.
However, in both cases, the measurement procedure was the
same.

A. Characterization of the RF Fields, B

For the RF fields, we placed the FGM (see Section III) with
the pick-up coils at the end of the mobile platform. We moved
along the z-axis the mobile platform taken measurements
from the central sensors every 5 mm. Then, we repeated
the movement for the sensors placed 15 mm away in six
different angular positions. In every measurement, the current
through the coil was monitored with a commercial current
probe (N278A from AGILENT TECH.).

The homogeneity was evaluated by comparing the measure-
ments from the sensors placed 15 mm away from the center of
the measurement tip with the measurements performed with
the centered sensor. This comparison was performed along the
different z-axes according to the following equation:

_ |B(0) — By|

B
where B(0) is the magnetic flux density at the center of Try >
and By corresponds to the different measurements taken along
the z-axes (including the central axis).

Fig. 9(a) shows the values of B at the centered z-axis
of Try. They are compared with numerical simulations of
the ideal winding of Trj, (integrations of the Biot—Savart
law). Considering a maximum deviation of £2° for a (see
Section II) in both windings, the measurements fit well with
the simulations. At the center of Trj >, these resonators pro-
duce B; ~ 1.6 and By ~ 1.35 mT/Ams.

)
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Fig. 9. Measurements of the magnetic flux density produced for Try ».

B1,» measurements were taken every 5 mm and 16 scans of the RF signal
were acquired along the central z-axis and along 6 axes placed at 6 different
angular orientations (every 60°). (a) Measurements of Bj o inside Try o
compared with numerical integration of the Biot—Savart law when certain
deviation of a (tilting angle of the windings) is allowed in both windings.
(b) Relative error of By (e) along the central z-axis and B,/B; ratio (H).
(c) Relative error of B (e) along the central z-axis and B1/Bj ratio (H).
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Fig. 10.  Deviation of magnetic flux density measured at 15 mm away
from the center, with respect to Bj o measured at the center of Try .
By measurements were taken every 5 mm and 16 scans of the RF signal
were acquired at six different angular orientations (every 60°). a) Deviations
of By along the six different orientations. b) Deviations of By along the six
different orientations.

Fig. 10 shows the deviation of the magnetic flux density
measured along the axes placed at the six different angular
positions with respect to the value of the magnetic flux density
measured at the center of Try, [see Fig. 9(a)]. They were
calculated according to (7), where By corresponds to the
measurements from the pick-up coils at 15 mm.

The deviation from the central value, B(0), of By, Aj,
is ~1% or less at every angular orientation [see Fig. 10(b)].
This value is in good agreement with the design expectations.
However, the deviation of By, A1, is <4% at every angular
orientation, which is almost four times the expected value
from the design specifications. This increment in the deviation
is caused by the manual alignment of the layers of Trj.
The misalignment produces an increase in the orthogonal
component (B> for Trl) outside the center and the desired
component reduces its amplitude [24]. This matches perfectly
with the results shown in Fig. 9(b) and (c) where a higher
orthogonal component is observed for B, measured at the
center of Try.
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Fig. 11. Measurements of the magnetic flux density produced by Z-coil.
Measurements were taken every 5 mm and 16 scans of the voltage read
from the multimeter were taken. (a) Measurements of B; inside Z-Coil
compared with simulations performed with COMSOL. (b) Magnetic flux
density measured at the six angular positions 15 mm away from the center
of the Z-coil. The error of the AD22151 Hall sensor with the gain selected
at this position makes difficult to analyze the homogeneity with resolutions
<1% (c) Relative error of B; (—) along the central z-axis and relative error
of B; measured with the Hall sensor placed 15 mm from the center of the
measurement tip along the z-axis and placed at the six angular positions cited
in Fig. 10.

These results must be evaluated considering the uncertain-
ties presented in Section III-C. The magnetic field uncertainties
in the measurement of By, are ~=30.57% for both fields.
Therefore, there is a reduction of the homogeneity limit
inside the cylindrical volume to be considered. This reduction
is expected to be confirmed during the NMR experiments
devoted to fine tune the RF magnet fields.

B. Characterization of the dc Field, B,

Fig. 11 shows the measurements performed with the Hall
sensors. Fig. 11(a) demonstrates the agreement between mea-
surements and simulations performed during the design of
Z-coil. The magnetic flux density produced by the double
Helmbholtz pair is ~1.225 mT/A. This measurement is higher
than the value predicted with simulations (~1.19 mT/A).
However, when two extra turns are distributed in every wind-
ing of the Z-coil, the measurements match perfectly with the
simulations. These extra turns have to be considered due to
imperfections during the manual winding of the coils. The
distribution of these extra turns degrades the homogeneity
inside the cylindrical volume under study (30 x 30 mm).
Fig. 11(b) shows the measurements along the six longitudinal
axes placed according to Fig. 10. We observe that within the
noise, there is not angular deviation of the field observed and
we only expect a radial variation of the intensity of B.

Fig. 11(c) shows the error along axes placed 15 mm away
the center axis (at the six angular positions) and the center axis
itself, according with (7). The deviations, A, are all around
0.5% of B,(0). These deviations are due to the distribution
of extra turns commented earlier. Differences in the number
of turns distributed in each coil of the two Helmholtz pairs
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produce asymmetric magnetic flux densities that added-up
increase A;. However, the main value of these deviations
shows that B, presents a radial distribution, changing its
intensity in any angular orientation in the same way. Therefore,
A, decrease when B, is observed at radii <15 mm. Luckily,
this radial distribution of A, can be easily compensated with
an extra coil placed at the center of the Z-coil [25]. The
noise observed in the deviations fits perfectly with the results
presented in Section III-C where uncertainties of ~£0.6% and
~=+0.8% were obtained after error analysis of the measure-
ment chain.

Therefore, the Z-coil is able to produce ~10 mT when the
current source (see Section II) delivers ~8 A, which results in
112-W dissipated in the Z-coil. The volume where the field
deviates less than 0.5% is defined by a cylinder of 30 x 30 mm
in length and diameter. A passive shimming strategy, like an
extra coil placed at the center of the Z-coil is needed in order
to enhance the homogeneity and reduce the 0.5% limit.

V. CONCLUSION

An MAFS magnet based on RF signals has been success-
fully built and characterized. The assembly consists of two
transverse resonators (DHD coils) and a double Helmholtz
pair producing a combination of ac and dc magnetic fields.
The electromagnets form a compact device of ~1.1 m height
and 15 kg weight enclosed in a grounded aluminum frame.
In order to generate the magnetic fields, a double output signal
generator, a pair of current amplifiers delivering 300 W up to
12 kHz, and a dc current source were used.

The magnet was characterized by measuring the magnetic
flux density of the different electromagnets that conform the
assembly. These measurements were carried out with a home-
made FGM able to measure magnetic flux densities of ac and
dc magnetic fields in the xy plane and z-axis every 5 mm. The
accuracy of the system was achieved through a calibration
process and its resolution in every measurement is <=+26 uT
for the RF fields and <70 uT for the dc field, as it was
demonstrated in Section III-A.

The RF magnetic flux densities produced by Tri, were
characterized along the central z-axis. Values of 1.6 and
1.35 mT/Ans were obtained on a range of 30 mm around the
center of the coils. These values change less than 4% and 1%,
respectively, inside a cylindrical volume of 30 x 30 mm. The
deviations can be corrected by micropositioning of the layers
forming Tr ». Deviations from expected homogeneity are due
to misalignments of the layers forming Tr; ». At the same time,
the orthogonal component produced by each resonator can be
compensated with the RF signals (amplitude and phase) from
the signal generator.

The dc magnetic flux density produced by the Z-coil is
1.225 mT/A. The measurements along the axes placed 15 mm
away from the center show that this value changes <0.5%
inside a cylindrical volume of 30 x 30 mm. Deviations from
simulations come from the manual winding of each coil
forming the Z-coil. At the end, dc current source feeding this
coil ensures a B; field of 10 mT in that volume.

Therefore, our MAFS RF prototype is able to pro-
duce magnetic flux densities of 10 mT with precessing
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frequencies of 1-12 kHz and a precessing angle, controlled
by the amplitude of Bror, adjustable to the magic angle
(54.74°). With improvements in the homogeneity of B; by
mechanically alignment of the layers forming Tr; and passive
shimming of the Z-coil, we consider the presented prototype
as a proof of concept of the technology needed to produce
an RF-MAFS magnetic field. This prototype can be properly
debugged and complemented with the necessary hardware in
order to perform NMR and MRI experiments in the future.
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