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Abstract — This paper presents the design of an HTS magnet 

for an ultra compact MRI system, potentially for the rapid and 

early diagnosis of brain trauma. Early diagnosis and therapy 

stratification can reduce the risk for critically brain ill patients 

with the use of near patient imaging, and can aid with precision 

medicine. High temperature superconductors (HTS) have the 

ability to carry large currents in the cryogen free contrition, 

which can make the MRI system even smaller and lighter. The 

design and Genetic Algorithm (GA) optimization were based on 

the FEM package COMSOL Multiphysics with the LiveLink for 

MATLAB, together with the GA module in the MATLAB 

optimization toolbox. The relatively thick HTS tape, ST-12-L 

from the Shanghai Superconductor Technology® was chosen and 

that made more difficulty on optimization process. Genetic 

Algorithm method improved the optimization performance, and 

the uniformity achieved 2.36 ppm in a 10 × 10 × 10 cm DSV. Two 

cases of the end double-pancake were compared. Further 

sensitivity studies were performed on the homogeneity with its 

relationship to the magnet length, and the thickness of HTS tape. 

 

Index Terms — High temperature superconductor (HTS), 

Magnetic resonance imaging (MRI), HTS magnet, Genetic 

Algorithm (GA), Finite element method.  

I. INTRODUCTION 

ince the 1990s, the combination of high temperature 
superconductor (HTS) and magnetic resonance imaging 

(MRI) has been aroused great interests in both the 
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superconductivity and MRI communities. MRI [1-3] and 
electrical impedance tomography (EIT) [4-8] are the sensitive 
in vivo imaging technologies with soft-tissue contrast, but due 
to EIT’s ill-posed inverse problem causes lower spatial 
resolution, MRI is still the only commercial and chemically 
sensitive imaging of soft tissue lesions with high-resolution.  

The price of liquid helium has increased significantly as 
cryogenic applications such as low temperature superconductor 
(LTS) applications use more than 50 million cubic meters of 
gaseous helium every year [9], and the consistent increases of 
helium prices also affects the MRI market. Therefore, the HTS 
based MRI scanners become more favorable as they do not 
require helium cryogen. In the helium cryogen free system, the 
superconducting magnets made by HTS tapes are able to carry 
high electrical current density and hence generate properly high 
magnetic field. The HTS also offers MRI new advantage of 
reducing the size and weight, which contributes MRI with 
compact system integration and even the mobility for 
emergency diagnosis. 

The first HTS based MRI magnet was presented in 1999, in 
the same time with early commercial production of HTS 
conductors [10]. Early HTS based MRI magnets were 
manufactured using Bi-2223 tape conductors, which showed 
excellent electromagnetic performance [11-14]. The Second 
Generation (2G) Yttrium-Barium-Copper-Oxide (YBCO) HTS 
tape wound MRI magnet also presented satisfactory magnetic 
profile for commercial MRIs [15]. Comprehensive reviews of 
the development of HTS MRI can be found in [16, 17].  

This paper presents the design of an HTS magnet for an 
ultra-compact MRI system (example shown in Fig. 1), which is 
primarily for brain scan. In order to obtain high quality imaging 

S 

 
Fig. 1. An ultra-compact MRI system is potentially for the rapid and early 

diagnosis of brain trauma, where an HTS magnet is a key component to 
achieve high quality imaging. 
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of human skull, both the strength and uniformity are highly 
required. The 2G Rare-earth barium-copper-oxide (ReBCO) 
HTS tape (ST-12-L), from the Shanghai Superconductor 
Technology

®
 was selected to implement the superconducting 

magnet. As the high aspect-ratio dimension of 2G HTS tape, 
the optimization to achieve excellent homogeneity of magnetic 
field is very challenging, especially with the thicker HTS tapes 

(e.g. the total thickness of ST-12-L is approximately 230 m). 
Here we introduce a new approach for HTS magnet design 
using the Genetic Algorithm method implemented into the 
platform of the Finite Element Method (FEM) package 
COMSOL Multiphysics with the LiveLink for MATLAB. The 
optimization performance was improved by Genetic Algorithm 
method, where the uniformity was able to reach 2.36 ppm in a 
10 × 10 × 10 cm diameter of spherical volume (DSV). The 
sensitivity studies on uniformity with different parameters were 
carried out, such as the new sensitivity study on the thickness 
of HTS tape. The approach, results, and analysis of this paper 
could be potentially helpful for the future design of the HTS 
magnet for MRI scanners.  

II. METHODOLOGY  

A. Genetic Algorithm (GA)  

Genetic Algorithm (GA) is one of the stochastic 

optimization methods using global direct search, which is 

inspired by the natural evolution theory raised by Darwin [18]. 

GA differs from other stochastic methods such as Simulated 

Annealing (SA) because GA uses the concept of population, 

where multiple candidates are simultaneously considered 

instead of calculating a single solution through each iteration 

[18, 19]. GA performs the natural selection to pick the fittest 

individuals, which survive and evolve towards a better 

generation. Genetic Algorithm has the capability to solve 

large-scale and multi-parameter optimization problems at a 

reasonably fast speed [20]. The concept of GA has been 

applied to optimize the magnetic field of the LTS magnets for 

MRI scanners [21, 22], but for HTS magnets using GA 

optimization literatures have not presented in detail yet. 

Our optimization strategy for the field uniformity of HTS 

magnet is shown in Fig. 2. The advantage of FEM package 

COMSOL Multiphysics with the LiveLink for MATLAB was 

that all the settings, the process of FEM solving, input data 

and output data can be flexibly controlled by MATLAB 

scripts. The optimization iterations were realized using the 

FEM MATLAB scripts together with the MATLAB 

optimization toolbox for Genetic Algorithm. First, GA solver 

initialized to run with a default set of parameters, and obtained 

the results of physical properties, such as the magnetic profile 

from the magnet. After that the results were tested by the 

nonlinear constraint functions and fitness functions. If the 

criteria achieved, the optimization iterations stopped; 

otherwise, the iterations continued to for the purpose of 

improving the results to reach the targets through repetitive 

selection, crossover, mutation, and elite preservation, until 

targets achieved. 

TABLE I. PARAMETERS FOR THE HTS MAGNET  

Parameters  Value  

Tape width 12 mm 

Tape total thickness  230 m 

Total tape length 2.85 km 

Number of turns (each double-pancake coil 

from center to end) 

75, 86, 125 turns 

HTS Coil inner diameter 58 cm 

Magnet length (distance between end coils’ 
inner edge) 

54.5 cm 

Operating temperature 10 K 

Operating current (ideal) 1000 A 

Central field 1.6 T 

Stored energy 239 kJ 

 

 
Fig. 3. The basic configuration of the HTS magnet: 5-set of double-pancake 

HTS coils. 

 

 
Fig. 2. Genetic Algorithm (GA) flowchart: optimization strategy for the field 
uniformity of HTS magnet. 

 

 
Fig. 4. Overall magnetic profile from the HTS magnet (2-layer end double-
pancake case), with the ideal case of transport current 1000 A. 
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B. HTS Magnet Modeling and optimization  

The basic configuration of the HTS magnet was 5-set of 

double-pancake HTS coils, and their locations are shown in 

Fig. 3. The target was the inhomogeneity (ppm, peak-to-peak) 

as small as possible in a 10 × 10 × 10 cm DSV. The HTS tape 

ST-12-L (12 mm wide, 230 m thick, minimum critical 

current Ic 480 A at 77K) from the Shanghai Superconductor 

Technology
®
 was chosen as the single element for 

optimization. The advantages of this relatively thick tape are 

the decent current carrying capability, the strong mechanical 

performance and the relatively less sensitive to the anisotropic 

field dependence, which are favorable for the design of high 

field magnets, however, at the cost of extra difficulty in the 

optimization of field uniformity. 

The HTS magnet was operated by the driven mode. The 

inner diameters of all the HTS coils are fixed at 58 cm. The 

end coils can be either 1-layer double-pancake, or 2-layer 

double-pancake (series-connected two double-pancake coils). 

Other coils were fixed as 1-layer double-pancake structure. 

Each HTS coil’s location at z-direction, as well as each HTS 

coil’s number of turns were set as variables. As the real HTS 

magnet will eventually implemented, the minimum step of 

geometry optimization was set as 0.1 mm, which could be 

realistic for manufacture. 

In the MATLAB GA Optimization tool box, we set the 

population size 50, the generation 100, crossover fraction 0.8. 

The constraint functions were used primarily to meet the 

requirement of magnetic field strength, and the fitness 

functions are used to meet the field uniformity (to achieve the 

minimum inhomogeneity). Anisotropic field dependence and 

temperature dependence were not considered at the first stage, 

as the strength and uniformity of magnetic field are the first to 

test the feasibility of this HTS magnet with a specific thick 

HTS tape. 

III. RESULTS AND DISCUSSION  

After maximum iterations of optimization, as well as 

refining the boundary of parameters for several stages, the GA 

optimization output the best results. Fig. 4 shows an example 

of the overall magnetic profile from the HTS magnet (2-layer 

end double-pancake case), with the ideal case of transport 

current 1000 A. It can be seen that the magnetic field was 

highly uniform in the centre part. To be more precise, Fig. 5 

presents the magnetic field inhomogeneity (1-layer end 

double-pancake case) in a 10 cm DSV was 3.30 ppm, while 

Fig. 6 presents the inhomogeneity (2-layer end double-

pancake case) in a 10 cm DSV was 2.36 ppm. By comparison 

of Fig. 5 and Fig. 6, the inhomogeneity harmonics in the 

r-direction with 2-layer end double-pancake case were 

relatively smaller than those with 1-layer end double-pancake 

case. 

Fig. 7 provides the information on the stray field 

(unshielded) in the r-direction and z-direction, for both the 

1-layer and 2-layer end double-pancake cases, with the ideal 

case of transport current at 1000 A. It can be seen that for both 

the r-direction and z-direction, the difference between 1-layer 

and 2-layer end double-pancake cases was not significant. The 

30 Gauss line was approximately at 2.5 m in r-direction, and 

3 m in z-direction. The 5 Gauss line was approximately at 5.6 

m in r-direction, and 4.8 m in z-direction. 

 
Fig. 5. The magnetic field inhomogeneity in a 10 cm DSV (1-layer end 
double-pancake case). 

 
Fig. 6. The magnetic field inhomogeneity in a 10 cm DSV (2-layer end 
double-pancake case). 

  
Fig. 7. Stray field (unshielded) in the r-direction and z-direction, with the 

ideal case of transport current 1000 A. 
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IV. SENSITIVITY STUDIES  

In this section, the sensitivity studies were carried out, for 

the relationship between the homogeneity in a 10 cm DSV and 

(1) magnet length, and (2) thickness of HTS tape. These 

sensitivity studies were on the basis of the same optimization 

strategy described in the above sections.  

Fig. 8 shows the relationship between the homogeneity and 

magnet length (distance between end coils’ inner edge), for 

both the cases of 1-layer and 2-layer end double-pancake. It is 

obvious that for various magnet lengths, the inhomogeneity of 

the 2-layer end double-pancake case was always smaller than 

1-layer end double-pancake case. For example, the with the 

magnet length 49.6 cm, the inhomogeneity of the 2-layer end 

double-pancake case was 8.34 ppm while the inhomogeneity 

of the 1-layer end double-pancake case was 12.56 ppm. The 

difference between two cases became smaller with the 

increasing magnet length, e. g. at magnet length 67.8 cm the 

the inhomogeneity of the 2-layer end double-pancake case was 

1.32 ppm and the inhomogeneity of the 1-layer end double-

pancake case was 1.52 ppm, whose difference was only 

0.2 ppm. It can be seen for both cases that the decreasing 

trends of inhomogeneity were very sharp before magnet length 

54.5 cm, and afterwards the homogeneity improvement was 

less obvious. 

Fig. 9 presents the relationship between the homogeneity 

and the thickness of HTS tape, for both the 1-layer and 2-layer 

end double-pancake cases. The magnet length was fixed at 

54.5 cm. For both cases, the thickness of HTS tape 50 m, 100 

m, 230 m, 300 m, 400 m were tested to reach their 

optimum homogeneity. If using the thinnest 50 m tape, both 

the 1-layer and 2-layer end double-pancake cases were able to 

achieve the inhomogeneity less than 1 ppm. However, with the 

increment of tape thickness, the difficulty to realize good 

homogeneity increased significantly. This phenomenon 

appeared in both case, and that of 1-layer end double-pancake 

case was more noticeable than that of 2-layer end double-

pancake case. As shown in Fig. 9, for both case the 

inhomogeneities were both over 10 ppm if using the 400 m 

HTS tape. A thicker HTS tape offers a better current carrying 

capacity, but results implies the thickness of HTS tape is a 

really important parameter for the uniformity optimization of 

magnetic field, and the tape thickness more than 400 m 

seems very difficult to achieve inhomogeneity less than 10 

ppm.  

V. CONCLUSION 

The design of a HTS magnet was presented in order to be 

equipped into an ultra-compact MRI system. The design was 

based on the FEM package COMSOL Multiphysics with the 

LiveLink for MATLAB. The relatively thick HTS tape was 

used as the unit single element, and that brought more 

challenges on optimizations. Genetic Algorithm method was 

used to improve optimization performance, where the 

uniformity was able to reach 2.36 ppm in a 10 × 10 × 10 cm 

DSV. Two cases of the end double-pancake were compared. 

The sensitivity studies were carried out on the relationship 

between the homogeneity and magnet length, as well as the 

thickness of HTS tape. It reveals that thickness of HTS tape is 

crucial for the uniformity optimization of magnetic field, and 

the thicker HTS tapes are not suitable for the design of highly 

uniform HTS magnet.  

In the first stage, the strength and uniformity of magnetic 

field are the first priorities to judge the feasibility of this HTS 

magnet with a specific HTS tape. Other important factors such 

as the transient loss [23-27], anisotropic field dependence [28-

30], quench protection [31-33], and force analysis will be 

incorporated into the future design. 
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Fig. 8. Sensitivity study: inhomogeneity vs magnet length (distance between 
end coils’ inner edge). 

 

 
Fig. 9. Sensitivity study: inhomogeneity vs the thickness of HTS tape. 
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