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Unilateral Magnet for Magnetic Resonance Imaging
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Abstract: Openness is a desired property for the magnets used in magnetic resonance imaging
(MRI). For this reason, the design and making of unilateral magnets, which give a homoge-
nous region, usable for imaging, that is external or “remote” from the magnet, has been attrac-
ting more and more attention and research interests. In this paper. the feasibility of designing a
unilateral MRI magnet with a slice-shaped imaging region is discussed on the basis of the theory
of saddle point. The properties of magnetic fields generated by different types of unilateral mag-
nets were derived by simulation, and the results showed that it is possible to have a unilateral
magnet that can generate remote saddle points in the field profile while having sources on one
side. The configuration of a unilateral permanent magnet specially designed for MRI is presen-
ted, which can produce a slice-shaped imaging region with high field homogeneity. The results
obtained in this study will build a strong basis for future scientific researches on fully opened

MRI system with homogeneous magnetic field.
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Introduction

The solenoid-shaped MRI magnets (superconductive, resistive) as well as iron core
C shape permanent magnets are known for imaging the whole body. However, such
whole body MRI magnets are not generally well-suited for treatment of the patient with
other modalities or for minimally invasive surgical procedures guided by real time MRI

because of the limited access of the surgeon to the patient. This limited access results
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from the field producing means surrounding the imaging volume. A recent classification
scheme has termed these magnets as bihedral magnets since the magnetic sources are ar-
ranged around two sides of the sample or patient™”. On the other hand, unilateral de-
signs, which have magnetic sources arranged to one side, are truly “open” in that the
target region may be considered to be external or “remote” from the magnetic resources.
The first application of this type of magnet was used in industry, such as oil well log-

31, The application field of the unilateral NMR (nuclear magnetic resonance) de-

L[4, 5]

- I2,
ging
vices has experienced considerable expansion during the last years

gle-sided NMR MOUSE probes™ makes NMR a truly non-invasive method suitable for

surface studies of arbitrarily large objects. Clearly, the primary advantage of unilateral

The use of sin-

magnets over bihedral magnets is their openness. However, these unilateral NMR mag-
nets is not applicable for biomedical imaging because the magnetic field in the imaging
region has great gradient with several tens T/m while the gradient required for body im-
aging is only several tens mT/m.

It is desirable to have new and better devices and techniques for biomedical MRI ap-
plications such as open magnet MRI systems for imaging while performing surgery or
other treatments on patients or for imaging patients that have claustrophobia. Recently,
Pulyer et al. '** ") have shown that it is possible for the unilateral MRI system to produce
a volumetric region of homogeneous field, which is external or “remote” from the mag-
netic sources. Moreover, they also proposed a kind of the magnet configuration for MRI
system, which comprises a primary coil magnet system and a bias coil magnet system to
produce a magnetic field having a substantially remote region with field homogeneity. In
order to obtain the sphere shape volumetric region with field homogeneity and field
strength, the design of the unilateral MRI system is at the price of low energy efficiency
and high cost.

When the permanent material is employed to achieve unilateral magnet, the genera-
tion of the volumetric imaging region external from magnet sources is difficult and even
impossible because the magnet will be huge and the cost of the magnet is expensive in
order to achieve enough field strength and homogeneity. Currently, a novel thought a-
bout the unilateral MRI magnet is proposed in™ ). The imaging region of this kind of
magnet is a slice region instead of volumetric region and the magnet source is a perma-
nent magnet instead of electromagnet. The magnetic field in the slice region has certain
gradient in the direction perpendicular to the main magnetic field and the magnitude of
the gradient is as small as that produced by the layer-selection gradient coil. Thus, a set
of gradient coils in the layer-selection direction may be saved. The slice selection along
the depth direction is obtained by means of the highly constant static magnetic field gra-
dient produced by this magnet geometry. The normal two-dimensional encodes imaging
method can be used to obtain the 2-D images. By removing the patient table (shown in

Fig. 1), it is possible to make other tissues located in this slice region in order to get the
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whole body images. Clearly, the primary advantage of the unilateral permanent magnet
with a slice imaging region is lower weight and lower cost together with more “open-
ness”.

It is a totally new problem about the unilateral magnet design to build a slice region
with field homogeneity outside the used magnet. Although the bihedral magnets benefit
from a well-developed analytic design theory, which has led to high field and high homo-
geneous designs, this development about the unilateral magnet with slice region is in its
infancy. Because the imaging region is “remote” from the magnet structure, it is hard to
make the field strength and homogeneity in the imaging region to meet the requirement.
Furthermore, the location of slice imaging region is also not so easy to find as the bilat-
eral MRI magnet, in which the imaging region is located in the center of the magnet
structure owing to its closeness and symmetry. In this paper, the properties of magnetic
field for different unilateral magnet structures are first discussed. Then, a novel unilat-
eral MRI permanent magnet is presented, which can generate a slice imaging region with
field homogeneity outside the magnet sources. The successful design of the unilateral

MRI magnet build a foundation for the scientific research of open MRI device.

Permanent Magnet

Permanent System
Magnet
System

Fig. 1 The unilateral MRI system with a slice imaging region

1 The Discussion of Unilateral Magnet
1.1 The Saddle Point

For the conventional MRI magnet, the imaging region with high homogeneity is lo-
cated inside the magnet structure. Why can the bilateral magnet build so homogeneous
magnetic field? Fig. 2 shows the four-pole shape MRI magnet model and, the magnetic
field distribution in the imaging region is shown in Fig. 3.

In Fig. 3, there exits a point at which the magnetic field is maximum along the y ax-
is and is minimum along the x axis. In terms of mathematics this point is called saddle
point. Likewise, for the C shape permanent MRI magnet and the superconductivity MRI
magnet, there also exists the saddle point in the imaging region. Thus, for the bilateral
MRI system, the theoretical feasibility of producing a homogeneous target magnetic
field depends upon the existence of a saddle point'*). The saddle point provides a core of

homogeneity and a homogeneous region must begin around the saddle point, at which
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there is VB;=0(i=x,y,2) . For a suitable design of the MRI magnet configuration,
there must exist a saddle point in the magnetic field. Thus, it can be concluded that for
the unilateral MRI magnet, if the magnet structure can build a saddle point outside the
magnet, the magnet structure is feasible and is worth being developed further. The
properties of magnetic field for several kinds of unilateral magnets will be discussed in

the following section.

saddle point
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Fig. 2 Four-pole shape MRI magnet model Fig. 3 The distribution of magnetic field in the

imaging region

1.2 Unilateral Coil Structure
For a circular loop of radius a carrying current i, the law of Biot-Savart gives the
radial and axial components of the magnetic field for any point with the coordinates =

and r (with the origin at the center of the loop) as the elliptic integrals

B — & ia J’Z” (a — rcos®) df

: 4 Jo (a® + 22+ — 2arcosf)*? D
B o z'ar” zcosfdd

" dr Jo (@® + 22 + P — 2arcosf)®?

where B. is the component of the field parallel to the 2 axis, and is the radial compo-
nent. If a coil of radius 7, is nested coaxially within a larger coil of radius r, and the cur-
rents flow in opposite senses (Fig. 4(a)), the magnetic field created is the sum of the
fields generated by the two coils respectively. Let r,=10 and »,=5, the magnetic field
at the scope of —1<{r<{+1, 0<C2<C15 at R-Z plane will be considered. Because the ra-
dial component of the magnetic field is intrinsically very small at the above scope, only
the axial component is considered. With proper selection of the currents in the two
coils, the axial magnetic field produced by the two coils at 2z axis is plotted in Fig. 4(b).
The relative field strength refers to the ratio of the axial magnetic field strength at any
point to that at the center of each loop. The middle curve represents the sum of the indi-
vidual field generated by the inner and outer coils. It can be seen that there exists a max-
imum of the magnetic field at about 2 =5. 73 in Fig. 4(b). The magnetic field at the
scope of x=5.73 and —1<{r<{+1 is depicted in Fig. 4(c). It shows that there exists a

minimum of the magnetic field B. at r=0. Thus, the opposed coil design, in which the
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diameters or ampere-turns of the two coils are different, can provide a remote saddle

point at =5.73, r=0.
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Fig.4 Opposed coils (a), the magnetic field B. at the z axis
(b), the magnetic field B. at 2=5.73, —1<{r<{+1 (o).

Reference [ 1] discussed other unilateral coil structures. The illustration of the coil
designs with qualitative field profiles and the equivalent dipole schematic of each magnet
are depicted in Fig. 5. All the coil magnets in this figure can provide remote saddle

points.
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Fig.5 Unilateral coil structures (“x” represents the saddle point)

1.3 Unilateral Permanent Magnet Blocks

As shown in the last section, there exists a remote saddle point in the magnetic
field produced by opposed coils. It is helpful for the unilateral permanent magnet de-
sign. Fig. 6 shows the opposed permanent magnet blocks in which the direction of their
magnetization is opposite. Similar to the opposed coils, the permanent magnet also pro-
vides a remote saddle point at the x axis and the x coordinate of the saddle point is re-
presented as x,.x. ©The magnetic field along x axis produced by this magnet can be de-
scribed by two characteristics: the maximum field strength B, ., (only the y component
of the magnetic field need to be considered since the x component vanished on the x ax-

is); and the region of homogeneity around the saddle point, x,.. . over a distance Ax, in
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which the homogeneity is about 10 °. The field going through an extremum B, ., at the
point, Z...» is remote from the permanent magnet configuration.

A survey of various combinations of opposed permanent magnets has been made by
arbitrarily letting h,=8 cm and w, =4 cm, while varying h, and w,. The variation of
Zmax » Bymax and Ax with hy, and wy, is presented for a representative set of cases, shown
in Fig. 7 and Table 1.

From Table 1, we can see that x,. and Ax decreases and B,,,, increases when the
ratio of w,/w, scales up with ratio of h,/h, remaining the same. It is worth noting,
however, that for a given ratio of w,/w,. the value of x,.,» Ax , and B,,.. are all de-
creasing. Therefore, the location of the saddle point is dependent upon the size of the
opposed permanent magnet blocks, and thus the remoteness of the field may be con-
trolled by the ratio of length and width of these opposed permanent magnet blocks. This
flexibility is important for the design of a homogeneous region, which is “remote” to the

magnetic sources.
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Fig. 6 Opposed permanent magnet blocks Fig. 7 The value of B, at the X-axis for two opposed

permanent magnets

A set of cases (from case 1 to case 6) correspond to different sizes of two opposed

permanent magnet blocks in Table 1.

Table 1  Maximum Field Strength for a Set of Cases ( 1,=8 cm, w,=4 cm)

Case hy/cm wy,/cm Zmax/ CM By max/ T Ax/cm
1 32 6 15 0. 030 5
2 32 8 12 0. 048 2
3 32 12 10 0. 080 0
4 24 6 11 0.026 1
5 24 8 10 0. 044 0
6 24 12 10 0.070 0

Based upon the magnet introduced above, it is clear that a suitable unilateral mag-
net will have the following features: 1) It must generate a remote saddle point, which

makes it possible to generate a homogeneous target magnetic field. 2) Permanent mate-
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rials and current coils may be employed to achieve unilateral magnet. 3) The remoteness

of the saddle points is related to the size and structural form of magnet sources.

2 Proposed Unilateral MRI Permanent Magnet with Slice Imaging
Region

By considering the above unilateral magnets, the proposed unilateral MRI perma-
nent magnet with slice imaging region is shown in Fig. 8, which is composed of the per-
manent material chosen as NdFeB and the iron with the size of a=80 cm, =22 cm.
When the permanent material is employed to achieve unilateral magnet, the imaging re-
gion external from magnet sources should be designed as the slice shape, which is differ-
ent from unilateral coil magnet, in which the current of the coil can be adjusted to be
high enough to provide homogeneous volumetric region. As we know, the conventional
imaging region for the whole body image is a sphere with a diameter of 30 cm and during
the course of the imaging, the depth of the selected layer is about 1 ~10 mm. For the
conventional permanent MRI magnet, the main magnetic field in the imaging region is a-
bout 0. 1~0.5 T. Thus, for the unilateral MRI design the requirement of design is that
the depth and length of the slice region may be S, =4 mm and S, =12 cm, the main
magnetic field strength is about 0. 1~0. 2 T and the homogeneity of the imaging region

is about 107*,
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Fig. 8 The unilateral permanent magnet model Fig. 9 The distribution of magnetic field

(a=80 cm, b=22 cm)

Over the past several decades, the magnetic field produced by permanent magnet
has been well solved by numerical computation, such as finite element method (FEM).
But this method cannot give the analytical expression of magnetic field, thus it is diffi-
cult to find the accurate location of saddle point according to the definition of saddle
point, i.e. VYV B;,=0(i=x,y.2). Based on the theorem of equivalency and separation of
variables, the new-style equivalent source method (NESM)!, a semi-analytical meth-
od, can give series expansion in a field region, in which its coefficients are determined by
making the errors at boundaries minimum by using the least square method. However,

the semi-analytical method will become very onerous for the problems with complex
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boundaries and multi-material regions. Thus, A mixed NESM-FEM method"" with
higher precision is proposed here to probe the existence possibility of slice region for
such a unilateral magnet and analyze the characteristic of the magnetic field distribution.
By the NESM-FEM method, the analytical expression of the magnetic field strength can
be obtained, and then by finding the VB, =0(i=x,y,2), the location of saddle point
can be found.

The magnetic field distribution is shown in Fig. 9. The saddle point in the unilateral
magnet is located at x=0, y=24 cm and the distance from the magnet is d=2 cm. The
main magnetic field in the slice region is 0. 16 T and the unhomogeneity is about 8. 56 X
107*. Obviously, the homogeneity is not sufficient for MRI imaging, but the magnet
can be served as the initial design and by carrying out some optimization the homogenei-
ty can be improved.

For the conventional MRI magnet design, the iron pole is usually added to the mag-
net structure in order to improve the homogeneity. In this paper on the basis of the MRI
magnet shown in Fig. 8, the genetic algorithm is used to optimize the shape of the iron
pole and the 3-D model after optimization is shown in Fig. 10"'*). The field homogeneity
at different xz planes near the saddle point is shown in Table 2. From Table 2, it can be
seen that the homogeneity of the xz plane at about y=24. 0 cm is the best. The magnet-
ic field strength distribution at y=24 cm plane is shown in Fig. 11. Thus, we may pro-
pose that the y-direction location of the slice region with field homogeneity is from 23. 8
cm to 24. 2 cm and the depth is 0. 4 cm. The size of the slice region is S;,=0.4 cm, S,=
12 em, S.=12 cm, d=2.0 cm, and the homogeneity is about 3. 43X10*. The slice re-
gion produced by the proposed unilateral magnet configuration is sufficient for imaging.
The normal two-dimensional imaging method can be used to obtain the 2-D images. By
removing the patient table, it is possible to make other tissues located in this slice region
in order to get the whole body images. Thus, the proposed unilateral MRI magnet is
fully open and the magnet design is successful. The experiment test about this magnet

and the study of the shimming technique will be considered in another paper.

Magnetic field density/T

2020 x/cm

Fig. 10 The 3-D unilateral MRI magnet structure [ 12] Fig. 11 The magnetic field strength at y=24 cm plane
(a=80 cm, b=22 cm, ¢=75 cm; S,=12 cm, S,=0.4

cm, S.=12 cm)
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Table 2 The field homogeneity at the different xz planes around y=24 cm

—6 ecm<<x<<6 cm, —6 cm<<2<_6 cm

y/cm 23.7 23.8 23.9 24.0 24.1 24.2 24.3

field homogeneity(10~*) 10. 21 4.19 3.07 2.75 2.96 4.18 8.57

3 Conclusion

This paper discusses the properties of magnetic field for different unilateral magnets
and a novel unilateral permanent magnet configuration for MRI system, which can pro-
duce a slice imaging region with field homogeneity, is presented successfully. Some con-
clusions about the unilateral magnet design can be concluded as follows:

(1) The theoretical feasibility of producing a homogeneous target magnetic field de-
pends upon the existence of a saddle point. The saddle point provides a core of homoge-
neity and a homogeneous region must begin around a saddle point, at which there is
VB =0(=x,y,2).

(2) A suitable unilateral magnet must generate a remote saddle point.

(3) Permanent materials and current coils may be employed to achieve unilateral
magnet.

(4) When the permanent material is employed to achieve the unilateral magnet, the
imaging region should be designed as slice shape instead of volumetric region.

The success of such a unilateral permanent magnet with a slice region for MRI
builds a strong basis for some scientific researches of fully open MRI system with homo-

geneous magnetic field.
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