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Design of Superconducting Magnet for 1.5 T
Dedicated Extremity MRI System
Xiaoji Du and Weimin Wang

Abstract—In this paper, an effective method to design the superconducting magnet for 1.5 T dedicated extremity MRI is proposed.
The feasible current carrying zones of superconducting magnet
are subdivided by an array of grid elements. The size of each grid
element is determined by the actual superconducting wire. The initial current distribution of superconducting magnet is optimized
using 0–1 integer programming by a comprehensive consideration
of superconductivity wire consumption, central magnetic field
intensity, imaging region homogeneity, and the range of leakage
file. The final rectangular section of magnet is obtained using
the genetic algorithm optimization with artificial limitation of
the coil position and section size considering the initial current
distribution of superconducting magnet. The method based on the
actual superconducting wire makes the MRI magnet design more
feasible. A superconducting magnet for 1.5 T dedicated extremity
MRI system is designed using this method. This magnet can offer
1.5 T central field with high homogeneity in diameter sphere
volume (DSV), with total length of 430 mm, inner diameter of
350 mm. This method can also be used for short whole-body MRI
superconducting magnet design.
Index Terms—Magnetic resonance imaging (MRI), optimization methods, superconducting magnet.

I. I NTRODUCTION

M

AGNETIC resonance imaging (MRI) equipment has
been a primary diagnostic tool in the modern clinical
image settings. MRI is noninvasive and has better image quality
than X-ray and CT [1]. Comparing with whole body MRI
system, dedicated extremity MRI system has the advantage
of compactness, low cost, and patient comfort. But dedicated
extremity MRI system needs a high degree of homogeneity
in 16 cm diameter sphere volume (DSV) produced by a short
superconducting system.
Many methods treat the MRI magnet design as a general
nonlinear optimization problem, especially when magnetic materials are present [2]–[6]. These approaches are powerful but
relatively slow when applied to optimize the magnet design
iteratively. But the amount and arrangement of coils must be
presupposed.
There are also several methods using linear matrix approaches to solve the magnet design problem [5]–[7].
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Fig. 1. Feasible current carrying zone of superconducting magnet.

Hao Xu has introduced a technique for designing homogeneous
magnets using linear programming while minimizing power
consumption in 1999 [7]. These algorithms can be very efficient and in theory should always reach an optimal solution.
However, rounding layers and turns of coils will heavily decline
the homogeneity of magnetic field in imaging region.
In this paper, 0–1 integer programming method minimizing the superconducting wire consumption is introduced. A
superconducting magnet for 1.5 T Dedicated Extremity MRI
System is designed using this method. This magnet can offer
1.5 T central field with high homogeneity in diameter sphere
volume (DSV), with total length of 430 mm, inner diameter
of 350 mm.
II. C OMPUTATION M ODEL AND M ETHOD
A. Grid of the Feasible Current Carrying Zone
A cylindrical coordinates (r, z, ϕ) is defined and the MRI
superconducting magnet that is symmetrical about the z axis is
also considered. There can be more than one feasible current
carrying zone for a magnet. At the beginning of this work, a
whole feasible current carrying zone is defined for the superconducting magnet and divided into many grid elements (the
total number is N ) as shown in Fig. 1. The size of each grid
element is determined by the actual superconducting wire.
In this paper, the size of grid element is equal to that of the
used superconducting wire, so each grid element is just a wire.
For calculations, the field generated by each grid element is
approximated by the field from an ideal current loop (with zero
cross-sectional area) located at the center of the grid element,
and it is very similar to the real current distribution in the
superconducting wire.
Each grid element generates a magnetic field contribution
at each target point. If the ith grid element has the radii ri , z

1051-8223 © 2013 IEEE

4402104

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 24, NO. 3, JUNE 2014

location zi , and current Ii , then the Bri and Bzi field generated
at the jth target point (rj , zj ) is [8]
Bzi,j

1
μ0 I i
=
2π [(ri + rj )2 + (zj − zi )2 ] 12




rj2 − ri2 + (zj − zi )2
E(k) (1)
× K(k) −
(rj − ri )2 + (zj − zi )2
zj − zi
μ0 I i
2π rj [(rj + ri )2 + (zj − zi )2 ] 12




rj2 + ri2 + (zj − zi )2
× K(k) −
E(k) (2)
(rj − ri )2 + (zj − zi )2

Bri,j = −

C. 0–1 Integer Programming
In DSV, the component of magnetic field Bz is considered
to calculate the homogeneity of magnetic field [7]. And for
superconducting magnet, we would like to minimize the cost
of the magnet, which is greatly determined by the length of
superconducting wire consumption, which can be calculated by
the following equation:
N

ei ri .

L = 2π

(10)

i=1

So the minimize superconductor consumption magnet design
can be obtained by solving the following 0–1 linear programming problem:

where

N



4ri rj
k=
(ri + rj )2 + (zj − zi )2



Min :

1
2

.

(3)

The function K and E are the first and second kind complete
elliptic integrals
π

2
K(k) =

dα
1 − k 2 sin2 α

0

(4)

π

2

1 − k 2 sin2 αdα.

E(k) =

(5)

0

ei ri

(11)

Sub : |Bzj − B0 | ≤ εB0

(12)

i=1

where, ε is a constant representing the homogeneity of magnetic
field. For self-shielded magnet, (12) will be
⎧
⎨ |Bzj − B0 | ≤ εB0
Sub : |Bzj | ≤ Bz,shield
(13)
⎩
|Brj | ≤ Br,shield .
After one time solving of the 0–1 integer programming problem, a nonrectangular coils distribution would be obtained. But
this kind of magnet is not manufacturable. So the rectangularity
of the magnet is necessary.
D. Rectangularity of Current Carrying Zones

B. Magnetic Field at Target Point
The magnetic field at target point (rj, zj) can be expressed as
N

Bzj =

ei aij Ii

(6)

ei bij Ii

(7)

i=1
N

Brj =
i=1

where
aij =

1
μ0
2π [(ri + rj )2 + (zj − zi )2 ] 12




rj2 − ri2 + (zj − zi )2
× K(k) −
E(k)
(rj − ri )2 + (zj − zi )2

zj − z i
μ0
bij = −
2π rj [(rj + ri )2 + (zj − zi )2 ] 12




rj2 + ri2 + (zj − zi )2
× K(k) −
E(k) .
(rj − ri )2 + (zj − zi )2

For the specified superconducting wire and the fixed current
in the wire, the peak field in the coil would be limited according
the parameters of superconducting wire, so the thickness or
the layers of the thickest coil in the radial direction should be
limited. This can be achieved by a constraint of the feasible
coil space in the radial direction. Because each coil has even
number of layers, we can make every coil’s feasible domain to
have even number of layers in the computation process until we
obtain a design with rectangular coils.
Genetic algorithm also can be used to rectangularizing the
current carrying zones. Using the results of 0–1 integer programming, limiting the turns and location of each coil, the
optimal design of the magnet can be obtained using genetic
algorithm.

(8)
III. R ESULTS AND D ISCUSSION

(9)

And ei have two values: 0 and 1, corresponding to the grid
element whether to have the contribution to the target point. The
optimization of superconducting magnet becomes a 0–1 integer
programming problem.

The design method for superconducting magnet in this work
is very flexible for handling various arbitrarily shaped homogeneous volumes and coil locations. A cryogen-free nonshielded
superconducting magnet for 1.5 T dedicated extremity MRI
system has been designed using this method.
A. Requirement of Superconducting Magnet
Considering the comfort of patient and the manufacturability
of magnet, the parameters of magnet are limited as Table I.
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TABLE I
S PECIFICATIONS OF M AGNET

Fig. 4. Adjusting of the feasible current carrying zones.

TABLE II
M AIN PARAMETERS OF NbTi W IRE

Fig. 2.

Nonrectangular coils distribution on the first iteration.

Fig. 5. Rectangularity of current carrying zones.
TABLE III
D ETAILED PARAMETERS OF C OILS

Fig. 3.

Creation of the negative current zone.

B. Performance of Superconducting Wire
The performance of the NbTi superconducting wire for this
magnet is listed in Table II.
Based on the superconductor’s critical characteristic of short
samples and the stability analysis of magnet, the operating
current are selected as about 180 A, the peak field in the
coil should be less than 5 T. Considering the peak field and
manufacturability of the magnet, the layer of the thickest coil
of the magnet in the radial direction is limited no more than 50,
and the ratio of thickness to length of each coil is limited less
than 1.3.
C. Result of the First Iteration
Defining the feasible current carrying zone of magnet like
Fig. 1, the nonrectangular coils distribution is obtained using
0–1 integer programming on the first iteration. Fig. 2 shows the
first result of the coils distribution in the feasible coil space.
Here, the center magnetic field strength is 1.5 T with
23.1 ppm homogeneity in 160 mm DSV.
D. Creation of the Negative Current Zone
In order to get higher homogeneity of magnetic field, feasible
current carrying zone can be separated into several zones. A
negative current zone is created manually in the wide blank
area shown as Fig. 3. The operating current in the negative
current zone is-Iop , and its location can be adjusted manually

Fig. 6. Homogeneity of magnetic field.

according to the shape of coils optimized with 0–1 integer
programming. If one negative current zone is not enough to
meet the requirements for homogeneity of magnetic field, one
more negative current zone can be created manually in the wide
blank area.
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The result in Fig. 6 shows that peak-to-peak homogeneity in
160 mm DSV is about 22 ppm, and the Vrms homogeneity in
DSV is about 1.5 ppm, and those in 120 mm DSV are about
3.67 ppm and 0.2 ppm. The peak field in current carrying zone
is 4.85 T.
As shown in Fig. 7, the 5Gs line is 3.2 m in the radial
direction and 2.6 m in the axial direction.
IV. C ONCLUSION
An effective method to design the superconducting magnet
based on the 0–1 integer programming has been introduced
in this paper. Using this method, a cryogen-free nonshielded
superconducting magnet for 1.5 T Dedicated Extremity MRI
System is designed, which has great advantages for the actual
manufacture. This magnet can offer 1.5 T central field with
high homogeneity in diameter sphere volume (DSV), with total
length of 430 mm, inner diameter of 350 mm. This method
can also be used for short whole-body MRI superconducting
magnet design.
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