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Abstract. We have carried out numerical analysis of mechanical properties of a superconducting 

magnetic bearing (SMB). A contactless bearing operating at below 10 K with low rotational 

energy loss is an attractive feature to be used as a rotational mechanism of a polarization 

modulator for a cosmic microwave background experiment. In such application, a rotor diameter 

of about 400 mm forces us to employ a segmented magnet. As a result, there is inevitable spatial 

gap between the segments. In order to understand the path towards the design optimizations, 2D 

and 3D FEM analyses were carried out to examine fundamental characteristics of the SMBs for 

a polarization modulator. Two axial flux type SMBs were dealt with in the analysis: (a) the SMB 

with axially magnetized permanent magnets (PMs), and (b) the SMB with radially magnetized 

PMs and steel components for magnetic flux paths. Magnetic flux lines and density distributions, 

electromagnetic force characteristics, spring constants, etc. were compared among some 

variations of the SMBs. From the numerical analysis results, it is discussed what type, 

configuration and design of SMBs are more suitable for a polarization modulator. 

1.  Introduction 

The measurement of the cosmic microwave background (CMB) has provided rich information about the 

physics of early universe [1, 2]. With a rapid progress in various cosmological observations, the 

experimental probe for the cosmic inflation is identified as one of the highest priorities in the field of 

cosmology. The corresponding technological improvements toward the high sensitivity measurements 

are in high demand. One of the key instruments to achieve this science goal is to employ a polarization 

modulator. The polarization modulator is an instrument to modulate incident linearly-polarized radiation. 

It consists of a continuously-rotating optical element, called a half-wave plate (HWP), and a rotational 

mechanism with a bearing. One requirement that makes this observational instrument challenging to 
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implement is to cool an HWP to below 10 K during observations. Thus, the entire continuously-rotating 

system must operate at this temperature range.  Thus, a conventional mechanical bearing is unsuitable 

due to the mechanical friction and the resultant heat dissipation.  

A superconducting magnetic bearing (SMB) is a contactless bearing, which consists of an array of 

high temperature superconducting (HTS) bulk tiles and a permanent magnet (PM). Due to its nature of 

a levitation-based bearing, we identify this bearing to be an attractive candidate for a cryogenically 

continuously-rotating bearing for the CMB polarization modulator.  

An SMB provides nearly but not perfectly frictionless rotation. This is due to a magnetic interaction 

between a rotor and a stator. The source of friction is originated from the magnetic field inhomogeneity 

of a rotor magnet [3, 4]. As the rotor spins, this spatial magnetic field inhomogeneity causes a time 

varying magnetic field for the stator, and a hysteresis and eddy current loss results in friction [5]. The 

energy loss is eventually dissipated as heat. The diameter of a rotor magnet is determined from the size 

of HWP, and thus the expected diameter is about 400 mm for CMB observations [6]. This forces us to 

use a segmented magnet to form a large ring, and the imperfection of a segment rotor magnetization and 

a fabrication error become a source of a magnetic field inhomogeneity. In order to minimize the heat 

dissipation to a cryogenic temperature stage from this rotational mechanism, one can explore the design 

parameters of the SMB, such as the SMB configuration, the rotor magnet geometry, and the levitation 

height. The magnetic field inhomogeneity is one of the key figure-of-merits, but we also study the 

stiffness as a figure-of-merit since the expected rotor mass including an optical element amounts about 

30 kg.  

In this paper, we present the numerical study for design parameter tradeoffs of SMB system for use 

in a CMB polarization modulator. We show a comparison of the magnetic field inhomogeneities for two 

segmented-rotor configurations: an axially-magnetized rotor magnet and a radially-magnetized rotor 

magnet. We also compute the spring constant for the axially-magnetized rotor magnet. Finally, we 

discuss the applicability of this technology for the polarization modulator as well as room for the 

optimization in an SMB design.   

 

2.  Superconducting magnetic bearing 

Figure 1 shows a configuration of our SMB composed of a PM ring and bulk HTS tiles. There are two 

types of PM arrangements in the rotor, axially magnetized PMs and radially magnetized PMs as shown 

in figure 2 and 3, respectively. In both PM configurations, an assembled magnet has a gap between the 

segmented magnets inevitably. This gap results the magnetic field inhomogeneity. In addition to this 

effect, the ideal magnetization for the radial configuration is to magnetize the PM piece radially. In 

reality this is difficult to fabricate and we are forced to employ an arc-shaped PM piece that is 

magnetized in parallel instead of radially. This becomes another source of magnetic field inhomogeneity.   

The flux density variation needs to be reduced because it becomes a source of energy loss during rotation. 

We have considered following options to suppress the magnetic inhomogeneity of a segmented rotor 

magnet. For axially magnetized PMs, the insert of a single-piece of steel plate just below the PMs is 

effective to reduce the flux density variation [7], but it reduces also the amplitude of flux density. In this 

analysis, no addition of steel components was considered. As a part of effort to minimize the magnetic 

field inhomogeneity, the PMs are divided into two vertical stacks. Each are placed with a shift angle of 

180/n between the upper and lower PM arrangements, where n is the number of PM segments. For a 

radially magnetized PM, steel pieces are placed on both the inner and outer sides of the PMs as shown 

in figure 3. The steel component is effective to reduce the flux density variation along the rotational 

direction. We address the quantitative assessment of these options numerically.  
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Figure 1. Superconducting magnetic bearing composed of PMs and bulk superconductors. 

 

 

 

 

Figure 2. SMB with an axially 

magnetized PM ring. 

 Figure 3. SMB with a radially magnetized 

PM ring and steel components. 

 

3.  Analysis models and conditions 

3.1. Fundamental parameters of the SMB 

Finite element analysis (FEA) was carried out using a commercial software, COMSOL Multiphysics, to 

examine the magnetic flux density distribution and the spring constant of the SMBs.  Figure 4 shows a 

SMB model and its basic geometric parameters used in the FEA. Table 1 gives characteristic and 

geometric parameters of the PMs. The magnetic field of PMs can vary as a function of temperature [8], 

and we did not take into account this effect in the analysis. 

A PM ring is divided into arc-shaped PM components. In the actual fabrication of the PM ring, a 

small mechanical gap cannot be avoided between adjacent PM components. Here the PM gap of 1 mm 

is assumed. In the analysis of SMBs, which have radially magnetized PMs with steel magnetic flux 

paths, the steel pieces with hm (> hPM) in height and wm in width are placed on both the inner and outer 

side of the PMs. Here, hm is set to 18 mm and wm is 1 mm in all cases. The top surfaces of the PMs and 

the steel pieces are arranged to become a flat surface as shown in figure 3. 
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Figure 4. Arrangement of the permanent magnets and the bulk 

superconductors for FEM analysis. 

 

 

Table 1. Parameters of permanent magnets. 

Parameters Values 

Residual magnetic flux density Br (T) 1.1 

Inner radius Ri PM (mm) 200 

Outer radius Ro PM (mm) 216 

Height hPM (mm) 16 

 

 

3.2. Analysis of static spring constants 

An axisymmetric FEA of magnetic fields was carried out to examine the magnetic spring constant of 

the SMB shown in figure 2 and 3. A gap between adjacent PMs was not considered and a radial 

magnetization of the PMs was assumed. A precise estimation of the magnetic spring constant would 

require the investigation of dynamic characteristics of the SMB with its superconducting properties such 

as an E-J relation taken into account.  However, an approximate analysis based on a simple SMB model 

was adopted as the first step of the study. Namely, static spring constants were calculated using a 

magnetic flux frozen model, where an infinite critical current density was assumed. The analysis 

procedure is as follows: 

 

i) Calculate the magnetic field in the analysis region including the SMB model without the bulk 

superconductor for a given initial levitation gap; g0 between the bulk superconductor and the PM.  

The region of the bulk superconductor is set to air.  Magnetic vector potentials in the analysis region 

are obtained. 

ii) Obtain the magnetic vector potentials on the surface of the bulk superconductor region.  They are 

used as one of boundary conditions for the next analysis.  This boundary condition corresponds to the 

magnetic flux frozen state of the bulk superconductor with an infinite critical current density 

approximation. 

iii) The above boundary condition is applied to the surface of the bulk superconductor.  A small vertical 

displacement; g is given to the levitated body by changing the gap between the bulk superconductor 

and the PM.  Moreover, calculate the magnetic field in the analysis region. 

iv) Calculate the magnetic force acting on the levitated body by the nodal force method. 

v) From the obtained magnetic forces for the gaps, g0 and g0+g, the spring constant can be estimated. 

RoPM

RiPM

g

Robulk

Ribulk

z

PM

SC

hPM

hbulk



5

1234567890

29th International Symposium on Superconductivity  IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 871 (2017) 012094  doi :10.1088/1742-6596/871/1/012094

 

By changing the initial levitation gap, the relation between the static spring constant and the gap can be 

obtained. The FEAs were carried out for the SMBs with the axially magnetized PMs and with the 

radially magnetized PMs. The gap was changed in the range from 2 to 5 mm.  

 

 

3.3. Analysis of magnetic field inhomogeneity 

Three-dimensional FEM analysis was carried out to investigate the distribution of the axial magnetic 

flux density along a coaxial circular path on the upper surface of bulk superconductor. It was assumed 

here that the axial flux density distribution could be used as an evaluation parameter of the rotational 

loss of the SMBs. In the SMB with the axially magnetized PMs the circular path was placed in the 

middle of the top surface of bulk superconductor as shown in figure 5 while in the SMB with the radially 

magnetized PMs and the steel magnetic circuit the circular paths are placed on the bulk superconductor 

surface right below the steel pieces, as shown in figure 6. The radius of the circular path is 208 mm in 

the case of axial magnetization type. And the radii of the inner and outer circular paths are 199.5 mm 

and 216.5 mm, respectively, in the case of radial magnetization type. The levitation gap, g, is defined as 

the minimum distance between the bulk superconductor and the levitated component (the axially 

magnetized PMs or the steel pieces). The levitation gap was set to 5 mm in the analysis. The distribution 

of circumferential Bz of the axial magnetization type (n=8) is shown in figure 5. In addition, the 

distribution of circumferential Bz of the radial magnetization type (16 segments) is shown in Fig. 6. A 

magnetic flux density variation; B is defined as Bmax – Bmin along the circular path. We employ B/B 

as a figure-of-merit of the magnetic field inhomogeneity. 

 

 
Figure 5. Magnetic flux density distribution generated by the 

axially magnetized PMs. 

 

Figure 6. Magnetic flux density distribution generated by the 

radially magnetized PMs with steel components. 
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4.  Analysis results 

4.1. Spring characteristics 

Static spring constants of the two types of SMBs were analyzed using the magnetic flux frozen 

approximation for the bulk superconductor. Figure 7 shows the results of the analysis for the levitation 

gap range from 2 to 5 mm. The spring constant is on the order of 105 N/m and decreases with an increase 

in the gap.  The SMB with PMs having the axial magnetization has a larger spring constant than that 

with PMs having the radial magnetization and the steel magnetic circuit. An SMB for a smooth and 

ultra-low loss rotation of the HWP used in CMB polarization experiments is required to have a spring 

constant of at least a few 105 N/m and, if possible, as large as 106 N/m.  The results shown in figure 7 

satisfy the minimum requirement, but a design improvement will be needed for a better SMB 

performance. The approximation of the analysis has to be carefully considered again. The results were 

obtained on the approximation of the static analysis and the magnetic flux frozen model. A dynamic 

motion of the levitated body would generate larger currents in the superconductor than a static case if 

we consider the E-J characteristics of the superconductors with critical state models [9, 10]. Therefore, 

the static analysis gives us a smaller spring constant. On the other hand, the magnetic flux frozen model 

assumes an infinite critical current of the superconductor, and gives us a larger spring constant.  

Therefore, we consider that the static analysis and the magnetic flux frozen model would be an 

acceptable approximation for the estimation of the spring constant of the SMB in the first step of the 

study. 

 

 

Figure 7.  Dependence of the static spring constant on the levitation 

gap for the two types of SMBs. The SMB with axially magnetize PMs, 

and the SMB with radially magnetized PMs and the steel magnetic 

circuit. 

 

 

4.2. Evaluation of ΔB/B 

In the case of the radial magnetization type, the magnetic field, B, vs the number of divisions, n, is shown 

in figure 8. The magnetic field, B, reaches the peak when n is between 8 and 16 due to a predominant 

effect of the increase in the radial component of magnetic flux density. However, when n increased 

continuously, B decreases because of the decrease in the volume of PMs fractionally with respect to the 

gap volume.  
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The magnetic field inhomogeneity,ΔB/B, keeps decreasing as n increases as shown in figure 8. The 

design goal of the magnetic field inhomogeneity is ΔB/B < 0.01. The magnetic field inhomogeneity, Δ
B/B, is found to be small enough to meet the requirement when n is over about 50 divisions as shown in 

figure 9. 

 

 

 

 

 

Figure 8. ΔB/B and B vs number of divisions. 

 

  

Figure 9. Vertically enlarged version of ΔB/B vs number of divisions. 
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5.  Conclusions 

We conducted the numerical studies to explore the design parameters of SMB using the FEA. We 

conclude that we did not find no-go result for the SMB to use for the polarization modulator in the CMB 

experiment even where a rotor diameter is about 400 mm and the rotor PM has to be assembled by a 

collection of segment PMs. We showed the results of the spring constant for two different rotor PM 

configurations, the segmented rotor magnet in the axially magnetized and the pseudo-radially 

magnetized. By employing a magnetic frozen flux approximation, we obtained the spring constants in 

range of 105 N/m. This is well within the range of need for the polarization modulator, and thus this 

result drive us to move to the detailed implementation of the physical model, including the properties of 

the superconductor and the dynamical effect, to derive the spring constant. The magnetic field 

inhomogeneity, ΔB/B, in the axial magnetization of PM was about 10%. However, in the radial 

magnetization of PM, we demonstrated to suppress the ΔB/B as low as 1 %, that is the requirement value. 

This study guides us to construct a rotor magnet as well as investigate the further analyses, including 

computing the rotational loss with superconducting characteristics.  
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