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1. INTRODUCTION 
 

Magnetic resonance imaging (MRI) technology has 

been developed for medical diagnosis and scientific 

research. High field MRI systems that reach the magnetic 

flux density of 7 T, 9.4 T or even 11.7 T are having been 

established since they allow to increase the resolution with 

detecting not only hydrogen but also carbon, phosphorous, 

or oxygen [1-3].  

As uniform field homogeneity in the magnetic field is 

crucial to improve the resolution of MRI magnets, many 

different types of shimming methods have been researched 

[4-13]. Superconducting active shim coil to mitigate the 

magnetic field inhomogeneity [14-17] is one of the 

potential options, mainly because it may operate higher 

current density which makes it possible to manipulate the 

worse inhomogeneity than the normal wire [18-21]. 

Shim coils are also classified as zonal shim coil and 

tesseral shim coil depending on the components of 

spherical harmonic terms, and usually, both are required. 

As the screening current occurring in REBCO tape mainly 

increases the error in zonal components [22], we aimed to 

design zonal shim coil in this paper. In a conventional shim 

coil design process, each coil set, operating with individual 

power supplies, mitigates each harmonic coefficient terms. 

This method may have a disadvantage since the practical 

shim coils not only remove the target harmonic 

components but also create the error in other component. 

For this reason, a shimming method which enables 

canceling of multiple harmonic coefficient terms only with 

one series of coil sets is being researched recently [23-24]. 

Here, we propose a design method for active zonal shim 

coil which can simultaneously remove both low and high 

order harmonics using Tikhonov regularization together 

with parameter sweep approach. We calculate the surface 

current density which cancels the harmonic components 

and find a practical design that can do the same. To figure 

out the optimized design of active shim coil, four sweeping 

parameters are selected: 1) axial length of shim coil zone; 2) 

radius of shim coils; 3) exact axial positions of shim coils; 

and 4) operating current. Considering construction limits, 

turns of each shim coils, axial positions, and operating 

current are quantized. Each design's critical current margin 

and field homogeneity is computed with analytic 

calculation and the design with the minimum amount of 

wire consumption is chosen. Finally, the design properties 

from the analytic calculation are compared with the finite 

element method simulation results, and then the feasibility 

and the accuracy of the design was evaluated. 

 

 

2. DESIGN METHODOLOGY 

 

2.1. Method for Calculating Surface Current Density of an 

Ideal Active Shim coil: Tikhonov regularization 

Zonal shim coil is designed to lay on the surface of the 

cylinder which has an axial length of 2L and a radius of a 

as shown in Fig. 1.(a). We set the target region along the 

z-axis from pL to qL (−𝑎/𝐿 ≤ 𝑝 < 𝑞 ≤ 𝑎/𝐿). Spherical 

harmonic coefficients for this region are calculated and 

surface current density erasing these terms is obtained. 

 

A simulation-based design study of superconducting 

zonal shim coil for a 9.4 T whole-body MRI magnet 
 

 Geonyoung Kim, Kibum Choi, Jeonghwan Park, Uijong Bong, Jeseok Bang*, and Seungyong Hahn 

 
 Department of Electrical and Computer Engineering, Seoul National University, Seoul, 08826, Korea 

 

(Received 6 March 2020; revised or reviewed 29 March 2020; accepted 30 March 2020) 

 

 
Abstract 

 

As high homogeneity in magnetic field is required to increase the resolution of MRI magnets, various shimming methods have 

been researched. Using one of them, the design of the superconducting active zonal shim coil for MRI magnets is discussed in this 

paper. The magnetic field of the MRI magnet is expressed as the sum of spherical harmonic terms, and the optimized current 

density of shim coils capable of removing higher-order terms is calculated by the Tikhonov regularization method. To investigate 

all potential designs derived from calculated current density, 4 sweeping parameters are selected: (1) axial length of shim coil zone; 

(2) radius of shim coils; (3) exact axial position of shim coils; and (4) operating current. After adequate designs are determined with 

constraints of critical current margin and homogeneity criterion, the total wire length required for each is calculated and the design 

with a minimum of them is chosen. Using the superconducting wire length of 9.77 km, the field homogeneity over 50 cm DSV is 

improved from 24 ppm to 1.87 ppm in the case study for 9.4 T whole-body MRI shimming. Finally, the results are compared with 

the finite element method (FEM) simulation results to validate the feasibility and accuracy of the design. 

 
Keywords: active shim coil, magnetic field homogeneity, parameter sweep  

 

 

* Corresponding author: jeseoknim@snu.ac.kr 



 

Geonyoung Kim, Kibum Choi, Jeonghwan Park, Uijong Bong, Jeseok Bang, and Seungyong Hahn 

 

 

 

 
 

Fig. 1.  (a) A schematic diagram of geometric parameters 

for calculating surface current density. Thick red line 

stands for the target region and blue area represents surface 

current density, 𝑗𝜃(𝑧) . (b) A schematic diagram for a 

particular shim coil with construction limits considered. 

𝑛1, ⋯ , 𝑛𝑘 refers to each coil’s turns and 𝐼𝑜𝑝 refers to the 

operating current. 

 

In the first cut design stage, we assume the shim coil is 

continuously located along the surface of the cylinder and 

the thickness of the coil is negligible. Also current is 

supposed to flow only in the azimuthal direction. Then the 

current density can be treated as a surface current density 

𝑗𝜃(𝑧), and then the axial magnetic field along the axis is 

calculated by Biot-Savart law. As the tesseral shimming is 

not considered in this paper, the field along the axis is 

sufficient. To compute optimized surface current densities 

mitigating spherical harmonic coefficients induced by an 

MRI magnet, Tikhonov regularization method which is 

one of the error minimization methods using Lagrange 

Multiplier is adopted [23]. 

Suppose that the surface current density consists of the 

sums of basis functions defined by sine functions. 

 

             𝑗𝜃
′ (𝑧) = ∑ 𝑃𝑚 sin (

𝑚𝜋(𝑧+𝐿)

2𝐿
)𝑁

1 , −𝐿 < 𝑧 < 𝐿.        (1) 

 

N stands for the number of basis terms and 𝑃𝑚  is 

coefficients for basis function. 𝑗𝜃′(𝑧)  becomes 𝑗𝜃(𝑧)  as 

𝑁 → ∞. Substituting (1) into Maxwell’s equations gives 

the conclusion as the following. 

 

        𝐻𝑧
′ (𝑧) = − ∑ 𝑃𝑚𝑇𝑚(𝑧)𝑁

1  ,      𝑝𝐿 < 𝑧 < 𝑞𝐿.           (2) 

 

        𝑇𝑚(𝑧) = − ∫
𝑎2

(𝑎2+(𝑧′−𝑧)2)
3
2

sin (
𝑚𝜋(𝑧′+𝐿)

2𝐿
) 𝑑𝑧′𝐿

−𝐿
.       (3) 

 

𝐻𝑧
′ (𝑧), the approximated magnetic field, becomes an 

actual magnetic field 𝐻𝑧
 (𝑧) as 𝑁 → ∞, but, because N is a 

finite positive integer, 𝐻𝑧
′ (𝑧)  makes some error. To 

minimize this error, the governing function from the 

Tikhonov regularization method is defined. Then the 

partial derivative of governing function with respect to 

each 𝑃𝑚 (𝑚 = 1, ⋯ , 𝑁) should be zero, so this leads to the 

following expressions. 

 

∑ 𝑆𝑛,𝑚𝑃𝑚
𝑁
𝑚=1 = − ∫ 𝐻𝑧(𝑧)

𝑞𝐿

𝑝𝐿
𝑇𝑛(𝑧)𝑑𝑧.           (4) 

 

𝑆𝑛,𝑚 = ∫ 𝑇𝑛(𝑧)𝑇𝑚(𝑧)𝑑𝑧
𝑞𝐿

𝑝𝐿
+ 𝛿𝑛,𝑚

𝑛4𝜋4λ

16𝐿3 .         (5) 

 

 𝛿𝑛,𝑚  stands for the Kronecker delta function. λ  is a 

regularization parameter, and setting it small enough can 

reduce the error. 𝑃𝑚 can be determined by solving (4) and 

𝑗𝜃′(𝑧) is also determined from (1). 

 

2.2. Actual Shim Coil Design Process with Construction 

Limit Considered: Parameter Sweep Approach 

Using (2) and (3), we can express a given magnetic field 

along the axis with the superposition of the magnetic field 

of ideal circular current loops. By applying the Gaussian 

quadrature for magnetic field formula, the axial magnetic 

field can be expressed as the superposition of ideal loop 

currents.  

 

𝐻𝑧(𝑧) = ∑ 𝑤𝑖𝑗𝜃(𝑧𝑖)
𝑎2

(𝑎2+(𝑧𝑖−𝑧)2)
3
2

𝑘
𝑖=1  ,         (6) 

 

where 𝑧𝑖  and 𝑤𝑖  respectively stand for the ith Gaussian 

quadrature nodes and weights. 𝑘  is the total amount of 

current loops. 𝑧𝑖 determine the axial positions of shim coils 

and 𝑤𝑖  determine the turns and operating current. 
 

 
Fig. 2.  A flowchart of parameter sweep approach for 

active zonal shim coil design.  
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In this design step, we assume that the current is flowing 

through the solenoid with a square cross-section. Since the 

ideal loop current which is calculated in the previous step and 

solenoid generate different magnetic field gradient, the 

parameter sweep method is chosen to find out the adequate coil 

design for creating uniform field homogeneity. Each solenoid 

is supposed to have integer turns (𝑛1, ⋯ , 𝑛𝑘) and the sign of 

turns means the direction of the current. Every solenoid is 

driven by one operating current 𝐼𝑜𝑝 as shown in Fig. 1. (b). 

Four sweeping parameters are selected: 1) height of shim 

coil zone determined by 𝐿; 2) radius of shim coils, 𝑎; 3) 

exact axial positions of shim coils which are determined by 

𝑘; and 4) operating current. Among the potential shim coil 

models, critical current margin and field homogeneity are 

considered to figure out the satisfactory models [25]. Then, 

the total wire length required for each one is calculated and 

the design with a minimum length is chosen. The whole 

process of parameter sweeping is presented in Fig. 2. 
 

 

3. CASE STUDY: 9.4 T WHOLE-BODY MRI ZONAL 

SHIM COIL DESIGN 

  

 To verify our shim coil design method, designed MRI 

magnet by other work [1] is adopted as a reference. Since 

the proposed 9.4T MRI magnet design has a bore size of 

100 cm and an axial length of 200 cm, the range of shim 

coil axial length (2L) and radius (a) are respectively set to 

< 100 cm and 45~48 cm. Shim coils are designed to be 

located inside the magnet bore and also they have to be 

located in the cryostat. The field homogeneity over 50 cm 

DSV measured in [1] is 24 ppm peak to peak. As the 

magnet is designed to be symmetric, only even number 

components of the harmonic coefficients are considered. 

Results of parameter sweep process are presented in 

Fig. 3. Shim coil’s cross-section is assumed to be a square 

with a 10 mm side length. Parameter sweep area for L 

ranges from 980 mm to 1000 mm and the area for a ranges 

from 450 mm to 480 mm, calculated at 1 mm intervals 

each. Field homogeneity criterion is below 2 ppm. 

 
Fig. 3.  The scatter plot of the results of parameter sweep. 

The x-axis represents the field homogeneity over 50 cm 

DSV and the y-axis represents the total required length of 

wire. The selected design is marked in the enlarged area, 

the red box.  
 

TABLE  I 

KEY PARAMETERS OF ACTIVE ZONAL SHIM COIL DESIGN. 

Parameters Values 

Height of shim coil zone (2L) [mm] 1990 

Shim coil inner radius [mm] 455 

Shim coil outer radius [mm] 465 

Shim coil thickness [mm] 10 

Number of shim coils (k) [-] 29 

Operating current [A] 176.89 

Total turns [-] 3380 

Total wire length [km] 9.77 

Field homogeneity over 50cm DSV [ppm] 1.87 

Fig. 4. (a) Magnetic field homogeneity contour plot on the first quadrant of the XZ plane without shim coils, (b) Magnetic field 

contour plot on XZ plane (Y=0) with shim coils. The dashed line stands for the 50 cm DSV sphere. In each figure, contour levels for 

the magnetic field are determined to 1, 2, 5, and 10 ppm. The innermost blank region colored with white represents sub-ppm-level. 
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TABLE  II 

COEFFICIENTS OF SPHERICAL HARMONIC EXPANSION BEFORE AND 

AFTER SHIMMING. 

Name 

Value [ppm] 

Before shimming After shimming 

Z2 0.68 0.22 

Z4 1.1 0.65 

Z6 5.7 0.09 

Z8 11.7 2.3 

 

Considering the permanent joint of wire, Bi2212 can be 

chosen as wire material [26]. Since the critical current is 

measured to be around 300 A [27-28], the operating 

current below 200A at 9.4T will have a sufficient margin. 

The key parameters from the analytic calculation are 

summarized in Table I. The operating current is calculated 

to be 176.89 A which makes more than 30 % of margin in 

critical current density. Total superconducting wire 

consumption is 9.77 km and the field homogeneity over 50 

cm DSV is improved to 1.87 ppm peak to peak. 

As mentioned in Table II, spherical harmonic 

coefficients are decreased after shimming. Coefficients for 

Z2 and Z4 are reduced respectively to one third and to 

almost half, and those of Z6 and Z8 are drastically reduced. 

Contour plots in Fig. 4. surrounding the 50 cm DSV 

sphere shows that the field homogeneity is improved after 

shimming. The magnetic field inside the 50 cm DSV 

sphere is calculated and the field inhomogeneity is 

expressed in ppm units. Especially 1 ppm contour line 

which intrudes the sphere line in Fig. 4.(a) is much 

uniformly distributed in Fig. 4.(b). 

The results with analytic calculation are compared with 

those from the finite element method (FEM). Calculation 

of field homogeneity with the FEM method deduced 

similar results to analytic calculation results. Field 

homogeneity over 50 cm DSV computed by FEM is 1.88 

ppm peak to peak. We can figure out that FEM results 

validate good agreement with analytic parameter sweep 

calculation results. 

 

 

4. DISCUSSION 

 

Improved field homogeneity with canceling the magnetic 

field harmonic coefficients will lead to the higher resolution 

of magnetic resonance images. Since the turns of each shim 

coils, operating current, and coil’s axial positions are 

normalized for satisfying construction limits in this paper, 

the design parameters such as field homogeneity or total 

required wire length can be partly irregular or unpredictable. 

Nonetheless, the magnets with accurate parameters from 

which the exact spherical harmonic coefficients can be 

measured are able to be sufficiently shimmed with this 

method. Additional case studies or experiments for real 

magnets or asymmetric field gradients will provide further 

verification of this work. 

 

 
Fig. 5. FEM simulation result on the first quadrant of the 

XZ plane. Log scale of a magnetic field created by only 

shim coil inside the MRI magnet’s bore is expressed.  

 

 

5. CONCLUSION 

 

A parameter sweep approach for superconducting active 

zonal shim coil based on the Tikhonov regularization 

method is proposed in this paper. The properties of shim 

coils are defined with four parameters including axial 

length of shim coils, a radius of coils, the exact axial 

position of shim coils, and operating current. Nb3Sn or 

Bi2212 are considered to construct the shim coils because 

these materials can operate in a high magnetic field and are 

also possible for the permanent joint. Using the suggested 

design method, superconducting active zonal shim coil for 

a proposed 9.4 T MRI magnet is deduced. Required total 

wire length is measured to 9.77 km and field homogeneity 

over 50 cm DSV is improved from 24 ppm to 1.87 ppm. 

The design result is compared with finite element method 

simulation and the feasibility and accuracy are verified. 
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