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One of the main challenges in developing magnetic resonance imaging (MRI) systems is to create astatic
coil that needs to generate magnetic field density along with the characteristics of optimal homogeneity
and magnitude size. Todo this, two N42 Block PMs areused and the iron core is designed and optimized
in accordance with thedimensions of PM pieces using ANSY S Maxwell software. Then, all iron parts
are lathed, the yoke pieces and pole spacers are welded. In addition, PM and pole pieces are installed
Finally, measurement is done by Lutron to evaluate the static coil performance.
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1. INTRODUCTION

One of the most important medical diagnostic imaging
modality is MRI. In addition, how to assemble the
configuration of the magnet is so important and it affects
the quality ofthe MRI. Two main types of magnets which
are recently used in the MRI are permanent and
superconducting magnets. Due to high intensity,
superconducting magnets become more popular but they
are so expensive and special equipments are needed for
cooling. In comparison to superconducting magnets,
permanent magnets produce a smaller intensity but they
consume less electricity. In addition, they do not need to
the cooling equipments and therefore its construction
cost is lower. Recently, permanent magnet assemblies
have been applied to the manufacturing of the MRI for
different applications. How to use the permanent magnets
and their shape can affect the quality of imaging. Using
some extra pole pieces of iron, the uniformity of the
magnetic field can be also improved [1].

In a permanent MRI system, shimming rings are
commonly used to improve field homogeneity. To design
a small permanent magnet system, the application of
sensitivity analysis and particle swarm optimization
algorithm are reported in literature [2] for the
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optimization of shimming rings. Taking account of the
pulse excited gradient coil field, the ferromagnetic pole
pieces of permanent magnet assembly for the MRI is
designed in literature [3]. In this optimal design, both the
transient design sensitivity analysis and the three-
dimensional finite element method are used to give a
search direction. The claustrophobia of a patient can be
reduced using the MRI superconducting magnet with
openness. To fabricate an open MRI magnet, a different
magnet configuration with iron rings and pole plates
balancing the force between the coil and the yoke is
introduced in literature [4] to correct the field
homogeneity. The homogeneity of magnetic field is one
of the most critical parameter of MRI magnet. To correct
the inhomogeneity of the basic filed, a passive shimming
method based on magnetic coupling model and niching
genetic algorithm is introduced in literature [5]. In the
MRI system, gradient coils are the responsible
components for encoding the volume of interest. The
electromagnetic and thermal gradient coil properties are
investigated in literature [6] and two cooling systemare
introduced to cool them.

According to this law that the different material
susceptibilities affect the homogeneity of the magnetic
field density (B,), the passive shimming is performed in
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research article [7] by covering the skin using matching
the magnetic susceptibility of materials. To achieve a
possible pole plate structure and field uniformity for a
non-axial ellipsoid structure, an optimization algorithm is
designed in literature [8]. The shape of the pole piece is
optimized by the finite element method, thereby creating
the desired field density for imaging. Static magnet
design aspects that should be considered are: strength,
temporal stability, minimization of fringe, homogeneity,
patient access, and cost of productivity. It is reported in
literature [9], spherical harmonics are eliminated by the
shimming of iron pieces. The configuration of pieces is
determined by the micro genetic algorithm to make the
magnetic field uniform. This means that these pieces are
configured in such a way that the sum of the spherical
harmonic coefficients of the magnet and iron pieces will
be zero. Weggel and Weggel reported [10] have
proposed, a general history of the open MRI system.
Then, the dimensions and parameters related to the
optimal design of 24 static coils with the uniform
magnetic field are presented in the table. At the end, it
should not be forgotten that there are a large number of
ambiguities and challenges about the possibility of
developing this system.

In the present paper, the main goal is to generate a
uniform and homogenous field in the air gap. The idea is
indeed finding a solution for the limitation. For this
purpose, a rectangular cube (block) permanent magnet
should be used which is different from this assumption
that a disc type permanent magnet should be used. In this
case, an optimized block pole piece oughtto be utilized.
The pole spacermust also be a block piece. Nevertheless,
the area of interest is always considered spherical (which
is the same in this study) because there is always a sphere
that is inscribed in a cube. In the following, the theory
and required mathematical equations are described in
section 2. lron core design aspects are introduced in
section 3. The iron core construction is then presented in
section 4. Finally, the paperis concluded in section 5.

2. REQUIRED MATHEMATICAL EQUATIONS

There are two types of sources for the magnetic field
inhomogeneity:

First: the inhomogeneity arises from the inappropriate
structure of the static coil. Generally, the z-component
of magnetic field density in terms of spherical harmonics
in the ROI (region of interest) in a given sphere,
calculated as follows [11]:

B, = Yp—oom =_n(r10)n PR (cosa)[ayy, cos(mpB) + 0
bpsin(mp)]

where r,a,and § are spherical coordinates, r, is the
radius of ROI, and P"(cosa) are Legendre polynomials,

a,n and b, are homogeneity coefficients: the more
homogeneity, the smaller the coefficients. In
optimization process, the objective function ( f) should be
minimized as follows [12]:

f= (5ELAB - B 0

where N is the total number of sample points, B,; is the
sample magnetic flux density in the ROI which strongly
depends on the shape of the pole piece and the air gap
length, B, is the homogeneity goal value at ROI centre.
Second: The heterogeneity resulting from the structure
of the sample is important [7]. The field variations are
achieved by the phase difference of two images obtained
at two different echo times. Then, the phase difference is
proportional to the frequency of nuclei process (w) and it
is produced by the changes in echo times (TE):

Ap = ¢, — ¢y = WATE = w(TE, — TE,) ©)

where ¢, = ¢, + WTE;, ¢, = ¢y + WTE,. ¢, is the
initial phase which is produced by RF coil. By
substituting w = yAB, (y is the gyromagnetic ratio of
nuclei) in equation (1), field inhomogeneity is obtained:

_ Ao
ABo = YATE )

3. IRON CORE DESIGN ASPECTS

It is obvious that magnetic field density of air gap is
improved by using iron core, then finding optimal
dimensions for the iron core yoke should be discussed.
For example, the distance between two PM pieces
(50100 mm?, and 25 mm thickness)is increased from 0
mm to 50 mm, and the variation of force is shown in
Figure 1. When the pole pieces are used, the force is
strengthened. Comparison between two modes (with pole
pieces and without pole pieces) is shown in Figure 2.
Similarly, the appropriate magnet distance from the
yoke’s walls is obtained.

Figures 3 and 4 show one-sided and two-sided cores,
respectively. In Table 1, the dimensions of these
configurations are shown (with thickness 25 mm for all
parts). Figure 5 shows the distribution of magnetic field
density through the iron core. Magnetic field density for
the one-sided core is shown in Figure 6. Also, Figures 7
and 8 show for the two-side core.

3. 1. Inhomogeneity The region of interest is
assumed to be spherical with a diameter of 50 mm which
is known as a certain diameter of spherical volume
(DSV). Inhomogeneity in the region is defined in the
following equation [13]:

7y = 2mex—min 16 ®)

Bmean
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where  Bpgx Bmins  aNd  Bo.qn are respectively
maximum, minimum, and average of the magnetic flux
density in the region. The unit of n is ppm (part per
million). As an example, a rectangular piece (30x80
mn?) of thickness 3 mm and 5 mm is removed from the
front of the pole piece, as shown in Figure 9 and Table 2.
If the diameter of ROI is assumed to be 20 mm, thenthe
inhomogeneity value (n) will be less (for example for
h=0 mm: n = 356 ppm). According to values are given
in Table 2 (which are achieved by Excel), it is preferable
that the pole piece face connected to PM piece will be flat
and free of dentin.

Figure 4. Two- side core
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Figure 6. Magnetic field distribution for the one-sided core
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Figure 7. Magnetic field density in X, y and z-axes in the
different distances from the core center. Solid, dotted and
dashed lines show respectively the distribution of the magnetic
field density on the x, y and z-axes
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Figure 9. Distribution of magnetic field density for creating a
concavity in the face of the pole piece

TABLE 2. The effect of creating the denture at the face of pole
piece in the inhomogeneity

Thickness Binax Bin Bean n (ppm)
0mm 139.1 138.88 138.9 1664
3mm 133.0 132.71 132.8 2499
5mm 131.2 130.91 131.0 2464

3. 2. Active Shimming As it is shown in Figure 10,
by adding small pieces of PM (Smco24) to the greater
face of pole pieces, the magnetic field density is
increased. It is observed that the magnetic field density in
the air-gap centre is about 1.12 times increased but
inhomogeneity will not be smaller. There are two ways
to solve this problem: (1) use of optimization methods to
getthe best possible layout of small magnetic pieces with
optimized dimensions, (2) use of magnetic tapes at the
edges of the pole pieces.

4. TRON CORE CONSTRUCTIONS

After extensive studies, it was decided to build a PM
static coil. There should always be an equilibrium point
between some design parameters. For example, raising
the flux cross-section (product of the thickness and the
width of iron pieces) increases the weight and decreases
the magnetic field density which is not desirable. The
distance between two magnet pieces (the distance
between the two PM pieces supported by two iron faces
or the length of the non-supporting iron faces or the
distance between the pole spacers), and the horizontal
and vertical spacing between the iron faces and the PM
pieces should be such that the balance of magnetic force
will be maintained.

Work routine: First, the thick iron sheet (low carbon
steel sheetis used in literature [14]) is placed on a CNC
table with a magnetic lifter, and then the cutting direction
and size are determined by the useron the monitor. Next,
the cutting operation is performed with the flame
movement. Now, the cut pieces become very hot. The
parts are then transferred to a lathing workshop, on which
milling operation is performed to make smooth and
uniform side surfaces. This step is a prerequisite for a
precise welding. Then, the upper and lower surfaces of
the parts are smoothened and polished by magnetic
stones. This should be done by the alternator and large
industrial clamps because the conventional welding
machine is not suitable for thick sheets. A large extent of
welding pen was used for this work. At this stage, the

Figure 10. Active shimming by PM pieces. The upper pole
piece is shown by 100% transparency.
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milling is done again. The result of the work is
represented in Figure 11.

Required pieces in which all dimensions are in mm:
1) Two super strong Neodymium magnets N42
100x50x25: thick rare earth NdFeB (Neodymium Iron
Boron) block permanent magnets.
2) Two cap polar pieces (are known as slanted pieces) are
lathed from two blocks 170x120x25 iron pieces which
are displayed in Figure 12.
3) Two blocks 100x50x25 iron pieces known as spacers.
4) Two rectangular 350x170x25 iron sheets.
5) Two rectangular 200x170x25 iron sheets.

4. 1. Installing PM Pieces and Measurement
Initially, the poles of each magnet must be specified.
Then, the pole is marked by the letters A and B. Next,
two PM pieces should be placed on the smaller face of
two slanted pieces. One is installed with pole A and the
other with pole B. The pole piece should be tightly held
on the ground and the PM is placed on the pole piece by
a thin metal sheet (as a handle) and the cork piece;
otherwise the PM strikes sharply to the pole piece and
breaks (the PM material is extremely fragile). Then, the
two piece-pairs are carefully installed on the two spacers
by the cork piece with the help of each other. The final
air-gap is 4.6 mm. The static coil, which is indicated in
Figure 13 (the core is dyed), is now ready for the

measurement routine.

Figure 11. Iron core to prevent the dispersion and leakage of
magnetic flux (polar spacers are welded to the core yoke)

Figure 12. A slanted piece which is used to simplify the
installation of PM parts and to improve the magnetic field

Figure 13. Measuring the static magnetic field density by
Lutron M G-3002 (the iron core is painted).

4. 2. Magnetic Field Density Measurement
Method: the measurement can be done in circular or
rectangular layers at the surface of PM pieces. The
measurement in the air gap is performed at the surface of
spherical ROIL. Density measurements are made at the
intersection of longitudinal (e.g. 12) and transverse arcs
(e.g. 13). In the circular area of sampling, the outercircle
diameter is 5 cm (because the width of PM is not larger
than 5 cm) and diameters are plotted at 15° interval. In
addition to determining the location of the measurements,
these circles are also used to determine the location of the
shimming pieces. Tesla Measurement is done by Lutron
(model MG-3002), which is notably affected by the
gravity of earth. In the first step, the magnetic field
density is measured on a hypothetical plane (parallel to
the two pole pieces) at the middle of air distance. This
measurement is displayed in Figure 14. The field
measurement at the face of two pole pieces is illustrated
in Figures 15 and 16. The datarelated to these figures are
given in Tables 3-5. As can be seen,the measured values
are notvery close. Then, the pole-piece structure requires
additional shimming. In the second step, Tesla
measurement is done on the surface of spherical volume
(diameter=3.8 mm) whose inhomogeneity is 19314 ppm
which is large and thus it is best to optimize the design.
According to Figures 14-16, the magnetic field density
value in the centre of the air-gap is 130 mT, which is
adequate for MRI tests.

Magnetic field density (mT)

-10 X Axis

Y Axis €

Figure 14. Magnetic field density measurement plane in the
middle of the air gap
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TABLE 4. The detail data supporting Figure 15

Distance [cm]

300 Angle[°] 1 2 3 4 5 6
E 0 129 128 1293 129 130 132
g 15 129.1 1284 1291 129.3 1293 132.1
2™ 30 129.3 129.1 128.2 129.3 129.8 128.4
gw 45 128 128 129.1 1204 129.8 133.4
2 00 60 1257 126.8 127.9 129.1 1346 1565
’ P T 75 126.8 127.1 129.1 120.4 1415 225
v s 90 128 128 128 132 1465 151
Figure 15: M agnetic field density measurements on the face of 105 1268 1274 1282 1307 1417 257
the pole piece A 120 128 129 129 131 135 155
135 129 1288 129.3 130.7 132.7 1343
_ 150 128 128 1287 129 130 128.2
: 165 127 127 127 128 128 127
§ 180 128 1284 128.8 1284 1293 1296
2 195 127 126.4 126.8 126.8 128 129.3
H 210 129 1284 126.8 127.4 1296 127
= 225 128 128 127.7 1284 131 133
240 1263 126 127 129 133 157
T 255 127 128 129 1293 142 250
Figure 16. M agnetic field density measurements on the face of 270 ter 127 128 133 145 220
the pole piece B 285 128 129 130 130 142 241
300 127.4 1268 130 1327 136.8 154
315 127.7 1277 1284 1304 131 1348
TABLE 3. The detail data supporting Figure 14 330 127.4 128.8 129.6 129.1 130.7 129.3
Distance [cm] 345 1288 129.3 1296 130.2 1304 131
Angle[] 1 2 3 4 5 6
0 129.5 1296 1295 129 129 128 TABLE 5. The detail data supporting Figure 16
15 1296 130 130 130 129 1285 Distance [cm]
Angle[°] 1 2 3 4 5 6
30 130 130 130 130 129 129
0 130 131 1309 131.1 130.6 133
45 130130 130 130 129 125 15 1306 131 1311 1314 131 132
60 130 130 130 1288 124 127 30 130.6 1307 129.7 130 131.7 131.9
75 130 1296 129 127 120 106 45 1304 130 130.1 132 1331 1356
90 129 1205 1285 124 115 99 60 1305 1295 1315 1332 1372 152
105 129 129 1285 125 117 103 75 128.4 130.3 130.2 134 144 251.4
120 1295 129 129 127 123 113 90 130 129 130 136 147 145
135 129 128 129 1285 127 1236 105 129 130 129 134 142 234
150 129 128 1294 129 1281 128 120 129 1281 1291 1318 138 163
135 1308 130.7 129 132 133  137.1
165 1285 128 1288 1285 128.7 1276 150 1307 1308 1307 1304 1303 1311
180 1285 1275 128.7 1275 1285 1275 165 130 130 130 1294 1289 1313
195 130 129.4 129.3 1285 128 127 180 130 130.3 1295 130 130.4 131.8
210 129 129 129 1288 128 127 195 130 1284 130 1294 1289 130
225 129 129 129 128 127 128 210 130 129.8 128.6 129.8 130 130
240 128 128 127 126 128 116 225 130 129 129.7 129.6 130.6 134
255 128 1287 128 125 1185 104 240 130 1301 130 1294 1348 152
270 128 128 128 125 117 o7 255 130 129.1 129.8 133.7 142 142
285 128 127 126 125 117 100 270 130 = 129 131 134 147 226
285 1286 1294 1316 133.6 144 256
300 126 127 12r 126 122 112 300 129 129 1306 1317 137 158
315 129 129 1283 1275 124 123 315 130.9 130.6 129.3 129.7 131 135
330 129 1293 129 128 127.6 126.6 330 1295 128.7 130.1 1304 1302 131
345 129 129 129 129 128.8 1278 345 130 1295 128.9 129.8 129.7 130.2
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5. CONCLUSION

Through simulation and laboratory work, it was observed
that use of rectangular PM piece is possible as the
magnitude size and homogeneity of the magnetic field
density are desirable. In the first step, the size of the
magnet was selected, and then the dimensions of iron
core were optimized to achieve the balance of force. In
the next step, the iron core was made and the optimized
pole piece was lathed to obtain the minimum
inhomogeneity. Next, the magnetic field density was
measured in the middle of the air gap and on the surface
of pole piece by an accurate Tesla-meter and with the
help of graded pages because the accuracy of the
measurement affects on the RF probe design.
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