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1. INTRODUCTION 

 

A shim is a device used to adjust the homogeneity of a 

magnetic field. The process of correcting for some 

inhomogeneities, e.g. production errors and magnetization 

of ambient materials, is called shimming the magnet. For 

homogeneous superconducting magnets, shimming is an 

essential technology, especially for NMR and MRI 

magnets. Shimming is classified by two methods; active 

and passive. For a conduction-cooled high temperature 

superconducting (HTS) magnet, a superconducting active 

shimming is not easy to implement, because operating 

temperature is not cold enough to make superconducting 

shim coils using a low-temperature superconducting (LTS) 

wire like NbTi. Thus, the most effective shimming method 

for an all-HTS magnet is passive shimming. Typical 

passive shimming is to install some ferromagnetic pieces, 

like steel sheet, in a warm bore. Of many design methods 

such as a harmonic analysis [1] and Biot-Savart’s law [2], a 

spherical harmonic coefficients reduction method is 

applied to this research, because this is a powerful and 

systematical approach. 

There have been a few attempts to shim the HTS 

magnets. Some of them addressed an HTS insert magnet, 

which installed inside the LTS outsert [3], and the other 

conducted BSCCO magnet [4]. There is no attempt to shim 

the all-REBCO magnet using ferromagnetic material so 

far. 

In this paper, we develop a ferromagnetic shim design 

code using numerical analysis. Then, a passive shimming 

design for a 3 T magnet was conducted as a case study. 

 

2. SHIMMING DESIGN 

 

2.1. Field Mapping and Field Gradients 

Without any magnetic sources in region of interest in 

NMR magnet, the magnetic potential can be expressed as 

the solution to the Laplace equation in the central volume 

of a magnet as (1), 

 

    (1) 

  

where 𝑟, 𝜃, ∅ are field measurement point, and )(cosm

nP  

is the Associated Legendre function. 

Axial component of the magnetic flux density (Bz), 

which is the only concerned component in NMR magnet, 

can be obtained by derivate of magnetic potential as (2), 

 

    (2) 

 

On the assumption that n is a finite number, (2) would be 

limited. Bz at a point (𝑟, 𝜃, ∅ ) is measured by a field 

mapping process. With mapping results at enough number 

of mapping points, (2) can be solved, and then 𝐴𝑛+1
𝑚  and 

𝐵𝑛+1
𝑚  are obtained. Those coeffients are called the 

spherical harmonic coefficents or the field gradients. 

 

2.2. Theory of Ferromagnetic Shimming 
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Fig. 1. Coordination system; the magnetic field at P(𝑟, 𝜃, ∅) 

generated by a steel piece located at Q(𝑟𝑞 , α, ψ). 

 

Ferromagnetic material such as steel is saturated at 

around 1.8~2.5 T field. The magnetized steel makes 

magnetic field distribution like a magnetic dipole. Hoult et 

al. summarized the field distribution by the magnetized 

steel piece in 1985 [5]. Fig. 1 shows the coordination 

system to visualize two points P and Q. In this figure, a 

steel piece located at point Q generates magnetic dipole 

moment, and the moment makes magnetic scalar potential 

at point P. A single steel piece at point Q can be considered 

as a magnetic dipole,  

 

𝐦 =  𝜒 ∙ 𝑑𝑉 ∙ 𝐻𝑧 ∙ 𝒌               (3) 

 

where  and dV are the susceptibility and volume of the 

steel piece. Hz is the magnetic field strength by the steel 

piece, and k is the unit vector in z-direction.  The magnetic 

dipole moment creates a magnetic scalar potential, 

Φ(𝑟, 𝜃, ∅), at point P can be expressed as (4). 

  

Φ(𝑟, 𝜃, ∅) = −
𝑚

4𝜋
∙ ∇ (

1

𝑅
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In Fig. 1, rq is the distance between point Q and origin. 

The expansion of Green's function, for r < rq in spherical 

harmonics can be written as [6], 
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where the neumann factor m is 1 if m = 0, otherwise, its 

value is 2. Coodinates (, ) and (, ) are the angles for 

point P and Q respectively, as shown in Fig. 1. The 

magnetic flux density at point P is the negative gradient of 

the magnetic scalar potential, 

 

𝐁 = −𝜇0 ∙ ∇Φ(𝑟, 𝜃, ∅)                                     (6) 

 

where 0 is permeability of free space.  For an  NMR 

magnet, the only effective magnetic field component is on 

the z-axis. Hence,  

𝐁𝒛 = −𝝁𝟎 ∙
𝝏𝜱(𝒓,∅,𝜽)

𝝏𝒛
𝒛                        (7) 

For a fixed point Q, assuming the equation of 𝑇𝑛
𝑚 =

𝑟𝑛𝑃𝑛
𝑚(𝑐𝑜𝑠𝜃)𝑐𝑜𝑠[𝑚(∅ − 𝜓)], which is the only variable 

changes if the position point P changes.  Therefore, to find 

the magnetic field, the following partial differential 

equation need to be sovled first, 
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To convert the polar coordinates to the Cartesian 

coordinates in the derivitive format, 
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By applying the polar coordinates to the Cartesian 

coordinates, 
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𝑚
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The magnetic flux density at point P is 

 

  (11) 

 

By applying (10) to (11), the final equation of the 

magnetic field generated by a steel piece is expressed as 

(12). 

 

   (12) 

 

Using (12), finally, we can calculate the magnetic flux 

density at any point, which generated by a magnetically 

saturated steel piece. 

 

2.3. Algorithm of Ferromagnetic Shim Design 

The ferromagnetic shimming, in this paper, is to 

minimize the summation of the spherical harmonic field 

errors. Although the proper size of each steel piece will be 

determined later (see 2.4), the number of possible positions 

of the steel piece is greater than 100. Since several 

hundreds of pieces make the magnetic field distributions 

and those field should be superimposed, a numerical 

design code is needed. 

We developed a ferromagnetic shimming design code 

using MATLAB. The design method is based on a 



x

y

z

P

r rq

R
Q






m

𝑩𝒛 ≈ 𝜇0

𝜒𝑑𝑉𝐻𝑧

4𝜋
 

1

𝑟𝑞
2

∑ ∑ 𝜀𝑚

1

𝑟𝑞
𝑛

(𝑛 − 𝑚 + 1)!  

(𝑛 + 𝑚)!

𝑛−1

𝑚=0

7

𝑛=1

 

 

× 𝑃𝑛+1
𝑚 (𝑐𝑜𝑠𝛼) 

𝜕𝑇𝑛
𝑚

𝜕𝑧
 𝒛 

𝑩𝒛 ≈ 𝜇0

𝜒𝑑𝑉𝐻𝑧

4𝜋
 

1

𝑟𝑞
2

∑ ∑ 𝜀𝑚

1

𝑟𝑞
𝑛

(𝑛 − 𝑚 + 1)!  

(𝑛 + 𝑚)!

𝑛−1

𝑚=0

7

𝑛=1

 

 
× 𝑃𝑛+1

𝑚 (𝑐𝑜𝑠𝛼)𝑟𝑛−1(𝑛 + 𝑚)𝑃𝑛−1
𝑚 (𝑐𝑜𝑠𝜃) 

 
× cos 𝑚(∅ − 𝜓) 𝐳 

30



 
Min Cheol Ahn 

 

 

spherical harmonics including associated Legendre 

polynomials. This code includes an iterative method for 

constrained nonlinear optimization, which is sequential 

quadratic programming. For this code, we assume that 

steel shim is magnetically saturated at 2.1 T and the 

magnetic field distribution by shim is linearly proportional 

to shim thickness. Fig. 2 shows B-H curve of the 

low-carbon steel used to this study, named AISI1010. 

Algorithm of the code is as follows; 

• The magnetic field by each saturated steel shim is 

calculated at certain point based on (12). 

• The magnetic field distribution along a mapping path 

can be calculated by the virtual mapping. Then, field 

gradients by each shim is obtained based on (2). 

• Optimal thicknesses of shim pieces at possible 

positions can be calculated using the optimization. 

 

2.4. Size Determination of Shim Piece 

The design of ferro shim is intended to be mounted in a 

cylindrical tube, called shim cylinder, in the room 

temperature (RT) bore. Typical NMR magnet has a 64-mm 

RT bore, so that the outer diameter of the shim cylinder is 

set to 54 mm. In other words, in this study, it was assumed 

that the shims would be mounted on the surface of a 54 mm 

diameter cylinder. The surface has to be divided into a grid 

with l equally spaced (360 / l) ° divisions azimuthally and k 

equally spaced (72 mm / k) divisions axially. Then, the 

number of shim-element locations is (𝑙 × 𝑘). The larger 

the number of locations, the more adjustment is possible. 

However, the difficulty of manufacturing is proportional to 

the number of locations, and the possibility of 

manufacturing error would be also increased. Therefore, 

the proper size of shim element piece has to be determined. 

To find the proper size, a sample magnet is assumed, of 

which central field 3 T (130 MHz) with the first order 

coefficients (Z1, X, Y) of 10000 Hz/cm. Other coefficients  

of the second and third terms were set to zero. Table I 

summarizes the coefficients or field gradients of the 

sample magnet before shimming. Initial field homogeneity 

was about 115 ppm before shimming. 

With various combinations of axial length and 

azimuthal angle of single shim piece, the shim-set were 

designed by using the numerical code as refered in 2.3. In 

the optimal design code, the convergence time depends on 

the number of shim locations, but all cases reached enough 

homogeneity, which is less than 0.5 ppm at 10-mm DSV. 

However, the optimal design results have a thickness 

resolution of 0.01 mil (0.25 μm). In pratical, the integer 

number of thickness is commercially available. In this 

paper, the integerization were conducted by simple 

rounding-off. Table II shows the field homogeneity 

according to the shim piece size after rounding-off. 

Roughly, the bigger the size was, the worse the 

homogeneity was. Although the minimum value of 4.106 

ppm was in a case of 2 mm tall and 5.65 mm width, the 

number of shim locations is 1080 in the case. To consider 

the number of pieces and homogeneity at the same time, 

the evaluation factor was defined by the product of square 

of homogeneity and the number of pieces. Fig. 3 illustrates 

the evaluation factor value according to shim piece size. 

The minimum value was 11567, from which 3-mm tall by 

8.48-mm wide (18 degree) is. As a result, with a 

consideration of the number of pieces and homogeneity, 

the proper element size was selected to 3-mm tall by 

8.48-mm wide, and the number of locations was 480.  

Using the determined shim element size, the ferro-shim 

 
 

Fig. 2. B-H curve of low-carbon steel (AISI1010) used to 

manufacture the ferro-shims. 
 

 
 TABLE  I 

FIELD GRADIENTS BEFORE SHIMMING (UNIT: HZ/CM
N). 

   1 X Y C2 S2 C3 S3 

1  130M 10000 10000 0 0 0 0 
Z1 10000 0 0 0 0   

Z2 0 0 0       

Z3 0           

 

TABLE  II 

FIELD HOMOGENEITY ACCORDING TO SHIM PIECE SIZE WHEN 

ROUND-OFF.  

 

 

12 ° 

5.65mm 

18 ° 

8.48mm 

24 ° 

11.31mm 

2 mm 4.106 4.883 5.535 

3 mm 6.471 4.909 12.52 

4 mm 9.917 6.764 7.371 

6 mm 8.305 8.779 8.23 

9 mm 23.725 26.117 15.394 

* Vertical indices are axially length, and horizontal indices are azimuthal angle and 

width of the single piece. 

 

 
Fig. 3. Evaluation factor value according to shim piece 

size. Colormap was plotted by normalized value when the 

maximum value is 1. 
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set design was conducted, and the design result of the 

sample magnet, which has the field gradients as in Table I, 

are summarized in Table III. 

 

 

3. CASE STUDY ON SHIMMING DESIGN 

 

To verify the design method, a ferromagnetic shim set 

for a 129 MHz (3 T) all-HTS NMR magnet was designed. 

Table IV shows the field gradients before shimming [7]. 

The field gradients were measured by a field mapping test 

with a NMR magnetometer. Initial field homogeneity was 

634 ppm at 10-mm DSV. 

Ferro-shim can be attached on 480 possible positions, 

and the thickness of ferro-shim varies with 0 to 0.305 mm 

(12 mil). For simplifying the design procedure, the field 

gradients of each shim piece of 0.0254 mm thickness (1 

mil) were obtained by using the numerical code. A set of 

ferromagnetic shim matrix, which consists of various 

thickness steel pieces determined by the ferro-shim design 

code, was plotted in Fig. 4. The detailed value of the 

thickness can be found in Appendix. 

To analyze more intensively the design results, the field 

gradients by only ferro-shim set and after shimming are 

shown in Table V.  For example, Z1 gradient was -53071 

Hz/cm before shimming in Table IV, and the designed 

ferro-shim set makes 53068 Hz/cm. As a result, the final 

gradient was -3.1604 Hz/cm after shimming, which is 

corresponding to -0.012 ppm. In the right column of Table 

IV, Z2 gradient of -1.468 ppm is the biggest error remained. 

Final homogeneity, theoretically, of the magnet was 

calculated to 6.39 ppm. Fig. 5 shows field difference 

analysis; (a) measured data before shimming, (b) field 

profile by only ferro-shim set, and (c) simulated result after 

shimming as a summation of (a) and (b). Simulation result 

after shimming shows very flat characteristics. 
 

 

4. CONCLUSION 

 

In this paper, a passive shim design theory was 

summarized and a numerical design code was developed 

by a basis on the spherical harmonic error reduction 

method. The proper shim element size was determined. As 

a case study, a ferromagnetic shimming of a 130 MHz 100 

mm all-REBCO magnet was designed. The designed 

TABLE IV 

FIELD GRADIENTS BEFORE SHIMMING (UNIT: KHZ/CM
N). 

   1 X Y C2 S2 C3 S3 

1 129.7k 27.15 -72.90 -4.95 2.49 -2.21 0.97 
Z1 -53.07 -7.86 -1.78 2.54 1.86   

Z2 -5.58 3.62 2.72       

Z3 -2.79           

 

  
Fig. 4. Ferro-shim thickness of 480 positions. 

TABLE  III 

DESIGN RESULT OF FIELD GRADIENTS AFTER SHIMMING 
 (UNIT: HZ/CM

N). 

   1 X Y C2 S2 C3 S3 

1  130M -603 -243 -6.68 73.8 -69 -136 

Z1 63.1 138 -319 -131 -26.2   

Z2 -89.1 112 -240       
Z3 -288           

 

TABLE V 

FIELD GRADIENTS BY FERRO-SHIM SET AND AFTER THE SHIMMING. 

 
Ferro shim 

After 

shimming 
 

Harmonic 

error (ppm) 

Z0  -0.15 129.6 MHz  

Z1  53068 -3.1604 Hz/cm  -0.012156 

X  -27105 43.865 Hz/cm  0.16871 

Y  72843 -56.655 Hz/cm  -0.2179 

Z2  4817.2 -763.2 Hz/cm2  -1.4677 

ZX  7349.2 -512.4 Hz/cm2  -0.49269 

ZY  1010.2 -765.85 Hz/cm2   -0.7364 

C2  4766.6 -182.27 Hz/cm2  -0.35052 

S2  -2035.4 456.36 Hz/cm2  0.87761 

Z3  2640 -147.18 Hz/cm3  -0.14152 

Z2X  -2517.6 1101.5 Hz/cm3 0.35305 

Z2Y  -1061.1 1657.1 Hz/cm3 0.53113 

ZC2  -1857.4 680.26 Hz/cm3 0.26164 

ZS2  -1071.1 793.64 Hz/cm3 0.30525 

C3  1966.5 -248.11 Hz/cm3 -0.23857 

S3  -1223.9 -252.47 Hz/cm3 -0.24276 

  

  
Fig. 5. Field difference analysis; (a) measured data before 

shimming, (b) field profile by only ferro-shim set, and (c) 

simulation result after shimming. 
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Fig. 6. Ferromagnetic shim-set design result; the values are thickness of the shim piece. (unit: mil) 

ferro-shim set dragged down the harmonic error from 634 

ppm (before shimming) to 6.39 ppm (ferro-shimmed). 

Despites, the final homogeneity of 6.39 ppm was still 

greater than a typical NMR’s field homogeneity of 1 ppm. 

In fact, the optimization result of the shim thickness set 

was less than 1 ppm, which have resolution of 0.01 mil. 

Rounding-off makes worse the homogeneity to over 6 ppm. 

Hence, we need to investigate another method of 

integerization to decrease the loss of homogeneity.  

In this paper, it is confirmed that these big field errors 

can be reduced effectively by only passive shimming, and 

the design code is useful to design the ferro-shim set. 

 

 

APPENDIX 

 

Fig. 6 shows the specific thickness of the design set. 

Unit is mil (0.001 inch). 
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