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In this work we describe the construction of a mobile NMR tomograph with a highly homogeneous mag-
netic field. Fast MRI techniques as well as NMR spectroscopy measurements were carried out. The mag-
net is based on a Halbach array built from identical permanent magnet blocks generating a magnetic field
of 0.22 T. To shim the field inhomogeneities inherent to magnet arrays constructed from these materials,
a shim strategy based on the use of movable magnet blocks is employed. With this approach a reduction
of the line-width from �20 kHz to less than 0.1 kHz was achieved, that is by more than two orders of
magnitude, in a volume of 21 cm3. Implementing a RARE sequence, 3D images of different objects placed
in this volume were obtained in short experimental times. Moreover, by reducing the sample size to
1 cm3, sub ppm resolution is obtained in 1H NMR spectra.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The common practice of NMR involves the use of large magnets
with strong and homogeneous magnetic fields suitable to obtain
information about spatial distributions, molecular structure and
molecular dynamics for a wide range of materials. For many appli-
cations, however, it would be useful to carry out magnetic reso-
nance spectroscopy and imaging on small mobile NMR devices.
Portable NMR probes built from permanent magnets offer several
advantages over conventional NMR systems [1,2]. They are small
in size, low in cost and robust. Among the different magnet geom-
etries available, the cylindrical Halbach array [3] is particularly
convenient because it generates a comparatively strong magnetic
field at a relatively large bore size for positioning the sample.
Moreover, it generates a magnetic field transverse to the longitudi-
nal axis of the magnet bore, allowing the use of sensitive solenoids
as radiofrequency coils. Although in theory, this magnet geometry
is expected to provide a rather homogeneous field, in practice, the
inhomogeneity of the magnetic material, and the inaccuracy in the
size and positioning of the magnet pieces in the final array lead to
significant field distortions [4–8]. Typical values of the field inho-
mogeneities are some tens of kHz, prohibiting the use of estab-
lished techniques for high-resolution spectroscopy and imaging.

We have recently shown that shim units built from movable
permanent magnet blocks can be implemented to control the
homogeneity of the stray magnetic field in single-sided NMR
[9,10]. In a first approach we demonstrated that movable perma-
nent magnet blocks can be used to match the inhomogeneous B0
ll rights reserved.
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field generated by an open magnet to the inhomogeneity gener-
ated by an adapted surface rf coil [9]. By combining nutation of
the magnetization in the B1 field with precession in the B0 field it
was possible to recover spectroscopic information with a genuine
one-sided NMR sensor. More recently, this approach has proven
to provide sufficient control to shim the stray field of a single-sided
magnet to sub ppm homogeneity allowing the measurements of 1H
chemical shift resolved spectra by single-pulse excitation [10].

In this work we report the construction of a mobile tomograph
by exploiting the concept of movable permanent magnets in the
shim unit of a Halbach array. In particular, we show that by using
four pairs of small blocks placed inside the magnet bore the field
inhomogeneity can be reduced to the theoretical limit expected
from field calculations. In a cylindrical volume 30 mm in diameter
and 30 mm long, the line-width was improved from 20 kHz down
to 0.1 kHz allowing the use of conventional MRI techniques. Fur-
thermore, sub ppm spectral resolution was achieved in a volume
of about 1 cm3.
2. Magnet array

The ideal Halbach magnet (Fig. 1a) requires a polarization vary-
ing in a continuous way along the circumference to generate the
optimum magnetic field in terms of strength and homogeneity.
For practical reasons of construction, however, one has to resort
to a discrete approximation of a Halbach magnet that is a Halbach
array (Fig. 1b–c) [3,5]. The Mandhala array [5] (Fig. 1c) is a partic-
ularly convenient discretization which consists of identical magnet
pieces. We built the main Halbach magnet from six stacked Mand-
hala rings. The rings are arranged in two groups separated by a
central gap dmain

z included to compensate for axial field distortions
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Fig. 1. (a) Ideal Halbach magnet in which the polarization varies continuously along the ring circumference. (b) Discrete approximation in terms of a Halbach array built from
pieces polarized in different directions. (c) Scheme of one Mandhala ring. Six of such rings were stacked to build the main magnet unit used in this work. The arrows indicate
the polarization direction of each permanent magnet. The x and y axes of the Cartesian coordinate system are centred with the magnet where y points along the direction of
the magnetic field. The z axis (not shown) points out of the page.
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Fig. 2. Spatial dependence of the magnetic field along the three Cartesian directions
calculated for a main gap dmain

z (a) smaller than, (b) larger than, and (c) equal to the
optimum value dmain

z;opt . The simulations correspond to a magnet built from two
Halbach rings made of 16 blocks 40 � 40 � 160 mm3 arranged in the xy plane with
the long axis along z following Ref. [5]. Using these dimensions for the pieces
internal and external radios of Rin = 100 mm and Rout = 160 mm are defined. For this
array we found dmain

z;opt = 21 mm.
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due to the finite length of the magnet. The region of interest is a
cylindrical volume centered within this magnet. The orientation
of the magnetic field, which unlike traditional superconducting
magnets is perpendicular to the ring axis, defines the y direction
of our reference system, while z points along the direction of the
bore.

2.1. Spatial dependence of the main magnetic field

The first attempt to optimize the field homogeneity in the
working volume is to adjust the gap of the main unit dmain

z properly.
In order to gain some insight into the dependence of the magnetic
field on dmain

z , the ideal magnetic field profile is first analyzed for a
vanishing gap. Due to the symmetry of the magnet array, the spa-
tial dependence of the field is characterized by even terms in its
Taylor expansion around ~r0 ¼ ð0;0;0Þ. The magnetic field magni-
tude varies differently in different directions. For example, along
x and y, the field is shaped like an arms-up parabola increasing
its magnitude as the permanent magnets blocks are approached.
This is mainly due to the dependence of the field on the inverse
of the distance to the magnetic source. On the other hand, along
z, the field decreases like an arms-down parabola when moving
away of the centre as a consequence of the finite size of the mag-
net along the axial direction (Fig. 2a).

However, with increasing gap width the curvature of the mag-
netic field at the origin can be decreased and even inverted so that
the field along the z-axis eventually varies like an arms-up parab-
ola, and along x and y like arms-down parabolas (Fig. 2b). The
behavior shown in Fig. 2a and b suggests that there must be a par-
ticular gap dmain

z;opt for which the transition from arms-up to arms-
down parabola is produced. From the simulations it can be seen
that the zero cross of all three quadratic coefficients is obtained
for the same dmain

z;opt (Fig. 2c). Then, this separation length is the opti-
mum concerning homogeneity, since adjusting the gap at this po-
sition leads to a uniform field along all directions.

Although a homogeneous field is expected in theory for the
optimum gap, experimentally it is by far not achieved. This is so
because the symmetry invoked above is violated when using real
magnet pieces. For instance, the inhomogeneity of the magnetic
material, the inaccuracy in the size of the pieces and even the er-
rors when positioning the pieces in the final array, lead to consid-
erable field distortions, including linear spatial dependences,
which cannot be corrected just by adjusting the gap dmain

z . To shim
the complex spatial dependence of the magnetic field of a Halbach
array made from imperfect magnet pieces, more variables of con-
trol are needed than just an adjustable central gap.

In order to design a suitable shim system, it is necessary to
identify and quantify the inhomogeneities of the magnetic field
generated by the Halbach array. For this purpose a formal descrip-
tion of the spatial variations of the magnetic field needs to be intro-
duced. The behavior of the magnetic field within the working
volume (current-free region) is governed by the Laplace equation

d2

dx2 þ
d2

dy2 þ
d2

dz2

 !
~B0ð~rÞ ¼ 0: ð1Þ

It is a consequence of Maxell’s equations r �~B ¼ 0 and
r�~B ¼ 0. Although Eq. (1) is satisfied by the three components
of the total field ~B0, in the present case it is sufficient to consider
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the equation for the y component B0y, since jB0xj; jB0zj << jB0yj and
can be neglected. Then, from now on we will refer to the magnetic
field as B0 � B0y. The solution of Eq. (1) is usually expressed in
terms of an expansion in spherical harmonic functions [11]. In
the present analysis we express these functions in Cartesian coor-
dinates because they are adapted to the geometry of the described
magnet as will be seen later. Up to second order, the spatial depen-
dence of the field can formally be expressed as

B0ð~rÞ¼B00þDB0ð~rÞ
¼C0þC11þxþC11�yþC10zþC20ð2z2�x2�y2ÞþC22þðx2�y2Þ ð2Þ
þC22�xyþC21þxzþC21�yzþoðr3Þ . . .

where the coefficients Cnm� make reference to the symmetric and
antisymmetric combinations of the spherical harmonics
(Ym

n ðx; y; zÞ � Y�m
n ðx; y; zÞ) of order n and degrees +m and �m. In Eq.

(2) the homogeneous contribution to the field comes only from
the first term C0 of the right hand side, while the remaining terms
represents the field inhomogeneity. We carried the expansion up
to second order as these terms are expected to describe the main
source of inhomogeneity that we aim to remove in this work. In or-
der to quantify the homogeneity of the magnet through the magni-
tude of DB0ð~rÞ, it is mandatory to scan the magnetic field and extract
the values of the coefficients Cnm (n = 1,2; m � n) in Eq. (2). This
information is then used to design the shim unit.

3. Shim unit

A standard and robust approach to adjust the magnetic field for
high resolution in conventional NMR magnets uses shim coils that
generate fields with known spatial dependences [12]. An alternative
shim approach was experimentally demonstrated using movable
permanent magnet blocks to locally adjust the highly inhomoge-
neous stray field of a single sided sensor [10]. On one hand the per-
manent polarization of the magnet blocks provides the equivalent
of about 1000 A DC current without a power supply, but on the other
a

b

Fig. 3. (a) Schematic representation of the shim unit consisting of two Halbach rings e
required to generate the shim terms, the Halbach rings are split in two groups. Group A in
plane (c). The independent movement of the magnets within these groups improves the
hand the current value cannot be changed like in conventional shim
systems. Nevertheless, proper mechanical movement of such mag-
net blocks can generate adjustable shim fields.

The shim unit is specially designed to match the spatial depen-
dency of the magnetic field generated by the main Halbach array
and will work only in combination with it. This means that detailed
knowledge of the main magnetic field properties is required for
designing the shim unit. This information is used to obtain, by
numerical calculations, the dimensions and optimum or equilib-
rium position of the magnet blocks forming the shim unit. The
magnet blocks must be free to move around the optimum positions
in order to permit final corrections, which are related to the inho-
mogeneities of the shim magnets themselves (polarization, size
and positioning inaccuracies). In this way one can experimentally
reach the performance calculated numerically for the Halbach
array.

The field generated by the shim unit must reproduce the spatial
dependence of the main field and have the smallest average field
strength possible. By setting the polarization of the shim unit
opposite to that of the main field, the inhomogeneities of the last
are corrected while the total field strength is maintained at an
acceptable magnitude. Another aspect to take into account when
designing the shim unit is the range within which each magnet
of the shim unit needs to move to generate the required spatial
corrections. This range must be smaller than the size of the work-
ing volume because otherwise unwanted higher order terms in the
field expansion are generated when the magnet pieces are far away
from their equilibrium positions. On the other hand, assuming a
certain precision in the movements can be achieved, the range
should be large enough to provide reasonable control at the time
of generating the required magnetic field terms. In order to satisfy
these requirements and in correspondence with the main unit, the
shim unit consists also of two Halbach rings separated by a gap dz

along the z-axis (Fig. 3a). Each of these rings is formed by four per-
manent magnets, which constitutes the simplest Halbach ring. The
small number of pieces in each ring generates a low field and
c

ach composed of four magnets. To better identify the movements of the magnets
cludes the four magnets lying in the yz plane (b) and group B the four lying in the xz
performance of the shim unit.
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Fig. 4. 3D schemes of the coils to generate gradients along the x, y, and z axes. (a
and b) show quadrupolar coils. The two different widths of the conductors are
proportional to the current. Black lines indicate current flowing along the z
direction (black arrow), while grey colour represents current flowing along the �z
direction (grey arrow). The insets to the right of both figures are cross sectional
plots that indicate the current in each wire. Plus (+) and minus (�) signs indicate
current flowing out and into the page. The z axis points out of the page. (c) Two
paired saddle coils separated by a gap along the z-axis generate a magnetic field
with a positive linear dependence along z. The current flows in clockwise direction
in the portions coloured in black and in anti-clockwise direction in the portions
coloured in grey. The direction of the main magnetic field B0 is indicated at the
bottom of the figure.
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provides the required number of control variables necessary to
generate the shim corrections up to second order.

In order to simplify the description of the movements required
to obtain the shim terms, the permanent magnets were grouped
into two sets A and B of magnets (Fig. 3). Group A contains the four
magnets that lie in the yz plane (Fig. 3b) and the group B is formed
by the four magnets lying in the xz plane (Fig. 3c). By moving the
pieces independently in each group it is possible to remove inho-
mogeities of the magnetic field up to second order. Table 1 shows
the combinations of displacements along different directions Dk
(k = x, y, and z) of the individual magnets to generate corrections
proportional to each of the terms of Eq. (2). For a detailed descrip-
tion of the principle of the shim unit see [13].

4. Experimental

The Halbach array was built from six Mandhala rings, each com-
posed of 16 identical magnet blocks [5] (Fig 1c). The rings were
separated into two groups each of them made by stacking three
Halbach rings. Each magnet block of 40 � 40 � 40 mm3 was made
from a NdFeB alloy with a remnant flux density of 1.33 T, coercive
field strength of 796 kAm�1, and a temperature coefficient of
�1200 ppm/�C. Since the remnant magnetization of permanent
magnets varies a few percent between pieces, the field of each
piece was carefully measured and a polarization histogram was
build. The magnets were sorted by placing those with smaller devi-
ation from the center of the distribution in the inner rings and
those with larger deviations in the outer rings. This selection pro-
cedure can be further improved by calculating permutations be-
tween magnet blocks [14]. The final Halbach array, including the
aluminum holder, has an outer diameter of 330 mm, a length of
270 mm and a weight of approximately 50 Kg. The magnet bore
is 200 mm and the average field strength 0.22 T.

To excite and detect NMR signals from a volume 50 mm in
diameter and 50 mm in length, a solenoid rf coil of seven windings
was built with a diameter of 50 mm and a length of 120 mm. Using
an output power of 150 W the duration of the 180� hard-pulse was
about 20 ls. The magnet was equipped with a three-axis gradient
coil system to provide the sensor with imaging capabilities in this
volume (see Fig. 4). The gradients Gx and Gy along x and y, are gen-
erated by quadrupolar coils [15] (Fig. 4a–b). They are 90 mm in
diameter and 120 mm long. The gradient Gz, along the direction z
of the magnet axis, is produced by two paired saddle coils each
of them 90 mm in diameter and 70 mm in length, separated by a
38 mm gap along the z axis (Fig. 4c). As the set of three gradient
coils surrounds the rf coil, a shielding made of thin cupper strips
was positioned between the gradient and rf coils to avoid coupling
between them and to reduce external noise from the audio ampli-
fiers. The coil efficiencies are 0.0056 Tm�1 A�1 for the quadrupolar
coils (x and y directions) and 0.004 Tm�1 A�1 for the pair of saddle
coils. The gradient coils were driven with three Tecron amplifiers
LV5050, which deliver a maximum of 30 A at 2 X.
Table 1
Shim coefficients vs. spatial movements of the individual permanent magnets.

Coefficient Spatial dependence Magnet label

1A 2A 3A 4A 1B 2B 3B 4B

C11+ x �Dx �Dx �Dx �Dx Dx Dx Dx Dx
C11� y �Dy �Dy �Dy �Dy Dy Dy Dy Dy
C10 z Dz Dz Dz Dz Dz Dz Dz Dz
C21+ xz �Dx �Dx Dx Dx �Dx �Dx Dx Dx
C21� yz �Dy �Dy Dy Dy �Dy �Dy Dy Dy
C22� xy �Dx Dx �Dx Dx �Dx Dx �Dx Dx
C22+ x2�y2 Dz Dz �Dz �Dz �Dx Dx �Dx Dz
C20 2z2�x2�y2 Dz Dz �Dz �Dz Dx �Dx Dx �Dx
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Fig. 6. (a) 2D maps of the magnetic field of the sensor without shim unit. (b) 2D
field maps with shim unit. The acquisition time for one echo was tacq = 0.52 ms with
an echo-time of tE = 3 ms. 16 pixel were imaged along both spatial directions. The
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5. Results and discussion

5.1. Scanning the main magnetic field

To map the volume within the magnet center where the field is
to be shimmed, a cylindrical water sample 30 mm in diameter and
50 mm long was imaged. To this end a CSI sequence like the one
shown in Fig. 5a was used. It is a modified version of the one dis-
cussed in ref. [16]. The sequence consists of a selective 90� pulse
followed by a train of hard 180� pulses. The soft pulse selects the
desired plane, for example xy, xz or yz (Fig. 6). To scan the whole
2D k-space in one shot, the amplitudes of both phase encoding gra-
dient pulses are stepped within the train of hard 180� pulses from
�Gmax to Gmax (Fig 5a). This is possible due to a moderate number
of pixels used along both phase encoding directions. In this way
the acquired data set consist in a 3D matrix in which two dimen-
sions are associated to the 2D k-space and the other to the tempo-
ral domain. Following a 3DFT, the resonance frequency or line
center in the spectral dimension is determined for each spatial po-
sition. This frequency maps the magnitude of the magnetic field
(Fig. 6). Notice, that in this procedure, the precision to measure
the field value is determined by the signal-to-noise ratio rather
than the nominal resolution given by the inverse of the acquisition
time. For the results shown in Fig. 6 the precision is better than
10 ppm.

Fig. 6a shows the xy, xz and yz field maps of the main unit ob-
tained in this way. Within the scanned volume of 30 mm diameter
and 50 mm length, the field distortions are larger than 2000 ppm
a

b

Fig. 5. (a) CSI sequence for measuring the magnetic field homogeneity. The
amplitudes of both phase encoding gradient pulses are stepped from �Gmax to Gmax

in one CPMG train. (b) RARE sequence for measuring 2D and 3D images. In the last
case, the gp2 amplitude is stepped in different scans.

lines in the contour plots are separated by 200 ppm covering the range indicated on
the top of each map. Averaging only two scans allowed us to acquire 2D maps in a
time of about 10 s.
(�20 KHz). The values of the coefficients that characterize these
inhomogeneities are listed in Table 2. Since we were interested
only in the determination of lower order coefficients up to order
two, it was possible to implement a method simpler than the
one usually employed to characterize the harmonic components
of the magnetic field [17,18]. The experimental curves along the
three Cartesian directions were fitted by polynomial functions to
obtain the Taylor expansion coefficients of the magnetic field
around the origin ~r0 ¼ ð0;0;0Þ for each corresponding direction.
These coefficients are directly related to the ones of Eq. (2), and
C10, C11�, C11+, C20, and C22+ could be calculated. For example, by
setting x = y = 0 in Eq. (2), one obtains a polynomial function of
the field along z B0ðzÞ ¼ C0 þ C10zþ 2C20z2 þ Oðz3Þ. As this expres-

sion must coincide with the Taylor expansion along z, C10 ¼ @B0ð~r0Þ
@z ,

and 2C20 ¼ 1
2!

@2B0ð~r0Þ
@z2

� �
. A similar analysis for the transverse direc-

tions (x and y) yields the values for C20, and C22+. For the determi-
nation of cross coefficients, like C21+ proportional to the xz term,
y = 0 is set in Eq. (2). By rearranging Eq. (2) one finds that the term
proportional to z is (C10 + C21+x)z. Combining linear fits along z for
two different values of x it is possible to obtain the value of C21+
Table 2
Measured coefficients of the main magnetic field corresponding to Eq. (2).

Coefficient Spatial dependence Measured value

C11+ x 58 (ppm/mm)
C11� y 16 (ppm/mm)
C10 z 2 (ppm/mm)
C21+ xz 0.6 (ppm/mm2)
C21� yz 0 (ppm/mm2)
C22� xy 1.3 (ppm/mm2)
C22+ x2�y2 2.3 (ppm/mm2)
C20 2z2� x2�y2 1 (ppm/mm2)
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independent of C10. Through a similar procedure in the xy and yz
planes it is possible to obtain C22� and C21�.

Fig. 6a and the values of Table 2 reveal that, the homogeneity of
the magnetic field is altered mainly by the presence of a linear field
term along the x direction. In the xy map, the displacement of the
center of the magnetic field map along positive x and y values is
caused by an important cross term in xy. The xz and yz maps of
Fig. 6a, show the quadratic dependence along the z direction asso-
ciated with the C20 coefficient in Table 2.

5.2. Shim procedure

The field of the main unit is used as the source field to be cor-
rected by the shim unit. With the help of computer simulations
based on the measured data of Table 2, the dimensions and posi-
tions of the shim magnets were obtained. For magnet blocks with
dimensions 5 � 10 � 45 mm3, dzA = 15 mm, dyA = 138 mm,
dzB = 12 mm, and dxA = 144 mm were used as the starting point.
Once the NeFeB shim magnet blocks are mounted and placed at
the calculated positions, an iterative procedure to obtain the final
shim configuration starts. The small blocks are placed in an alu-
minium holder equipped with screws that allow to control the po-
sition of each individual block in all three directions with a
precision better than 100 lm. The total field generated by the
superposition of the main and the shim unit is scanned with the
CSI sequence (Fig. 5a). Subsequently, the positions of the shim
magnet pairs are adjusted to compensate the field inhomogeneities
remaining from the previous correction. This procedure is repeated
several times until the deviations from the average field are smal-
ler than 10 ppm.

Fig. 6b shows the two dimensional field maps after applying
this iterative procedure. The scale used to plot the magnitude of
the magnetic field is the same as the one used in Fig. 6a in order
to compare both results. In contrast with Fig. 6a it can be seen that
in a cylindrical volume 30 mm in diameter and around 30 mm in
length, the observation of field variations is limited by the scale
resolution, which hides smaller field variations. The lobules found
in the outer regions of the xy map of Fig. 6b, indicate that higher
order terms (harmonics of order 4) become relevant. In order to
eliminate these terms a shim unit with more magnet pieces would
be needed.

To achieve a finer correction of the first order terms, the current
through the gradient coils was varied in a second step until the sig-
nal peak in the frequency domain of a water sample that fully
occupied the working volume was maximized. The maximum cur-
a b

Fig. 7. (a) Line shapes measured with (black line) and without (gray line) the shim unit f
shape of a cylindrical water sample 10 mm in diameter and 10 mm long (�1 cm3), which
width measured at half height is 0.85 ppm. (c) Magnitude spectrum of acetic acid measur
scan to avoid line broadening due to the frequency drift (0.25 Hz/s without any tempera
echo signal acquired during tacq=130 ms.
rent required in the gradient coils to correct the remaining linear
terms was of the order of 250 mA. Through this procedure it was
also possible to characterize the magnet homogeneity by measur-
ing the spectral line-width. Fig. 7a compares the NMR lines mea-
sured with and without the shim unit for a cylindrical water
sample 30 mm long and 30 mm in diameter (�21 cm3). The
improvement achieved with the shim unit is evident. The spectral
line-width is more than two orders of magnitude narrower than
the one measured without the shim unit. Fig. 7b shows that by
reducing the sample volume, it is possible to achieve sub ppm res-
olution (0.85 ppm) in a cylindrical volume 10 mm long and 10 mm
in diameter (�1 cm3). Fig. 7c shows that this homogeneity allows
us to resolve the two lines corresponding to methyl and carboxylic
protons of acetic acid, which appear at around 2.5 and 11.5 ppm,
with an intensity ratio of 3:1. Although a frequency drift of
0.25 Hz/s associated with temperature variations of the magnet
constrained the measurements to single-scan experiments, a sig-
nal-to-noise of 85 was obtained in the spectra.

5.3. 3D images

The good homogeneity achieved with the shim unit over a rel-
atively large volume, allows us to measure 3D images free from
artifacts introduced by field distortions without excessive gradient
power requirements. These artifacts are geometric and intensity
distortions in the image. Their relevance not only depends on the
size of the working volume and the inhomogeneity of the magnetic
field, but also on the method chosen to measure the images and the
strength of the available gradients [19,20]. For instance, in the case
of a conventional 2DFT imaging method [1,15] (the following anal-
ysis is also applicable if a RARE sequence is employed for imaging
purposes), the shift Dx, in the image due to DB0ð~rÞ is: Dxð~rÞ ¼ DB0ð~rÞ

cGx
,

where Gx represents the gradient along the read direction. Fig. 7a
reveals that the gradient needed to avoid noticeable image distor-
tions is almost two orders of magnitude lower for the shimmed
field than for the unshimmed field of the main array.

With the RARE sequence (Fig. 6b) data acquisition could be
accelerated. It allowed us to measure images of 2D slices selected
by means of the application of a soft 90� pulse and full 3D images.
In the latter case, spatial position in the xy plane is encoded within
one echo-train by combining a read gradient with a phase-encod-
ing gradient which is stepped from �Gmax to Gmax for successive
echoes. This procedure is repeated for every gradient step of the
second phase encoding gradient, which is set in the z direction
(Fig. 6b). Fig. 8a shows a 3D image of a phantom made of three con-
c

or a cylindrical water sample 30 mm long and 30 mm in diameter (21 cm3). (b) Line
demonstrates the homogeneity obtained with the shim unit in this volume. The line-
ed for a sample of the same volume as (b). The experiments were run using a single
ture controller for the magnet). The spectrum is the Fourier transform of the Hahn-



a b c

Fig. 8. (a) 3D image of a phantom sample composed of three concentric tubes filled with water. The FoV is 32 � 32 � 64 mm3 with 64 � 64 � 32 pixels along each direction
respectively. (b) 2D image of a slice of (a). (c) 1D profile of the 2D plot at the position marked by the grey line in (b). The experimental data were acquired during tacq = 0.64 ms
with a sampling rate of 10 ls, an echo time of tE = 3 ms and with a recycling delay TR = 6 s, and 4 scans. The final SNR in the image is about 60.

a b

Fig. 9. Cross-section of a banana (a), and a lemon (b) measured with a field-of-view of 56 mm, 64 pixels along each direction, and selecting a slice 5 mm thick. The total
measurement time was about 2 min.
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centric tubes filled with water. Fig. 8b shows a slice through the
same object. Besides resolving the concentric rings, the image
shows a bubble in the outer water shell. The spatial resolution
and sensitivity can be also appreciated in Fig. 8c, where a 1D profile
along the line marked in gray in Fig. 8b is plotted.

Finally the Halbach tomograph was used to resolve the struc-
ture of some fruits, like a banana (Fig. 9a) and a lemon (Fig. 9b).
The sequence of Fig. 6b was applied setting the FoV to 56 mm
and sampling 64 pixels along the lateral directions (�1 mm in-
plane resolution). The structure of both fruits can be clearly iden-
tified. For the lemon not only the individual sections are resolved
but also the pits at two different sections can be observed.
Although the region in the xy plane covered by both fruits exceeds
the limits of the maps shown in Fig. 7a, the field deviations in this
larger volume are still small to not produce appreciable distortions
in images.

6. Conclusions

The construction of a mobile Halbach magnet for MRI was de-
scribed with particular attention to the use of movable small per-
manent magnet blocks to shim the field inhomogeneities caused
by inherent heterogeneity of the magnetic material and the inaccu-
racy in size and position of the pieces in the final array. By combin-
ing different movements of shim magnets it was possible to
generate and control all shim terms up to order two, including lin-
ear (x, y, and z), quadratic (x2�y2 and 2z2�x2�y2), and cross terms
(xy, zy, and xz). The implementation of this shim unit improves the
homogeneity by up to more than two orders of magnitude, i.e.
from about 20 KHz line-width to values lower than 0.1 KHz, in
samples with a diameter 1/10 of that of the total magnet. This de-
gree of homogeneity allows the implementation of conventional
imaging methods using readout gradients to obtain artifact-free
3D images in extremely short experimental times. Furthermore,
such a reduction in the line-width strongly reduces the power
requirement to the gradient amplifier, which is important in terms
of portability. Finally, it was possible to recover proton spectral
information from volumes as large as 1 cm3, where sub ppm reso-
lution was achieved. In contrast with previous works, where the
strategy to obtain high resolution in portable magnets consisted
of reducing the sample volume using micro coils [4,6,7,21–23],
the shimming technique described in this paper allowed us to
achieve relatively good homogeneity in a magnet volume fraction
(sample volume/magnet volume) several orders of magnitude lar-
ger than those previously reported. By including variables of con-
trol in other magnet geometries, like the one described in [22] is
expected to help correcting the field inhomogeneities (mainly of
first and second order) allowing to use larger samples or to achieve
better homogeneity, factors that would lead to important SNR
improvements.
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