Miniature Permanent Magnet for Table-top NMR
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ABSTRACT: The multi-infinity dipole magnet is a new design capable of generating a
relatively high and homogeneous permanent magnetic field (0.1-3 Tesla and homogeneity
20 ppm for 3 mm) that is suitable for nuclear magnetic resonance (NMR) or electron spin
resonance (ESR) studies of small volume chemical or biological samples. The theoretical
design and practical aspects involved in the construction of a prototype tabletop NMR
system (0.6 T and homogeneity of 10 ppm in a ellipsoidal region of 3 X 3 X 5 mm?) are
described. A simple NMR relaxation time experiment was performed on a water sample
doped with 40 mM of CuSO,. This system in its current configuration is suitable for
relaxation time studies of materials or for educational use. The introduction of shim coils
would increase the homogeneity of the magnet by a factor of 100, allowing the system to be
used as a portable NMR spectrometer. In addition the introduction of gradient coils
between the poles would transform the spectrometer to a MRI portable system for tissue
analysis or simple MR microimaging at fields up to 3 T.  © 2003 Wiley Periodicals, Inc.
Concepts Magn Reson Part B (Magn Reson Engineering) 19B: 35-43, 2003
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INTRODUCTION

Magnetic resonance imaging (MRI) and nuclear mag-
netic resonance (NMR) spectroscopy are important di-
agnostic and analytical tools for biomedical studies.
MRI provides submillimeter resolution of soft tissues in
the body, whereas NMR spectroscopy is used for struc-
tural identification and kinetic studies of proteins, lipids,
and carbohydrates. Both applications usually use large,
cryogenically cooled superconducting magnets to estab-
lish the essential polarizing static By, field (typically 1.5
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T for MRI and 11.7 T for NMR). Although low-field
open MRI (0.6 T) and table-top relaxometers (0.25-1.5
T) use permanent magnets, such systems represent a
small fraction of the total market. However, recent ad-
vances in permanent magnetic design (/-6) provide the
basis for new table-top MRI and NMR systems for
microimaging, relaxometry, microspectroscopy, and
NMR process control. For example, the Halbach design,
which generates a transverse field normal to the axis of
an annular cylindrical magnet, is used by Hitachi in its
R-1200 60-MHz spectrometer and by Progression, Inc.
in NMR industrial process control systems (wWww.
progression-systems.com). Large industrial versions
of Halbach magnets (from 0.1 to 2 T for a 178 to
10-mm magnet bore, respectively) are available from
Magnetic Solutions, Inc. (www.magnetic-solutions.
com). In addition, a Halbach permanent magnet de-
sign was recently proposed by Maguire et al. (7) for
use in a table-top NMR quantum computer.
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Figure 1 On the top left is represented the static magnetic field of the infinitesimal dipole and the
resultant magnetic field generated in the xy plane; on the top right the Halbach design built from
eight magnetic rectangular trapezoidal pieces. The magnetization of the segment follows the
direction of a dipole placed in the center of the design. On the bottom left is represented the
magnetic cylinder in cylindrical coordinates; in the bottom right is the theoretical static field in cross
section at the middle of a four-cylinder Halbach design. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

In this article we describe a micro-NMR system
based on the Halbach or “magic angle” design. A
static field of 0.6 T with a homogeneity of 20 ppm
was achieved in an elliptical volume of 3 X 3 X 5
mm?. The field could be increased to 3 T by adding a
second layer of magnetic material, as some authors
have demonstrated (/, 2).

BASIC PRINCIPLE

In most NMR spectrometer and MRI systems the
static magnetic field, B, is directed along the central
axis of the cylindrical magnet structure. Permanent
magnets for open MRI typically employ parallel plate
structures with B, directed normal to the parallel
magnet poles. The Halbach permanent magnet design,
however, is unique in that the orientation of the static
field is traverse to the cylindrical axis, whereas the

individual magnet segments are polarized in a direc-
tion out and around in a general dipole field arrange-
ment as shown in Fig. 1. The key feature in its design
is to place all the magnetic components around an
infinity dipole with each segment of magnetic mate-
rial oriented in the same direction as the field gener-
ated by a single dipole. In theory the direction of the
magnetization for a segment with angular position {s
must 2¢s to model the ideal dipole field. Theoretical
and numerical analysis by Halbach and Abele (3, 5, 6)
demonstrate that the field generated inside the ideal
structure is completely homogenous and the fringing
is negligible.

For example, the B|, static field in the air gap for a
dipole cylinder of infinite length is given by Abele (3)
as

Fout
B, = Jrln<) [1]
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where r,,, is the external radius, r;, is the internal
radius and J, the magnetic remanence of the material.
Since in practice the cylindrical magnet structure is of
finite length and must be assembled from different
trapezoidal segments, two extra factors are introduced
on the righthand of the equation: sin(2m/n)/(2m/n) to
correct the segmentation of the magnetization around
the dipole and f(z) to correct the finite length of the
cylinder.

In theory there is no limit to the magnitude of the
static magnetic field that can be produced using the
Halbach design, but in practice the coercitivity and
anisotropy field of the magnet limit the ultimate per-
formance to 3 T for the cylindrical configuration and
5 T for the spherical case (3). In addition the total
magnetic field generated by the Halbach design can be
oriented in the same direction (magnet positioned
with an angle of ¢ = 0) or in the opposite direction of
the magnetization (magnet positioned with an angle
{ = 90) of the polarization of the individual compo-
nents. In the second case, the strong magnetic field
can consequently reverse the magnetization and de-
magnetize the magnet (8, 9). Although from a design
perspective the trapezoidal magnet segments are al-
most ideal, in practice the difficulty and expense of
machining and of orienting the polarization of each
element limits the realization of this configuration. As
an alternative, Skomski and Coey and others (/, 3, 5,
6) suggested the use of cylindrically shaped magnets
that are magnetized transverse to their long axis. The
field at the center of the magnet in this case is

n R

BOZE‘]r’)’ [2]

where 7 is the number of cylinders, R is the radius of
each magnetic cylinder, r is the distance between the
center of the “magic angle” design and the center of
the cylinder segment, and J, the magnetic remanence
of the material. To correct the finite length, an f( z)
function also has to be introduced on the righthand
side of the equation.

A key feature of the Halbach design is that such
magnets can be nested without degrading the field of
either source magnet, allowing the relative orienta-
tions of the fields from two Halbach designs to be
smoothly varied by rotating one relative to the other.
This feature also allows the total field from concentric
Halbach magnets to be increased by superposition.
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THEORY

One of the simplest ways of implementing a two-
dimensional magnetic structure is to assume an infi-
nitely long cylinder such as that show in Fig. 1. In this
model two regions corresponding to radii < r., and
radii > r,, have to be considered. The medium inside
the radius r.y, is a homogenous magnetized material
with a uniform remanence J,,, and the medium outside
the r., is assumed to be free space with a permeabil-
ity of . In a cylindrical system of coordinates p, s,
z with the axis of the cylinder oriented in the direction
of 7, can be written in the form

J = Jo(cos(Us)7 — sin(Us)s). [3]

A z-independent solution of Laplace’s equation for
the scalar potential @ (r, ) in cylindrical coordinates
can be found by separation of variables (9) as

O(r, ) = R(r)cos ¥, [4]

where R(r) satisfies the equation

d dR _
FE I‘E —R= N [5]

whose general solution is
1
R(r) = Cyr+ Ci,2;~ (6]

The sub indices i identify the regions:

i=0 forr<ry

i=1 forr>ry

and the four constants of integration C;,, C;, are
calculated using the boundary conditions at the inter-
faces between the regions of integration. First, be-
cause ®(r, ) must be finite everywhere,

Co’z = Clﬁl = O.
Joln("cyl)
Co,l - 2#‘“0 [7]
J()rcz:yl
Ci,=——F—. 8
= (8]
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Consequently the magnetic flux density can be
found by taking the negative gradient of the scalar
potential:

B = —VO(r, ), [9]
for r > r.y,
. Jordg (sin g\ (7
-l o

In this case we add N cylinders polarized by the
Halbach rule, and find

- Jrf i 7
pen i)yl o

The correction of a finite system can be realized by
introducing on the righthand of the equation a Bessel
expansion function (/0).

ponlyp(sny)r)t0 s CO0
2r2 o8 llj ll} Tl'z n,d nede kﬁ(knrcyl)

-cos(V - ) - sin(k, - z) - ky(k,r) [12]

where the sum contains only n, ¥ odd integers and
where kg is the Hankel function.

MAGNET DESIGN

A scale drawing and photograph of the prototype
magnet is show in the Fig. 2. The magnet is con-
structed in an aluminum frame using eight cylindrical
SmCo,; magnets (Magnequench, Wayne, NJ). The
individual cylindrical magnets are each 150 mm in
length and 20 mm in diameter and are magnetized
transverse to their long axis. Aluminum cylinder end
pieces are glued with epoxy (Epotek ND 353) to both
ends of the magnet element. The composite magnet
element is then carefully inserted into a frame, and
each magnet is rotated to the correct orientation using
the aluminum end pieces and finally fixed with two
screws pressing on the aluminum cylinder, as shown
in Fig. 2. The main difficulty in this process is to
introduce the magnet assembly into the frame without
breaking or crushing the fragile ceramic-powder mag-
netic material. When all cylinders are inside the frame
and properly aligned and fixed in place, the individual
magnets are protected from damage and the structure
is mechanically and thermally stable.

The magnet field in the active volume was scanned
in x, y, z directions with a small (active area of 0.2 X
0.2 mm) Hall magnetic field probe (Magnetic Instru-
ments Model 2010, Falmouth, Cornwall, UK). The
static magnetic field was scanned while the cylinders
were adjusted by rotating the transverse polarization
to obtain the maximum static field homogeneity.
When only four magnets are present in the frame, it is
possible to access to the center of the magnet from the
sides, but in the case of eight magnets, access is only
possible from the ends.

Two iron plates are fixed on the aluminum frame
using two screws, and in the gap a Teflon piece is
introduced to allow access without contacting the
frame of the assembly. The plates are introduced in
the magnet and then fixed with another aluminum
piece on the opposite end. The plates are turned to a
position perpendicular to the magnetic field and fixed
in place using screws. The function of the high-
permeability (n > 10,000) plates is to improve the
static field homogeneity by providing a uniform and
homogenous material interface. A correction to the
plates, suggested by Rose (//-13), was the introduc-
tion of small step ring (with a dimension of 0.2 X 0.1
mm) at each end to decrease the fringing field.

The plates were scanned in the x, y, z direction and
adjusted using the four screws by optimizing the
parallelism and separation distance. This operation
was repeated until a field homogeneity of 20 ppm in
a region of 3 X 3 X 5 mm® was achieved. The peak
magnetic field reached was 0.596 T. The dimensions
of the inter plate volume are given by the gap between
the plates: 5 mm height, 32 mm width, and 230 mm
length.

The introduced plates produce an equipotential
surface in the magnetic sense, and the variation of the
field in x direction in the center of the structure is
negligible. The highest variation of the magnetic field
is in the y and z directions, and the graphs of the
measured fields are plotted in Fig. 3 for the situation
with and without the poles.

The experimental data, shown in Fig. 3, closely
matches the static fields predicted by analytical cal-
culation and numerical simulation corrected by add-
ing an offset realized with the finite elements software
(FEMM 3.2 and COSMOS).

In Fig. 3 the magnetic field homogeneity is plotted
in the y and z axes (variation on the x axis not shown,
because it is an order of magnitude smaller). The
graphs show a variation of 20 ppm along the y axis for
3 mm and for the z axis one of 20 ppm for 5 mm. The
homogeneity could not be calculated with such pre-
cision, in fact the realization shows a difference in
homogeneity of a factor of 100. This large factor is
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Figure 2 On the top is shown a scale drawing of the magnet designed with dimensions of 230 X
90 mm. The magnet is composed of eight SmCo,, cylinders and two steel yokes in a frame of
aluminum. On the bottom is the photograph of the physical magnet. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

caused by mechanical tolerances (*=100 wm), place-
ment (error in the orientation (*1°) and in the axial
position (=500 wm) and quality of the material (mag-
netization and homogeneity).

EXPERIMENT

As an initial test of the prototype magnet, we con-
ducted a simple NMR experiment using standard lab-
oratory instruments configured as an NMR spectrom-
eter. The solenoidal RF coil was wound around a
4-mm diameter glass capillary (8 turns of 650 pm
diameter Kapton insulated copper wire, 5 mm of
length). The coil had an inductance of 168 nH and an

impedance of 0.29 () measured at the frequency of 25
MHz using an HP 8752A network analyzer. In
parallel with the coil was connected an ATC ce-
ramic capacitor (Model 181: 180 pF) and a Farnell
trimmer capacitor (Model 499-432: 2—6 pF), which
were soldered as close as possible to the coil for
pretuning. In addition for matching, two capacitors,
a ceramic (ATC, Model 470: 47 pF) and a trimmer
(Farnell Model 499-432: 2—6 pF), adjusted for a
value of 49 pF, were soldered to the coil assembly.
The probe schematic and a photograph of the RF
coil are shown in Fig. 4. A sample of pure water
doped with 40 mM of CuSQO, to decrease the T, and
T, relaxation times to 45.5 ms (/4) was introduced
in a capillary.
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Figure 3 The graphs show the absolute value of the magnetic field in the x, y, and z directions.
The solid lines represent the finite element simulation and the points the experimental results. The
open circles correspond to the magnetic field measured without the poles present and the open boxes
represent case when the poles are inserted. On the bottom right the figure shows the homogeneity
of the magnetic field around the center of the magnet in ppm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

The NMR probe was finally tuned and matched at
the Larmor frequency of f = 25.406 MHz for a

magnetic field of 0.5964 T, and a Q factor of 100 was present.
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Figure 4 On the left is a schematic of the RF probe circuit consisting of the coil and 4 tune and
match capacitors, and on the right is a photograph of the RF coil wound around a 4 mm diameter
micro pipette glass capillary. The coil has 8 turns, an inner diameter of 4 mm and a length of 5 mm.
The copper wire has a diameter of 600 wm and is insulated with Kapton. Below the coil a trim
capacitor is soldered in parallel. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

measured. The coil was then positioned in the center
of the magnet and no shimming or gradient coils were
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Figure 5 The schematic shows the excitation and detec-
tion system for the NMR system. The NMR probe, tuned
and matched for the static magnetic field of 0.59 T is excited
by a pulse sequence generated by the Standford DS345
pulse generator gating the RF pulse at the Larmor fre-
quency. The signal is acquired, amplified by a factor of 100,
mixed with the reference signal, amplified by another factor
100 and filtered with a bandwidth of 3-30 kHz before the
digital signal processing.

A schematic of the NMR excitation and detection
system is shown in Fig. 5. The HP8648 signal gener-
ator was used to generate the RF signal at the Larmor
frequency. The RF signal was pulse modulated by the
Standford DS345 pulse generator. In order to isolate
the RF amplifier from the excitation signal a TR
switch (Minicircuits model ZASW-2-50DR) and a
pair of a Schottky diodes (Siemens; model Bat-64)
were used. The acquired RF signal (range nV) was
amplified by 40 dB (Minicircuit amplifier model TTA-
1000-IR8), demodulated with the mixer (Minicircuit
ZAD-3), filtered with a bandwidth of 3-30 kHz and
amplified at low frequency with a gain of 100 (Stand-
ford SR 560) before the digital signal processing was
performed using a Labview A/D conversion card
(PCI-mio-16e-1).

This simple NMR spectrometer design was ade-
quate for this preliminary study after the ground loops
were removed and when the electronic components
were physically separated to minimize coupling. The
noise measured using this NMR system was 2-3 times
higher than the theoretical thermal noise generated by
the coil. Thus, although not optimized, this design is
an inexpensive compromise between price and per-
formance, suitable for an instructional or portable
NMR system.

An acquisition time of 20 ms was used for signal
detection with a repetition time of 150 ms. The trans-
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Figure 6 The graph shows the FID for 500 averages
following a 90° pulse (20-ps duration for a power of 0
dBm) for an acquisition time of 20 ms and a repetition time
of 150 ms. The observed decay in T% corresponds to a
Lorentzian linewidth of 1.06 kHz or at 0.6 T, a static field
variation of 41.5 ppm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

mit pulse width was 20 ps with a power of 0 dBm
applied to the NMR block to establish a 90° pulse.
The detected signal (500 averages) is plotted in Fig. 6.
The free induction decay occurs according to the
system T%, not the solution spin-spin relaxation time
of 45.5 ms. Our results show a spin-spin relaxation
time of 300 s, corresponding to a factor of 150
increase in line broadening. This effect is caused by
the nonhomogeneity of the static magnetic field. In
fact assuming

AN 1+ AB
,) 1, Vo

the magnetic field inhomogeneity, AB can be calcu-
lated as 41.5 ppm (/4). These results show the im-
portance of a shim system to decrease the line broad-
ening and to provide better resolution and
consequently, a higher signal-to-noise ratio.

In terms of magnet stability the system shows a
shift in frequency of —300 ppm/K. This shift would
be a major problem for coherent studies and for high-
resolution spectroscopy. However, the frequency shift
can be easily controlled by a frequency lock system or
by immersion of the magnet in a stabilized tempera-
ture environment such as an oven.
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DISCUSSION

The goal of this study was to design, build and test a
prototype table-top permanent magnet NMR system.
The prototype was realized as a first step toward
building a portable NMR system operating at a mag-
netic field of 3 T. The system is designed to operate
without any cryogens. Because of the high magnetic
field inhomogeneity, there is only a small region
within the magnet structure where NMR studies can
be performed. In this study we used a solenoidal
NMR microcoil (active volume approximately 50 1)
positioned at the center of the magnet. Such micro-
coils have been used in previous studies to acquire
signals in an unshimmed cryogenic superconducting
NMR magnet system (/5). Microcoil technology of-
fers significant advantages by reducing the volume
over which the polarizing magnetic field must meet a
specified homogeneity. This approach is advanta-
geous for smaller, less-expensive NMR systems and
has been proposed by others (16, 17). Moreover, the
ability to fabricate planar microcoils on a chip, inte-
grated with physical, chemical, and other analytic
separation techniques, such as capillary electrophore-
sis, offers the potential for the development of inex-
pensive “moderate” resolution table-top NMR spec-
trometers.

The RF field sensitivity (B,/I) of the detected
NMR signal increases as the dimensions of the mi-
crocoil are reduced by the factor 1/\Vd (for d coil
diameter < 300 pwm) and the homogeneity of the
static magnetic field improves (/8—22). However, the
overall signal-to-noise will decrease with the sample
volume because fewer spins are available. The abso-
lute signal can be increased, or example, by using
electrophoresis to concentrate a charged substance by
a factor of 20—100 or more (23-25). Experimental
NMR results demonstrated that without any shim-
ming, the field was sufficiently homogenous to allow
detection of a proton signal from a water sample
doped with 40 mM of copper sulfate (CuSO,) with a
signal-to-noise ratio of 100 in 1 scan. Other ap-
proaches to table-top NMR systems (Bruker Mini-
spect and NMR Mouse) are available (26, 27) for the
investigation of chemicals, materials like elastomers,
and biological tissue. In addition, Wright’s group at
Texas A&M University (28), has built a low-field
NMR microimaging system for educational and in-
dustrial applications that has an in plane resolution of
150 X 150 pwm. These systems, although promising,
do not have the potential to reach the high and rela-
tively homogenous fields that are theoretically possi-
ble with the Halbach design examined in this article.

CONCLUSIONS

The design, fabrication and testing of a compact pro-
totype magnet for simple NMR relaxation and spec-
troscopy studies was demonstrated. A signal from a
62-wl sample of water doped with CuSO, was de-
tected (SNR of 100 for a single scan) in a magnetic
field of 0.6 T with a homogeneity > 20 ppm. A key
feature of this design is that the magnetic field can be
increased up to 3 T by adding additional concentric
layers of magnetic material. This result is promising
and encourages us to develop shim and gradient sys-
tems to improve the field homogeneity for the devel-
opment of second generation, table-top NMR spec-
trometers, and MR microimaging systems. Such
instruments would be capable of serving a variety of
needs in educational, industrial, and scientific appli-
cations.
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