2007/120057 A 1INV 00 0 D000 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
25 October 2007 (25.10.2007)

(10) International Publication Number

WO 2007/120057 Al

(51) International Patent Classification:
HOIF 7/02 (2006.01)

(21) International Application Number:
PCT/NZ2007/000082

(22) International Filing Date: 18 April 2007 (18.04.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/792,769 18 April 2006 (18.04.2006) US

(71) Applicant (for all designated States except US): VICTO-
RIA LINK LIMITED [NZ/NZ]; 18 Kelburn Parade, Kel-
burn, Wellington (NZ).

(72) Inventors; and

(75) Inventors/Applicants (for US only): PARKINSON,
Benjamin, John [GB/NZ]; 27a Hornsey Road, Wellington
(NZ). CALLAGHAN, Paul, Terence [NZ/NZ]; 313a The
Terrace, Wellington (NZ). HUNTER, Mark, Warwick
[NZ/NZ]; 3 Aplin Terrace, Wellington (NZ).

(74) Agents: BROWN, Michael, S et al.; A J Park, 6th Floor
Huddart Parker Building, Post Office Square, P O Box 949,
Wellington, 6015 (NZ).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES,
FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L, IN,
IS, JIP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR,
LS, LT, LU, LY, MA, MD, MG, MK, MN, MW, MX, MY,
MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS,
RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

[Continued on next page]

(54) Title: MAGNETIC FIELD-GENERATING APPARATUS

0.1

0.05

(57) Abstract: An apparatus for generating a homogenous magnetic field has a plurality of sub-arrays (251a-251j), each having
a plurality of permanent magnets disposed in an annular array about an axis. A separation (253e) is provided between two of the
sub-arrays (251e, 251f) that are disposed at or toward the centre of the assembly along the longitudinal axis such that second order
derivatives of the principal component of the magnetic field in an area within the assembly are substantially zero in three orthogonal

directions.



WO 20077120057 A1 |00 000 0T 0000 O 0

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.



10

15

20

25

30

WO 2007/120057 PCT/NZ2007/000082

MAGNETIC FIELD-GENERATING APPARATUS

FIELD OF THE INVENTION

The ptesent invention relates to a method and appatatus for generating a homogenous
magnetic field. In particular, but not exclusively, the ptesent invention relates to a method
and appatatus for generating a homogenous magnetic field for use in Nuclear Magnetic
Resonance (NMR) systems.

BACKGROUND TO THE INVENTION

NMR spectroscopy is an analytical and diagnostic technique that can be used for structural
and quantitative analysis of a compound in a mixture. An NMR spectrometer generally

comptises one or mote magnets producing a sttong magnetic field within a test region.

To generate the strong magnetic field, Halbach arrays may be used. Halbach arrays are a
eans of creating multiple magnetic fields from a ting of magnetised rare-earth material.
‘The number and location of the magnetic dipoles can be vatied by manipulating the
otientation of the magnetisation around the ting. If 2 homogeneous magnetic field is
tequited, Halbach (1979) has shown a successive magnetisation angle may be chosen such
that a dipolar magnetic field is produced by the array. Figure 1 shows that, when the
ctiterion for a dipolar Halbach attay is met, the magnetic field produced by the array is
transvetse to the longitudinal axis of the array. The direction of the lines of magnetic flux

under this condition will hereafter be known as the principal component of magnetic field.

NMR experiments require magnetic fields that ate as sttong and as homogenous as
possible. For a dipolar Halbach array constructed from discrete magnets, the strength of
the field is well understood, and is readily calculable. However, little research has been
done on characterising and improving the homogeneity of the field produced by such an

atray. As noted eatlier, homogeneity is a desited chatactetistic in NMR applications.
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There has been research into imptoving other propetties of the field produced by a
Halbach atray, for instance magnetic field parallelness. One example is US Patent No.
6,885,267 to Kuriyama et al., which desctibes a Halbach atray-type magnetic field
generating apparatus. The magnets in Kuriyama et al. ate arranged such that the magnetic
field generated in the Halbach attay has improved magnetic field parallelness. The
imptroved parallelness is beneficial in that the appatatus can accurately magnetise the

otientation of magnetic films and like devices.

In this specification whete reference has been made to patent specifications, other external
documents, or other soutces of information, this is genetally for the putpose of providing a
context for discussing the features of the invention. Unless specifically stated otherwise,
refetence to such extetnal documents or such soutces of information is not to be
construed as an admission that such documents or such soutces of information, in any

jutisdiction, are prior att ot form part of the common general knowledge in the att.

It is an object of the present invention to provide an assembly based on a Halbach array
which provides an improved homogenous magnetic field within the assembly, or to at least

to provide the public with a useful choice.

SUMMARY OF THE INVENTION

LS
The term “comprising” as used in this specification means “consisting at least in part of”.
When interpreting each statement in this specification that includes the term “comprising”,
features other than that ot those prefaced by the term may also be present. Related terms

such as “comprise” and “comprises” ate to be interpreted in the same mannet.

The tetm ‘homogeneous magnetic field’ as used in this specification means a sufficiently
homogeneous magnetic field so as to enable NMR excitation of a sufficient volume of

sample and to provide an analysable NMR signal in that region.

In one aspect, the present invention broadly comprises an appatatus for genetating a

homogenous magnetic field, comprising an assembly having a plurality of sub-artays, each
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sub-attay comprising a plurality of permanent magnets disposed in an annular array about
an axis (hereafter “longitudinal axis™), wherein a separation is provided between two of the
sub-atrays that are disposed at or toward the centre of the assembly along the longitudinal
axis such that second otder detivatives of the principal component of the magnetic field in

an area within the assembly ate substantially zero in three orthogonal ditections.

The assembly may have only two sub-atrays. Alternatively, the assembly may have more

than two sub-atrays.

Preferably, the assembly comptises an even number of sub-arrays, such as two, four, six,
eight, ten, or mote sub-arrays for example. In such a configuration, the sepatation is

provided between the two central sub-atrays.

Alternatively, the assembly may comprise an odd number of sub-atrays, such as five, seven,
nine, or more sub-arrays for example. In such a configuration, the separation is provided
between two of the sub-arrays that are generally centrally disposed within the assembly.
For example, in an assembly having seven sub-arrays, the separation is suitably provided
between the third and fourth sub-attays. For an assembly having an odd number of sub-
arrays less than seven, at least some of the sub-atrays may have different sizes such that the
separation is positioned generally centrally within the assembly. However, fot an assembly
having an odd number of sub-attays of seven ot more, satisfactory results can be achieved

with sub-atrays having a substantially consistent size.

Pteferably, separations are provided between at least some of the sub-arrays, with the
sepatations disposed in such a way as to minimise fourth order detivatives of the principal

component of magnetic field.

Prefetably, the longitudinal dimension of each of the sub-atrays disposed in the assembly is
attanged so as to minimise fourth order detivatives terms of the principal component of

magnetic field.
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The separation(s) may be occupied by air, anothet gas, ot a vacuum. Preferably, the

separation(s) is/are occupied by a substantially non-magnetic material.

Preferably, the size(s) of the separation(s) is/ate less than the radius of the annular artay of

the permanent magnets.

Preferably, each sub-atray has at least four permanent magnets. In some embodiments, the
number of permanent magnets in each sub-array may be a multiple of four, such as four,

cight, twelve, sixteen, or motre permanent magnets.
o A > P gt

Preferably, all of the permanent magnets in a sub-array have substantially the same length
and width. More preferably, all of the petmanent magnets in the assembly have
substantially the same length and width.

Preferably, each sub-array comprises an annular plate having disposed thereon or thetein

the plurality of permanent magnets.

In a further aspect, the invention comprises an NMR apparatus comprising an apparatus as
outlined in relation to the first aspect above arranged to create a zone of homogeneous

magnetic field at some location within the assembly, and into a sample when provided.

In a further aspect, the invention comptises a method of generating a homogenous
magnetic field using an assembly comprising a plurality of sub-arrays, each sub-atray
comprising a plurality of permanent magnets disposed in an annular array about an axis
(hereafter ‘longitudinal axis’), the method comptising the steps of:

arranging two sub-atrays that are disposed at or toward the centre of the assembly
adjacent one another and along the longitudinal axis; and

providing a separation between the two sub-artays that are disposed at ot toward
the centre of the assembly, such that second order detivatives of the principal component
of the magnetic field in an area in the assembly ate substantially zeto in three otthogonal

directions.
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The assembly may comptise only two sub-arrays. Alternatively, the assembly may comptise

mote than two sub-arrays.

The assembly may comptise any one or more features outlined in respect of the first aspect

above.

The method may comprise arranging one or more further sub-arrays adjacent each of said
two sub-artays that are disposed at ot toward the centre of the assembly such that the

magnetic assembly has more than two sub-attays.

Preferably, the method further comprises: determining an optimal separation for the two
sub-arrays that are disposed at or toward the centre of the assembly using some

optimisation technique, for example toot-finding.

Preferably, the method further comprises: determining an optimal radius for the two sub-
arrays that are disposed at or toward the centre of the assembly using some optimisation
technique, for example root finding. In one form, a N ewton-Rhapson root-finding
algorithm is used.

Preferably, the method further comprises: determining an optimal separation between each
of the sub-azrays other than the two sub-arrays that are disposed at ot toward the centre of
the assembly using some optimisation technique, for example, minimisation of a figure of

metit that desctibes the performance of the assembly.

Preferably, the method futther comptises: determining an optimal longitudinal dimension
for each of the sub-atrays using some optimisation technique, for example minimising a
figure of merit that describes the petformance of the assembly. In one form, a Neldet-

Mead minimisation algorithm is used.

Prefetably, the optimisation technique(s) is/ate catried out on 2 computer progtammed

with optimisation algotithm(s).
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The invention consists in the foregoing and also envisages constructions of which the

following gives examples only.
BRIEF DESCRIPTION OF THE DRAWINGS

Prefetred forms of the method and appatatus of the invention will now be desctibed with
reference to the accompanying figutes in which:

. Figure 1 shows a diagrammatic illustration of magnetic flux lines ptoduced by a
dipolar Halbach array;

Figures 2a and 2b show schematic views of a patt of 2 Halbach atray;

Figute 3 shows a perspective view of a Halbach atray with one sub-atray;

Figure 4 shows contout lines representing homogeneity of the magnetic field
produced by the Halbach atray of Figure 3;

Figure 5 shows a perspective view of a fitst preferred form Halbach atray with two
sub-arrays;

Figure 6 shows contour lines representing homogeneity of the magnetic field
produced by the Halbach atray of Figure 5;

Figure 7 shows a perspective view of second preferred form Halbach atray with a
plurality of sub-atrays;

Figure 8 shows contour lines representing homogeneity of the magnetic field
produced by the Halbach atray of Figure 7;

Figures 9a to 9d show graphs of Halbach array geometty and parameter changes in
response to a change in separation between two centte sub-attays, in accordance with
possible preferred forms of the present invention;

Figure 10 shows the standard deviation of second otder detivatives for a 10,000-
ttial Monte-Catlo simulation;

Figures 11a to 11f show graphs of Halbach atray geometry and parameter changes
in response to a change in separation between two centre sub-attays fot atrays with two,
four, six, eight, ten and twelve sub-artays, in accordance with possible preferred forms of
the present invention;

Figure 12 shows a perspective view of a third ptefetted form Halbach array;
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Figute 13 shows contout lines reptesenting homogeneity of the magnetic field
ptoduced by the prefetred form Halbach atray of Figute 12 tespectively;

Figute 14a shows a sub-array former design;

Figure 14b shows an assembled sub-atray; and

Figures 15 to 19 show various stages of assembly of the preferred fotm atray.

DETAILED DESCRIPTION OF PREFERRED FORMS

‘The applicants have invented modified arrangements of a dipolar Halbach array, which
offer improved homogeneity. The preferted form atrays are designed such that the
homogeneity of their magnetic fields can be enhanced through a process of setting to zero

the second derivatives of the principal component of the magnetic field in each direction.

Fot the purposes of this desctiption, the ptincipal component of magnetic field is
atbitrarily chosen to lie in the z-direction; thus the principal component of magnetic field is
denoted B,, and the total magnetic field denoted B. The longitudinal axis is similarly
chosen to lie in the y-direction. Finally, the three orthogonal directions along which the
derivatives of the principal component of magnetic ate evaluated are atbitrarily chosen to

be the Cartesian axes, x y and 3.

Halbach Array

The creation of a Halbach atray is made possible by rare-earth metals. Traditional
ferromagnetic materials are not able to hold theit magnetisation in the presence of an
opposing magnetic field. Thus, if a ferromagnetic material were used to create 2 magnet
attay whose properties relied upon superposition of fields from the magnetic elements of
the array, the desired field would only exist fot a shott period of time. Since the field
cteated by a Halbach array relies on such a superposition of magnetic fields, ferromagnetic

materials would be unsuitable.
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By contrast, rare-earth metals ate capable of holding theit magnetisation in the presence of
opposing magnetic fields of a similar magnitude, a propetty that is detived from the high

magnetic coetcivity of this matetial.

Fot the specific case of a homogeneously magnetised piece of rare-earth material, the
cuttent density distribution is that of a cutrent sheet at the sutface of the material. For this
reason, a homogeneously magnetised piece of rare-eatth matetial may be modelled simply

as a cutrent sheet with the same shape as the piece of tare-earth metal.

Furthermore, the fields produced by pieces of tate-earth material add linearly. It is
therefore possible to design magnetic artays using this material with relative ease. One

such magnetic array design involves cteating a multipole field from this material. This is
the so called Halbach attay.

Homogeneity of the Magnetic Field Produced by Halbach Atrrays

Halbach (1979) has described an arrangement of magnetic elements which can lead to a
uniform magnetic field distribution. In practice this array can be realised using rectangular
cuboid magnets. Figures 2a and 2b show the typical form of this atray in which each
magnetic element at azimuthal angle @, has the successive angular displacement (@) such

that:
Bl@)=p(N+1) 1

Fot use in NMR, a magnet array is required to produce a field that is homogeneous. The
rate-earth matetial is therefore magnetised such that a dipolar magnetic field is cteated.
This cortesponds to N = 1.

and 7 filled with rare-earth matetial,

onter

Consider an area between two citcles of radii 7

Halbach (1979) showed that, for the particular case of the homogenous, dipolat geometty,
one obtains the result:

B = B r ln(rau/er / 4 ) 2

wmner
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Whete B, is the remnant magnetisation of the rare earth material.

For the Halbach array with N = 1, the magnetic flux is contained within the ting of
magnetised material in a dipolar configuration. The field that is produced is therefore
homogenous and additionally has no stray field outside the ring of magnetised material.
This type of Halbach atray is therefore ideal for forming the B, field of an NMR system.
What is mote, the generation of a B, field that is otthogonal to the long axis of the atray is

patticulatly convenient for petrforming NMR experiments.

By convention, the direction of the B, field used in an NMR experiment is in the z-
direction. Itis for this reason that the principal component of magnetic field is chosen to

lie in the g-ditection.

The implication of equation 1 is that the magnetisation direction should be continuously
vatied around the citcle of rare-earth material. The tequitement for a continually varying
magnetisation direction is presently impossible to physically realise, thus it has been
proposed that the ring of material could be btoken into segments which each had a

magnetisation direction given by equation 1.

While it is possible to create an atray in this way, such an approach requires a considerable
degree of expertise in tanipulating the raw rare-eatth material and performing the

subsequent magnetisation.

A simpler method of atray construction has been proposed whereby the atray is
constructed from a number of identical, discrete, bat magnets (Raich 2004). Howevet, any
apptoximation to the continuously vatying condition required by equation 1 will tesult in 2
departure from the condition requited to make the array truly dipolar. Such an
approximation produces a magnetic field that is still dipolar in nature, but does not have

the same degtee of homogeneity as indicated by the simple result of equation 2.

An analytical solution for a Halbach attay constructed in the above way may be achievable;

howevet, it is easiet to develop a numerical model. Whilst equation 2 now no longer
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completely desctibes the magnetic field produced by the atray, the information given by
equations 1 and 2 remain important to the design of a discrete magnet Halbach artay. By
choosing the relative magnetisation ditection of successive magnets according to equation
1, similar behaviour can be seen to when compared to that predicted in the continuous

case.
Halbach Array Field Homogeneity

As has been discussed previously, 2 homogeneous magnetic field within the Halbach array
1s desired for NMR applications. This is because the homogeneity affects the signal to

noise, and thus the performance of the system.

In order to investigate the homogeneity of a Halbach attay, some means of calculating the
field from such an array is required, along with a method of improving the attay for the
condition of maximal homogeneity and field strength. An example means will be described

later in this specification.

As fot improving the homogeneity of the Halbach array magnetic field, there are several
optimisation techniques that may be used. One such technique is to use a root finding
approach. A root finding approach to optimisation requites some ptopetty of the array
that can be set to zero by intelligently iterating the array parameters. The design of the
dipolar Halbach atray means the B, component of the magnetic field of the array may, to
first ordet, be regarded as being equal to B at any point inside the array. In this instance,
the second derivative of the B, component of the magnetic field produced by the array has
the desired effect of incteasing the field homogeneity when set to zeto at the geometric
otigin of the array. Thus, a root finding method that can intelligently iterate the geometry
of the atray in such a way as to make the second detivative of the B, component of
magnetic field equal to zero in each ditection can improve the homogeneity of the attay to

second otdet.
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What is particularly attractive about a root finding apptoach to improve homogeneity is
that the sum of second derivatives of the B, component of magnetic field is zero. This may

be undetstood from considetation of Maxwell’s equations:

For any magnetic field, Maxwell’s equations state:
V.B=0 3
Additionally for free space, Maxwell’s equations state:
OE

VXB=/‘0J+/‘OEOE 4

Whete J represents the curtent density where VxB is evaluated, aa—E the rate of change of
t

electric field with time at the same point and &, the permittivity of free space.

The Halbach array is a time invariant magnetic field, thus %]j;— =0. Additionally there are

no current cattying elements in the centre of the array (whete VX B is evaluated) meaning
] = 0. Therefore 4 may be simplified to:
VxB=0 5

For equation 4 to be satisfied, each component of the vector Vx B must equal zero. By
differentiating equation 3 with respect to z, and then substituting the components of 5 as

tequited it is possible to obtain the result:

0°B, 0B,
= +

0°B,
+ L=
axz a}lz 8?‘2

=0 6

Consequently, if it is possible to find some condition that causes the second detivative of
B, to be zeto in two directions, the third direction will additionally have a second detivative

equal to zero.

Itis desirable to minimise higher order detivatives of B, in addition to setting the second

detivatives of B, to be zero. This has the effect of improving still further the homogeneity
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of the magnetic field of the artay. The symmetty of the atray means that all odd partial
detivative terms of B will be equal to zero. Thus, it is the higher ordet even derivatives of

Bz that must be minimised.

Ideally, the minimisation process should set the higher order detivatives of B, to zero;
howevet, by so doing other featutes of the array, patticulatly the strength of the magnetic
field, may be compromised. A minimisation process is therefore preferable, since there are
significant improvements in homogeneity to be made by simply teducing the value of the
higher otder detivatives compated to a solution that only sets the second order derivatives

of B{ to zero.

Using 2 method that does not set detivatives to be zero requires an algorithm that does not
use root finding, since that optimisation technique may not converge on a solution, or may
yield a solution may be of little practical use. Including the requitement for minimisation
of higher order derivatives lends itself to the use of a minimisation algotithm. Such an
approach inevitably results in 2 loss of control over the final physical geometty of the array;
howevert, this is traded against better control over the propetties of the magnetic field -

produced by the atray.

Thete are numerous possible Halbach array geometries that have the desired second order
homogeneity. As a result of this, the solution that emetges at the end of a root finding ot
minimisation optimisation is not guaranteed to be the globally optimum solution. In
deciding which of these solutions is optimal, factots such as field strength, homogeneity
and practicality of the design are considered. An array produced using a minimisation
technique tends to have a lower field strength and greater homogeneity. By contrast an
array that is produced using a pure root finding exercise has higher field strength, but lowet

homogeneity.
Magnetic Field Calculation

In otdet to petform the optimisation 2 means of calculating the field from a Halbach artay

should be provided. There ate numerous finite element packages commercially available
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that are capable of petforming this calculation, as will be known to persons skilled in the
att.

Whilst it is possible. to calculate the magnetic field from a thtee dimensional object using
finite element methods, the computation time may be prohibitively long. Since any real
NMR sample is inherently three dimensional, the section of array that has maximal
homogeneity should also be thtee dimensional. For this reason a different approach may
be used for calculating the magnetic field. For example, 2 semi-analytical model for the
Halbach atray may be created using known analytical tools, such as MATLAB (The
Mathworks Inc).

Magnetised rare-earth material can be modelled by a current sheet at the sutface of the

matetial with linear current density B, /41, . For the purposes of the prefetted forms of the

present invention, cuboid magnets have been considered. Persons skilled in the art will
appreciate that other magnet forms may be used instead, such as apptopriately magnetised

cylindrical bar magnets for example.

The field from a magnet may be calculated from the Biot-Savart law for a magnetic field
produced by a current carrying wite, whete the wire represents one edge of the piece of
rare-earth magnet. By arranging four such wites into a square loop, it is possible to
calculate the field at any point from the supetposition of these wires. Subsequent
integration of the magnetic field from this loop into the plane of the loop produces the
tequired curtent sheet model of a cuboid magnet. It is possible to petform the integration
analytically, instead of the numerical implementation based on a trapezoidal integration

method desctribed above.

The requitement for a Halbach array that produces a homogeneous field dictates the
precise Jocation and orientation of the component magnets relative to one another.
Equation 1 shows how the relative otientation of the magnets is to be vatied. Additionally,
any Halbach atray requires that the magnet centres are positioned at the same tadius, R,

from the geometric otigin of the atray.
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A front view of one quadrant of a Halbach attay is shown in Figute 2a. Figure 2b shows a
plan view of a number of sub-arrays 20 in the Halbach attay. Each sub-array comprises a
numbet of permanent magnets 21 arranged in an annulat array about a longitudinal axis I,
as will be described in detail later.

Considet some point P at which the magnetic field from the attay of Figure 2 is to be
calculated. The point P is rotated into the same set of axes as the fitst magnet by rotating
the point P through an angle — ¢ about the centte of the magnet, where @ is shown in

Figure 2 and is the angle of rotation as defined in equation 1 for N = 1. The co-otdinates
of the point will now be relative to a set of axes whose z-ditection is parallel to the

ditection of magnetisation of the magnet, and whose otigin is the centre of the magnet.

The B,, B,and B, components of the magnetic field at the rotated point P’ ate then
calculated using the method outlined previously. The B,, B,and B, components of
magnetic field are then rotated back into the otiginal frame of reference using the inverse
rotation. The calculated values are then stored. This ptocedure is repeated for each of the
magnets in the array, with the magnetic field from each successive magnet being added to

the value already stoted.

In ordet to precisely and accurately calculate the magnetic fields, a suitable algorithm is
pteferably used. Alternatively, the fields may be calculated using finite element methods.
By cteating a model of this nature, it is possible to calculate the magnetic field in any spatial
location, with any combination of magnets. That the calculation is inherently three
dimensional is an extremely impottant feature, since it allows accurate calculation of
magnetic field along each of the Cartesian axes, and the ctucial associated second

derivatives.

Figure 2 shows how the atray can be patameterised for the purposes of this calculation.
Each magnet 21 is specified in terms of its length / width », height 4 and strength. It can
be seen that the height of each magnet cotresponds in ditection to the longitudinal axis L
of the assembly. The orientation and location of the magnets 21 are given by the radial

distance R and the angles & and @, where & is the angle between magnet centres and ¢ is
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the angle thtough which the magnet is rotated about its centte. The number of sub-arrays
20 that make up the final array may be specified, as is the sepatation s between each of
these sub-arrays. The number of magnets in a sub-atray can also be chosen, although for

teasons of symmetry this variable is preferably restticted to integer multiples of four.

In one prefetred form of the method, 2 Newton-Rhapson algotithm is used to perform the
root finding. This particular implementation of the algotithm is capable of calculating the
A" detivative in any number of directions, provided that the program had an equal numbet
of attay parameters to adjust. Thus, for an application that attempts to set the second
detivative to be zero in one direction, the input to the Newton-Rhapson program must be

the value of the second derivative of the field in that direction.

Providing the program is convetging on the root, the output from the program is the
perturbaﬁoﬁ to the chosen atray parameter that will force the second derivative to be closer
to zero. The field from the array is then calculated with the new array parameter and the
second detivative of that field in the approptiate direction is fed back into the program.
Once a value of the array parameter has been obtained that yields a magnetic field from the

artay whose second derivative is sufficiently close to zeto, the program terminates.

In another preferred form of the method, a Nelder-Mead minimisation algorithm is used to

perform the optimisation.

In a similar fashion to the Newton-Rhapson root finding met';hod, a patticular Halbach
atray geometty Is parameterised, and then fed into the minimisation algorithm. The
minimisation algotithm then calculates a figute of merit for this array geometty based on
approptiately weighted values of the second and fourth order derivatives. It then makes a
pertutbation to the initial Halbach array geometty in an attempt to minimise the figure of
merit. After many iterations, when the figure of metit is sufficiently small, the algotithm

terminates and returns the optimised attay geometty.
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Halbach Artay Geometty

A conventional form of a Halbach atray is shown in Figure 3. The atray comprises one
sub-attay 30 having sixteen permanent magnets 31 arranged in an annular arrangement

about a longitudinal axis, L.

'To measure the array’s NMR petformance on the basis of the expected signal to noise of
an NMR experiment and mass of the array, an atray petfotmance patameter £, () may be

used (Raich 2004):

(B(r)*

Solr)= AB (A

Where Ez (r)is the average magnetic field inside a citcle of radius 7; AB, (r)is the vatiation

in magnetic field strength over the same area and A is the total area occupied by all of the
magnets in the sub-array. The presence of A in the denominatot tends to optimise for the

lowest mass array design.

By adding mote magnets to the sub-attay, one obsetves an asymptotic behaviour in £, ()

for latge numbers of magnets (~80), and a global maximum for four magnets. Whilst a
fout-magnet array may be the theoretically optimum design, the mass of such a system is
somewhat prohibitive. By contrast, the cumulative errots associated with producing the
very large numbers of small magnets requited to see the asymptotic behaviour would mean
that such behaviour would be unlikely to be physically observed. For this reason, building
the sub-arrays using sixteen magnets reptesents a good trade off between optimal

homogeneity and practicality.

Refetting to the atray shown in Figure 3, it is possible to find a one sub-array geometry that
produces a second detivative of the magnetic field equal to zeto in the g-ditection alone.
The second detivative is set to zero by using the root finding algotithm desctibed eatlier to

iterate the radius of the attay.
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It is possible that the algotithm results in non-realisable geometties since the radius at
which the second derivative is at zero may be infinite as a tesult of non-convergence of the
optimisation algorithm, or may specify an array geometty that results in overlap of adjacent
magnets, which is clearly unrealisable. Ideally the geometty will have a close packed
configuration, such as shown in Figute 3, where the component magnets will almost be
touching one another as this will generate the strongest possible magnetic field.

Both the prefetred method optimisation algorithtms discussed previously wotk by making
pertutbations to some initial Halbach array geometry. The success of the algotithm in
producing a desirable and realisable atray geometry following the optimisation process is
consequently dependent on the quality of the initial array geometty. Thus, for a particular
initial geometry, it may be impossible for the optimisation process to convetge on a
solution that has the desited magnetic field properties. Equally, the solution that emerges
following the optimisation process may, for example, have so small a magnetic field

strength as to be unusable for NMR expetiments.

By way of illustration, when using a root-finding optimisation algorithm to set the second
detivatives of B, equal to zeto in the x, y and z-ditections, failure to set the length and
width of the component magnets to be the same in the initial geometry often results in
non-convergence of the optimisation process. Equally, an initial geometty with a radius
that is substantially greatet than the radius at which the close packed condition occuts may

result in a solution that has a very small magnetic field strength.

 Figute 4 shows a good quality magnetic field profile from a Halbach atray such as that

shown in Figure 3. This example atray has had only the second derivative of B, in the -
ditection set to zero. The profile shows contout lines indicative of the vatiation in
magnetic field strength at distances along the x and 3 — axes within the Halbach array. For
instance, the 0.01% contour line delineates the atea in which the magnetic field sttength
vaties by 0.01% at most. As visible in the profile, the effect of having set the second
detivative equal to zeto in the g-direction is that the dimension of the 0.01% contour line is

larget in the g-direction than in the x-direction where no optimisation has taken place.
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The Preferred Forms of the Halbach Array

The applicants have invented modified Halbach arrays that offer significantly improved
homogeneity. That is achieved by arranging the sub-attays within the atray with particular
spacings. Generally, the magnets within the sub-atrays will be atranged so as to produce a
dipolar magnetic field according to equation 1. It will be appreciated that if desired for
patticular applications, the principle of the present invention could be used to create higher
ordet magnetic fields; for example, a quadtapolar magnetic field may be envisioned. This
highet order field may be achieved by varying the arrangement of the magnets in the sub-

arrays according to equation 1.

In a first preferted form such as that shown in Figute 5, improved homogeneity is achieved
by separating the sub-artays that ate disposed at or toward the centre of the magnetic
assembly. Correct selection of that separation results in second order detivatives of the
principal component of the magnetic field in an area within the assembly being

substantially zero in each of the three otthogonal directions.

Futther preferred forms are shown in Figures 7 and 12. In those prefetted forms, the sub-
arrays that are disposed at or toward the centre of the assembly are again provided with a
sepatation such that second order detivatives of the principal component of the magnetic
field in an area within the assembly ate substantially zeto in each of the three orthogonal
ditections. In addition, separations are provided between other sub-arrays in the assembly,
with those sepatations disposed in such a way as to minimise fourth order derivatives of

the principal component of magnetic field.

A modified Halbach attay in accotdance with the fitst preferred form of the present
invention is shown in Figure 5. The Halbach attay, indicated genetally as 50, has two sub-
arrays 51. Bach sub-array 51 comprises a numbet of petmanent magnets 52 arranged in an
annular attay about a longitudinal axis, I.. As before, sixteen petmanent magnets 52 are

prefetably provided in each sub-array 51.
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The Halbach atray in the preferred form is provided with a sepatation 53 between the two
sub-attays 51. With this design, the second detivative of the principal component of
magnetic field generated by the atray is substantially zero in each of the three orthogonal
directions.

To find a sub-array geometry that produces a second derivative of the magnetic field equal
to zeto in all of the x, y and -directions, a root finding or minimisation algorithm as
previously desctibed may be used. Using the root finding technique to iterate the array
radius and separation between the pait of sub-atrays disposed at or towards the centre of

the array, the second detivatives in the g and y — directions may be set to zeto.

Preferably, an optimal separation fot the two sub-arrays that are disposed at or toward the
centre of the assembly is determined using an optimisation technique, and prefetably a root
finding technique. Preferably, an optimal radius for the two sub-arrays that are disposed at
or towatd the centre of the assembly is determined using an optimisation technique, and
preferably a root finding technique such as by using a Newton-Rhapson root-finding
algorithm. Preferably, an optimal separation between each of the sub-arrays other than
said two sub-atrays that are disposed at ot toward the centre of the assembly is determined
using an optimisation technique, and preferably by minimising a figure of metit that
describes the petformance of the assembly. Preferably, an optimal longitudinal dimension
for each of the sub-arrays is determined using an optimisation technique, and pteferably by
minimising a figute of merit that desctibes the petformance of the assembly such as by
using a Nelder-Mead minimisation algotithm.

The optimisation techniques are preferably cartied out on a computer programmed with

optimisation algotithms.

In the case of the minimisation algotithm, the longitudinal dimension of each of the sub-
arrays, the separations between each of the coupled sub-atrays and the radius are iterated
such that the second detivatives in the y and y — directions may be set to zero, whilst the

fourth derivatives in the x;, y and z-ditections are additionally minimised. Undet both
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optimisation schemes, the length and width of the magnets ate pteferably identical to

ensute the optimisation algotithm converges on a tealisable Halbach atray geometry.

Prefetably, the requited separation to set the second detivative of the magnetic field equal
to zero along the y- axis of the array is less than the radius of the attay. The separation may
be smallet than 1 mm for certain geometties. By sepatating the Halbach atray into two
sub-atrays and by so doing setting the second detivatives of the magnetic field to be zeto in
both the g and y-directions, equation 6 shows that the second derivative in the x-ditection
will additionally be set to zeto. The resulting array geometry will have 2 maximally flat
magnetic field to second order in each of the three otthogonal ditections, which in tutn

results in a homogeneous magnetic field.

Figure 6 shows the magnetic field profile of the atray of Figure 5. In compatison with the
profile in Figure 4, the contout lines shown in Figure 6 show a substantial inctease in the
size of the area that has better than 0.01% vatiation in the magnetic field strength. The
main increase in the dimension of the 0.01 % contour line has been in the x-ditection. A
similar increase in the size of the homogeneous region can be seen in the z - y plane when

compared to the field produced by a one sub-atray design.

It is possible to implement a range of separations for which there exists a second order
Halbach attay. Figures 9a and 9b show how the patametets of length of magnet and radius
of the attay vary as the separation is vatied. Figures 9c and 9d show how the artay quality
factors of magnetic field strength B, and the atea of the homogenous region of the array
vaty as the separation is varied. Refetring to Figure 9d, there ate clear improvements in the
size of the homogeneous region to be obtained from a solution that has a latger sepatation.
This gain is traded against slightly reduced magnetic field strength, as shown in Figure 9c,

and a physically larger, and consequently heavier, array.

Robustness Considerations

In addition to the design charactetistics of the prefetred form Halbach atray, it is also

important for the expected magnetic field to be robust, given the manufacturing ettors
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associated with each of the design patameters. Since the homogeneity of the field depends
on the value of the second detivative along each axis, the value of the second detivative
forms an approptiate measute of the robustness of any proposed design for the present

invention.

The tobustness of each of the Halbach attay geometries in Figures 9a to 9d was calculated
using a Monte-Catlo simulation. The purpose of the Monte-Catlo simulation was to
investigate how the second detivative of magnetic field varied if the Halbach array wete
cteated from non-ideal magnets, atranged in a non-ideal geometry. By finding the expected
value and standard deviation of the disttibution of the second derivative, it is possible to

anticipate how close a tealised Halbach atray might be compared to the designed version.

Any time a design is tealised, thete will be manufacturing etrots associated with each of the
patameters that have been used to define the design. In fact, if a very large number of such
designs ate tealised, the actual values of the defining parameters will follow a normal
distribution with a mean value equal to the value of the design parameters. This
obsetvation allows a realistic simulation of the expected variation in the design parametets,

and hence the value of the second derivative of the magnetic field produced.

The Monte-Catlo simulation therefore perturbs each of the defining parameters of one
particular Halbach atray geometry by some random, normally weighted amount, and
calculates the resulting sum of the second detivatives of the magnetic field in the x, y and g-
ditections. This process is repeated for 10,000 ttials. The mean and standard deviation of

the calculated second detivatives from all of the trials is subsequently calculated.

A realistic Monte-Catlo sitnulation of this natute is reliant upon good estimation of the
etrors associated with the manufacturing process of the atray. The manufacturing etrors
associated with the magnets themselves can be taken from the supplier’s specification
(Macmill Intetnational, Ningbo, China). For the N42 grade of Neodymium trare-earth
magnets that have been used to construct the array, the manufacturer gives a value of B,

between 1.29 and 1.35 T. The mean value of B, can therefore be taken to be 1.32 T,
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Assuming the range of B, quoted by the manufacturer approximately represents the 95%
confidence interval of B, the standard deviation of B, is therefore 0.015 T.

The manufacturers of the magnets again specify that the dimensional toletances of theit
magnets as being + 0.1mm. Again, assuming that this tepresents approximately the 95%
confidence interval for the magnet dimensions, it can be presumed that the standard

deviation of a particular magnet dimension is 0.05 mm.

The errors associated with the positioning of the magnets wete estitnated from standard
engineering tolerances for machining. Using the same assumptions about the means of
obtaining the errots, the standard deviation of the radius of the atray and sepatation of
each of the sub-arrays was set to be 0.1 mm. Finally, the standatd deviation of the etror in

the angles € and @ was estimated to be 1°.

The results from the simulations using these etror distributions ate shown in Figure 10. As
visible in the figure, the reduction in standard deviation with increasing sepatration indicates

that there is an improvement in the robustness of the geometry with increasing separation.

It is possible to further increase the robustness of a geometty by increasing the number of
sub-arrays in the geometry. In the example desctibed above, two sub-artays with a
separation between the two were used. As noted eatlier, a first preferred form of the
present invention homogenous to second order has some separation between the central

sub-atrays. Itis prefetred, therefore, that the number of sub-atrays is even.

A modified Halbach atray in accordance with a second preferred form of the present
mnvention is shown in Figure 7. The Halbach atray 150, has eight sub-atrays 151a-151h.
Again each sub-array 151a-151h comprises a number of permanent magnets 152 artanged
in an annular array about a longitudinal axis. As before, sixteen petmanent magnets 152

are preferably provided in each sub-atray 151a-151h.

In addition to the separation 153d provided between the central sub-arrays 151d and 151e,

spacings are provided between at least some of, and preferably all of, the other sub-atrays
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in the apparatus. The spacings can be chosen to minimise foutth order derivatives of the
ptincipal component of the magnetic field. As can be seen, the lengths of the magnets (in
the y-dimension) vary along the array.

The following table outlines the patameters fot the atray shown in Figure 7. It will be
appteciated that these parameters ate one example only, and they can be modified while
still providing a second derivative of B, equal to zeto in the x-dimension, as well as

minimising the fourth derivative. In the form shown, the magnets have a width and length

of 23 mm.

Parameter (all in y-dimension) Size (mm)
Height of magnet 151a 33.8
Separation 153a 0.75
Height of magnet 151b 49.7
Separation 153b 0.82
Height of magnet 151c 49.9
Separation 153¢ 3.24
Height of magnet 151d 26.4
Separation 153d 0.73
Height of magnet 151e 26.4
Separation 153e 3.24
Height of magnet 151f 49.9
Separation 153f 0.82
Height of magnet 151g 49.7
Separation 153g 0.75
Height of magnet 151h 33.8

Contrasting Figure 6 with Figute 8, in the magnetic field resulting from the second
preferred form of the present invention shown in Figute 7, the increase in both the x and
-dimensions of the 0.01% contout line are apparent as a tesult of having additionally
minimised the values of the fourth detivatives of B, as well as having set the second

derivative of B, equal to zero in the x-dimension.
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Figure 12 shows a similar arrangement in which spacings 213a-253i are provided between
all sub-atrays 251a-251g however there ate ten sub-atrays and the lengths of the magnets in
the y-dimension are substantially equal.

In that third preferred fotm, the Halbach atray is provided with ten sub-artays and a centre
sepatation of 7 mm. The size of the homogeneous tegion, the robustness and the strength
of the magnetic field of the atray has been found to be reasonably well imptoved in this
preferred form. The layout of the petmanent magnets and sub-atrays in the thitd prefetred
fotm is shown in Figure 12, and the profile of the magnetic field generated by the third

preferred form is shown in Figure 13.

For Halbach atrays comprising four, six, eight, ten and twelve sub arrays, robustness
calculations were performed as for the two sub-array example. The gap between sub-attays
that did not form the central pair was held constant at 6 x 10*m. The overall length of the
array was additionally held constant at 0.25 m. The tesults from these atrays are shown in

Figures 11a to 11£.

Figute 112 shows the length of component magnets and Figure 11b shows the radius of
the array requited to achieve homogeneity to second order for different separations. Figute
11c shows the magnetic field strength at centte of atray, while Figures 11d and 11e show
the area of the magnetic field with a variation of less than 0.01%.

Figure 11f shows the standard deviation of second order derivatives for 10,000 sample
Monte-Catlo simulation. This figute indicates that there are gains to be made in tobustness
by using more than two sub-atrays, as indicated by the drop in standard deviation with an
increasing number of sub-artays. Advantageously, Figure 11c shows that the gain in
tobustness does not significantly reduce the magnetic field strength of the array.
Furthermote, Figures 11d and 11e show that the homogeneity of the magnetic field is not

affected by increasing the tobustness.

It should be noted that there could be an uneven numbet of sub-arrays, such as five, seven,

nine, or mote sub-artays for example. In such a configuration, the separation is provided
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between two of the sub-atrays that ate genetally centrally disposed within the assembly.
For example, in an assembly having seven sub-arrays, the separation is suitably provided
between the third and fourth attays. For an assembly having an odd number of sub-arrays
less than seven, it may be necessaty to make the sub-atrays an uneven size to position the
separation genetally centrally within the assembly. However, for an assembly having an
odd number of sub-arrays of seven ot mote, satisfactory results can be achieved with even

sized sub-atrays.

Perhaps the only disadvantage in incteasing the robustness of the attay is the requitement
for a larger array radius. Increasing the radius means that the component magnets must be
physically latget to cteate the same amount of magnetic field. This has the undesitable

result of increasing the size and weight of the array.

Construction of the Preferred Form Halbach Arrays

Construction of a2 Halbach attay tepresents a number of engineering challenges. The crux
of these challenges is to ensure that the atray is safe to use, while ensuring the
manufacturing ertots ate similat to, ot ideally less than, those used in the Monte-Catlo
simulation. The amount of force exerted by the component magnets in a Halbach atray is
substantial. The orientation of the magnets inside a sub-array is such that the magnets will
be utged to twist around to reduce the magnetic force being exerted on them by
neighbouring magnets. This sets up latge fotces internal to the sub-array. What is mote,
once manufactured, a sub-atray has a net magnetisation that extends along its longitudinal
axis. Thus, when putting the attay itself together, the sub-atrays are trying to repel one

anothet.

Once finally assembled, the attay must be not only be sufficiently strong to resist the
torque exerted by the magnets trying to twist from their position in individual sub-arrays
but also be able to resist the magnetic repulsion that seeks to push the individual sub-atrays

apart.
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Referting to Figure 144, a sub-attay housing ot former 130 is preferably used to house the
magnets in the y-direction of the array, while leaving the ends of magnets exposed. The
former 130 comprises a ting within which apertures 131 are located such that the
placement of the permanent magnets in the apertures 131 results in an arrangement of
permanent magnets in an annular array about a longitudinal axis. A former housing
permanent magnets in accordance with the preferred fotm of the invention is shown in

Figute 14b.

A generous amount of former material is provided both on the inside and outside of the
sub-attay former to provide necessary sttength. In a preferred form, the sub-atrays are
open-ended. In this form, it is possible to use laser cutting to produce the formers. A laser
cuttet is capable of a positional accuracy of +0.02 mm compated with +0.2 mm for more

conventional machining techniques.

In addition, the amount of time it takes to produce one former using a laser cutter is
approximately one hout, compared with approximately five hours for conventional
machining techniques. The ability to use laser cutters therefore greatly reduces the
machining time requited to produce the formers to build the atray, while increasing the

precision to which the sub-atrays can be constructed.

Preferably, polymethyl methacrylate (actylic) is chosen for manufacturing the sub-atray
formers. This matetial is cost-effective, teadily available, sufficiently strong and easily cut
with a laser cutter. Of coutse the use of actylic is non-limiting and any other suitable

material may be used instead.

The acrylic formets may be reinforced and coupled by running polyoxymethylene (acetyl)
rods through the length of the array. These will contribute to the sttength of the array by
acting as strain relief within the sub-array fotmers by assisting in resisting the torque force
exerted by the magnets. In addition to acting as reinforcement to the sub-arrays, the rods
can be threaded at either end and then used to hold the attay itself together. The rods can

be formed from any suitable matetial.
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The preferred form configuration of the improved Halbach attay is based on a prefetred
manufactuting technique. Since it is relatively easy to make sub-attays that are 24 mm thick
due to the ready availability of 8mm acrylic sheet, the component magnets were chosen to
have this longitudinal dimension. Since the overall longitudinal dimension of the array, the
number of sub-arrays and separation of the central pait of sub-atrays have all been chosen,
itis possible to create an attay with the required homogeneity by entering the geometry

represented by these values into the root-finding program.

The preferred form geometty (shown in the embodiment of Figure 12) resulting from
consideration of construction techniques is shown below:

® Number of sub-attays: 10

® Magnets per sub-array: 16

®  Array radius: 95.1 mm

® Central separation: 7 mm

® Magnet dimensions: 30 x 30 x 24 mm

® Spacing between other sub-atrays: 0.6 mm

Figure 15 shows an assembly apparatus being used to bring together 2 new sub-atray 140
onto the stack of sub-atrays 141. The figure also shows aluminium spacers 143 that are
used to retain the magnets in the sub-atrays while the new sub-attay is being lowered
down. Acetyl rods 144 as described eatlier are provided in the atray to afford alignment
and strength to the assembly. The rods 144 extend through holes provided on 2 top plate
145 and a bottom plate 146.

Figute 16 shows in further detail the top plate 150 and the wing nuts 151 that are used to

push the new sub-atray onto the stack of sub-arrays.

Once five sub-atrays are put togethet, it is temoved from the assembly apparatus. This will
fotm the first half of the prefetred form Halbach atray. Figure 17 shows the first half of
the atray 160 having five sub-atrays. The first half 160 includes a cover 161 on one side

and a spacet 162 on the other side to tetain the petmanent magnets in the array while the
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other half of the array is constructed. The other half of the array is also built using the

assembly apparatus.

Once both halves are assembled, referring to Figure 18, the halves 170 and 171 ate brought
together. -An aluminium spacer 172 is preferably used to ensure accurate sepatation of the
two halves of the array. The array is preferably held together with appropriately threaded
acetyl rods. Figure 19 shows the completed preferred form atray.

The foregoing describes preferred forms of the invention. Modifications can be made
thereto without departing from the scope of the invention as defined by the appended

claims.

For instance, depending on the application, the placement of the petmanent magnets in the
sub-atray may be modified. The following are non-limiting aspects of the prefetted form
Halbach atray that may also be altered: the number of magnets, the number of sub-attays,

separation, radius, and magnet dimensions.

Futther, while the preferred forms only show the separation of the sub-arrays as an air gap,
it is envisaged that a separating matetial may be provided instead, as long as the material is

at least substantially non-magnetic.

Further modifications are outlined in the “Summaty of the Invention” section of the

specification.

A prefetred form apparatus is prefetably suitable for use in NMR applications, including
bench top testing of magnetic materials using magnetic fields. Field cycling NMR is an

example of such an application.

A preferred form NMR apparatus will typically include othet items as well as the magnetic
assembly, such as a radio frequency transceiver coil, a radio frequency amplifiet, 2

spectrometet, and possibly a computet to conttrol the spectrometer, for example.
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CLAIMS:
1. An apparatus for generating 2 homogenous magnetic field, comprising an assembly

having a plutality of sub-atrays, each sub-attay comprising a plurality of petmanent
magnets disposed in an annular array about an axis (hereafter “longitudinal axis”), wherein
a separation is provided between two of the sub-atrays that are disposed at ot toward the
centte of the assembly along the longitudinal axis such that second otder detivatives of the
ptincipal component of the magnetic field in an atea within the assembly are substantially

zero in three orthogonal ditections.

2. An apparatus as claimed in claim 1, wherein the assembly has only two sub-atrays.
3. An apparatus as claimed in claim 1, wherein the assembly has mote than two sub-
arrays.

4. An apparatus as claimed in claim 3, wherein the assembly has an even number of

sub-arrays, and said separation is provided between the two centtal sub-attays.

5. An apparatus as claimed in claim 3, wherein the assembly has an odd number of
sub-arrays, and said sepatation is provided between two of the sub-arrays that ate generally

centtally disposed within the assembly.

6. An apparatus as claimed in 5, whetein the apparatus has less than seven sub-arrays
and at least some of the sub-atrays have diffetent sizes such that the separation is

positioned generally centrally within the assembly.

7. Anapparatus as claimed in claim 5, wherein the assembly has an odd number of

sub-atrays of seven or more, and the sub-atrays have a substantially consistent size.

8. An apparatus as claimed in any one of claims 1 to 7, wherein separations are
provided between at least some of the sub-atrays, with the sepatations disposed in such a

way as to minimise fourth ordet detivatives of the principal component of magnetic field.
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9. An apparatus as claimed in any one of claims 1 to 8, whetein the longitudinal
dimension of each of the sub-atrays disposed in the assembly is atranged so as to minimise

fourth order detivatives terms of the ptincipal component of the magnetic field.

10.  Anapparatus as claimed in any one of claims 1 to 9, whetein the separation(s)

is/are occupied by ait, another gas, of a vacuum.

11. Anapparatus as claimed in any one of claims 1 to 9, whetein the sepatation(s)

is/ate occupied by a substantially non-magnetic matetial.

12. An apparatus as claimed in any one of claims 1 to 11, wherein the size(s) of the

sepatation(s) is/are less than the radius of the annular atray of the permanent magnets.

13.  Anapparatus as claimed in any one of claims 1 to 12, wherein each sub-atray has at

least four permanent magnets.

14. " An apparatus as claimed in any one of claims 1 to 13, whetein all of the permanent

magnets in a sub-atray have substantially the same length and width.

15. An apparatus as claimed in claim 14, wherein all of the permanent magnets in the

assembly have substantially the same length and width.

16 An apparatus as claimed in any one of claims 1 tol5, wherein each sub-array
comptises an annular plate having disposed theteon ot thetein the plurality of permanent

magnets.

17. An NMR apparatus comprising an apparatus as claimed in any one of claims 1 to
16 atranged to create 2 zone of homogeneous magnetic field at some location within the

assembly, and into a sample when provided.

18. A method of generating a homogenous magnetic field using an assembly

comptising a plurality of sub-attays, each sub-atray comprising a plutality of permanent
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magnets disposed in an annulat attay about an axis (hereafter longitudinal axis’), the
method comprising the steps of:

atranging two sub-attays that are disposed at or toward the centre of the assembly
adjacent one another and along the longitudinal axis; and

providing a separation between the two sub-arrays that are disposed at ot toward
the centre of the assembly, such that second order derivatives of the ptincipal component
of the magnetic field in an area in the assembly are substantially zeto in three orthogonal

ditections.

19. A method as claimed in claim 18, whetein the assembly has only two sub-artays.

20. A method as claimed in claim 18, further comptising arranging one ot more further
sub-arrays adjacent each of said two sub-arrays that are disposed at ot towatd the centre of

the assembly such that the magnetic assembly has more than two sub-arrays.

21. A method as claimed in any one of claitns 18 to 20, further comprising determining
an optimal separation for the two sub-atrays that are disposed at ot towazd the centre of

the assembly using an optimisation technique.

22. A method as claimed in claim 21, whetein the optimisation technique is a toot
finding technique.

23. A method as claimed in any one of claims 18 to 22, further comprising detetmining
an optimal radius fot the two sub-atrays that are disposed at ot toward the centre of the

assembly using an optimisation technique.

24, A method as claimed in claim 23, whetein the optimisation technique is a root
finding technique.
25. A method as claimed in claim 24, wherein the optimisation technique comptises

using 2 Newton-Rhapson root-finding algorithm.
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26. A method as claimed in any one of claims 21 to 25, further comprising detetmining
an optimal separation between each of the sub-arrays other than said two. sub-artays that

are disposed at ot toward the centte of the assembly using an optimisation technique.

27. A method as claimed in claim 26, whetein the optimisation technique comprises

minimising a figure of merit that describes the performance of the assembly.

28. A method as claimed in any one of claims 21 to 25, futther comprising determining
an optimal longitudinal dimension for each of the sub-atrays using an optimisation
technique.

29. A method as claimed in claim 28, whetein the optimisation technique comprises

minimising a figure of metit that describes the performance of the assembly.

30. A method as claimed in claim 28, wherein the optimisation technique comptises

using a Nelder-Mead minimisation algorithm.

31. A method as claitmed in any one of claims 21 to 30, wherein the optimisation

technique(s) is/are cattied out on a computer programmed with optimisation algotithm(s).
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