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Abstract

The unavoidable spatial inhomogeneity of the static magnetic field generated by open sensors has precluded their use for high-reso-
Iution NMR spectroscopy. In fact, this application was deemed impossible because these field variations are usually orders of magnitude
larger than those created by the microscopic structure of the molecules to be detected. Recently, chemical shift resolved NMR spectra
were observed for the first time outside a portable single-sided magnet by implementing a method that exploits inhomogeneities in the rf
field designed to reproduce variations of the static magnetic field [J. Perlo, V. Demas, F. Casanova, C.A. Meriles, J. Reimer, A. Pines, B.
Bliimich, High-resolution spectroscopy with a portable single-sided sensor, Science 308 (2005) 1279]. In this communication, we describe
in detail the magnet system built from permanent magnets as well as the rf coil geometry used to compensate the static field variations.

© 2006 Published by Elsevier Inc.
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1. Introduction

Mobile single-sided probes have been used for NMR
measurements over the last two decades [1-3]. They com-
bine open magnet geometries and surface rf coils to mea-
sure NMR signals from arbitrarily sized samples in a
noninvasive fashion. Sustained development of both hard-
ware and methodology have led to portable systems with
the capability to measure, for example, 3D images [4,5],
velocity maps [6,7], and even multiple quantum coherences
[8]. However, the strong inhomogeneity of the magnetic
field precluded the use of NMR spectroscopy to determine
molecular material composition, a fact that has limited sin-
gle-sided NMR to the measurement of relaxation phenom-
ena for sample characterization.

During the last years an ingenious technique developed
by Meriles et al. has triggered a huge advance towards
recovering high-resolution spectroscopy in single-sided sen-
sors [9-15]. The methodology is based on the use of an
inhomogeneous rf field with the spatial variation of the
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static magnetic field. In this case, the dephasing introduced
during the application of an rf pulse is canceled by the
phase accumulated during a subsequent free evolution peri-
od, leading to the formation of a so called nutation echo
[9]. To prove the validity of this technique, experiments
have been carried out inside superconducting magnets in
the presence of a moderate static field gradient generated
by the imaging gradient system (used to simulate the mag-
netic field inhomogeneity of open sensors). However, the
state of the art of single-sided sensors in terms of both,
magnetic field and gradient strength [3,4] delayed the
implementation of the technique on real devices. It is worth
noting that while the absolute difference in frequency
between two chemical-shift lines is proportional to the field
magnitude, the line-width is proportional to the gradient
strength. Taking as a reference the original experiments
conducted at high field (180 MHz), where a spectral resolu-
tion of 0.5 ppm was achieved in the presence of a uniform
static gradient of 0.012 T/m (applied to spread the line over
10 ppm), the resolution achievable in a typical single-sided
sensor can be estimated. For example, assuming that the
same By — B matching quality can be achieved for the sen-
sor described in [4], where vo = 8 MHz and G, = 2.5 T/m, a
resolution of about 2300 ppm is predicted. Although this
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factor already indicates how challenging the implementa-
tion of this methodology is on a low-field unilateral sensor,
another serious complication needs to be considered: the
field profile generated by a single-sided magnet can be quite
complex because not only its magnitude but also its direc-
tion are likely to change along the three spatial dimensions,
while in the idealized setup just a constant gradient along
one defined spatial direction was used.

In spite of the initial predictions, we have recently mea-
sured the first NMR spectra outside the magnet with a por-
table sensor [16]. The key step in achieving the high
matching quality required for this experiment was the use
of an inverse shimming concept where the spatial depen-
dence of By(r) was shaped by varying the magnet geometry
to copy the one of By(r) generated by the surface rf coil. It
must be noticed that the original approach where the coil
geometry is optimized to match the static field generated
by an arbitrary magnet could easily lead to a sensitivity loss
of several orders of magnitude.

In this paper, we present an extended description of the
magnet and rf coil designs that allowed us to measure
chemical shift spectra from different fluorinated liquids
with a spectral resolution of about 8 ppm in experimental
times of the order of 3 min [16].

2. Magnet and rf coil optimization

The open magnet built for this work is composed of two
units, a main magnet (M) and a shimming unit (S), both
built from NbFeB permanent magnets with a remanent
flux density of 1.33 T, a coercive field strength of 796
kA/m, and a temperature coefficient of 400 ppm/°C. The
main unit has a classical U-shaped geometry, which con-
sists of two magnet blocks with opposite polarization
placed on an iron yoke leaving a gap between them
(Fig. 1) [17]. Tt has been used before for imaging applica-
tions, where the rf coil was placed at 3 cm from the magnet
surface to exploit the uniform gradient defined there for
slice selection. For this work, however we found it more
convenient to work closer to the surface of the magnet,
where the set-up generates a magnetic field of about
0.250 T along z with a main gradient of about 0.4 T/m
along the depth direction y. The magnetic field varies also
along the lateral directions, so that in a small volume close
to the y-axis the field profile in both directions can be well
approximated by quadratic functions.

In a first attempt to implement this methodology, a
number of rf coil geometries were shaped to copy the spa-
tial dependence of By generated by the main unit, but the
optimization procedure systematically led to large coils of
extremely poor sensitivity. The problem can easily be
explained when observing the spatial dependence of the
static field generated by this magnet and the rf field gener-
ated by, for example, a rectangular coil (Fig. 2). Although
the fields can be matched in a reasonably large region along
the depth direction (Fig. 2A), the rf field reproduces the lat-
eral variation of the static field only at one defined distance

iron yoke

Fig. 1. Magnet system. The main unit (M) is a classical U-shaped magnet,
where two magnets blocks with opposite polarization are placed on an
iron yoke leaving a gap between them (10 cm in the central region up to
x =13 cm, and 8 cm at the borders). The shimming unit (S) produces a
field with opposite sign and a gradient comparable to the main one. The
color scale represents the y component of B, to show the polarization sign
of the different magnet blocks. The total magnet assembly generates a
static field of about 0.2 T in the region of interest and weights about 36 kg.
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Fig. 2. Static (—) and rf (m) fields generated by the main unit and a
rectangular rf coil, respectively. (A) Spatial dependence along the depth
direction. Both fields posses a quadratic dependence that can be matched
in a reasonably large region. The origin of the coordinate system is chosen
at the surface of the magnet, and the rf coil is located at 1 mm from the
surface. (B) Along the lateral direction z both fields vary in a parabolic
fashion, but their quadratic coefficients depend differently on depth. While
for the magnet the coefficient remains almost constant, for the rf field it
even changes sign so that at a certain depth, the lateral variation vanishes.
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from the coil surface (Fig. 2B). Although both fields posses
parabolic profiles, their quadratic coefficients vary in a dif-
ferent way as a function of the depth. While for the static
field, the field profile remains almost constant, it varies
for the rf field. To reduce this variation to improve the
matching in the region plotted in Fig. 2, the coil dimensions
must be increased. But by doing so, the sensitivity of the rf
coil decreases. This is why an inverse approach was taken,
where the magnet geometry was varied to improve the
By — B; matching over a sufficiently large volume while
keeping the coil dimensions fixed.

A rectangular rf coil like the one shown in Fig. 3 gener-
ates an rf field whose component perpendicular to By has a
spatial dependence that can be expanded as

B11(F) = Bio + g,V + (11:))2 + (000 )x". (1)

It has a main gradient g, along the depth direction, and
lateral variations that can be well approximated by parab-
olas with quadratic coefficients varying linearly with the
depth. The value of o;,, and «,. can be controlled indepen-
dently by varying the coil dimensions L, and L., respective-
ly. When the coil sides are different, the lateral variations
along x and z vanish at different depths. Nevertheless, these
positions can be matched in a particular depth (y' =0 in
Eq. (1)) by winding the wires parallel to x and z in planes
separated by a distance 6, (Fig. 3).

The new matching strategy required the incorporation
of variables in the magnet geometry to shape the spatial
dependence of the magnetic field, and, at the same time,
to reduce the static field gradient strength. Both goals
were achieved by adding a shim magnet in the gap of
the main magnet. It consists of four permanent magnet
blocks 45 x 15 x 15 mm? arranged in a U-shaped configu-
ration but without iron yoke. The blocks with same polar-
ization are separated by a small gap ds, while between
pairs with opposite polarization there is a gap dp.
Although the shim magnet generates a magnetic field
weaker than the one produced by the main unit, the gra-
dients along x, y, and z of both fields are comparable.
Therefore by choosing opposite polarizations between
the two units and placing the shim unit as shown in

Fig. 3. Rectangular surface rf coil wound from 0.45 mm diameter copper
wire. By varying the vertical distance J, between the wires along x and z
and the lengths L. and L,, the spatial dependence of the rf field can be
controlled.

Fig. 1, the gradients can be made to approximately cancel
each other. As mentioned before, the lateral variations of
the field produced by the main unit can be approximated
by parabolas with coefficients that do not depend on the
depth. This is also the case for the S unit. However, with
its dimension being smaller than that of the M unit, the
quadratic coefficients change slightly with the depth. As
a consequence, when both units are combined, the total
field has quadratic coefficients that vary linearly with
depth from negative to positive values (Eq. (2)). This fact
is extremely useful to reproduce the field profile of the rf
coil.

To a good extent, the direction of the magnetic field pro-
duced by the full magnet can be considered to point along
z, and its magnitude can be approximated by

By(7) = Boo + o, + (00:)2" + (00,)x°. (2)

Along y the field has a constant gradient g, whose magni-
tude and even sign can be modified by varying the relative
distance Ay, and along both lateral directions the field
has quadratic dependences with coefficients that depend
on the size of the shimming unit. In Eq. (2) it is assumed
that both lateral variations vanish at the same depth from
the surface of the main magnet, and this particular position
is defined as the new y = 0. Actually, this condition is not
always reached at the same depth for x and z, but it
can be achieved by adjusting independently the gaps dp
and ds.

3. Matching

The condition required for the formation of nutation
echoes requires the combination of By and B, fields with
spatial dependences scaled by a free factor x. It can be writ-
ten as

dB.(F) _ dBu(7)

3
dr dr ’ (3)

where k is a scalar that does not depend on space coordi-
nates. By integrating with respect to space variables Eq.
(3) becomes

By (F) = kBy(7) + w10/, 4)

where the constant w,o/y is associated to the undefined zero
of the chemical shift frequency discussed in [9]. This equa-
tion is more convenient than Eq. (3) because it is expressed
in terms of magnetic fields and not in terms of derivatives.
By replacing B; and By, by the expansions of Egs. (1) and
(2), and assuming that the relative position between the
magnet and rf coil is adjusted to y =)', the following con-
ditions are obtained

o Oy
By %z Y _ (5)
g()y oz Olox
As mentioned above, both the magnet and the rf coil were
built in a way that the spatial variations along x, y, and z
(associated with oy, a;-, and g;,, i = 0, 1) are almost decou-
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pled. Furthermore, it is possible to adjust the value of each
coefficient by controlling dp, ds, and Ay for the magnet,
and L,, L., and 6, for rf coil.

The steps followed during the matching procedure can
be summarized as follows. First, the dimensions of the
rectangular coil were defined and the coefficients describ-
ing the rf field were calculated. Second, the geometry of
the shim unit was optimized so that, in combination with
the main unit, a total magnetic field was generated with
the same spatial dependence as the one of the rf field.
This optimization was done numerically by calculating
the total magnetic field as the sum of the magnetic fields
generated by the main unit (measured with a Hall sensor)
and the field generated by the shim unit (calculated
numerically). Once the dimensions and positions of the
magnets of the shim unit were determined, they were
mounted in an aluminium holder, which was later placed
in the gap of the main magnet. The units were assembled
by displacing the shim unit in a vertical trajectory from
large depths inside the gap. When the shim unit surface
is above the main unit, both units repel each other, so
that a force is required to join them. But once its center
crosses the surface of the main magnet, the gradient of
the static field changes sign, and both units strongly
attract each other. At the final position, the attracting
force is estimated to be about 250 N. This fact is of con-
siderable advantage because the attraction provides stabil-
ity to the entire magnet, avoiding the need of an extra
holder required in case of repulsion.

After combining the magnet units, the total field was
scanned with a precision better than 5 uT via the resonance
frequency of a tiny oil sample with a thickness of 0.1 mm
and a surface area of 1x 1 mm? With the help of this
high-resolution measurement, the shim unit was positioned
in the gap of the main unit, and the fine tuning of ds and dp
was achieved to match the depth positions, where the lat-
eral variations along x and z vanish. For this purpose,
the shim unit was equipped with a set of bolts along the
three axes that provided a positioning precision of about
20 pm. Notice, that by scanning the total field of the mag-
net, possible defects in the magnet manufacturing process-
es, which are typical for this type of material, can also be
detected.

Finally, the rf coil was built taking into account the final
coefficients of the static field, which were calculated from
the scanned data. Actually, the new dimensions did not dif-
fer appreciably from the original ones assumed for the
magnet calculation. The coil was mounted on a movable
plate that allowed its positioning with a precision of about
20 um. The final parameters obtained after optimization
are dg=42mm, ds=5.8 mm, and Ay =8 mm for the
magnet, and L, =14 mm, L. =9 mm, and J, = 1 mm for
the rf coil. To match the plane where the lateral variation
of both By and B; vanish (y =)’), the rf coil was placed
4.5mm above the main magnet surface. The position
y = 01s 2 mm above the rf coil, and there the magnetic field
reaches 0.2 T. For this configuration, the coefficients of the
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Fig. 4. Spatial variation of the static (--) and rf (m) fields. Both By and B,
follow the spatial dependence described in Egs. (1) and (2). While a linear
dependence is observed along the depth direction, both lateral variations
along x and z show a parabolic dependence with quadratic coefficients that
change sign as a function of the depth (the lateral variations are plotted at
depths of 0.5, 0, and —0.5 mm). For better visualization, both fields were
divided by By, and the variations in ppm was referred to the value at the
coordinate origin. The parameters found for obtaining this field variation
are dg=42mm, ds=5.8mm, and Ay=8 mm for the magnet, and
L,=14mm, L.=9mm, and é,=1mm for the rf coil. For these
parameters one obtains g, =205 ppm/mm (0.04 T/m), oo. =47 ppm/
mm?, and oo, = 4.4 ppm/mm?>. The rf coil was placed 4.5 mm above the
main magnet surface to fulfill the condition y = y’. The position where
both lateral variations vanish (y = 0) is 2 mm above the rf coil and there
the magnetic field reaches 0.2 T.

field are gg, =205 ppm/mm (0.04 T/m), oo. =47 ppm/
mm?, and «g, = 4.4 ppm/mm3 . For comparison, the main
magnet generates a field of 0.24 T at this position with a
main gradient of 3700 ppm/mm (0.9 T/m).

To visualize the matching quality obtained with the final
configuration, the variations of By and B fields were nor-
malize to By and expressed in ppm, where By, is the field
value at the origin of the coordinate system (Fig. 4). For
simplicity the proportional factor was set to be x = —1.
The difference between the By and B; curves in Fig. 4 gives
direct evidence of the field matching across the volume of
the sample. It is interesting to notice that the coefficients
describing the lateral variations of both the magnetic and
the rf fields are of opposite sign. Since the rf field decays
with the distance from the coil, the static field must increase
with the depth to achieve k = —1. This is obtained by using
a shim unit which produces a main gradient stronger than
the one produced by the main magnet. It is important to
stress that the final magnet configuration does not mini-
mize the gradient along the depth direction, but retains
the value required to match the gradient of the rf field. It
must be understood, that the shim unit is not used to shim
the static field to homogeneity but to reproduce the inho-
mogeneity of the rf field.

4. Results

The aim of this section is to show in steps how the spec-
tral resolution was improved to a final value of 8 ppm;
which is good enough to clearly discriminate chemical
shifts of different fluorinated fluids [16]. For the experi-
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ment, a capillary tube with an inner diameter of 1 mm and
a length of 3 mm was placed on the magnet with its axis
along x. The positioning of the sample requires a precision
of the order of a fraction of the total volume where the
desired matching is achieved. In the present case this vol-
ume is approximately 1 mm along every direction, and
once the optimum position was found, we did not observe
appreciable resolution loss even when misplacing the sam-
ple by 200 um. Fig. SA shows the Fourier transform of the
echo signal measured in the field generated by the main
magnet. A broad line covering a range of about
3000 ppm is obtained. By including the shimming unit in
the gap of the main magnet the frequency spread is reduced
to 200 ppm (Fig. 5B). Finally, by implementing the nuta-
tion echo experiment [16] a spectral resolution of 8 ppm
could be obtained (Fig. 5C). The three '°F chemical shift
signals of a mixture of hexafluorobenzene and perfluoro-
hexane are clearly resolved. The positions and relative
amplitudes of the different lines are in agreement with the
results measured by conventional high-field magnets. More
detailed information about the pulse sequence can be
found in [16].

The spectral resolution offered by this method is
determined by the matching quality achieved in the sample
volume. This situation can directly be compared to the use
of shim fields in conventional NMR with homogeneous
fields, where the resolution is limited by how well the
currents in the shim coils are set to compensate the
variations of the main field across the sample. As in
conventional homogeneous field experiments, the maxi-
mum resolution attainable with the present method is also
limited, in the ultimate case of perfect matching, by the 75
of the sample.

-400  -200 0 200
chemical shift [ppm]

Fig. 5. (A) NMR spectrum measured with a U-shaped magnet (M unit in
Fig. 1). (B) Spectrum measured including the shim unit (S unit in Fig. 1).
(C) Spectrum measured with the nutation echo experiment. The three '°F
chemical shift signals correspond to the C¢F¢, CF3, and CF, groups in the
mixture hexafluorobenzene and perfluorohexane. The total experimental
time was only 3 min.

5. Conclusions

The construction of the first mobile open sensor for
high-resolution NMR spectroscopy has been described.
The use of small permanent magnet blocks to shim the stat-
ic magnetic field has been extremely useful not only to
model the spatial By variations to match the B, field, but
also to reduce the static gradient strength. The inverse
shimming concept, where the magnet is built to match
the B; inhomogeneities, led to a spectral resolution of
8 ppm.

Taking into account that only 3 min were needed to
measure spectra with such a resolution, 'H chemical shift
resolved spectra could be attainable simply by reducing
the sample size and at the expense of a longer measuring
time. However, this solution must be carefully analyzed:
the longer the measuring time and the better the spectral
resolution, the more sensitive becomes the experiment to
frequency drifts arising from changes in the magnet tem-
perature. Although in this work no temperature control
was required, temperature stabilization units will become
necessary in the future.

New calculations, based on a different shim unit geome-
try, have shown that a resolution of about 1 ppm can be
obtained in the same volume. This value could be further
improved either by the use of single-sided shim coils, by
implementing the ‘“shim pulses” recently reported by the
Pines group [15], or by a combination of both. Based on
these facts, we can anticipate that in the near future 'H
chemical-shift resolved spectra can realistically be mea-
sured with unilateral low-field devices. Like for convention-
al superconducting magnets, the volume where high-
resolution spectra can be measured is limited. In the pres-
ent work this volume is about 3 mm®. To extend the appli-
cation of this technique to arbitrarily sized samples, which
is the general case for single-sided NMR, a volume selec-
tion technique is required.
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