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(57) ABSTRACT 

A permanent magnet in Which the magnetization direction 
varies With location to optimize or restrict a magnetic ?eld 
property in a selected direction at a selected point. The mag 
netic ?eld property may be, for example, the transverse mag 
netic ?eld, axial magnetic ?eld, axial gradient of the trans 
verse magnetic ?eld, transverse gradient of the transverse 
magnetic ?eld, axis gradient of the axial magnetic ?eld, trans 
verse gradient of the axial magnetic ?eld, the product of the 
transverse magnetic ?eld and the transverse gradient of the 
transverse magnetic ?eld, the product of the transverse mag 
netic ?eld and the axial gradient of the transverse magnetic 
?eld, the product of the axial magnetic ?eld and the transverse 
gradient of the axial magnetic ?eld, or the product of the axial 
magnetic ?eld and the axial gradient of the axial magnetic 
?eld. The magnet may be formed of one or more segments in 
Which the magnetization direction varies smoothly and con 
tinuously, or the magnet may be formed of a plurality of 
segments in Which the magnetization direction is constant. A 
method of making and using such magnets is also disclosed. 
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MAGNETS WITH VARYING 
MAGNETIZATION DIRECTION AND 

METHOD OF MAKING SUCH MAGNETS 

FIELD OF THE INVENTION 

[0001] This invention relates to permanent magnets, and in 
particular to a permanent magnet in Which the magnetization 
direction varies to maximize a selected magnetic property of 
the magnet, and to methods of making such magnets. 

BACKGROUND OF THE INVENTION 

[0002] There are a number of applications, such as mag 
netic surgical applications, Where it necessary to apply strong 
magnetic forces (i.e., magnetic ?elds and/ or gradients). With 
recent advances in permanent materials, permanent magnets 
can provide strong magnetic forces for many of these appli 
cations. HoWever, the size of a conventional permanent mag 
netic that is needed to provide these strong magnetic forces 
limits their usefulness. The structures needed to support mas 
sive conventional magnets are expensive and cumbersome. 
Moreover because magnetic forces fall off rapidly (With the 
third poWer of the distance for magnetic ?elds and With the 
fourth poWer of the distance for magnetic gradients), the 
magnet must be very close to the point Where the magnetic 
force is to be applied, making the rotations and translations of 
the magnet to change the direction of the applied magnetic 
force dif?cult. In the special case of magnetic surgery appli 
cations, the movement of the magnet is also limited by imag 
ing and life support equipment in the procedure room. 

SUMMARY OF THE INVENTION 

[0003] The present invention is a permanent magnet in 
Which the magnetization direction varies to maximize the 
selected magnetic property of the magnet (e.g. ?eld strength 
or gradient), and to a method of making such magnets. Gen 
erally, the magnet of the present invention comprises perma 
nent magnets in Which the magnetization direction at each 
point is selected to optimize the particular magnetic property. 
Thus in contrast to conventional permanent magnets in Which 
the magnetization direction is uniform throughout, in the 
magnets of the present invention, the material at each point 
provides the optimum contribution to the desired magnetic 
property. This optimization means that a magnet of the 
present invention can be smaller and lighter than a conven 
tional magnet, and yet sill provide equivalent magnetic force. 
This magnet is particularly useful in magnetic surgical pro 
cedures. The magnet alloWs smaller less cumbersome equip 
ment to be used in to support and manipulate the magnet, and 
reduces the opportunity of interference With people and 
equipment in the procedure room. 
[0004] According to the method of this invention, the mag 
net shape is ?rst determined, given the physical constraints, 
e.g. set off distance, accommodating other structures and 
equipment in the vicinity of the Where the magnetic Will be 
operated; and likely manipulations required of the magnet. A 
permanent magnet in the selected shape is then made, in 
Which the magnetization direction at each point is generally 
optimized for the selected property. This canbe accomplished 
by providing a monolithic permanent magnet piece With a 
continuously varying magnetization direction, or by provid 
ing a plurality of magnetic segments, Which can either have a 
single magnetization direction throughout, or Which can 
themselves have continuously varying magnetization direc 
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tion. In the former case, the magnetization direction is opti 
mized for a particular point, for example the center of mass, 
thereby substantially approximating the optimum magnetiza 
tion direction. 
[0005] Thus magnets of the present invention provide 
improved magnetic properties for a given Weight and size 
over conventional permanent magnet. The magnets can be 
manipulated by smaller and less cumbersome equipment, and 
due to their smaller size are less likely to interfere With, or be 
interfered With by persons and equipment. The method of the 
present invention provides magnets of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 is a diagram shoWing the relationship 
betWeen a local magnetic moment m, the magnetization angle 
0t, and the location of the moment In as given by r and 6 from 
the origin at the application point; 
[0007] FIG. 2 is a top plan vieW ofa ?rst embodiment ofa 
magnet, constructed according to the principles of this inven 
tion, optimized to provide a strong, transverse ?eld at a 
selected application point spaced from the magnet face; 
[0008] FIG. 3 is a top plan vieW of a second embodiment of 
a magnet constructed according to the principles of this 
invention, in Which the magnet ?eld Was restricted during 
design to provide a transverse ?eld at a selected application 
point spaced from the magnet face; 
[0009] FIG. 4 is a top plan vieW of a third embodiment of a 
magnet, constructed according to the principles of this inven 
tion, optimized to provide a strong, forWard ?eld at a selected 
pointed spaced from the magnet face; 
[0010] FIG. 5 is a top plan vieW ofa fourth embodiment of 
a magnet constructed according to the principles of this 
invention, illustrating hoW the restriction of ?eld direction 
permits asymmetry in magnet construction; 
[0011] FIG. 6 is a graph of magnetization angle 0t versus 
position angle 6 for restricted bX (i.e., by:0) (the magnet 
shoWn in FIG. 3), and for the optimized of b X (the magnet 
shoWn in FIG. 2); 
[0012] FIG. 7 is a graph of the scaled magnetic ?eld com 
ponent in the x direction (b'x) versus position angle 6 of the 
element for a restricted ?eld magnetization case (byIO), the 
scaled magnet ?eld component in the y direction (b'y) being 
zero; 
[0013] FIG. 8 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the ?eld in the 
x direction at the origin, (i.e., an angular distribution curve r 
vs. 6 as a polar plot) for the restricted ?eld magnetization 
curve (by:0)); 
[0014] FIG. 9 is a graph of magnetization angle 0t versus 
position angle 6 for the restricted gradient (SbX/SXIO) and for 
the restricted gradient (SbJSbyIO); 
[0015] FIG. 10 is a graph of the scaled magnetic ?eld com 
ponents in the x direction (b'x) and in the y direction (b'y) of 
the contributing element versus position angle 6 of the ele 
ment for the restricted transverse ?eld gradient in the axial 
direction case (SDX/SXIO), 
[0016] FIG. 11 is a graph of the scaled magnetic ?eld com 
ponents in the x direction (b'x) and in the y direction (b'y) of 
the contributing element versus position angle 6 of the ele 
ment for the restricted transverse ?eld gradient in the trans 
verse direction case (SbJSyIO); 
[0017] FIG. 12 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
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magnetic moment Would contribute equally to the axial gra 
dient component of the transverse ?eld (i.e., the ?eld in the X 
direction) at the origin, (i .e., an angular distribution curve r vs. 
6 as a polar plot) for the restricted gradient magnetization 
case (SbX/SXIO), 
[0018] FIG. 13 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the transverse 
gradient component of the transverse ?eld (i.e., the ?eld in the 
X direction) at the origin, (i.e., an angular distribution curve r 
vs. 6 as a polar plot) for the restricted gradient magnetization 
case (SbJSyIO); 

[0019] FIG. 14 is a graph of the scaled magnetic ?eld com 
ponent in the X direction (b'x) and in the y direction (b'y) of the 
contributing element versus position angle 6 of the element 
for the optimized ?eld magnetization case (b,C maXimized) 
(eg for the magnet shoWn in FIG. 2); 
[0020] FIG. 15 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the ?eld in the 
X direction at the origin, (i.e., an angular distribution curve r 
vs. 6 as a polar plot) for the optimized ?eld magnetization 
case (b,C maXimized); 
[0021] FIG. 16 is graph of magnetization angle 0t versus 
position angle 6 for optimized gradient component (8b,/8X 
optimized With respect to 0t), and for optimized gradient 
component (8b,/8y optimized With respect to 0t); 
[0022] FIG. 17 is a graph of the scaled magnetic ?eld com 
ponents in the X direction (b'x) and in the y direction (b'y) of 
the contributing element versus position angle 6 of the ele 
ment for the optimized transverse gradient of the transverse 
?eld (8b,J8X optimized With respect to 0t); 
[0023] FIG. 18 is a graph of the scaled magnetic ?eld com 
ponents in the X direction (b'x) and in the y direction (b'y) 
versus position angle 6 for the optimized aXial gradient of the 
transverse ?eld (8b,j8y optimized With respect to 0t); 
[0024] FIG. 19 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the optimized 
transverse gradient of the transverse ?eld (i.e., the ?eld in the 
X direction) at the origin, (i.e., an angular distribution curve r 
vs. 6 as a polar plot) for the optimized gradient magnetization 
case (8b,/8X optimized); 
[0025] FIG. 20 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the optimized 
aXial gradient of the transverse ?eld (i.e., the ?eld in the X 
direction) at the origin, (i .e., an angular distribution curve r vs. 
6 as a polar plot) for the optimized gradient magnetization 
case (8b,j8y optimized); 
[0026] FIG. 21 is graph of magnetization angle 0t versus 
position angle 6 for optimized ?eld-gradient product compo 
nents (bx(8b,J8X) optimized) and (bx(8b,J8y) optimized); 
[0027] FIG. 22 is a graph of the scaled magnetic ?eld com 
ponents in the X direction (b'x) and in the y direction (b'y) of 
the contributing element versus position angle 6 for the ele 
ment for optimized ?eld-gradient product magnetization case 
(bx(8b,J8X) optimized); 
[0028] FIG. 23 is a graph of the scaled magnetic ?eld com 
ponents in the X direction (b'x) and in the y direction (b'y) of 
the contributing element versus position angle 6 for opti 
mized ?eld-gradient product magnetization case (bx(8b,J8y) 
maXimized); 
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[0029] FIG. 24 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the optimized 
?eld gradient product at the origin, (i.e., an angular distribu 
tion curve r vs. 6 as a polar plot) for the optimized gradient 
magnetization case (bx(8b,J8X) optimized); 
[0030] FIG. 25 is a constant contribution curve, i.e., the 
curve representing the positions Where a properly aligned 
magnetic moment Would contribute equally to the optimized 
?eld gradient product at the origin, (i.e., an angular distribu 
tion curve r vs. 6 as a polar plot) for the optimized gradient 
magnetization case [bx(8b,J8y) maXimized]; 
[0031] FIG. 26A is a perspective vieW of a magnet con 
structed from a plurality of permanent magnetic segments, 
according to the principles of this invention; 
[0032] FIG. 26B is top plan vieW of the magnet shoWn in 
FIG. 26A; 
[0033] FIG. 26C is a side elevation vieW of the magnet 
shoWn in FIG. 26A; 

[0034] FIG. 26D is a front elevation vieW of the magnet 
shoWn in FIG. 26A; 

[0035] FIG. 27A is a front perspective vieW of an alternate 
construction of a magnet constructed from a plurality of per 
manent magnet segments, according to the principles of this 
invention; and 
[0036] FIG. 27B is a rear perspective vieW of the magnet 
shoWn in FIG. 27A. 

[0037] Corresponding reference numerals indicate corre 
sponding parts throughout the several vieWs of the draWings. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0038] The magnets of the preferred embodiments of the 
present invention are permanent magnets in Which the mag 
netization direction varies by location to provide magnets that 
optimize a selected magnetic ?eld property at a selected loca 
tion eXternal to the magnet. These magnets may comprise a 
monolithic magnet in Which the magnetization direction var 
ies smoothly and continuously so that at each location, the 
magnetization direction is substantially in the direction that 
optimizes the selected magnetic property. Alternatively, these 
magnets may comprise a plurality of magnet segments, each 
With a magnetization that is substantially in the direction that 
optimizes the selected magnetic ?eld property. These mag 
nets can be used in any application, but are particularly useful 
for magnetic surgical applications. 
[0039] The methods of making magnets of the preferred 
embodiments of the present invention provide for the simple 
construction of optimized magnets. The methods involve the 
arrangement of individual magnetic dipole elements. These 
dipole elements may be actual microscopic magnetic 
domains in a material, or they may be macroscopic magnetic 
segments assembled to form the magnet. Using the dipole 
approXimation, it is possible to derive formulas for the mag 
netization direction as a function of the position. Based upon 
these formulas the appropriate magnetization direction at any 
location can be determined. This magnetization can then be 
achieved by variably magnetizing a monolithic magnet, or by 
assembling a plurality of magnetic segments of different uni 
form magnetization directions. 
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[0040] A magnetic dipole is approximated by the formula: 

_ #0 m 3<m-r>r (1) 

b - @[7 + r5 l 

Where b is the magnetic ?eld due to the elemental magnetic 
moment m, r is the location of the moment, and [.10 is the 
permeability of free space. The orientation of m for each 
location in the magnet is determined to maximiZe a selected 
magnetic ?eld property at the selected operating point. The 
collection of N magnetic moments comprising the magnet 
create a source ?eld B, that is the sum of the source ?elds 

created by each of the magnetic moments: 

1 

In this preferred embodiment, the collection of magnetic 
moments that form the magnet are treated in tWo dimensions, 
i.e., in a plane. The optimiZation of the magnet moments 
Which represent the local magnetiZation direction, Will be 
tWo-dimensional, and the important elemental magnetiZa 
tions Will therefore lie in this chosen plane. While a full 
three-dimensional optimiZation has been carried out, the tWo 
dimensional case is described as the preferred embodiment 
because magnets With constant magnetiZation in one direc 
tion are simpler to construct, and three-dimensional optimi 
Zation yields only an incremental gain in ef?ciency. It is 
apparent to one of ordinary skill in the art that the optimiZa 
tion could be a three-dimensional, Which although in some 
cases might be important, in most cases does not yield impor 
tant increases in ef?ciency. 
[0041] As discussed herein, the coordinates are chosen so 
that the active plane in Which the moment orientations are 
restricted is designated the x-y plane. Then, in principle, the 
Z-axis contains no variation in magnetiZation Within the mag 
net boundaries, although it can be appreciated that boundary 
conditions may render this assumption slightly inaccurate 
depending on the restrictions or parameter optimization. 
Therefore, the optimal magnetiZation directions are easily 
analyZed in the plane de?ned by the magnetic ?eld b and the 
magnetic moment m. 

[0042] FIG. 1 shoWs the coordinate system in Which the 
microscopic moment m, is at a magnetiZation angle 0t, and a 
location given by r and 0. The direction of the vector r is 
reversed from its usual textbook usage. This is permissible 
since r appears quadratically in the moment equation. It is 
useful in the present application, since it leads intuitively to 
the usage of its tWo-dimensional magnitude as an angular 
distribution of magnetiZed moments needed to provide 
required ?elds and/ or gradients. Using the coordinate system 
in FIG. 1, b of equation (1) can be expressed in terms of the 
angles 0t and 0. 
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-continued 
6b; /6X 3pom C0050 + D5inz1 (4) 

X _ BbX/By _ 8M4 E005z1+ F5inz1 

Where 

A E A(0) : l + 300520 (5) 

B E 8(0) : 35in20 } 

C 5 C(0) : 25in05in20 — 0050 — 3005000520 (6) 

D E D(0) : 300505in20 + 25in000520 

E E E(0) : —200505in20 — 5in0 — 35in000520 

F E F(0) : 2005000520 — 35in05in20 

Thus the quantities A, B, C, D, E and F are functions only of 
the element position angle 0 relative to a coordinate system in 
Which the elemental ?eld b and complete ?eld B are 
described. Furthermore, the quantities given by equations (3) 
and (4) represent the complete reduced set given that V-b:0 
and :Xb:0, thereby establishing that there are only four 
unique quantities bx, the ?eld in the x direction, by, the ?eld in 
the y direction, abgax, the gradient in the x direction, and 
abgay, the gradient in the y direction, (assuming, as stated 
above, that the Z components are ignored). 

[0043] Co-pending U.S. patent application Ser. No. 09/497, 
467, ?led Feb. 3, 2000, entitled An Ef?cient Magnet System 
for Magnetically-Assisted Surgery, incorporated herein by 
reference, details one embodiment in Which the completed 
magnet is operated so that the procedure point in a patient is 
on the central x-y plane. 

[0044] The essence of the methods described herein is to 
select the desired magnetic ?eld properties of the completed 
magnet, and apply the requisite implied conditions to the 
individual elemental moments. For example, if a strong, ?at, 
transverse, central ?eld region is needed for the operating 
region of a magnet, the individual elemental moments (at 
angle 0t) can be aligned relative to their locations (i.e., as 
speci?ed by angle 0 in the plane) so as to produce optimal 
contributions to that type of ?eld. This is a unique vector type 
of “focusing” to accomplish a desired ?eld projection for 
each element of the magnet, adding up to an optimum for the 
complete magnet. As described in more detail beloW, the ?rst 
step in development of a magnet is to calculate the relation 
ship betWeen 0t and 0 for the selected magnetic ?eld property 
and selected location, for the magnet. In the case of a pre 
dominantly transverse ?eld over the operating center region 
of the magnet, one requisite implied condition Would be to set 
by equal to Zero in equation (3) above. FIGS. 2 and 4 shoW 
alternative magnet constructions for optimiZing the magnetic 
?eld along the x-direction. In FIG. 2 the ?eld is parallel to the 
magnet face. In FIG. 4, the ?eld is perpendicular to the mag 
net face. In the case of the restricted ?eld magnets (shoWn in 
FIGS. 3 and 5) the magnets provide strong ?elds in a given 
direction by setting perpendicular components to Zero at the 
outset. In the case of optimiZed ?eld magnets (shoWn in FIGS. 
2 and 4) the magnets provide the mathematical optimum ?led 
strength. The restricted ?eld magnets, automatically achieves 
the desired ?eld direction, irrespective of magnet shape or 
symmetry (as illustrated by FIG. 5). The optimal ?eld magnet 
provides the optimal ?eld strength in the desired direction, for 
a given siZe, but requires symmetric retention of elements to 
preserve ?eld direction. 
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[0045] In another application, the requirement may be for a 
gradient that is Zero except in a selected direction in a selected 
region spaced from the magnet. The magnetic ?eld gradient is 
a tensor, so in tWo-dimensions, tWo such cases can exist 
mathematically, for SbX/SXIO or for 8b,J8y:0, by the use of 
equation (4) above. (8by/8x:8b,/8y from V><b:0 .) Clearly, a 
number of magnet shapes could be used With this restricted 
case. 

[0046] In still another application, the requirement may be 
for the optimiZation of the magnetic ?eld gradients in some 
region. And still another application, the requirement may be 
for the ?eld-gradient products to be optimiZed. This last case 
Would be useful for the pulling of permeable materials or 
objects in some particular direction, While orienting them in 
the same or a different direction. Five major categories of 
these restrictions and optimiZation are discussed beloW. One 
of ordinary skill in the art could use similar methods for other 
cases. 

[0047] Once the optimal magnet shape and the magnetiZa 
tion direction for a given position are determined, a perma 
nent magnet can be fabricated from a permanent magnetic 
material, such as a neodymium-boron-iron (NdiBiFe) 
material, of the appropriate shape can be magnetiZed in the 
appropriate directions, or a magnet can be assembled from a 
plurality if magnetic segments, With the proper shape and 
magnetiZation direction. 
[0048] Speci?cally, the ?ve major categories of cases 
employ tWo different procedures: restriction and optimiZa 
tion, although similar results can sometimes be achieved by 
either procedure. The tWo procedures differ, organiZationally, 
in the use either of restriction of an undesired property, or the 
optimiZation of a desired property. The details of element 
selection at the end to achieve a ?nal complete magnet Will be 
motivated someWhat differently in the tWo procedures. 
[0049] Cases A and B ?rst restrict components of certain 
magnetic ?eld properties so as to a priori provide the direc 
tions needed for the desired properties. The case Will then, at 
the end, use material removal to make the magnet as small and 
light as possible While achieving required strengths of the 
desired quantities at the desired location. 
[0050] Alternatively, cases C, D and E Will ?rst optimiZe 
(maximize) the desired quantities, and at the end remove 
material to simultaneously make the magnet smaller and to 
rid the ?eld of undesired “off-direction” components of the 
desired quantity, since the procedure Will not have automati 
cally removed them. Clearly, attention to symmetry is impor 
tant. 

A. Restricted Field Case 

[0051] This case ?rst restricts a magnetic ?eld property, 
uses equations to arrive at a prototype magnet shape, and then 
uses judicious material removal to optimiZe the desired quan 
tity in conjunction With achieving the smallest and lightest 
magnet, typically using an iterative or trial and error method. 
This case does not use a formal optimiZation procedure. 
[0052] In this case, one component of the magnetic ?eld of 
the element is Zeroed at a distance from the magnet. This 
restricted case is useful in that the magnet may be composed 
of segments that do not need to be balanced (i.e., symmetry 
need not be re?ected in the magnet’s material removal, or 
design) to ensure that one component of the ?eld remains 
Zeroed. 
[0053] The procedure here Will be ?rst to develop equations 
Which relate the magnetiZation angle 0t to the position angle 6 
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for a particular element so that it Will contribute a magnetic 
?eld only in the x direction, i.e. so by:0, for some point of 
interest in the operating region. This can be thought of as a 
conditional requirement on each particular element, to be 
used later in the assembly of elements for the magnet. This 
might, for example, be a case Where a transverse ?eld Was 
needed in the patient procedure volume. FIGS. 6, 7, and 8 Will 
be used to depict, respectively and as described above, the 
consequences of this restriction on 1) the magnetiZation 
angle-position angle relationship, 2) the relative magnetic 
?eld component contributions vs. position angle 6 at an 
implicit but correctly sealed distance r, and 3) a polar plot of 
the distance r at Which the given reference ?eld strength is 
reached in the x-y plane. 
[0054] Setting by:0, We ?nd that 

(7) 
£31111: — 

relates the magnetiZation angle 0t to the element position 
angle 6 (implicitly through A and B). This is depicted as the 
solid line in FIG. 3. From symmetry, the case bXIO canbe seen 
by extrapolation. FIG. 6 contains the information Which is 
needed to keep track of (in the computer) the magnetiZation 
directions 0t in the “shape” plot or “angular distribution” plot, 
FIG. 8 beloW, Which is used to determine the ?nal magnet 
shape. FIG. 7 portrays the change in the magnetic ?eld con 
tributions of the elements due to their varying magnetization 
directions (as a consequence of varying 6) Where the plotted 
?eld is scaled so that 

It also folloWs that for constant contributions of bx, the desired 
shape of the magnet is given by solving the x-component of 
equation (3) for r: 

(3) 1/3 
Snbx) (Acoszy + Bsinzlr)”3 

for Which 6, again, is implicit inA and B. This is shoWn by the 
polar plot of FIG. 5 (i.e., r versus 6) Where the radial compo 
nent is scaled by the quantity 

A feW of the directions 0t (implicit in r(6)) are shoWn by the 
arroWs around the r(6) curve. The magnet shoWn in FIG. 3 is 
derived from this restricted ?eld case. 
[0055] In summary, the magnet shape and ideal magnetiza 
tion distribution is determined in the x-y plane from FIG. 8, 
Which represents a locus of the planar value of r at Which a 
reference value of b,C is achieved. 

B. Restricted Gradient Case 

[0056] Similar in overall method to the restricted ?eld case, 
this case, in addition to practically restricting a different 
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quantity, is useful in that the magnet may then be composed of 
segments that do not require symmetry in their design to 
remove the in?uence of undesirable gradient terms at the 
point r. For the choice of gradient direction null 8b,/8x:0, We 
?nd that 

(9) D6 
and for 8b,J8y:0, it folloWs that 

E (10) 
tana : —— 

F 

FIG. 9 depicts the results of equations (9) and (10), shoWing 
0t versus 6 explicitly in the tWo sub-cases. FIGS. 10 and 11 
plot the relationship of the scaled magnetic ?eld contributions 
to 6 for the tWo cases SbX/SXIO and 8b,J8y:0, respectively. In 
FIG. 9 there are noW tWo ot-G relationships, corresponding to 
the tWo directions of gradient restriction. It is notable, and 
relevant to ?nal magnet design, that While 6 Was double 
valued in ct for the restricted ?eld condition, it is noW triple 
valued in ct in each of the gradients not restricted to zero. The 
tWo curves in FIG. 10 for the scaled ?eld component (bx' and 
by‘) contributions, both of Which noW survive, oscillate With 6 
but are 90 degrees out of phase. In FIG. 11 the scaled mag 
netic ?eld components contributions again oscillate out of 
phase, but With only a single cycle in 360 degrees of 6. 
[0057] Given a constant gradient component abgay, the 
polar plots for the radial component r for Which SbX/SXIO are 
shoWn in FIG. 12 Where 

_ [ 3pom (11) 1/4 
a 1/4 

isnwbx ?aw] (Ecoszy + Fsina) 

Likewise, a constant SbX/SX for Which 8b,J8y:0 yields FIG. 
13 Where noW 

_ [ 3pom (12) 1/4 
a 1/4 

isnwbx ham] (Ccoszy + Dsina) 

In these restricted cases, the correct l/r4 dependence of the 
gradient is retained so that the appropriate magnitudes are 
preserved. The multi-lobed shape curves (angular distribu 
tion curves) require more care in the use of symmetries, etc. in 
the design of the complete magnet, eg the choice of Where to 
remove material. 

C. Maximized Field Cases 

[0058] Instead of restricting a ?eld or gradient component 
at some selected focal point (operating region), it may be 
more useful to use an alternative, formal optimization method 
to achieve a similar but better result. Here the distributions are 
calculated for element orientations Which are formally opti 
mized to maximize a ?eld component. For example, it Will 
optimize (maximize) a ?eld component to replace the a priori 
restricting of an undesired component as Was the case in case 
A. The resulting optimized magnet shapes can be seen by 

Jul. 1,2010 

comparing the magnet in FIG. 2 (optimized) and FIG. 3 
(restricted). In this neW case, We Wish to relate 0t to 6 for the 
magnetic moments to be oriented in such a manner as to 

contribute maximally to either b,C or by, depending on the 
desired direction of the ?eld relative to the magnet face. Given 
that the ?eld components are analogous if 6 sWeeps from 0 to 
2st, SbX/SGIO yields: 

B (13) 
[31111 = —. 

A 

The relationship betWeen 0t and 6 for this optimized ?eld case 
is shoWn in dashed lines in FIG. 6. FIG. 14 details the rela 
tionship of the magnetic ?eld component contributions to 6. 
Obviously, care must be taken in the design of the complete 
magnet by judicious choice of symmetry to ensure the 
removal of the y-component of the ?eld Which noW is not 
automatically excluded at the start. The nature of r is identical 
in form to that expressed in equation (8). HoWever, since the 
relationship betWeen 0t and 6 is noW given by equation (13) 
rather than by equation (7), We see that r versus 6 noW takes 
the simple form of FIG. 15, Which is different from the form 
resulting from the restricted ?eld case shoWn in FIG. 8. It 
should also be noted that for a maximum to exist, 82b,/80t2<0 
Which results in the requirement that bx>0, an obvious con 
dition. 

[0059] Thus, the neW result yields the magnet shape shoWn 
in FIG. 2, as opposed to the shape shoWn in FIG. 3 for the 
restricted ?eld case, to arrive at a particular ?eld strength for 
a strictly transverse ?eld parallel to the magnet face at some 
given distance. It is apparent that the neW method yields a 
smaller optimal magnet cross section, and a lighter magnet in 
this particular type of design problem. 

D. Optimized Gradient Case 

[0060] Here the overall procedure parallels that of case C. 
But noW the gradient components, not the ?eld components, 
are formally maximized, and the material removal is used 
(With symmetry considerations) at the end to achieve the 
desired gradient directions. 
[0061] As in the procedures above, We relate 0t to 6 so that 
the moment of the element is oriented in a manner to contrib 
ute maximally to the required quantity, except that here that 
quantity is either 8b,j8x or abgay. For 

We calculate 

D (14) 
£31111 : — 

c 

Which yields the ot-G relationship shoWn in solid lines in FIG. 
16. The magnetic ?eld component contribution is depicted in 
FIG. 17 and the variable r takes the form of equation (12), but 
With the neW implicit ot-G relationship changing the result. 
That is plotted in FIG. 19. 
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(15) 

Which yields the ot-G relationship shown in dashed lines in 
FIG. 16. NoW FIG. 18 plots the magnetic ?elds and the 
behavior of r is in the form of equation (11) and depicted in 
FIG. 20. As discussed above, the ignored gradients and ?eld 
components must be examined in determining less important 
material removal in the magnet’s design, depending on the 
application of the magnet. 

E. Maximized Field-Gradient Product Case 

[0062] Again, as in cases C and D, the overall procedure is 
to formally maximize a desired quantity and ?nally to use 
symmetry conditions on material removal to achieve the 
desired magnetic ?eld property of interest. 
[0063] It is often of interest to provide a pulling force on a 
permeable material or medium. A good quantity in most cases 
for evaluating such a force is the ?eld-gradient product. 
Therefore in this ?nal major case, it is desired to maximize the 
quantities 

Which represent the only unique components of the ?eld 
gradient product. All other cases for the ?eld- gradient product 
folloW from V-b:0 and V><b:0. From equations (3) and (4) 
We reWrite the ?eld-gradient product in the form of 

Thus for 

[0064] 

6 ab, 
50%] = 0’ 

We ?nd that 

2 _ BE+ AF (18) 
‘an a - m 

and for 
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the relationship betWeen 0t and 6 becomes 

BC+AD (19) 
tanZa: — 

AC-BD 

Where the condition for a maximum to exists for both equa 
tions (16) and (17) is that tan2 ZaZ-l. 
The relationship betWeen 0t and 6, from equations (18) and 
(19), is shoWn in FIG. 21 in solid liens for bxdbgdy and in 
dashed lines for bxdbgdx, and the ?eld distribution plots for 
the tWo sub-cases are in FIGS. 22 (bxdbgdy) and 23 (bxdbg 
dx). The tWo-dimensional r(6) curves detailed in equations 
(20) and (21) folloW from (16) and (17), respectively: 

1/1 (20) 

These are shoWn as polar plots in FIGS. 24 and 25, respec 
tively. Care must be paid to the symmetry of the magnetic 
?eld components and gradients in the magnet’s design if pure 
?eld-gradient terms are to be generated (e.g., for bx(8b,J8y) 
maximized With by:0 and SbX/SXIO). 

Operation 

[0065] In designing a magnet in accordance With the prin 
ciples of this invention, one Would ?rst generally select the 
desired shape of the magnet. This is most conveniently done 
With tWo dimensional optimization by using the curves of 
constant contribution for the magnetic ?eld property that is to 
be optimized or restricted, to give the shape in tWo dimen 
sions, i.e., in the x-y plane. The height in the z-axis can then 
be selected based on the available space, desired Weight, and 
required ?eld strength. Once the shape of the magnet is gen 
erally determined, the magnetization direction at each loca 
tion is then determined. For optimization in tWo dimensions, 
the relations betWeen the magnetization direction angle 0t 
verses the position angle 6, discussed above can be use to 
determine the proper magnetization angle at each location. 
[0066] In the case of a monolithic magnetic, a blank of 
permanent magnetic material can be made in the desired 
shape and magnetized so that the magnetization direction 
varies smoothly and continuously in the x-y plane in accor 
dance With the proper magnetization direction determined by 
the appropriate relation betWeen the magnetization direction 
angle 0t verses the position angle. As noted above, in most 
cases the magnetization need not vary in three dimensions, 
and thus the direction of magnetizations vary only in the x-y 
plane. This means that the magnet can be made of a single 
monolithic block or a plurality of similar permanent magnet 
slabs stacked in the non-critical (i.e., the z direction). 
[0067] In the case of a multi-segmented magnet, a plurality 
of permanent magnet segments are assembled to conform 
substantially to the desired shape. The magnetization direc 
tion of each segment is selected so that the magnetization 
direction Within the segment conforms substantially to the 
proper magnetization direction. Ideally the magnetization 
Would vary Within the segment to conform to the proper 
magnetization direction that satis?ed the optimization/re 
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striction criteria for the desired magnetic ?eld property. HoW 
ever, achieving the ideal is technically dif?cult and expensive, 
and With judicious selection of the sizes and shapes of the 
permanent magnet segments makes this unnecessary. A 
single uniform magnetization direction can usually be 
selected for each segment that satisfactorily approximates the 
ideal magnetization direction distribution. For example, the 
magnetization direction for a segment could be selected to be 
the ideal direction at the location of the center of mass of the 
segment. The magnetization direction for the segment could 
alternatively be selected to be the ideal direction at the loca 
tion of the magnetic center of the segment, (i.e. the location of 
at Which a single magnet dipole of equivalent strength could 
replace the segment), or the material in the segment could be 
otherWise Weighted (for example, inversely to the cube of the 
distance betWeen each point in the segment and the selected 
point), to provide the appropriate point for in the segment to 
determine the proper magnetization direction to apply to the 
entire segment. 
[0068] The monolithic magnets in accordance With this 
invention ideally Would have cross-sectional shapes in the x-y 
plane corresponding to the shape of the constant contribution 
for the particular magnetic ?eld property being optimized or 
restricted. This provides the most ef?cient magnet for the 
volume and Weight. Thus, at least some of the surfaces of the 
magnets of this invention, and in particular the surfaces that 
face aWay from the selected point of application of the opti 
mized/restricted magnetic ?eld property, conform to the sur 
face of constant contribution. HoWever, as a practical matter 
it can be dif?cult to form magnetic material into this shapes, 
and in many cases Where volume and Weight are not critical, 
it is not necessary that the magnet have this shape. As long as 
the magnetization direction is properly oriented throughout 
the magnet, the additional material does not impair the opti 
mized/restricted magnetic ?eld property, it merely makes the 
magnet larger and heavier than necessary. 
[0069] Where size and/or Weight of the magnet is critical, 
then the constant contribution curves provide guidance of 
Where to remove material With the least impact on the magnet 
?eld properties. More speci?cally for a given constant con 
tribution surface, it is alWays more ef?cient to remove mate 
rial outside the surface before removing material inside the 
surface, even if the material outside the surface is closer to the 
selected point than other material inside the surface. Thus, for 
convenience magnets can be made in square or rectangular 
blocks that either approximate the optimal curved surfaces, or 
that are machined to approximate the optimal curved sur 
faces. 

[0070] For example, in making a magnet that maximizes 
the transverse ?eld, an appropriate curve of constant contri 
bution for the magnet size and strength is used. See FIG. 8. 
The setoff distance betWeen the magnet and the selected 
operating point is selected, and the cross section of the mag 
net in the x-y plane is then determined. The properties of the 
magnet ?eld that Would be created by such a magnet can be 
calculated to determine if the magnet is the appropriate size. 
If the properties are larger than required, a smaller magnet can 
be selected if the properties are smaller than required, a larger 
magnet can be selected. The magnet can then be completed by 
providing a monolithic block or permanent magnet material 
of the selected cross section, or a plurality of slabs of the 
selected cross-section, and magnetizing the block or the slabs 
in the direction 0t in the x-y plane determined by the position 
angle 6, given by relation betWeen 0t and 6 for the desired 
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optimization or restriction of the magnetic ?eld properties. Of 
course, rather than using a monolithic block, or a plurality of 
slabs stacked in the z direction, the magnets can be assembled 
from a plurality of segments. The segments can be shaped to 
form the magnetic of the desired shape (see FIGS. 26A-D), or 
Where the size and Weight are not important, they can simply 
be rectangular prisms, Which as easier to Work With (see 
FIGS. 27A and B). Each segment has the appropriate mag 
netization direction 0t in the x-y plane for the location of the 
segment 6. Of course, for ease of manufacture, the magnet 
can be made With rectangular segments as shoWn in FIG. 27, 
and machined or otherWise shaped to the optimal shape, such 
as that shoWn in FIG. 26. 

1-2. (canceled) 
3. A permanent magnet in Which the magnetization direc 

tion varies in three dimensions to restrict an undesired mag 
netic ?eld property in a selected direction at a selected point. 

4. The permanent magnet in accordance With claim 3 
Wherein the undesired magnetic ?eld property is selected 
from transverse magnetic ?eld, axial magnetic ?eld, axial 
gradient of the transverse magnetic ?eld, transverse gradient 
of the transverse magnetic ?eld, axis gradient of the axial 
magnetic ?eld, transverse gradient of the axial magnetic ?eld, 
the product of the transverse magnetic ?eld and the transverse 
gradient of the transverse magnetic ?eld, the product of the 
transverse magnetic ?eld and the axial gradient of the trans 
verse magnetic ?eld, the product of the axial magnetic ?eld 
and the transverse gradient of the axial magnetic ?eld, or the 
product of the axial magnetic ?eld and the axial gradient of 
the axial magnetic ?eld. 

5-6. (canceled) 
7. A permanent magnet in Which the magnetization direc 

tion varies in three dimensions to restrict an undesired mag 
netic ?eld property in a selected direction at a selected point. 

8. The permanent magnet in accordance With claim 7 
Wherein the undesired magnetic ?eld property is selected 
from transverse magnetic ?eld, axial magnetic ?eld, axial 
gradient of the transverse magnetic ?eld, transverse gradient 
of the transverse magnetic ?eld, axis gradient of the axial 
magnetic ?eld, transverse gradient of the axial magnetic ?eld, 
the product of the transverse magnetic ?eld and the transverse 
gradient of the transverse magnetic ?eld, the product of the 
transverse magnetic ?eld and the axial gradient of the trans 
verse magnetic ?eld, the product of the axial magnetic ?eld 
and the transverse gradient of the axial magnetic ?eld, or the 
product of the axial magnetic ?eld and the axial gradient of 
the axial magnetic ?eld. 

9. (canceled) 
10. A method of performing a medical procedure using the 

magnet of claim 3 to project a magnetic ?eld into a patient to 
control a magnetic medical element inside the patient. 

11. (canceled) 
12. A method of making a permanent magnet in Which the 

magnetization direction varies With location to restrict an 
undesired magnetic ?eld property at a selected point in a 
selected direction, the method comprising: determining the 
desired shape, providing a blank of permanent magnetic 
material in the desired shape, and magnetizing the magnet to 
have a magnetization direction that varies in three dimensions 
so that the magnetization at each location in the magnet is in 
the direction that substantially restricts the undesired mag 
netic ?eld property at a selected point in the selected direc 
tion. 

13. (canceled) 
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14. A method of making a permanent magnet in Which the 
magnetization direction varies With location to restrict an 
undesired magnetic ?eld property at a selected point in a 
selected direction, the method comprising: determining the 
desired shape, providing a blank of permanent magnetic 
material in the desired shape, and magnetizing the magnet to 
have a magnetization direction that varies in tWo dimensions 
so that the magnetization at each location in the magnet is in 
the direction that substantially restricts the undesired mag 
netic ?eld property at a selected point in the selected direc 
tion. 

15. (canceled) 
16. A method of making a permanent magnet in Which the 

magnetization direction varies With location to restrict an 
undesired magnetic ?eld property at a selected point in a 
selected direction, the method comprising determining the 
desired shape, assembling a plurality of permanent magnet 
segments into a shape substantially conforming to the desired 
shape, the magnetization direction of each permanent magnet 
segment varying in three dimensions so that the magnetiza 
tion direction of each permanent magnet segment is in the 
direction that substantially restricts the undesired magnetic 
?eld property at a selected point in the selected direction. 

17. (canceled) 
18. A method of making a permanent magnet in Which the 

magnetization direction varies With location to restrict an 
undesired magnetic ?eld property at a selected point in a 
selected direction, the method comprising determining the 
desired shape, assembling a plurality of permanent magnet 
segments into a shape substantially conforming to the desired 
shape, the magnetization direction of each permanent magnet 
segment varying in tWo dimensions so that the magnetization 
direction of each permanent magnet segment is in the direc 
tion that substantially restricts the undesired magnetic ?eld 
property at a selected point in the selected direction. 

19. The method according to claim 18 Wherein at least a 
portion of the surface of the magnet conforms to a surface of 
constant contribution to the desired magnetic ?eld property at 
the selected location. 

20. The method according to claim 18 Wherein the direc 
tion of magnetization throughout each permanent magnet 
segment is constant. 
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21. The method according to claim 20 Wherein the direc 
tion of magnetization throughout each permanent magnet 
segment is the direction Which, at the center of mass of the 
segment, provides the maximum contribution to the desired 
property. 

22. The method according to claim 20 Wherein the direc 
tion of magnetization throughout each permanent magnet 
segment is the direction Which, at the effective magnet center, 
provides the maximum contribution to the desired property. 

23. The method according to claim 20 Wherein the size and 
position of the permanent magnet segments is selected so that 
the difference in the direction of magnetization direction 
betWeen adjacent magnet segments is less than about 45°. 

24. The method according to claim 23 Wherein the size and 
position of the permanent magnet segments is selected so that 
the difference in the direction of magnetization direction 
betWeen adjacent magnet segments is less than about 30°. 

25. The method according to claim 20 Wherein the magne 
tization direction throughout each permanent magnet seg 
ment is not constant. 

26. The method according to claim 20 Wherein the desired 
magnetic ?eld property is selected from transverse magnetic 
?eld, axial magnetic ?eld, axial gradient of the transverse 
magnetic ?eld, transverse gradient of the transverse magnetic 
?eld, axis gradient of the axial magnetic ?eld, transverse 
gradient of the axial magnetic ?eld, the product of the trans 
verse magnetic ?eld and the transverse gradient of the trans 
verse magnetic ?eld, the product of the transverse magnetic 
?eld and the axial gradient of the transverse magnetic ?eld, 
the product of the axial magnetic ?eld and the transverse 
gradient of the axial magnetic ?eld, or the product of the axial 
magnetic ?eld and the axial gradient of the axial magnetic 
?eld. 

27. The method according to claim 20 Wherein the desired 
property is transverse magnetic ?eld is transverse magnetic 
?eld, and the relationship betWeen the magnetization and 
angle the angular position is given by equation (3). 

28-30. (canceled) 


