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The design and construction of a low-cost, permanent magnet is
described. The magnet is intended for applications which require
a large static gradient, such as those for which stray field imaging
or fringe field diffusometry are conventionally employed. The
magnet has been designed using the scalar potential method.
Particular features of the magnet include a field profile such that
|B] is constant in the horizontal plane and such that B is horizontal
at the midpoint between the poles. There is a vertical, and there-
fore orthogonal, strong gradient, G, in |B|. The ratio G/|B| is
constant within a large volume and so allows measurements at a
range of gradient strengths. It is this ratio which governs the shape
of the pole-pieces. The constructed magnet has a typical operating
field of 0.8 T, gives a gradient of 20 Tm™, and has a useable
interpole access of 20 mm. Field plot data show values consistent
with the theory. In particular |B| has a curvature of less than +5
pm over a5 X 5 mm area at the target field. The magnet is most
suitable for the one-dimensional profiling of thin planar samples.
As an example of the magnet’s use, a profile of a sandwich
structure made of several polymer layers is shown. In addition, a
set of one-dimensional profiles of an alkyd coating, recorded dur-
ing solvent loss and cross-linking, is presented. This example
demonstrates quantitative T, measurements at a resolution of 6.5
pm across a 70-pum-thick film. © 1999 Academic Press

Key Words: magnet design; orthogonal gradient; stray field
imaging; magnet pole-pieces; coatings.

INTRODUCTION

Stray field imaging (STRAFI) and fringe field diffusometr
methods {) have become increasingly popular in recent time
with numerous applications found in the general areas
soft-solid and porous media analys®.(Most commonly, the
methods exploit the large on-axis field gradient located bel
a high-field superconducting vertical-bore NMR spectroscoﬁ
magnet. For example, our own 89-mm vertical-bore, 9.4-
magnet (Magnex Scientific Ltd., Abingdon, UK) has a gradier;?tg
strength of the order of 58 Tmat a field of 5.5 T some 20 cm
below isocenter. While some applications undoubtedly requitil8n'
this high level of performance, there are many which do n(ﬁ

%

0]

notably those involving semi-mobile systems wikh in the
100-us to 1-ms range. In such cases, using a magnet with hi
homogeneity to generate an inhomogeneous field is not cc
effective, and a low-cost alternative may be preferable.

There are other, geometry-related reasons why such a hic
field magnet may not be the best system on which to carry o
STRAFI experiments. Consider the drying, curing, and in-us
efficacy of solvent-borne coatings systems (e.g., paints), t
study of which is a common application area for STRAE). (
These coatings start out as liquids and end up as solids and tl
exhibit a wide range of, values throughout the course of the
experiment. STRAFI may be used to make one-dimensibpal
profiles through the coating as a function of time with high
spatial resolution. As the coating is initially liquid, the sample
must be kept horizontal. However, the sample meniscus pr
vents the film from being entirely uniform across the sampl
area. In an earlier work, we introduced a probe for the profiling
of the central uniform region of coating samples which over
came this constrainB8f. However, although this probe proved
highly successful, it was always evident that it was not th
optimal solution.

In the conventional STRAFI arrangement illustrated in Fig
1, the main fieldB,, is oriented parallel to the gradient in the
vertical direction. This arrangement necessitates, for a plan
horizontal sample, an RF coil with tH#, field parallel to the
sample plane. In order to localize the central region, we ther
fore used a small, horizontally oriented solenoid undernea
he sample and accepted the consequent loss in sensitivity tl
%}is entailed. A much better arrangement, not available wit
conventional STRAFI, is to have the gradient in the vertica
direction andB, in the horizontal plane. Obtaining a profile is
en possible with a planar-spiral surface-coil which has
rtical B, field, as shown in Fig. 1. Locating the sample
ainst the surface-coil offers improved sensitivity over con
ventional STRAFI as well as the desired transverse localiz:
We therefore seek a low-cost, permanent magnet, having
orizontal magnetic field and a strong uniform linear fielc
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use of spin-echo Fourier transform methods to obtain profile
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a b As a result of this, for the case whe@ is constant (a linear
gradient), the equipotentials ¢8| have a radius of curvature
which is of the order ofB|/G,. For most conventional imaging
(where|B|/G, is of the order 10m), this factor is not impor-
tant, so it is possible to have near-linear gradients while tran
verse components @ are ignored. Generally, if a high gra-
dient is required at a low-field strength, then the curvature c
|B| cannot be ignored. There has been a succession of pap
dealing with aspects of concomitant gradients in the areas
echo planar imagingr; ESR 8); low-field diffusion measure-

B: 0
Film
/_/ \ ments P); and angiography correctiond@). In the case of

— Gravity —l-
B

[ 1™ Carrier™ L ' STRAFI and the high-gradient strength profiling describet
MM ——— " E here, it is the modulus dB that defines the plane of interest.
RF coil For STRAFI with a conventional solenoidal electromagnet

FIG. 1. Two possible geometrical configurations for stray field imagingithere exists just one plane whei is uniform. It generally
(a) the relative directions of static field, gradient, and RF for a conventiongtcurs at a slightly different position to the plane in whigh
STRAFI system based on a vertical superconducting magnet; (b) the propogednost uniform. The radius of field curvature is small (of the
?nz%gzttgf::zglrfdeigmétry for thin-film imaging with the static field at rightyjor of 1 m) and limits the achievgble homogeneitjBofn

the plane and therefore the resolution. We seek to accomm
date this difficulty with the new magnet.

of thin films and coatings. Similar magnets have been proposc(]adt is proposed that the magnet pole geometry may b

previously for imaging applications. These include the So_etermlned using a scalar potential approach where fi

called NWMR MOUSE €) and magnet designs by Miler andy 2erieit @ SR - BCe T8 S SR
Garroway §). However, with these magnets, no attempt iSurfacé of a high- ermeat?ilit linear pand isotropic mate
made to make the gradient homogeneous, as the main objecﬁvc]a gn-p ', . pic |

is for the analysis of a sampleutsidethe confines of the rial, and therefore the material surface is also an equipote

N : L t'al surface. The shape of the pole-pieces is described |
magnet. Where there is slice selection, the slice is mevnabx . : :
ntours of a particular value @f for an analytic solution

strongly curved. High-gradient magnets have also been @ - T, . :
. ) 0 0 the Laplace equatiotV,“¢ = 0, which leads to the desired

signed for NMR diffusometry application$){ These have : i ; .

field gradients of the order of 200 Trhbut are of no imme- gradient and field values. In the analysis described here, tl

. . . o . sr&ape of the pole-pieces is assumed constant and infinite
diate relevance to the low-cost imaging applications envisa & . : . : :
. . . . ex direction. This assumption restricts the problem to twc
here. The use of field gradients is not unique to NMR and th : o ' ; : .

. . . o mensions. The-axis is defined as being the direction of
appear widely in other areas of science. Susceptibility M& e main, horizontal field, and theaxis is the direction of
surement methods such as the Faraday method are based o&t%e ! : N .

. . . e desired vertical gradient (see Fig. 1).
measurement of forces on a material suspended in an inhomag

geneous field. Bending magnets for ion-beam accelerators (I)f ¢ is defined as a product of two independent polynomials

. . . . ; z) and Y(y), which are both functions of a single axis
require tailored gradients and shaped pole-pieces. It is we .
. : coordinate, then
known that a taper in the pole-pieces of a permanent or
electromagnet will produce a field inhomogeneity or a gradi-
ent. This paper describes the calculation of the shape of magnet d(z,y) = Z(2)Y(y). (2]

pole-pieces required to generate a magnetic field that is homo-
geneous over a plane, but possessing a powerful, orthogopaterentiating ¢ with respect to each axis gives the compo-

static gradient. nents ofB. Thus,
_ B=Vo=jZ(2) —, tk—4, YV, (3]
For free space, CuB = 0 which leads to y
9B, 4B, where j and k are unit vectors in they and z directions,
Gy = By - 9z [1] respectively. As by definitioV2¢ = 0, then
With any spatially varying, static magnetic field there is an d®>v(y) 1 d*Z(2) 1

inevitabley-gradient inB, (G,) equal to thez-gradient inB,. dy? Y(y) dz2 Z(z) 0. 4]
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Solutions of the set of simultaneous differential equationg;onventional STRAFI based on a standard magnet, the us
may choose to operate over a wide range of gradient valu

d2Y(y) , within the same magnet while maintaining the in-plane unifor

Tdy? A%Y(y) =0 mity of the magnetic field.

d2z(2) ' [5] The coordinates of the shape of the pole-pieces can |
422 + A?Z(2) =0 calculated from a particular equipotential &f The profile of

the pole-pieces as a function pfposition is given as

whereA is a constant, may be found. The general form of the o
scalar potential that satisfies the above and that vanishes as 2y) = + sin~*(sin(bw/ 2)exp(by)) [12]
y — % may be written as b ’

d(z,y) = exp(—Ay)(B cogAz) + C sin(Az)), [6] wherew is the pole separation at= 0, andb is the desired
G/|B| ratio. A family of curves may be obtained which vary
where A, B, and C are real constants. If we choose th&om near-linear taperG/|B| < 5 m™) to a step function
particu|ar So|ution, (G/|B| > 100 m’l). The latter is close to the NMR MOUSE
design.
&(z, y) = a sin(bz)exp(—hy), [7]
MATHEMATICAL MODELING
wherea and b are constants, then the componentsBoére

given by Equation [12] expresses what is considered to be the optim

analytic solution for the shape of the pole-pieces. It is depel
0 dent onb and w only. The actual values ofB| and a are
B, = —— = ab cogbz)exp(—by) [8] determined by the magnetic materials used. The solution w.
9z initially verified in two dimensions and then in full three
dimensions by utilizing electromagnetic finite element model
and ing tools (OPERA, Vector Fields, Oxford, UK). The magnet
p design targets were an operating field of 0.8 T a@i|&| ratio
_ 99 . o of 25 m*, so as to give a gradient of 20 Tm The pole
B, = ay ~ab sin(bz)exp(—by). 9] separation\{) at the target field was set to 20 mm. Figure 2
shows the shape of the pole-pieces viewed in cross section,
The modulus of the field at any point is therefore well as the location of the target plane, and Fig. 3 shows tt
three-dimensional wire-frame model of the magnet design. Tt
|B| = ab exp(—by). [10] pole-piece taper dimensions and angles below the throat, a
also the pole-piece end tapet-axis), were optimized to give
Hence, the surface defined by a constant resonant frequeit§ most economic use of magnetic materials without compr
(ConstantlBD is a p|ane para||e| to thge—z p|ane_ |nevitab|y’ miSing the Specification of the magnetic field. The throat ga
the direction ofB itself varies slightly across the plane ofwas fixed at 11 mm so that a 10-mm sample tube could pa
interest. As a result, when the magnet is used as descigedthrough. This design allows the mechanical movement of th
is not exactly orthogonal t8 at the edge of the sample, andéample, which is required for alternate imaging methods sin
there is a small loss in sensitivity in this region (by the sine dr to those used in conventional STRAFI. Figure 4 shows th
a small angle). Apart from this, the field curvature is néalculated|B| field along the verticay-axis. The slightly ex-

problem. ponential nature of the field can be seen. It is clear that acro
We see from Eq. [10] thalB| is a function ofy only. a sample of the order of a few hundred micrometers thick, th
Differentiating |B| with respect toy yields the gradien6, gradient can be assumed to be linear. The curvature is €
pressed as the maximum deviation of the numerically calct
d|B| lated|B| (finite element analysis) from the expected value (Ec
= d—y = —ab’exp(—by). [11] [10]) in a 5X 5mmx-z plane. Converted to micrometers, this

becomes

Over a small region of interest aroupd= 0, G can be deemed 6
to be linear and equal @b®. The field|B| (aty = 0) isab and curvature= 10°([Bead — [Beyl) in
therefore theG/|B| ratio is equal to—b. Equations [10] and b

[11] show that theG/|B| ratio is a constant, independent of

both y and z. The implication of this fact is that, unlike This curvature is also shown in Fig. 4. It defines the vertice

um. [13]
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FIG. 2. Cross-section through the center of the magnet showing the shape of the pole-pieces, the lower taper, and the position of the sampl

extent to which any chosen plane is level and thus the usextreme manufacturing tolerances. A single magnet based
imaging volume of the magnet. The sensitivities to both sheliis design can be used at any desired field strength betwe
and interpole distance misalignment of the pole-pieces weédés and 1.0 T and, a8/|B| is constant, this gives gradients of
calculated by finite element analysis. These were found to between 12.5 and 25 Trhwhile maintaining a field planar to
vanishingly small even when the misalignments were set better than Sum. A gradient of 20 Tm" allows resolution of
a few micrometers without diffusion limits being reached for
liquid-like samples 4).

EXPERIMENTAL

The magnet was constructed using 5.7 kg of NdFeB for th
magnet blocks and a 25-mm-thick iron frame. The Swedis
steel pole-pieces were machined on a Bridgeport Portal 15(
three-axis numerically controlled milling machine. The perfor-
mance of a five-axis machine, which would otherwise b
required for such a complex shape, can be achieved on
three-axis mill by using a spherical cutting head. The pole
pieces were then annealed, chrome-plated, and assembled |
the frame together with the magnet blocks.

The field profile of the magnet was initially verified using a
three-axis, field-plotting rig and a Hall Probe Magnetomete
(DTM-141 Digital Teslameter, Group 3, New Zealand), with
0.1-mT resolution and sensitive By, only. The magnet frame
and Hall probe geometry did not permit the direct measureme
of B,. However, knowing the value and rate of chang®pin
both thex andy directions allowsB, (and hencgB|) to be
estimated by integrating Eq. [1], assuming tBgt= 0 T at
z = 0 mm. In practice, a small misalignment between the
_ _ _ i magnet and the plot jig of 0.2 mm must be included as a
FIG. 3. Three-dimensional wire-frame model of the entire magnet, sub- . .
sequently used in finite-element calculations, showing pole-pieces and tapelrrgﬁgrat'on con;tant, S_BV =0Tatz= 9'2 mm There is no
the x-axis. The total width of the magnet frame is 30 cm and the depth is {8€asurable variation iB, along thex-axis within the volume
cm. of interest, therefor®, = 0 T. Figure 5 shows the measured
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FIG. 4. Finite-element numerical simulations of the field strength (left axis, solid line), and the plane curvature (right axis, dashed line) agains¢the |
vertical y-axis position.

B, the estimated,, and the calculate{B| along thez-axis, to better than=0.1 mT, equivalent tat5-um error over the
i.e., between the poles for= 0 mm andy = 12 mm. This central 5-mm region of interest. This error is at the limit of the
measurement has been carried out at a slightly higher level thdall probe specification and the positioning accuracy of th
the target location (and hence at lower field) because the spetting rig but demonstrates that the target specification of tf
of the Hall probe does not allow a fultplane traversal any design has been achieved.

lower on they-axis. The deviation from a uniform value [ For NMR measurements, a precise leveling system is r
is shown as an error in micrometers. TBgis shown to be flat quired to ensure that the sample carrier is parallel toxthe
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FIG. 5. Graph showing the field variation between the pole-pie@eax{s) at ay position of 12 mm. Thd3, values (circles) were measured using a Hall
probe. The calculated values Bf (triangles) andB| (crosses) are shown along with the estimated error (squares, right axis).
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FIG. 6. Diagram of the RF probe in both elevation and plan view showing tuning and matching components. The probe mounts on a carrier that
adjusted so that the sample is parallel to xke plane.

plane. This system comprises an “H” frame that is fixed by10.um-thick glass coverslip. Figure 7 shows profiles of the
screw adjusters (at each corner of the H frame) to the magpeantom. An FID in the strong gradient is unobservable, &
iron frame. The crossbar fits between the pole-pieces aridg-down and dead-time effects last for @5, of the order of
supports the probe. The bar is interchangeable to accommodiie Consequently, each profile is the Fourier transform of |
different probes and a sample heating or cooling system. Miseparate echo in@,—[—8,—~7—echo—] sequence with = 75
imizing the profile width of a phantom with parallel sidesus. Due to the strong gradient and use of a surface coil, tf
ensures that the sample is level. A suitable phantom is made
using a room temperature vulcanizing silicone rubber film 1p
sandwiched between two glass coverslips, with spacers made
from small pieces of 11@sm-thick coverslip. Using this
method, the probe can be leveled to better thapitlover the
planar region of interest (3 mm in diameter).

Figure 6 shows the design of a typical probe for use with theS 6
magnet. The design is similar to that of a microscope slide coilg
(12). The 3-mm-diameter coil comprises 12 turns of 0.8-mm-<
diameter polyurethane-coated wire arranged in three layersy 4 |-
The coil is supported in epoxy resin with the coil-end arranged%
to be flush with a flat upper surface. The probe (coil plus €
capacitors) has a resonant frequency of 30 MHz and a band®
width of 1.0 MHz. The probe is located at the point whBre:

its)

0.7 T and the gradient is 17.5 Trh For ‘H measurements 0 o=

these parameters give an effective field of view along the l l | 1

vertical axis of the order of 70@m. The pulse width required 0 200 400 600 800 1000
for a 90-degree flip angle is of the order of Ju8 at a power Position (um)

Of 25 W. Th? sample area examined is appr_OXImater 3 mm !q:IG. 7. Profiles of a thin-layer phantom made up of (A) rubber; (B)
diameter. With samples less than 0.5 mm thick, the variationjgsco fiim: (C) PVC tape, and (D) polyamide tape. Also visible is a (E)
flip angle and sensitivity is relatively small and is easily conpolyamide tape layer that protects the RF coil. The RF coil location i
pensated. designated by the symbol F. Each profile is the Fourier transform of a separ:
echo in 88,—[™—pB,—7—echo-} sequence where= 75 us. For each echo, 256
points were acquired using a sampling interval of @4, giving a pixel
resolution of 13um. The solid line shows the first echo profile (multiplied by
. . 1.5), the dashed line shows the second echo profile, and the dotted line shc
A thin-layered phantom was fabricated from sheets of rule eignth echo profile from this sequence. Five thousand averages we

ber, NESCO film, PVC tape, and polyamide tape attached ta@uired at a repetition time of 200 ms giving a total imaging time of 17 min

RESULTS
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pulse flip angle @) is nominal, but of the order of 90° at the 5 T T T T T T T
sample center. For each echo 256 data points were acquired at
a sampling interval of 0.4us. The resulting profiles have a
nominal pixel resolution of 1m. The profiles were acquired 4
using 5000 averages and a repetition time of 200 ms, giving a
total imaging time of 17 min. For this type of sequence, in the
presence of a high gradient, the first echo is 2/3 the amplitug’,;a3 B
of the second echo2), and this correction factor has beenfE
incorporated in the profiles of Fig. 7. Contrast resulting from-
the differences between lonf, components, such as in the
rubber and the glue on the back of the tapes, and short
components, such as in the PVC and NESCO film, can be seen
clearly. The glue backing of the polyamide tapes is also visible
although the polyamide itself is not seen.

Figure 8 shows profiles of the same layered phantom but thisg 4
time using a single asymmetric echo acquisition such that the 0 50 100 150 200
effective primary echo time (TE) is reduced to 88 (com- Position (um)
pared to the TE= 150us of Fig. 7). The sampling interval was  rig. 9. T, profiles showing the solvent loss and cross-linking of an alkyc
0.4 us, and 512 points were acquired to give a pixel resoluti@aating with cobalt catalyst and solvent. The filled circles indicate the profil
of 6.5 um. The PVC and NESCO components of the profilef the film 0.5 h after spin-coating and at 1.5 h (open circles), 2.5 h (ope
have higher relative amplitudes compared to the rubber at ffares). 1 day (diamonds), and 4 days (filled squares).
shorter echo time because they have much shdrerin
addition, a PMMA weight (placed on top of the glass coverslip .
to keep the phantom flat) (on left) and the epoxy around the REPPE in the magnet. Measurements were taken at half-ho
coil (on right) are both now visible. !ntervals throughout the initial 3-h period and then at hourl

Profiles that demonstrate an application for which this tydBtervals for a further 9 h. After 12 h the measurements wer
of magnet is particularly suitable are shown in Fig. 9. Aépeated daily. Quantitativé, values were obtained from
low-molecular-weight alkyd with a cobalt catalyst additive wagingle exponential fits to multiecho profiles using.a-[r—f,~
dissolved in a small quantity of solvent and spin-cast ontoTa€Cho—} sequence withr = 150 ps andn = 8. These
coverslip to form a coating with a uniform thickness of aroun@rofiles have a resolution of 6&m. During the first few hours

120 um. The coating on the coverslip was then placed on thgere is some thinning of the film, presumably as a result ¢
solvent evaporative loss. Subsequently, as the alkyd undergc

autooxidative cross-linking there is a reductionlin There is

10 T rrr T evidence that the cross-linking is spatially nonuniform acros
the thickness of the film during this period. Eventually, how:
s _ ever, the film becomes fully hardened and exhibits a mor
—_ uniform T, profile. The process of hardening continues over
% period of days and eventually results inTa value of a few
; 6 |- _ hundred microseconds for the whole alkyd film.
<
K 1 CONCLUSIONS
2 4 -
g The scalar potential design method for a permanent magr
< } with a high ratio of orthogonal-gradient to main-field has bee
2r ] demonstrated. It is possible to generate a near-linear vertic
gradient and homogeneol@ in the horizontal plane over a large
. L e volume. The magnetic field within this volume has the propert
0 0 200 400 600 800 j000  that the ratioG/|B| is constant. Therefore, the desired gradient
Position (um) which scales with the static field, may be selected by appropriate

positioning the sample and prob@!/|B| and the required pole
FIG. 8. A profile of the same phantom as in Fig. 7 but using a single-ecligayaration determine the shape of the pole-pieces directly from
half k-space acquisition so that the effective echo time is reduced {@s80 . . . . .
Five hundred twelve points were acquired at a sampling interval ofu8.4 eql‘!lpOtentlaL and an exg'ct a}nalytlc expression for this has_ be
giving an imaging resolution of 6.6m. A PMMA weight on top of a glass derived. No further modification to the shape of the pole-piece

coverslip (on left) and the epoxy around the RF coil (on right) are now visiblgvas found to be required except for the optimization of the tape
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