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Abstract —In magnetic resonance imaging (MRI)
system, the main magnet creates a static magnetic field,
which largely determines the final imaging quality. Pole
pieces of pure-iron are commonly used to improve the
field homogeneity in the imaging region. In this work,
we attempt to design a novel configuration of multi-ring
pole pieces for a small animal MRI system. Based on the
model of a small H-type permanent magnet, the magnetic
field is calculated using the finite element method, which
considers the nonlinearity of the ferromagnetic materials.
The pole piece was designed with the particle swarm
optimization (PSO) algorithm. The results show that, the
optimal multi-ring pole pieces can effectively reduce
the uniformity about 10-20 ppm (10%), with a better
performance compared with the flat and traditional one-
ring pole piece configuration.

Index Terms — Multi-ring pole pieces, nonlinear
optimization, particle swarm optimization, permanent
MRI magnet.

I. INTRODUCTION

Nowadays, magnetic resonance imaging (MRI)
has become one of the most powerful and important
noninvasive diagnostic tools for medical imaging. MRI
requires a strong and uniform magnetic field in the
imaging region [1-2] which is generated by permanent,
resistive or superconducting magnets. Recently, permanent
magnets have gained widespread popularity in both
clinical applications and biomedical research studies,
especially for small animal MRI researches [3-4], due to
the low weight, cost and less consumption of electricity,
coolant water, and no expensive liquid Helium [5-6].

In a permanent MRI system, the static magnetic
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field is generated by permanent ferromagnetic materials,
and the well-known widespread end-effect can cause a
non-uniform magnetic field distribution and therefore
affects the imaging quality [7-8]. Shimming is used
prior to the operation of the magnet to improve the
homogeneity of the magnetic field. The pole piece made
of pure iron can be used to adjust the uniformity of the
magnetization characteristic of the permanent material
blocks, and special design of shapes of the pole piece can
help to improve the field homogeneity in the imaging
volume [9]. Previously, several studies have discussed
the design and optimization of the shape of the pole piece
[10-15] in the standard MRI systems. In these designs,
the final pole piece geometry is usually with one
shimming ring or curved surface. The pole piece with
one shimming ring may offer limited capability in
improving the field homogeneity. And in paper [12],
regular pole pieces with a smoothly-varying radial
profile curved surface offer much better performance in
shimming the magnetic field. However, these types of
configurations with curved surface are usually difficult
to manufacture. In this work, we proposed to design
simple, novel configurations with multi-ring pole pieces
to improve the uniformity of the magnetic field, and
applied in a small-sized permanent MRI system.

The design of pole piece in the MRI magnet
involves a nonlinear optimization procedure due to the
nonlinear characteristic of the ferromagnetic materials,
which is the non-convex problem with multi-pole points.
In previous studies [12-14], conventional optimization
methods such as the steepest descent method were used.
These methods have advantages in efficiency, but it
searches for the optimal solution along the direction of
the gradient and the solution has a great relationship
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with the choice of initial value, that might be just local
minimums and it is suitable for convex problems.
Particle swarm optimization (PSO) [16] algorithm is
one of the latest developed intelligence and global
optimization methods, which is used in this paper. It has
a number of advantages [17-18] including its relatively
simple algorithm structure, easy implementation,
computational efficiency and immediate applicability to
practical problems.

In this work, we take a small H-type permanent
magnet for small animal MRI researches as our model;
during the design of pole pieces, the magnetic field
analysis is performed by the commercial finite element
method (FEM) package ANSYS 14.0. Using the
developed nonlinear optimization schemes, a number of
novel designs of the multi-ring pole pieces have been
proposed and discussed.

Il. MODEL AND METHOD

A. Permanent magnet model

As shown in Fig. 1, a small H-type permanent
magnet with static magnetic flux density of 0.5 T, and
the homogeneous region of a 60 mm diameter sphere
volume (DSV) in the center is considered here, which is
the effective imaging region.

640 mm
_ 350 mm
hY

Magnet
Pole piece
Shimming
ring

" — . Yoke

Fig. 1. Construction of the H-type MRI magnet.

The construction of the permanent magnet consists
of magnets, pole pieces, shimming rings and the yoke.
The single magnet pole made of Nd-Fe-B material (N40)
is with 320 mm diameter and 62 mm height, and the air
gap between two pole pieces is 75 mm for small animal
MRI experiments. The yoke of A3 steel is with 60 mm
thickness, and the dimensions have been shown in Fig.
1. The pole pieces with 27.5 mm height and shimming
rings made of DT4 pure iron on the surface of magnets
are used to improve the uniformity of the magnetic field.

B. The design of multi-ring pole piece

The pole piece is made of pure iron on the surface
of the magnet. When the surface of the pole piece is flat
and the magnetic flux in the air gap is uneven like the
drum; this effect, called the end-effect, is shown in Fig.
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2 (). If the shape of the pole piece is designed properly,
then the flux in the air gap is no longer outside the drum,
accordingly, the central magnetic field becomes uniform,
as shown in Fig. 2 (b). In a small permanent magnet, the
effect is more serious because a relatively larger imaging
area will be formed for such a small sized magnet. The
shape of the pole piece plays an important role in
improving the field homogeneity in the imaging volume,
which is technically more challenging to design.

Z Z
3 A

(@) (b)

Fig. 2. Magnetic flux distribution. (a) The end-effect; (b)
change the shape of pole piece.
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Fig. 3. The pole piece model with a shimming ring and
the cross-section.
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Fig. 4. The cross-section of multi-ring. (a) Two rings; (b)
three rings; (c) four rings; (d) five rings.
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A shimming ring of the rectangular cross-section is
commonly used to adjust the field uniformity in the
imaging area, as shown in Fig. 3. A series of rings will
be taken into consideration in our work; here, the
maximum number of rings we considered is five, because
too many rings can make the structure complicated, and
difficult to model and manufacture. The cross-sections
of rings to be designed in this paper are shown in Fig. 3
and Fig. 4, and each structure is named as the figures,
such as 1R, 2R, 3R meaning the number of the rings
used in the design and the suffix ' _1', ' 2'... meaning
the different arrangement of the rings and the gap.
Meanwhile, the flat pole piece without a shimming ring
is named NR.

C. Magnetic field calculation

The finite element method (FEM) is widely used for
the calculation of the magnetic fields. In the analysis of
the static magnetic field, the finite element equation is
described by the vector magnetic potential A as:

B=VxA. Q)

Under the constraint conditions of V-A=0, A satisfies
the boundary value problem, that is:

V?A=—-uJ inthe field of V
A, =C on the boundary of S

where u is the permeability, J is the incentive current
density and C is the boundary condition.

In this paper, the 3D FEM analysis of the permanent
magnet has been carried out by using the commercial
general software ANSY'S (version 14.0, www.ansys.com).
Due to symmetry of the magnet model, a half model
is considered. Because the plane of symmetry is
perpendicular to the magnetic field lines of the model,
the boundary conditions in the plane of symmetry don't
need to be handled in ANSYS. The conditions of air field
boundary in a long distance are set to zero flux, which is
5 times as the height, the length and width of the whole
magnet model respectively. The ferromagnetic material
and the air gap are both calculated in the magnet model,
so we choose solid 117 type element in ANSYS which
adopt the edge-based FEM. The model is divided by free
tetrahedral mesh. According to the practical experience
of meshing, the components we concern about or the
components with the larger changed magnetic fields
need be divided into smaller grids, so a fine mesh is used
in the DSV region, the pole piece and shimming rings. In
addition, the relatively unconcerned components, such
as the magnet, the yoke and the outside air part with the
relatively small changed magnetic fields, are meshed by
a slightly coarse grid.

The model is partitioned into approximately 55000
tetrahedron elements, as shown in Fig. 5 (a), with a
maximum element size of 10 mm specified over a 60 mm
DSV. There are 348 volume elements and 278 nodes
in the DSV as shown in Fig. 5 (b), and the magnetic

)
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flux density of each element is used to calculate the
uniformity of DSV. The magnet pole is partitioned into
459 elements with 347 nodes, and the pole piece has
2501 elements and 1506 nodes. The yoke are meshed by
a slightly coarse grid with 475 elements and 280 nodes.

TAVAVAYAVAVAY,

Fig. 5. 3D meshes of the model. (a) Magnet; (b) 60 mm
DSV.

The FEM calculation takes into account the
nonlinearity of the A3 steel yoke and the DT4 pure iron
pole piece, the nonlinear relationships between B and H
are shown in Fig. 6. Additionally, the relative permeability
of the Nd-Fe-B (N40) permanent magnet is 1.085, and
assumed a linear B vs. H dependence. This nonlinear
electromagnetic problem is solved by the PSO algorithm
(see the next section).

A3 Steel DT4 Pure Iron
2.5 2.5
2 2
™ 1.5 ~— 1.5

o) )

mn g m g
0.5 0.5

0 GO 1 3

1 2 3 4 2 4
H (A/m)  x10° H (A/m)  x10
Fig. 6. Nonlinear magnetization curve of ferromagnetic
materials used in the design: A3 steel and DT4 pure iron.

D. Nonlinear optimization algorithm for the design of
multi-ring pole pieces

The algorithm is programmed through MATLAB
R2009b (Math Works, Natick, MA) and worked with
ANSYS 14.0 for the magnetic field analysis. All the
simulations were performed on a Dell computer with an
Intel Core i7 CPU with 10 GB RAMS.

The flow of the optimization is shown in Fig. 7.
Mathematically, the optimization can be expressed as:

Minimize y-= f(Hi,Si,Dj). ?3)

Subject to Hmin<Hi<<Hmax, Smin<Si= Smax, and Dmin
<Dj<Dnax, fori=1,...,5and j=1,2.

Where ¥ is the objective function; H; is the height
of the ith ring; Si is the cross section width of the ith ring;



D; is the distance between two adjacent rings; Hi, Si and
D; are the design parameters whose elements are subject
to the lower and upper limitations, respectively. The
maximum number of rings we considered in our work is
5, meanwhile only these 16 kinds of multi-ring models
shown in Fig. 4 are taken into consideration, so the value
of i is 1,...,5, and the value of j is 1,2. We choose the
uniformity of DSV as the objective function and the
fitness of PSO defined by the formula:

B (H.,S.,D.)—B . (H.,S.,D.)
max \ i'7i’ mind 75 108 ()

B H.,Si,D.)

o 510,

where Bpmin, Bmax are the maximum and the minimum
nodal value for the magnetic flux density magnitude in
the volume of 60 mm DSV, respectively, and Bayg is the
average magnitude of the magnetic field flux density of
the whole DSV.

Meanwhile, we take the magnitude of the magnetic
field within the DSV into account, and a constraint
should be added, that is, Bayg = 0.5 T must be satisfied.
Because the magnetic flux density of the magnet we
design is 0.5T, which is mainly used for small animal
imaging, meanwhile, the higher the magnetic flux
density, the higher the image quality, and we set 0.5 T as
the minimum requirement of the magnetic flux density.

Initialize Design

!

Magnetic Field
Analysis

!

Calculate the objective
function ¥

Update Design

Satisfy the
convergence criteria

Fig. 7. The flow of the iterative optimization.

The design parameters are updated in the PSO
based optimization procedure. Recent advances in the
development of the PSO algorithm have elevated its
capabilities in handling a wide class of complex
engineering and science optimization problems [19-20].
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Just as other evolutionary algorithms, the PSO algorithm
searches solution using a swarm of particles that are
updated from iteration to iteration. The flow of PSO is
shown in Fig. 8. To find the best solution in the standard
PSO algorithm, each particle changes its searching
direction and position according to two factors, that is,
its own best previous experience (pbest) and the best
experience of all other members (gbest) according to the
following equations which are proposed by Dr. Eberhart
and Dr. Kennedy in 1995 [16]:

vrli;’l = wvrlj1 +c1rand ()( pbestrl; - xrliq)+c2rand()(gbestk - ern) ,(5)
Xk+1:Xk +Vk+1, (6)
m m m

where k is the iteration index; vn* is the velocity of
particle m at iteration k and x»* (x=Hi, Si and Dj) is the
current position of agent m at iteration k; pbesty* is the
best position of the particle m achieved based on its own
experience and ghestk is the best particle position based
on overall swarm’s experience; C1, C2 are two positive
constants, and they are traditionally fixed to be 2; w is
the inertial weight, which is between 0.5 and 1 [21] in
this paper. After iterative updating by Equations (5) and
(6), the global optimum can be found.

Initialize each particle

v

Evaluate the fitness of
each particle

v

Update pbest and gbest

»i

Update the velocities v
and positions x

Satisfy the
convergence criteria

NO

Fig. 8. The flow of PSO.

The iterative optimization process is repeated until
a fixed number of iterations have been executed.

I11. RESULTS
After iterations of the nonlinear algorithm, the
shapes of the pole piece are obtained through the
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optimization of permutation and combination with
several rings. The comparison of the flat pole piece, one
shimming ring pole piece and the multi-ring pole pieces
are tabulated in Table 1.

Table 1: Comparison of the magnetic field properties

ACES JOURNAL, Vol. 33, No. 9, September 2018

From Table 1, we can see that the case of 3R_2 has
the minimum uniformity in a 60 mm DSV; however its
magnetic flux density is the weakest among the best
three cases, meanwhile, and it is also weaker than the
traditional one-ring pole piece 1R, so it is inadvisable.
The case of 4R 5 can be taken into consideration,

Type ID_Name | Magnetic | Uniformity because it has a similar field density and a better field
Flux (ppm) uniformity than the traditional one-ring pole piece 1R.
Density (T) The case 2R_2 with a simple structure is acceptable,
No ring NR 05815 60951 Zle?ncs,eitltZr:Eal?:iigfnfiltdd is quite good in both the field
One ring 1R 05270 51.28 y Y-
Two ring gi—; 825; ;’g;g Table 2: Optimized parameters of the best three cases
= : : ID Name Hi (mm) Si (mm) Dj (mm)
3R 1 0.5195 39.95 H.=14 23 S=5 01
. 3R 2 0.5130 34.82 P T
Three ring 3R_3 05318 530 3R_2 H,=6.74 S$,=5.81 D;=9.53
3R 4 0.5308 2017 1040 | 557567
4R_1 0.5061 48.28 2R_2 3;2332 8512296?3 D1=15.24
W T ous | a2es il I
i _ : : H,=7.94 =5.4
Fourring ™7p 4 0.5139 43.06 4R_5 H§:4_32 2;2,93 D1=6.56
4R 5 0.5242 37.62 H,=8.19 S,=5.78
4R 6 0.5327 48.53
5R 1 0.5059 44,01 | |
Five ring 5R 2 0.5103 49,94 i
5R_3 0.5085 46.72
5R 4 0.5235 42.16

Although the magnets with the optimized pole
pieces, both one ring and multi-ring, weaken the
magnetic flux density compared with the flat pole piece,
they are all stronger than 0.5 T which satisfy the design
requirement. Meanwhile, they all can significantly
improve the magnetic field uniformity. Moreover, all
multi-ring pole pieces we have designed in this paper
produced the magnetic field uniformity better than the
traditional one-ring pole piece named 1R. In all of the
attempts, more rings with a little more complex structure
can't make much better uniform magnetic field such as
all five-ring cases which are inadvisable. But some of
two and three-ring cases, such as 2R_2 and 3R_2, show
an obvious improvement in terms of the uniformity of
the magnetic field.

We chose the best three cases: 3R_2, 2R_2 and
4R_5, which offered better field uniformities. The
optimized parameters of the rings are displayed in Table
2. The cross-section and the 3D models of the three cases
are compared to the traditional one-ring pole piece in
Fig. 9.

The magnets with the optimized pole pieces
maintain better density and uniformity of the magnetic
field in different DSVs (diameters varied from 10mm-
70mm) than the flat pole piece as shown in Fig. 10.
These results can be used to estimate the magnetic flux
density and uniformity inside the DSV.

(@) (b)

© (d)

Fig. 9. The cross-section and 3D visualizations of the
model. (a) 1R; (b) 3R_2; (c) 2R_2; (d) 4R_5.

For the comparison of the traditional one-ring pole
piece 1R and the case 2R_2, the distributions of magnetic
field of DSV are shown in Fig. 11. Figures 11 (a)-(b)
represent the 1R case, and the scale of color bar is
[0.526987 T, 0.527014 T] that the difference of the
maximum and minimum is 2.7%10° T. Figures 11 (c)-(d)
represent the case of 2R_2, and the difference of the
maximum and minimum is 2.0*10° T with the scale of
color bar of [0.531162 T, 0.531182 T], which is smaller
than the 1R case. The case 2R_2 with a simple structure
can provide a more uniform distribution of magnetic



field than the traditional one-ring pole piece.
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Fig. 10. Magnetic field with respect to the variation 10-
70 mm of DSV. (a) Magnetic flux density; (b) uniformity.

(© (d)

Fig. 11. Magnetic field distribution of DSV. (a) 1R: half
DSV; (b) 1R: z=0, xy plane; (c) 2R_2: half DSV; (d)
2R_2: z=0, xy plane.

1V. CONCLUSION
In this paper, a nonlinear optimization and design of
multi-ring pole pieces for a small-sized permanent MRI
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magnet have been studied. A number of multi-ring pole
piece configurations have been attempted, and the 3D
FEM based simulation results demonstrate that, the
proposed multi-ring pole piece can effectively improve
the magnetic field uniformity. Compared with the
traditional one-ring pole piece, the cases 2R_2 and 4R_5
both offer much better shimming solutions when there
is no additional passive shim. Although larger number
of rings such as five rings has a slightly better field
uniformity than the one-ring pole piece, they are not
desirable in practice, because it will increase the
complexity of the shimming structure. The proposed
shimming method can be effectively performed for
various permanent MRI magnet systems. The scope
of the theoretical work presented here can provide a
reference to the actual magnet design and manufacture.
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