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Abstract 

 

Permanent magnets are essential components for many devices such as motors, which currently 

account for 45 % of global electricity consumption, generators and also superconducting magnetic 

bearings used for applications such as flywheel energy storage. But even the most powerful rare-

earth magnets are limited to a remanent field of 1.4 T, whereas superconducting materials such as 

YBCO in their bulk form have the extraordinary ability to trap magnetic fields an order of magnitude 

higher, whilst being very compact. This gives them the potential to increase efficiency and allow 

significant volume and weight reductions for rotating machines despite the need for cooling. A new 

design of superconducting magnetic bearing has been developed which uses magnetized bulks as 

the field source, eliminating permanent magnets. Finite element modelling shows that the bulk – 

bulk design can achieve much higher force densities than existing permanent magnet – bulk designs, 

giving it potential to be used as a compact magnetic bearing. A system was created to magnetize 

bulks using a pulsed magnetic field down to 10 K and then measure levitation force. In proving the 

concept of the proposed design, the highest levitation forces ever reported between two 

superconducting bulks were measured, including a levitation force of 500 N between a 1.7 T 

magnetized YBCO bulk and a coaxial MgB2 bulk tube. 

The biggest factor limiting the use of magnetized bulks in applications is magnetizing them in 

the first place. Using a pulsed magnetic field is most practical but generates excessive heat 

dissipation leading to a loss of flux in conventional bulk superconductors, which are 100% 

superconductor. Although multi-pulse techniques help maximise the trapped field, the poor thermal 

properties of bulk (RE)BCO are a limiting factor. New composite superconducting structures are 

reported which can overcome these problems by using high thermal conductivity materials, the 

motivation for which came from finite element modelling of the critical state coupled with heat 

transfer. In particular, composite structures created by cutting and stacking 12 mm wide (RE)BCO 

superconducting tape are shown experimentally to have exceptional field trapping ability due to 

superior thermal and mechanical properties compared to existing bulks. Up to 2 T was trapped in a 

stack of commercially available tape produced by SuperPower Inc. in the first reported pulsed 

magnetization of such a stack. Over 7 T was trapped between two stacks using field cooling at 4.2 K, 

the highest field yet trapped in such a sample.  
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1 Introduction 

1.1 Definition of a superconductor 

A superconducting material has two essential properties which make its behaviour distinct from 

all other materials. These properties are both electromagnetic in nature, and a superconductor’s 

unique response to electric and magnetic fields is what determines its use in various applications 

such as field trapping and magnetic levitation. These properties are: 

i. Zero electrical resistivity below a critical temperature, magnetic field and DC current 

density. This property allows a current to flow around a continuous loop of superconductor 

without decay (a persistent current). 

ii. The Meissner effect. This is the macroscopic expulsion of magnetic flux within a 

superconductor when it is cooled below its critical temperature Tc in the presence of an 

external magnetic field as shown in Figure 1.1. This effect is not the simple flux exclusion 

that would occur due to perfect diamagnetism alone.  

cT T cT T
 

Figure 1.1: The Meissner effect for a solid superconducting cylinder. The cross-section view shows that 
magnetic flux is expelled from the interior when the temperature is reduced below Tc in the presence of an 
external magnetic field. Demagnetizing effects have been ignored by assuming infinite cylinder length. 

If a metal simply became a perfect conductor as its temperature was lowered, the Meissner 

effect would not occur as can be demonstrated by the following argument. If resistivity gradually 

falls to zero in the E-J law E J , then the electric field E inside the conductor must also fall to 

zero (non-zero J is allowed). It then follows from Faraday’s law dB
dt

E   that the magnetic flux 

density inside the conductor will remain unchanged, 0dB
dt
 . Therefore zero resistivity alone is not 

sufficient to explain the Meissner effect. 
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In addition to the critical temperature Tc there are in theory two other parameters, the critical 

field Hc and the critical current density Jc which determine whether a superconducting material is in 

a superconducting or normal state as illustrated by Figure 1.2 .  

 

 

Figure 1.2: Example critical surface of the superconductors NbTi, Nb and Ti as a function of temperature, 
applied magnetic field and current density. The critical field in this case is the upper critical field rather than 
thermodynamic critical field. The material is only superconducting for values of the three parameters which lie 
below the critical surface [1]. 

1.2 History and applications 

Most metallic elements are superconducting at very low temperatures and it was the metallic 

element mercury in which superconductivity was first discovered by Heike Kamerlingh Onnes in 

1911 [2]. Most pure elements have very low critical temperatures: the highest found for any 

element at ambient pressure is 9.2 K for Nb. Compounds on the other hand have the capacity to 

exhibit much higher critical temperatures. Figure 1.3 shows the Tc of different materials against year 

of discovery. The copper oxide family dominates the last 20 years on the graph, with (RE)BaCuO 

compounds (where RE stands for a rare earth metal) being the most promising for applications. 

Many compounds in this family of superconductors have critical temperatures above 77 K, the 

boiling point of liquid nitrogen making them very economical to cool given the low price of LN2 (as 

low as a few p/litre). For Tc < 77 K cryocoolers or liquid helium (LHe) usually need to be used, which 

although more expensive, can often be justified given the significant increase in Jc at low 

temperatures. Superconductors with Tc > 77 K can broadly be classed as high temperature 

superconductors (HTS) but it is not only Tc which determines the usefulness of a superconductor. 

Jc(B), mechanical properties and other factors which will be explored later also determine 

performance.  



1  Introduction 
 

3 
 

A compound more recently discovered to be superconducting is MgB2 [3] which, although 

having a low Tc of about 40 K compared to YBCO, has superior mechanical properties [4] and is easier 

to fabricate in bulk form. 

 

 

Figure 1.3: Critical temperature for selected superconducting materials against year of discovery. The vertical 
line represents the cuprates which clearly have on average a significantly higher Tc than the remaining 
compounds and elements [5]. 

 

Superconductors have made an important contribution to applications in a variety of different 

fields. Figure 1.4 gives an overview of the most common applications to date, with the 

developments reported in this thesis contributing to magnetic bearings, motors and generators. 
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Figure 1.4: The most common applications of superconductors. The most dominant commercial applications 
rely on the generation of high magnetic field densities. Magnetized bulks are becoming increasingly feasible 
for use in rotary machines.   

 

1.3 Basic theory of superconductivity 

1.3.1 London equation 

The London equation (1.1) succeeded in explaining the Meissner effect shown in Figure 1.1.  

 
2

sn e
j A

m
   (1.1) 

The current j represents screening current, ns is a phenomenological constant associated with 

the number density of superconducting charge carriers, m is the mass of the electron, e the electron 

charge and A is the magnetic vector potential. It is simple to show how the London equation 

explains the Meissner effect by applying it to an infinite plane boundary between a superconducting 
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region and a vacuum with a uniform parallel applied magnetic field in the vacuum region. Taking the 

curl of both sides and using A B  , 

 
2

sn e
j B

m
    (1.2) 

Applying Maxwell’s equations the solution for the chosen geometry emerges: 

 

2
2 0

2
2

2

sn e
B B

m

d B
B

dx





 

 

 

 ( )
x

B x ae 


  (1.3) 

Where a is a constant and  is the London penetration depth: 

 
2

0 s

m

n e



  (1.4) 

Equation (1.3) shows that a uniform non-zero internal flux density is not allowed by the London 

Equations and describes the external magnetic field falling off exponentially into the superconductor 

with a characteristic length scale of . This parameter is very important in determining the 

properties of a superconductor as will be shown in the next section. 

1.3.2 Type I and II superconductors 

Superconductors can be divided into two types based on how magnetic flux penetrates the 

interior of the superconductor as applied magnetic field is increased. As mentioned earlier there 

exists a critical magnetic field above which a superconductor makes a transition to its normal state. 

This transition is simple for Type I superconductors but more complex for Type II. As shown by the 

Meissner effect in Figure 1.1 the exclusion of magnetic flux density B from a superconductor when 

exposed to an external magnetic field H must cause the superconductor to acquire a macroscopic 

magnetization equal and opposite in value to H. This is the only effect that occurs in Type I 

superconductors until Hc is reached and superconductivity is destroyed as shown in Figure 1.5. 

 As the applied field for a Type II superconductor passes a lower critical field Hc1, magnetic flux 

begins to partially penetrate the interior of the bulk as shown in Figure 1.6 in the form of a vortex 

lattice. Total flux penetration occurs at the upper critical field Hc2 when the superconductor changes 

to the normal state. 
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Figure 1.5: The magnetization of a bulk superconductor when exposed to an applied magnetic field H. Type I is 
perfectly diamagnetic and in the Meissner state up to Hc however type II is not perfectly diamagnetic between 
Hc1 and Hc2 which is the mixed state. Type II only partially screens external field in this region. 

As the critical current density of a superconductor depends on the critical field, the current a 

superconductor can carry is limited by Hc2 or Hc. Because most applications of superconductors 

require high current carrying performance and because in practice Hc2 is often much higher than Hc1, 

and Hc for Type I superconductors (e.g. Bc2 ≈ 20 T for YBCO at 77 K), all practical superconducting 

materials such as NbTi used for wires and YBCO used in bulk form are Type II.  

 

Figure 1.6: Gradual flux penetration occurs in Type II superconductors in the form of flux vortices when below 
Tc as external magnetic field is increased [6]. Demagnetizing effects have been ignored. 

The reason why superconductors come in two different types can be understood by considering 

the penetration depth given by equation (1.4) and a length scale called the coherence length. The 

coherence length is a measure of the length scale over which the gradual change from the normal to 

the superconducting state occurs at the boundary of a superconductor. It can therefore be 

considered as the scale over which ns the superconducting charge carrier density from equation (1.1) 

goes from zero at the boundary to a constant deep inside the superconductor. A comparison of 

these two lengths as shown in Figure 1.7 explains type I and type II behaviour. If  is less than , the 

superconductor is type I, whereas in the opposite case the superconductor is type II. A 

Hc1 Hc2Hc

TYPE I

TYPE II

-M
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thermodynamic consideration of a type I superconductor at the critical field (when the Gibbs free 

energies of the superconducting and normal state are equal) shows that the ordering of electrons 

forming the superconducting state lowers the free energy density gs by 21
02 cH , a quantity called 

the condensation energy. The superconductor also has a positive contribution to its free energy (g) 

resulting from its magnetization. The magnetization energy density in an applied field Ha is 21
02 aH . 

By considering the sum of the two energy contributions in the critical case when Ha = Hc, Figure 1.7 

shows how a surface energy arises. The field Hc no longer has the same significance for the type II 

superconductor, as shown in Figure 1.7. The negative surface energy favours the existence of normal 

regions occurring deep within a type II superconductor in the form of flux vortices forming a flux 

lattice. The surface energy becomes negative at a new critical field Hc1 at which flux begins to 

penetrate. The density of the flux vortices increases as Ha is increased due to them becoming more 

and more energetically favourable until Hc2 is reached, when the whole superconductor is ‘taken 

over’ by these normal regions. 

x x

  

B

ns

NORMAL SUPERCONDUCTING
B

ns

NORMAL SUPERCONDUCTING









x

Free energy

gn xgn

Free energy

21
02 cH

21
02 cH

21
02 cH

21
02 cH

TYPE I TYPE II

Total

Total

Magnetization energy contribution Magnetization energy contribution

Ordering contribution Ordering contribution



 



 

Figure 1.7: A normal/superconducting boundary with an applied field Ha = Hc in the normal region. The change 
in magnetic flux density B and cooper pair density ns over the boundary is characterized by the coherence 
length and penetration depth, which are therefore the length scales over which the magnetization of the 
superconductor and ordering of the electrons contribute to the free energy inside the superconductor. Deep 
inside the superconductor the contributions are equal and cancel giving a free energy equal to the normal 
region. However a significant difference between ξ and λ results in a surface energy shown in red. A negative 
total surface energy, as in type II superconductors, makes a normal/superconducting boundary favourable. 
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The Ginzburg-Landau theory of superconductivity used thermodynamic arguments and the 

introduction of an order parameter to predict the existence of the coherence length  and 

penetration depth , and defined the ratio of these two lengths as the Ginzburg-Landau coefficient

 : 

 





  (1.5) 

This is an important parameter that characterizes a superconductor as suggested by Figure 1.7, and 

it is temperature independent near Tc even though  and  are not. The precise inequalities which 

determine whether a superconductor is type I or II are found to be: 

 Type I    
1

2
   (1.6) 

 Type II   
1

2
   (1.7) 

The theory also lead to the concept that flux penetration in a type II superconductor occurs in the 

form of a typically hexagonal lattice of discrete flux quanta 0 2
h
e

  known as an Abrikosov flux 

lattice, as shown in Figure 1.8. 

 





x

ns

H

J

Flux 
quantum Φ0

Macroscopic 
shielding 
current

(diamagnetic)

Vortex current
(paramagnetic)

a) b)

 

Figure 1.8: a) shows how an external magnetic field penetrates a type II superconductor in the form of a flux 
lattice with b) showing how the cooper pair density falls to zero in the normal core of a vortex whist the vortex 
shielding current allows finite magnetic field inside the core. 

1.4 The critical state model 

 As the Meissner effect describes how a type I superconductor responds to an external field by 

shielding itself using a shielding current confined to a distance ~ λ from the surface, the critical state 

model describes how shielding and trapping of magnetic flux occurs through flux penetration for the 

mixed state of a type II superconductor. It is therefore essential for understanding the engineering 

applications of superconducting bulks. The basis of the critical state model is flux pinning.  
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1.4.1 Flux pinning and critical current density 

Consider a current density flowing in a superconducting slab such as the one shown in Figure 

1.8. The current will generate its own magnetic field which will thread through the superconductor 

as a vortex lattice in the same region as the current flow. This must lead to a Lorentz force on each 

flux vortex, perpendicular to both J and B, 0F J  . If 0B n  where n is the fluxon number 

density, the whole lattice is subject to a force density f (units N m-3): 

 f J B   (1.8) 

 This force density will try to set in motion the whole flux lattice and if this occurs then the flux 

will be cutting across the current, leading to a force on the charge carriers parallel to the current 

direction. Such a force generates an electric field, causing dissipation and a non-zero resistivity. The 

flux lattice therefore needs to be ‘pinned’ for any practical use of the superconductor involving 

current flow. The higher the pinning force, the higher the current density that can be passed through 

a sample before its self-field causes flux motion, driving the sample normal. It is therefore flux 

pinning that determines the critical current of type II superconductors rather than Hc2, as the 

maximum fields that can be accommodated by the pinning force density in equation (1.8) are 

practically much less than Hc2. If fp is the pinning force density the magnitude of equation (1.8) can 

be used to define Jc, with its field dependence given by the field dependence of fp: 

 p cf J B  (1.9) 

Pinning is achieved in the form of defects in the crystal structure of a superconductor such as 

grain boundaries, voids and dislocations on the scale of . So a perfectly pure defect free sample 

would not be able to carry a supercurrent. The pinning force per fluxon is proportional to the 

interaction energy between the fluxon and pinning centre, given approximately by 

2 21
02 cU d H   where d is the height of the pinning centre. Much research has gone into 

improving pinning force in order to increase Jc as high as possible. 

A summary of the different magnetic states a superconductor can take is shown in Figure 1.9. 

The flux is pinned only in the vortex lattice state. An irreversibility line Hirr(T) marks the boundary 

between a phase which is irreversible with change in external field and a vortex liquid phase, in 

which a change in external field is reversible due to the loss of pinning force. For a given 

temperature it is therefore Hirr that marks the magnetic field limit a superconductor can be exposed 

to before becoming unusable. The actual dependence of irreversibility field on temperature is shown 

for a few superconductors in Figure 1.10 which shows the rapid increase in Hirr for YBCO below its Tc. 
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Figure 1.9: Schematic diagram of the magnetic phases in a high temperature superconductor as a function of 
temperature and magnetic field. The existence of a vortex liquid above the field Hirr(T) implies that this is a 
more important limiting field than Hc2 for applications. The vortex lattice state is the desired state for most 
engineering applications. [6] 

 

Figure 1.10: Irreversibility field data for a variety of HTS compounds. There is considerable difference in Hirr at 
77 K for different compounds (chapter B2.3.1 from [7]). 

It is important to note that there can be two general contributions to the local magnetic field 

seen at any point in a superconductor. These are the self field and external field. Consider a single 

superconducting wire carrying current in a uniform external field. The field experienced on the 

surface of the superconductor will be the sum of the field generated by the wire current itself (self 

field) and the external applied field. It is the sum of these fields which determines the critical current 

density. In the case of currents circulating around a cylindrical bulk throughout most of the cross-

section (not just at the surface), the local magnetic field is the contribution from the whole current 
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density distribution and any external fields, which results in a critical current density that varies 

spatially over the bulk cross-section.  

There are two general forms of current possible in a superconductor. Magnetization current is 

induced in a superconducting bulk by time-varying external fields whereas transport current in a 

single wire or superconducting coil is forced. Only magnetization currents are relevant to the 

applications discussed in this report so the critical state model will be explained in the context of 

these currents. 

1.4.2 The Bean model 

When a superconductor is exposed to an external magnetic field, penetration of flux occurs in 

the form of a vortex lattice leading to a critical state with specific values of current density and field. 

If there were no currents accompanying the penetration then the case would be simple. However 

the existence of current density leads to a Lorentz force on the flux and it is important to consider 

whether this force is greater or less than the flux pinning force. If the distribution of flux density and 

current gives a Lorentz force density f on flux vortices (Equation (1.8)), equilibrium is only possible if 

f ≤ fp, where fp is the maximum pinning force density. If the initial distribution gives a Lorentz force 

that is greater than this pinning force then the Lorentz force will cause a redistribution of magnetic 

flux until the critical condition is met, f = fp. 

This redistribution of flux until a critical state has been achieved is the basis of critical state 

models such as the Bean model [8], which is the simplest. Consider the superconducting hollow 

cylinder in Figure 1.11 cooled below Tc in a uniform external field B0 (field cooling). The zero 

resistance of the superconductor implies 0d
dt
  inside the hole, so the initial trapped field in the 

hole is B0 after the external field is turned off. However flux will immediately start to penetrate the 

walls (B0 > Bc1) and interact with the induced surface shielding current. Ampere’s law shows that the 

initial sudden drop in B at the wall leads to a very high shielding current: 

 
0

dB

dr

B J

J

 

 
 (1.10) 

The Lorentz force density is therefore much higher than fp, causing flux flow until the critical 

condition f = fp has been met. The final distribution of flux density is shown in Figure 1.11 for 

different wall thicknesses. 
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Figure 1.11: The response of hollow superconducting cylinders of different wall thicknesses when field cooled 
in a uniform external field of flux density Bo. Infinite cylinder length is assumed. Flux trapped in the hole ‘leaks’ 
into the superconductor until gradients in B are constant, according to the Bean model, leaving an internal flux 
density in the hole of Bin. a) Cylinder with walls more than thick enough to contain all flux originally in hole. b) 
Cylinder too thin-walled, causing flux to leak outside. c) Wall thickness just sufficient to contain original 
trapped flux. 

By setting f = fp in equation (1.8) and combining it with (1.10) to eliminate the magnitude of the 

current density the resulting equation gives the final field gradients: 

 
pf dB

B dr
  (1.11) 

The Bean model makes the approximation that the pinning force is proportional to the magnetic 

field, which results in constant current density by equation (1.8) and constant magnetic field 

gradients for simple infinite geometries by equation (1.11).  

 Assumptions of Bean model:   
constant

p

c

f B

J J



 
 (1.12) 

This approximation predicts that shielding/trapped current can only take the values ±Jc or 0. 

Figure 1.12 illustrates this and shows that higher external fields are required to cause significant flux 

penetration into superconductors with high Jc values.  

In reality Jc is not constant but dependent on the magnetic flux density, as it must be zero for B = 

Bc2. The Kim model [9] assumes 

 

0

0( )
1

c
c B

B

J
J B 


 (1.13) 

where Jc0 and B0 are constants. This equation can successfully be used to predict the form of trapped 

magnetic fields in bulks and was used for the critical state modelling in this thesis. A more detailed 

comparison of Bean’s, Kim’s and an exponential critical state model can be found in [10]. 
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Figure 1.12: The magnetic flux penetration for an infinite superconducting slab of thickness d and equivalent 
current density distributions when exposed to a uniform external field. The magnetic flux density gradients 
allowed by the Bean model depend on the strength of pinning. The stronger the pinning force, the higher the 
critical current density and corresponding field gradients. 

1.4.3 Magnetization 

The magnetization of a superconductor due to macroscopic currents flowing in the interior is 

fundamentally different from the magnetization of a ferromagnetic material which has a local value 

at any point throughout the material. Magnetization for a bulk superconductor cannot be defined 

locally using the standard equation for magnetic materials B(r) = μ0(H(r) + M(r)) and is instead 

defined as the total magnetic moment of the whole superconducting sample over its volume: 

 0 1
( )d

m
M r J V

V V
    (1.14) 

When applying an external field to a superconductor, the presence of flux pinning causes 

irreversible magnetization as illustrated by the thick line in Figure 1.13, which also shows the type II 

reversible magnetization of Figure 1.5. 

 
Figure 1.13: Reversible and irreversible magnetization for a superconductor without and with flux pinning 
respectively [6]. 
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Magnetizing a superconducting bulk, trapping a conical field in it, can be achieved in two ways. 

i) Field cooling (FC): the sample is cooled below Tc in the presence of an external field, after which 

the field is turned off. ii) Zero field cooling (ZFC): the sample is exposed to an external field that 

increases from zero to a peak value before decreasing back to zero. Figure 1.14 shows schematically 

the evolving field profiles for these methods and demonstrates that, according to the Bean model, 

an external field twice as high is required for ZFC than FC to trap the maximum possible field. Figure 

1.15 shows the magnetization based on Equation (1.14) for the ZFC of a bulk according to the Bean 

model used in Figure 1.12 and the more realistic Kim model. The decrease in M for the Kim loop as H 

is first increased past Hp is due to the decrease in current density resulting from Equation (1.13). 

 

 

Figure 1.14: The field penetration and trapped magnetic field for a superconducting bulk exposed to a time 
varying external field. This picture ignores demagnetizing effects by assuming the bulk is a cylinder of semi-
infinite length. The final row of graphs shows the final trapped field and the bottom three diagrams, the 
current density distribution. The penetration field Hp is the external field required for penetration of flux to the 
centre. a) Zero field cooling: a field of 2Hp is required to trap the maximum possible field H0 = Hp. b) Zero field 
cooling: the field profile trapped when a reduced external field of Hp is used. c) Field cooling: requires an 
external field equal to the maximum trapped field.  
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Figure 1.15: The magnetization hysteresis loop predicted by the Bean and Kim models. The difference in loop 
shape is due to the field dependence of Jc in the Kim model. 

Magnetization loops provide a common method for determining Jc(B) for a bulk 

superconducting sample. Jc(H) can be determined by experimentally measuring ΔM (shown in Figure 

1.13) and comparing this to the theoretical value for a particular geometry as a function of Jc using 

Equation (1.14). The simplest method assumes that for a given H on the M-H loop the variation in 

trapped H over the bulk is small so that Jc is spatially constant. 

1.4.4 Magnetic tensile stress and maximum trapped fields 

For the field cooling mode, the magnetic field inside a bulk is never less than the field outside 

the bulk, so there is expansive stress acting on the bulk. The following equation taken from [6] gives 

the maximum hoop stress experienced by a bulk during the field cooling process due to magnetic 

pressure, which may be higher than the stress in the final remanent state depending on the applied 

field: 

 
2

2 2 2 2 2 20

0

1 2
( ) ( 4 2 8 3 )

2 12(1 )
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B
b b b b b b b b b b




 

 
         

  (1.15)

where bext = Bext/B0, bFC = BFC/B0 and  is the Poisson ratio of the sample. B0 is the maximum possible 

trapped field for a given sample, BFC is the field cooling field (the maximum external field) and Bext is 

the external field and the only variable which changes during the field cooling process as the 

external field is ramped down from BFC to zero. Equation (1.15) shows that if a higher BFC is applied 
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than necessary i.e. if bFC > 1, the maximum stress is greatly increased, which means that when trying 

to saturate a sample for the first time, one should not simply use the largest possible field cooling 

field. In the remanent state, the maximum internal stress is given by the following equation, which is 

also the maximum stress during the field cooling process if bFC = 1: 

 
2

0
0

0

0.76
2

B



   (1.16) 

This assumes a Poisson ratio of for a bulk. This shows that if the maximum tensile stress 

of a bulk is 30 MPa [6], no more than 10 T can be trapped without extra external reinforcement. 

Additionally it is worth considering the rotational stress on a bulk given that the bearing designs 

discussed in Chapter 2 rely on magnetized bulks rotating about their axis on a rotor. The radial and 

hoop stress are at their maxima in the centre of a rotating solid disk, where they are equal: 

 2 2

0

3

8
R r


 

 
  
 

  (1.17) 

where r0 is the radius of the sample. The maximum stress on a saturated magnetized rotating 

bulk is therefore the sum of Equation (1.16) and (1.17), and this must not exceed the tensile stress of 

the bulk material.  

1.5 Material properties  

1.5.1 (RE)BCO bulk 

The rare earth class of superconductors to which YBCO belongs has the chemical formula 

(RE)Ba2Cu3O7-x where RE is a rare earth element, more simply (RE)BCO. YBCO has been the most 

popular type of bulk produced to date, however GdBCO has gained popularity due to typically having 

a higher Jc particularly at 77 K. YBCO properties are sensitive to the oxygen content, with 

superconductivity only present if 0 ≤ x ≤ 0.65. (RE)BCO superconductors like YBCO exhibit relatively 

high Hirr as suggested by Figure 1.10, which makes them suitable for high field applications, and a 

Tc ≈ 90 K which gives sufficient superconducting properties at 77.4 K to make them usable in LN2. 

The ability of a (RE)BCO bulk to sustain a high persistent current makes it suitable to be used as a 

permanent magnet once magnetized. 

The crystal structure of YBCO is highly anisotropic as shown by Figure 1.16a, which leads to 

anisotropic superconducting and thermal properties. 
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a) 

 

b) 

 

Figure 1.16: a) The crystal structure of YBa2Cu3O7. The CuO (ab) planes are responsible for carrying current and 
give a much higher Jc than for current along the c axis. The thermal conductivity is also anisotropic [11]. b) Top 
view of an YBCO bulk grown by top seeded melt growth. Although single domain, (RE)BCO bulks exhibit growth 
sector regions (GSR) and boundaries (GRB) which have different Jc. 

Bulk YBCO with the highest Jc performance takes the form of a large single grain, as the 

presence of misoriented grain boundaries significantly impedes current flow and therefore causes a 

poor macroscopic Jc. Such a bulk can be produced by top seeded melt growth. This involves placing a 

small seed crystal with similar lattice parameters to YBCO but a higher melting point (commonly 

SmBa2Cu3O7-x or NdBa2Cu3O7-x) on top of a pre-sintered YBCO pellet [12]. The temperature is then 

raised high enough for the YBCO to melt before allowing it to nucleate around the seed to form a 

single domain during cooling. 

Figure 1.17: a) Typical irreversibility field and upper critical field data for a bulk YBCO sample as a function of 
temperature. There is a significant difference in properties depending on orientation of applied field. b) Typical 
data for Jc(B) of YBCO (H ll c) at different temperatures. There are large gains in Jc if temperatures lower than 
LN2 are used. [6]  

Figure 1.17a and b gives the Jc as a function of temperature and applied field for a high quality 

bulk, with most YBCO bulks having a Jc of the same order of magnitude. It is clear that significant 

increases in the Jc of YBCO are achieved by reducing temperature. Even a modest drop of 10 K from 

77 K more than doubles Jc. As a result, most industrial applications that use bulk (RE)BCO or (RE)BCO 

GSR GSB

a) b) 
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tapes operate below 77 K despite the extra cost of cooling. Even as research pushes the limit of the 

Jc possible at 77 K, its temperature dependence will remain similar, suggesting that operation of 

(RE)BCO materials below 77 K will be justified for some time to come or perhaps always for some 

applications. 

The ability of (RE)BCO bulks to trap magnetic field is determined by the magnitude of Jc, its 

homogeneity and the length scales over which superconducting current can flow. Most research into 

(RE)BCO bulk production is therefore directed to increasing flux pinning performance and increasing 

the maximum single domain size that can be grown through top seeded melt growth. More recent 

research has involved fabricating single domain YBCO bulks with arrays of holes parallel to the c-axis 

[13, 14]. These holes improve oxygenation and reduce the formation of micro cracks which impede 

current flow. This new form of bulk has proven successful for trapping fields [13]. Although bulk 

(RE)BCO is currently the most widely used material for superconducting permanent magnets due to 

the advantages of high Birr, Jc and Tc, its limitations are a production process that is time-consuming 

and expensive given the need for a single domain and its brittle mechanical properties as well as low 

thermal conductivity. The Jc(B,T) values typically vary significantly with radius and axial distance from 

the seed crystal [15]. For example, the trapped field on the top side of a bulk is typically 1.5 – 2 times 

greater than the bottom side due to higher Jc near the seed crystal, and research has shown that the 

top 4 mm of ≈ 26 mm diameter bulks contributes up to 70% of the trapped field at the sample top 

surface [16]. In addition, the Jc on the growth sector boundary as shown in Figure 1.16b is believed 

to be approximately 4 times higher than in the growth sector region [17] (although a systematic 

study of the Jc difference has not yet been reported). This makes the Jc properties of a bulk difficult 

to characterise and describe. This inhomogeneity causes trapped fields to be higher on the growth 

sector boundaries, contributing to commonly observed pyramidal trapped fields [18], such as that in 

Figure 4.3. One way of dealing with the inhomogeneous properties of bulks is to cut rings of varying 

diameters from a single bulk and then re-assemble them so that the growth sector boundaries are 

misaligned [19]. This method has been shown to significantly improve symmetry of the trapped field 

but it is not clear how such an assembly would respond to PFM, and the processing used 

sandblasting which is only suitable for thin samples. 

(RE)BCO bulks are currently produced up to around 60 mm in diameter, and large bulks 

between 40 – 60 mm, most notably produced by Nippon Steel, have become increasingly popular in 

research [20-23]. Nippon Steel have also produced a very large 150 mm bulk [24] but its properties 

and whether it can be easily reproduced are not clear. A summary of the best trapped fields 

reported in the literature to date is shown in Table 1.1. The record for the highest ever trapped field 

was achieved for two 26.5 mm diameter YBCO bulks at 29 K, between which 17.2 T was trapped 
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[25]. When trapping high fields in bulks using field cooling, the maximum field that can be trapped 

for a given size of bulk depends on temperature and is limited by three different factors: Jc, tensile 

strength and magneto-thermal instabilities, with the dominance of each factor depending on the 

temperature range as illustrated by Figure 1.18. For high trapped fields, external reinforcement is 

needed to overcome the tensile strength limit. The best trapped fields shown in Table 1.1 are often 

achieved for special samples that cannot be easily reproduced or after magnetizing a number of 

samples that have mechanically failed. The mechanical and thermal limitations of plain bulks are the 

basis for research into new composite superconducting bulks which is reported in Chapter 5.  

Table 1.1: Best trapped field achieved by field cooling (unless otherwise specified) in (RE)BCO bulks to date. It 
should be noted that there is some variation in the height above the sample at which the field was measured.  

Bulk sample Diameter/mm 

x thickness/mm 

Trapped 

field/T 
Temp./K Comment Reference 

GdBCO 50 x 30 2.7 77 Surface of single bulk Nariki 2002 [26] 

GdBCO 24 x 12 1.4 77 Surface of single bulk Nariki 2002 [26] 

GdBCO 65 x 19 3.1 77 Surface of single bulk Nariki 2005 [27] 

1 YBCO 20 x 8 2.1 77 Surface of single bulk Weinstein 1998 [28] 

2 YBCO 26 x 10 2.1 77 Surface of single bulk Fuchs 2003 [29] 

YBCO 26.5 x 15 17.2 29 Field between 2 bulks Tomita 2003 [25] 

YBCO 25 x 8 16 24 Field between 2 bulks Krabbes 2001 [30] 

GdBCO 46 x 15 9.1 42 Surface of single bulk Teshima 2013 [20] 

GdBCO 45 x 15 5.2 28-47 
Pulsed magnetization 
Surface of single bulk 

Fujishiro 2006 [31] 

1 Uranium doped and neutron irradiated. Not suitable for applications due to cost. 
2 Neutron irradiated. Not suitable for applications due to cost. 

 

Figure 1.18: Trapped field data and limitations for a single 25 mm YBCO bulk magnetized by field cooling. The 
dominant factor limiting the trapped field depends on the temperature region [32]. 
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1.5.2 (RE)BCO coated conductor 

The second major form in which (RE)BCO superconductor is utilised is as a thin film deposited 

on a metallic tape substrate, usually referred to as a coated conductor. As in the case of bulks, 

crystallographic texture is introduced to the growing (RE)BCO material by epitaxial growth from a 

template. Rather than a localised seed crystal, in a coated conductor the template is either the 

metallic substrate or a deposited oxide film, with the texture transferred to the (RE)BCO film 

through intermediate buffer layers. The Jc of the (RE)BCO layer is typically an order of magnitude 

greater than in bulks, however the layer can only be microns thick. Figure 1.19 shows a schematic of 

a popular superconducting tape manufactured by SuperPower Inc. These tapes are designed to carry 

transport current in applications including field coils in motors and generators, transformers, fault 

current limiters, SMES and power transmission cables. Tapes are based on strong metallic 

substrates, typically Ni-W or Hastelloy, which provides mechanical stability to the thin and brittle 

(RE)BCO layer, and typically have a silver overlayer deposited on top of the (RE)BCO for current to 

flow in case the (RE)BCO turns normal whilst carrying current. For many applications additional 

stabilization is required and takes the form of copper layers. 

 

Figure 1.19: Architecture of 12 mm wide commercial (RE)BCO tape with copper stabilisation produced by 
SuperPower Inc. [33].   

It is only in the last three years that another new application of superconducting tapes has been 

considered. The ability of thin films to sustain persistent current means that tapes can be 

magnetized to form a permanent magnet like a bulk, as well as being used for transport current 

applications. The first demonstration of this application is shown in Figure 1.20 which shows a stack 

of wide (RE)BCO tape pieces that have been cut into square annuli. Field cooling at 77 K achieved a 

relatively uniform trapped field in the bore of 0.43 T. This is somewhat less than that achieved by a 

field cooled stack of larger GdBCO bulk rings (up to 2.65 T at 77 K, Tomita et al. [34]). The (RE)BCO 

tape used was 40 mm wide and produced by AMSC (American Superconductor) who currently 
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produce such wide tape prior to slitting for commercial use as shown in Figure 1.21. In future they 

plan to scale the width up to 100 mm. 

a) b) 

Figure 1.20: a) Prototype NMR device made from 750 YBCO tape annuli [34]. b) Single 80 m thick layer used 
the in NMR prototype made from tape produced by American Superconductor [35].  
 

 

 
 
 
 
 
 

 

Figure 1.21: 40 mm wide (RE)BCO tape slit into 4 mm wide strips for 
commercial sale. Produced by AMSC. 

 
Table 1.2. Critical current (in amps per cm width) for existing second generation (RE)BCO tape performance at 
77.4 K in self field. Data largely from presentation by C E Bruzek, Nexans, ESAS Summer School 2012, France. 

Industrial 

Supplier 
Process 

Best performance (77 K, SF) Commercial performance (77 K, SF) 

Ic (A/cm) Length (m) Ic (A/cm) Length (m) 

SuperPower 

(Furukawa) 
IBAD/MOCVD 

810 

300 

Few m 

1000  
200 < 500  

AMSC RABiTS/MOD 
457 

300 

Few m 

540  
160 – 200 < 500  

Brucker IBAD/PLD 350 100 200 50  

Fujikura IBAD/PLD 600 600 400 < 500  

Sumitomo IBAD/PLD 200 200 No 

Showa IBAD/MOD 310 500 No 

THEVA ISD 1018 < 0.1  No 

 

The best critical current performance values (per tape width) for existing (RE)BCO tapes are 

shown in Table 1.2 along with performance for commercial grade tape. The stack of commercial 

(RE)BCO tape for which trapped field results are reported in Chapter 5, was made of 12 mm wide 

200 A/cm SuperPower tape. It is important to be able to refer to the performance of currently 



1  Introduction 

22 
 

available (RE)BCO tape to put the results reported in Chapter 5 in perspective. The best 

performances include 600 A/cm for long 600 m lengths (Fujikura) [36] and greater than 1000 A/cm 

for short samples using Inclined substrate deposition (THEVA) [37], all at 77 K and in self-field. 

1.5.3 MgB2 bulk 
 

Figure 1.22: a) Irreversibility field data for MgB2 in various forms from various researchers, with values for bulk 
MgB2 shown with black marker points. b) Jc(H) data from various researchers for bulk MgB2 at different 
temperatures. Hirr is defined here as the effective Hirr in polycrystalline form rather than for a single crystal. Jc 
drops rapidly with field. [38] 
The discovery of superconductivity in MgB2 in 2001 introduced a new material for potential use in large 
scale engineering applications given its high Tc of 40 K compared to LTS compounds (the highest for a binary 
compound), high Jc values up to 1 MA cm-2 (zero field) and good mechanical strength [38]. Irreversibility field 
data and Jc(H,T) data can be found in  

Figure 1.22. However arguably the most important difference from HTS compounds such as 

YBCO is the insensitivity of current flow to grain boundaries [39], simplifying fabrication by allowing 

it to be used in a polycrystalline form [38]. The invention of the reactive liquid Mg infiltration process 

by Giunchi et al. [40] provides a relatively simple and economical method of producing bulks and is a 

development from the hot-pressing method [41]. 

Using this method various geometries of high density MgB2 bulk can be made, such as cylinders, 

(Figure 1.23) which are suitable for superconducting magnetic bearings. Complete details of the 

method and geometries that have been produced with it can be found in [42]. Pulsed field 

magnetization has been performed on one of these MgB2 bulk pellets, with 0.47 T achieved at 23 K 

[43]. The dynamics are significantly different from magnetization of (RE)BCO bulks due to the 

comparatively high thermal conductivity and low specific heat capacity of MgB2 [43]. The Jc and the 

temperature margin to Tc are also lower, which explains why the trapped fields are lower than for 

   a)   b) 
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bulk (RE)BCO. The highest fields trapped to date by field cooling are 2 T for an MgB2 ring at 4 K [44], 

and 3.1 T between two 25 mm bulk pellets at 17.5 K [45]. 

 

Figure 1.23: Bulk MgB2 hollow cylinder produced by the reactive liquid infiltration process. The rings have been 
sliced from the main cylinder. [42] 

1.6 Magnetic bearings and superconducting levitation  

1.6.1 Magnetic levitation  

Magnetic fields offer the ability to levitate mass and can allow an object to rotate around an axis 

with contactless motion whilst being constrained in other degrees of freedom. Consider a magnetic 

field B(r) which is the sum of the fields from two bodies. The force on each body can be calculated 

from the total field by using the concept of magnetic tension and pressure (which have the units N 

m-2). The quantities are given by the equations below, where Bn and Bt are the normal and tangential 

field components respectively at the body’s surface: 
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The total magnetic force on one body due to the interaction of its field sources with external 

field sources is given by the integral of pressure and tension (and also a shear term) over a surface S1 

enclosing the body. The force is repulsive between a PM and a superconductor which is first zero 

field cooled. Assuming that the field of the PM is low enough and the Jc of the superconductor high 

enough, there will be very little flux penetration, leading to a Meissner-like flux exclusion effect. 

Such shielding will cause a large tangential field component around the surface, leading to magnetic 

pressure. Alternatively if the superconductor is field cooled in the field of the PM, then flux pinning 

will effectively ‘freeze’ the PM’s field in the superconductor, leading to attractive forces as the PM is 



1  Introduction 

24 
 

displaced. This is due to dominant normal field components over the surface of the superconductor. 

Levitation can be achieved by exploiting magnetic tension and pressure. 

An important characteristic of a magnetic levitation system is stiffness. In the simplest case 

when the direction of force and displacement are the same, the translational restoring force on an 

object for small displacements is given by equation (1.21) which defines the stiffness k: 
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Earnshaw’s Theorem states that particles governed by inverse square law forces of attraction 

and repulsion cannot be in stable equilibrium [46]. This theory can be extended to time independent 

magnetic field sources, proving that stable levitation in 3D space is not possible with permanent 

magnets. The theorem can however be avoided in three main ways: fields that oscillate temporally 

and spatially, active feedback and superconductors. The most widespread technology used in 

magnetic bearings for applications such as flywheels has been active feedback. This method 

essentially involves measuring the attractive force between an electromagnet (part of the stator) 

and a PM (part of the rotor) and adjusting it continuously so that if the rotor starts to accelerate 

towards or away from the stator, the current in the electromagnet is adjusted to bring the rotor 

back to its levitation position. Active feedback has been successfully used for commercial flywheel 

bearings [47] and maglev trains [48] (and also for levitating globe desktop toys). The disadvantages 

for active feedback bearings are the need for complex electronics and software, and uninterruptable 

power for the electromagnet. 

1.6.2 Superconducting levitation 

Bulk superconductors (type II), unlike active bearings, can provide a passive method of magnetic 

levitation based on two effects: 

i. Repulsive levitation based on Meissner-like partial flux exclusion when a 

superconductor is zero field cooled. Levitation is not generally stable in all spatial 

degrees of freedom. 

ii. Attractive or repulsive levitation when a superconductor is field cooled in the presence 

of a field source. The flux inside the superconductor is effectively ‘frozen’ due to flux 

pinning, allowing stable levitation in all spatial degrees of freedom.  
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Although the first effect can produce the maximum SC-PM levitation force possible 

(theoretically a maximum pressure of ≈ 25.5 N cm-2), the stability of the second effect and the 

practicalities of FC compared to ZFC mean it is the preferred technique for superconducting 

magnetic bearings (SMB). Figure 1.24 shows how a restoring force results from magnetic tension and 

pressure when a FC superconducting bulk is displaced from its initial position.  

 
Figure 1.24: The field distributions for a SC-PM system where the superconductor has been field cooled in the 
field of a PM which is then displaced vertically and horizontally to position D in b). The arrow in b) shows the 
restoring force. The perfectly trapped flux model has been used as an approximation by forcing the field inside 
the HTSC to remain unchanged upon displacement from FC position. [6] 

The illustration has used the Perfectly Trapped Flux Model to assume that the critical current 

density is infinite, leading to perfect shielding, and is a good approximation for high quality bulk 

YBCO at 77 K exposed to low fields. More analytical details about the implementation of this model 

will be given in Section 2.4.1. Such an approximation is in complete contrast to the total flux 

penetration that is shown in Figure 1.14 which has to be considered during high field pulse 

magnetization. The model is not a good approximation when displacements are large such as in 

Figure 1.25, which shows irreversible levitation force behaviour for the FC and ZFC cases. 

The PM in Figure 1.24 experiences a restoring force when displaced due to the presence of 

magnetic field gradients produced by the PM in its initial position when field cooled. Generally, the 

higher the field gradients on the boundary between a field cooled PM and bulk superconductor, the 

larger the magnetic stiffness but the smaller the stability region in space. The basis of modern SMBs 

is arranging permanent magnets to create high field gradients and there has been modelling 

research into optimising the levitation force by adjusting configuration parameters [49, 50]. Most 

configurations rely on arranging PMs with opposing poles facing each other as shown in Figure 1.26.  
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Figure 1.25: Example levitation force hysteresis curves for an YBCO-PM axial configuration after zero field 
cooling and field cooling. ZFC approach is purely repulsive but withdrawal force can become attractive due to 
significant flux penetration when the PM is brought very close, exposing YBCO to a high field. Withdrawal force 
after FC is attractive with high initial stiffness. Approach back to field cooling position is less attractive and may 
become repulsive due to the bulk retaining some of its initial trapped flux during withdrawal. In both cases 
stiffness and hysteresis can be reduced, making the behaviour more reversible, if Jc of the bulk is increased. 
Note: ZFC maximum force is usually higher than FC maximum force but this graph is only intended to give an 
overview. [51] 

a) b) 

  

Figure 1.26: Two dimensional HTSC field cooled in the presence of high magnetic field gradients, a) before 
being displaced, b) after displacement. The HTSC experiences a stable levitation force in x and y. The PM 
configuration has used iron shims to guide flux, helping enhance field gradients. [6] 

The general factors that have the biggest impact on levitation force in a SC-PM system are Jc, the 

radius scale R of allowed shielding currents (the size of a single domain for YBCO) and the field 

gradients on the superconductor surface. Assuming linearity, the equation for force for an axially 

symmetric system can be given as a first approximation by: 

 dB
c dz

F J R  (1.23) 
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Modelling has been done which confirms this equation by varying Jc and the ratio of pole pitch 

and bulk size for a cylindrical SMB made of a segmented bulk hollow cylinder [52]. 

1.6.3 Types of superconducting bearings  

There are two main types of SMB, both of which rely on PM rings arranged to give high 

magnetic field gradients on the surface of a superconducting bulk or structure made of a series of 

bulk pieces (usually YBCO or GdBCO). These two types are cylindrical and planar, as shown in Figure 

1.27, with the PM array usually on the rotor and the superconductor usually on the stator for ease of 

cooling. Much research has been done into modelling and constructing prototype SMBs based on 

these configurations. Initial research focussed more on planar bearings [53-57] but more recent 

research has focussed on the cylindrical type [58-60], including the commercial flywheel energy 

storage system developed by ATZ GmbH [61]. Most systems investigated have used PM-PM bearings 

with the SMB for stability or to partly support the weight of the rotor. Figure 1.27 shows bearings 

with a vertical axis, but SMBs can also have horizontal axes. Vertical axis configurations are primarily 

for flywheel energy storage systems whereas horizontal configurations are used primarily for turbo 

machinery. In both cases the rotor has to be displaced from its operational position when field 

cooled in order to use levitation force to counter the weight of the rotor.  

 

 

Figure 1.27: The two main SMB configurations, cylindrical and planar. The superconducting hollow cylinder 
and disk, shown in the figure for cylindrical and planar bearings respectively, are not necessarily a single piece 
but can be made of separate pieces such as YBCO pellets/tiles. 
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The confinement of the rotor in all translational degrees of freedom is essential for applications. 

The illustrated PM rotor configurations achieve this by creating a field with gradients such that the 

SC sees a large change in the field if the rotor is displaced axially or radially. The rotor is however 

free to rotate about its axis due to the rotational symmetry of the PM array.  

Figure 1.28 shows four examples of SMBs that have been developed over the last decade. The 

examples show the variety in terms of configuration, size and performance that exists. In almost all 

complete systems, PM-PM bearings have been used to provide extra stability or to support most of 

the load and the rotor is usually in a vacuum to minimise losses. One of the most commercially 

successful bearings, developed by ATZ [61] for use in a flywheel energy storage system, will be 

explored in section 1.6.5 and can be considered as a benchmark design. 
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Prototype superconducting magnetic bearing system Details 

Heavy load horizontal axis bearing for industry [62] 

 

 

Type: Horizontal axis cylindrical SMB.  

Application: Siemens HTS generator 

Load: up to 10 kN 

Rotational speed: 3600 rpm (4400 rpm max) 

Superconductor: stator made of two 

cylindrical half shells comprising 270 

trapezoidal bulk YBCO tiles in total. 

Other details: Superconductor operating 

temperature approx 30 K. Bore 321 mm. 

Working gap 3 mm. Radial stiffness 

5.1 kN/mm. 

Superconducting thrust bearing for flywheel energy storage [53] 

 

Type: Vertical axis planar SMB for stability 

(bottom) with attractive PM-PM bearing for 

rotor weight (top).  

Application: Flywheel energy storage for 

high cycling use. 

Load: 44 kg 

Rotational speed: 720 rpm (limited by drive 

system) 

Superconductor: stator made of outer ring 

of bulks and central array of hexagonal 

bulks. 

Superconducting bearing for 5KWh flywheel (Boeing) [56] 

 

 

Type: Vertical axis planar SMB (bottom) 

used with a PM-PM bearing (top) which 

carries most of rotor weight.  

Application: 5 kWh/100 kW flywheel energy 

storage for uninterruptable power 

protection 

Load: 164 kg 

Rotational speed: 15000 rpm 

Superconductor: stator made of array of 

hexagonal YBCO bulks 

Other details: Superconductor operating 

temperature 77 K. Complete energy storage 

system. 

Energy storage flywheel system with SMB and PMB [60, 63] 

 

Type: Vertical axis cylindrical SMB (bottom) 

used with a PM-PM bearing (top) which 

carries most of rotor weight.  

Application: flywheel energy storage for 

uninterruptable power protection 

Load: 0.32 kg 

Rotational speed: 5000 rpm 

Superconductor: stator made of ring of 

YBCO bulks 

Other details: Superconductor operating 

temperature 70 K.  

 
Figure 1.28: Table of four example prototype SMB systems that have been constructed and tested over the 
last decade. All systems use melt-textured single domain YBCO segments to form large cylindrical or planar 
superconducting surfaces. Many more than those selected have been built and tested over the last decade. 
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1.6.4 Rotational loss  

 Flywheel energy storage requires low rotational energy loss for applications where energy is 

stored for hours or days. Conventional bearings have high-speed idling energy losses of around 0.1 - 

1% per hour whereas the losses for flywheels with SMBs are typically in the range of 0.001 - 0.1% per 

hour [59, 64]. There are two main sources of loss in an SMB: 

i. Eddy currents: Radial inhomogeneity of the PM stack on the rotor induces eddy 

currents in conducting parts of the stator when rotating. Eddy currents are also induced 

if there is any rotor eccentricity. A more subtle contribution comes from using 

segmented superconducting stator parts such as YBCO tiles for the hollow cylinder 

shown in Figure 1.27. When the tiles are field cooled and the rotor allowed to move to 

its equilibrium position, the bulks do not perfectly preserve the axial symmetry of the 

PM rotor field (as a super-current circulating completely around the stator is not 

possible), but modify it slightly. This results in radial inhomogeneity of the trapped 

stator field which induces eddy currents in the conducting parts of the rotor [65] which 

can include the PMs themselves. Eddy currents tend to cause exponential speed decay. 

ii. Hysteresis: Radial inhomogeneity of the PM stack causes the superconducting tiles to be 

exposed to a time varying field which induces hysteretic losses in the superconductor as 

a result of the critical state. These losses can be reduced by increasing Jc. These losses 

tend to cause linear speed decay.  

1.6.5 Flywheel energy storage applications  

This section will focus on existing applications of SMBs for flywheel energy storage (FES) systems 

which are an alternative to batteries and capacitors for some applications [66].  

 The most widely reported use of an SMB has been in the flywheel energy storage system 

developed by ATZ GmbH in Germany [61, 67-72] for uninterruptable power supply applications. The 

SMB is central in this system as it is entirely responsible for supporting the rotor weight, with a PM-

PM bearing used only for radial stability, as shown in Figure 1.29a. 

SMB load capacity is proportional to the area between the superconductor and field excitation 

PMs. For the same surface area, planar bearings have a larger radius than cylindrical ones, which 

leads to disadvantages compared to the cylindrical type of bearing shown in Figure 1.27. 
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a) b) 

 

 

Figure 1.29: a) ATZ 5kWh/250kW flywheel energy storage system with a top cylindrical SMB of diameter 205 
mm. YBCO structure shown in blue, PM stack shown in dark green [61]. The lower PM-PM bearing is for radial 
stiffness and has negative axial stiffness which is compensated by the SMB. b) 1 ton HTS bearing parameters 
for ATZ flywheel [72]. 

These include higher mechanical stresses for PMs at large radii on planar bearing rotors than on 

cylindrical bearings, the cooling area for the planar type usually being larger and less efficient, and 

field inhomogeneity of the PM stack usually being more problematic at the higher radii of planar 

bearings. Due to these considerations, the new SMB designs considered in Section 1 will focus on the 

cylindrical type. The large load capacity and stiffnesses for the ATZ bearing are primarily due to the 

large SC-PM area and small magnetic gap. 

The maximum axial pressure (maximum axial load divided by SC-PM area), which can be used to 

characterise the bearing, is 14 N cm-2. A significant engineering achievement of this design is the 

cooling and insulation of the HTS stator part at 45-60 K which is separated from the room 

temperature bore of the rotor by less than 1 mm. 

 

a)  b)  

 

Figure 1.30: Multi seeded melt textured YBCO bulks. a) Tiles used in the ATZ 5kWh/250kW FES cylindrical 
bearing. Right: hollow cylindrical monolith with radial c-axis orientation that could be used in a bearing, 
although it should be noted that the domains only transmit a fraction of current so the cylinder is not ‘fully 
connected’. Bulks fabricated by ATZ. [70] 
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Although one of the most successful SMB configurations used for a commercial application, the 

ATZ bearing has limitations which are important to identify in order to focus future research. The use 

of an YBCO-rare earth PM cylindrical configuration with a small magnetic gap pushes the axial 

pressure as high as is practically possible for an YBCO-PM bearing. For a large axial load of more than 

1 tonne, this means that the size of the SMB becomes considerable (>200 mm diameter) and 

requires significant cost for over 50 high Jc YBCO tiles of consistent quality. However there are 

suggestions that the market for flywheel energy storage demands higher energy storage and 

therefore higher bearing load capacity. Another limitation is the need to segment the 

superconducting stator part to utilise the high Jc and Hirr properties of YBCO, which cannot be made 

economically in pieces greater than ~ 70 mm in size. This segmentation contributes to rotational 

loss as described in Section 1.6.4. The use of MgB2 and the new ideas proposed in Chapter 2 will aim 

to overcome these limitations by using magnetized (RE)BCO bulks as a field source. 

1.6.6 Use of MgB2 for superconducting bearings 

The use of the liquid Mg infiltration process described in Section 1.5.3 to create massive hollow cylinders of 
MgB2 offers new possibilities for the use of this material in SMBs. Giunchi et al. have demonstrated the 
effectiveness of replacing a segmented YBCO stator in an SMB with an MgB2 tube [73]. The benefits of using 
an MgB2 tube over YBCO tiles are: fully connected superconducting paths, production is simpler and 
probably less expensive than YBCO tiles and higher mechanical strength than YBCO [4]. For MgB2 at 20-30 K, 
Jc ~ 105 A cm-2 (self field) as shown by  

Figure 1.22, which is comparable to YBCO between 50-70 K at zero field. MgB2 cylinders up to 65 

mm in diameter and 100 mm in height have so far been produced by liquid infiltration and their use 

at 20-30 K is not a huge cryogenic limitation given the 45 K lower temperature the ATZ bearing has 

been designed to operate at. Such a temperature range would also be suitable for a future hydrogen 

economy [74], in which hydrogen stored in its liquid form (20 K) could be used to indirectly cool 

superconductors. The configurations shown in Figure 1.31 were tested between 21 and 38 K. The b) 

configuration gave the highest stiffness at 22 K of ≈ 100 N mm-1. Configuration a) with its low field 

gradients gave only ≈ 30 N mm-1 and configuration c) ≈ 65 N mm-1.  

 
Figure 1.31: Schematic of the MgB2 cylinder levitation force experiments carried out by Giunchi et al. [73] with 
different NdFeB PM excitation arrangements. The dimensions of the cylinder used are din = 25 mm, dout = 39 



1  Introduction 
 

33 
 

mm and h = 43 mm. Field cooling was used at different heights, with stiffness as well as levitation force 
measured during removal of the PM stack. 

The stiffness of the 5PM/6 iron stack configuration (a stack of 5 PMs and 6 iron disks as shown 

in Figure 1.31c) as well as the maximum axial levitation force was reported for a range of 

temperatures shown in Figure 1.32. The 20-25 K temperature range clearly gives the best 

performance. 

a) b) 

 

 

Figure 1.32: a) Temperature dependence of maximum axial levitation force between a 5PM stack and MgB2 
cylinder with first maximum (blue) and minimum (orange) of Fz(z). b) Stiffness of an insertion/extraction cycle. 
Showing stiffness at start of cycle (blue) and stiffness at end of cycle(pink). [73] 

The results for the 3PM configurations at 26 K gave an axial force density of 13 N cm-2, a 

performance similar to the maximum force density for the ATZ design based on Figure 1.29b 

(14 N cm-2), demonstrating the feasibility and potential for using bulk MgB2 in new SMB designs.  

1.7 Pulse field magnetization of superconducting bulks  

1.7.1 Differences from field cooling 

Superconducting bulks exhibit the ability to trap extraordinarily high magnetic fields and 

therefore have potential to be used as very powerful ‘permanent’ magnets. However one of the 

main factors limiting their use in applications is the difficulty of magnetizing them. The two ways to 

trap a field in bulks are field cooling and zero field cooling. Figure 1.14 displays how these two 

modes can be used to trap an approximately conical field profile. In practice, field cooling is carried 

out using large superconducting coils which have to maintain a large static field whilst cooling the 

sample below Tc to the desired temperature, after which the applied field is ramped down to zero 

slowly. However because zero field cooling does not require a static field whilst waiting for the 

sample to reach the desired temperature, ZFC can be achieved by rapid changes in field. Pulsed field 

magnetization is a special case of zero field cooling in which short pulses of field (typically < 0.1 s) 

are applied. Due to the short durations, reinforced copper coils (with suitable cooling) can be used 
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instead of superconducting coils, in conjunction with a capacitor bank to supply pulses of current 

(typically kA). The technology is therefore relatively simple, inexpensive and compact compared to 

a superconducting coil and has therefore attracted significant research [13, 14, 25, 75-78]. Pulsed 

field techniques currently allow for magnetic flux densities of over 3 T to be trapped in bulks around 

45 mm in diameter using an applied field of 6 T and a pulse rise time of 12 ms [23]. Figure 1.33 

illustrates the trapped field resulting from various maximum applied pulsed fields. At least twice the 

maximum applied field is needed to saturate the bulk for a given temperature compared to FC. 

 

Figure 1.33: The trapped magnetic field profiles for different applied pulsed fields. A conical field profile such 
as in C is only achieved for a sufficiently high pulsed field. Based on results for a 35 mm x 14 mm YBCO bulk. 
[79] 

The Bean model suggests that the peak in trapped field Bmax for a superconducting bulk scales 

linearly with size (Bmax ∝ RJc) so, unlike a conventional PM, the maximum possible trapped field value 

of a SC bulk is more limited by its size. The real advantages of magnetized bulks are therefore often 

only seen in large bulk diameters ( 20 mm). Cooling an YBCO bulk below 77 K to say 30 K allows for 

an order of magnitude increase in Bmax, however as its value at these low temperatures is typically 

over 5 T the limiting factor becomes the maximum field that can applied by the pulsed field 

coil/capacitor bank (and also the limitations illustrated in Figure 1.18). At low temperatures the 

increase in Jc can instead be exploited by increasing the total trapped flux ΦT, which is equally 

important as Bmax, as will be explained in the next section.  

The biggest problem and limitation of PFM is the significant heating of the bulk caused by the 

penetration of the pulsed field and resulting flux flow. The rapid motion of penetrating flux induces a 

high electric field parallel to the super-currents in the outer regions of the bulk, resulting in losses. 

Such losses heat the superconductor, reducing Jc in the outer regions and suppressing the maximum 

trapped field possible compared to quasi-static ZFC. The shorter the pulse duration and the higher 
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the applied field, the greater the heating effect due to the more rapid flux motion, so it is important 

to use as long a pulse duration as is practically possible. Another contribution to the reduced 

performance of PFM is the viscous force on the penetrating flux discussed by Mizutani et al. [75], 

which seems to have significant effects for lower applied fields.  

 Pulse durations of the order of 10 ms give reasonable performance without being too long for 

pulse current systems to produce. Longer durations would require unfeasibly higher inductance coils 

and/or larger more costly capacitor banks. The effect of pulse heating and viscous force on total 

trapped flux is shown by the data in Figure 1.34, which shows that a higher applied field is needed 

for PFM than if there was no heating (quasi-static ZFC). The curves exhibit a peak because there is an 

optimum applied field which just achieves the maximum trapped flux, beyond which a higher field 

increases heating effects, leading to a decrease in performance.  

 
Figure 1.34: Data from Mitzutani et al. [75] for the magnetization of an YBCO bulk 34 mm in diameter and 
14 mm thick at 77 K. The graph shows the dependence of total trapped magnetic flux ΦT on applied field for 
pulsed field magnetization (PFM), field cooling (FC) and quasi-static zero field cooling (ZFC). PFM gives a lower 
trapped flux than quasi-static ZFC due to the generation of heat inside the bulk during the pulse, which 
reduces Jc. 

Because the specific heat capacity of materials becomes very small at temperatures 

approaching absolute zero, the effects of heat generation are particularly limiting for magnetization 

at temperatures below approximately 30 K.  
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Figure 1.35: Simulation of heating in a bulk during PFM by Fujishiro et al. The growth sector boundary (GSB) 
has been modelled with 4 times the Jc of the growth sector region (GSR). This inhomogeneity leads to hotspots 
inside the GSR [17]. 

Regions of relatively low Jc in a bulk are regions with weak links. These weak links are largely in 

the growth sector region of a bulk and lead to hotspots during pulsed field magnetization as shown 

in Figure 1.35, which can cause a collapse in trapped field for low temperatures and high applied 

fields, and a saturation in the maximum field that can be trapped below a certain temperature, as 

will be demonstrated in Section 5.3. So whist Jc inhomogeneity is not necessarily a problem for 

trapping fields using field cooling, it is usually problematic for pulsed magnetization. This means that 

a bulk characterised as high performance based on a field cooling test is not necessarily suitable for 

PFM. 

Due to excessive heat generation during pulsed magnetization, effective cooling of the bulk is 

particularly important to bring its temperature back down to equilibrium temperature as quickly as 

possible, thus minimising flux creep. The two general methods of cooling are direct cooling using a 

cold head, or indirect cooling using a liquid cryogen or gas. The system constructed for this project, 

as reported in Chapter 3, used indirect cooling by helium gas. This method allows flexibility in testing 

samples of different shapes and sizes and is therefore excellent for research. Liquid neon has been 

used to cool bulks in one motor prototype as part of a closed loop neon-thermosyphon system [80]. 

Direct cooling has been used in a research system [22] and has the advantage of having lower 

thermal inertia, however eddy current heating of cold head components may add extra heat during 

a pulse.  

(a)

(b)

(c)

(d)

(e)
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1.7.2 Maximising peak trapped field at fixed temperature  

There are various ways to increase the trapped field and/or flux above that which would result 

simply from one pulse as shown in Figure 1.33. The simplest method is ‘Iteratively magnetizing 

pulsed field operation with reducing amplitudes’ (IMRA), which involves repeated pulses at a fixed 

temperature. This technique enhances the trapped flux by first applying a pulsed field large enough 

to magnetize the centre of the bulk, before applying pulses with reduced amplitude to top-up the 

flux in the outer regions of the bulk, which escaped due to heating during the first large pulse [75]. 

As shown by Figure 1.36, the IMRA technique also offers a way of reducing the limitations of PFM at 

low temperature due to excessive temperature rise. The technique typically involves applying 

around 10 pulses to the bulk as shown by Figure 1.36b, with the final pulsed field approximately half 

the initial pulsed field. 

 

Figure 1.36: a) Data from Mizutani et al. [75] showing the increase in maximum trapped field that can be 
achieved by using the IMRA technique compared to a single pulse S-PFM. IMRA is particularly advantageous at 
lower temperatures. b) Schematic illustrating the temperature rise and sequence of pulsed field for IMRA (SPA, 
which involves pulsing the same field more than once, is a variant of IMRA) [81]. 

 

1.7.3 Multi-pulse technique with stepwise cooling (MPSC) 

As mentioned before, the total trapped flux in a bulk is as important for applications as 

maximum trapped field. For example, the induced emf in a conductor is proportional to the rate of 

change of flux it experiences which is relevant for a generator. The increase in Jc at temperatures 

lower than 77 K can be exploited to increase trapped flux even though the maximum trapped field 

for a saturated profile for these low temperatures is too high to achieve due to limitations of 

maximum applied field and excessive heating. The ‘multi-pulse technique with stepwise cooling’ 

(MPSC) exploits the increase in Jc as temperature is lowed by pulsing a bulk at approximately the 

same applied field repeatedly as the temperature is lowered. It is particularly important for 

magnetizing larger ≈ 40 mm diameter bulks, for which saturation is very difficult to achieve. A good 

a) b)
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example of this is the use of IMRA and MPSC together to trap a broad field of 3 T field profile in a 45 

mm bulk using applied field pulses up to 6 T with a 12 ms rise time over the 30 – 70 K temperature 

range [23]. The MPSC technique builds up flux in the outer regions as illustrated by Figure 1.37. 

 

 

Figure 1.37: Schematic showing the increase of trapped flux in the periphery of a cylindrical bulk when pulsed 
with a field of the same value at 3 different temperatures decreasing in value. [79] 

 

The details of how flux is built up in the bulk using MPSC can be seen in Figure 1.38, which 

shows how a field distribution similar to a conventional PM can be achieved. The dynamics of flux 

penetration for MPSC are complex, involving effects such as sudden redistribution of already 

trapped flux during new pulses [77]. The final trapped field resulting from an optimised sequence of 

pulses can be reproducible, however different bulk samples may require difference pulse sequences 

due to differences in the magnitude and inhomogeneity of Jc. 
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Figure 1.38: The build-up of trapped flux in a cylindrical bulk when pulsed 3 times at decreasing temperature, 
after an initial pulse at T1 has trapped Bmax. The Bean model is assumed and demagnetization effects ignored. 
The increase in Jc as temperature is lowered allows a spatially alternating current distribution to be built up. 
The dotted green line shows the approximate trapped field after relaxation, demonstrating a significant 
potential increase in trapped flux compared to that achieved by the single initial pulse (red dotted line). In 
practice the best results are achieved by combining the IMRA technique with MPSC at each temperature.  

There exists some confusion about trapped fields, applied fields and maximum possible trapped 

fields and their relation to one another. Table 1.3 attempts to summarise general trapped field and 

flux ratios for different magnetization methods based on experiments conducted for this thesis and 

a literature review. It is important to note that Btrap is defined as the trapped field on the surface of a 

single bulk and is approximately half the maximum trapped field inside a magnetized bulk. Only for a 

pair of magnetized bulks is the field measured (in between the bulks) ever similar to the maximum 

field trapped inside the bulks. Also, the values for Btrap/Bapplied are influenced by demagnetizing 

effects and the fact that Jc decreases for increased applied fields. With these points in mind, the field 

that you need to apply using field cooling to saturate a bulk is actually twice the field that you trap 

on the bulk surface due to demagnetizing effects, unlike the simple picture in Section 1.4 which is 

strictly only true for an infinitely long slab or cylinder. Quasi-static ZFC, in which the field changes 

slowly enough as to not cause heating, has a higher Btrap/Bapplied ratio than would be expected from 

the Bean model combined with demagnetizing effects. This is because the applied field needed is 

higher than for FC, but as Jc(B) decreases for increasing B, you do not need to apply twice the FC field 

to penetrate the bulk.  
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The row for IMRA shows that although the trapped field can be maximised, in general only the 

trapped flux can ever reach the ideal value. The only way to trap fields close to the applied field is to 

use different temperatures, as shown by the values for MPSC + IMRA. 

Table 1.3: Maximum trapped field and flux for various methods of magnetization. Btrap is defined as the 
maximum trapped field possible for the surface of a bulk for a given method. Bapplied is defined as the applied 
field needed to achieve Btrap. Bideal is defined as the absolute maximum trapped field on the surface of a bulk 
possible for a sample (using FC, for which there is no heating) for the magnetization temperature considered. 
Similar definitions apply to Φ. MPSC combined with IMRA is able to trap a maximum surface field closest to 
the applied field. Bideal and Φideal not valid for MPSC + IMRA as this type of magnetization occurs over a 
temperature range. 

Pulsed field type Btrap/Bapplied Btrap/Bideal Φtrap/Φideal 

FC 1/2 1 1 

Quasi-static ZFC ≈ 1/3 1 1 

Single pulse ≈ 1/4 1/2 - 2/3 < 1 

IMRA (fixed Temperature) 1/4 – 1/3  ≈ 2/3 ≈ 1 

MPSC + IMRA 1/3 – 3/4  - - 

    

1.7.4 Flux creep 

The permanence of the field trapped in a superconducting bulk is limited by thermally activated 

flux creep. At currents below Jc the flux lattice is effectively pinned as the fluxons lie in potential 

energy wells, however at any temperature above 0 K there is still a non-zero probability of fluxons 

overcoming the pinning energy barriers [82]. This results in gradual jumping of flux bundles from one 

pinning site to another over time. Therefore thermally activated creep reduces field gradients as flux 

leaks out of the bulk, resulting in a logarithmic decay in trapped field as described by the equation 

below [83], where B0 is the central trapped field on the bulk surface a time t0 after magnetization.  
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The creep rate can also be described in terms of magnetization decay, and is often expressed 

using a natural logarithm in literature: 
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which, for purely logarithmic decay, leads to  
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Flux creep is usually highest at or above 77 K. Below this temperature, the dependence of creep 

rate on temperature is not generally linear or monotonic, but can exhibit a field dependent peak [6, 

84]. Typical creep rate values, |S|, for magnetized (RE)BCO bulks are between 0.02 and 0.03 (b ≈ 

0.05 – 0.07) for 10 – 60 K and around 0.05 (b ≈ 0.12) for 77 K [6]. The parameters a and b, defined as 

relaxation rates, are not necessarily equal, as flux can initially flow from the periphery of a 

magnetized sample faster than from the centre. 

 Figure 1.39 shows some example data for the decay of field trapped in a bulk. It is clear that the 

quasi-static ZFC case and the FC case fit the logarithmic behaviour very well (constant relaxation rate 

as defined earlier) but some of the PFM data do not obey simple logarithmic decay, and this is due to 

the effect of heating, which modifies the decay. The sudden heating that results from penetration of 

high pulsed fields raises the temperature of the bulk during magnetization. After magnetization the 

bulk is cooled back to the initial temperature, suppressing flux creep. This is a positive effect which 

accompanies the unwanted reduction in maximum trapped field when using PFM. 

 
Figure 1.39: Data from Mizutani et al. [75] showing decay in normalized magnetic flux density due to flux creep 
at a position between the centre and edge on top of a bulk. The decay in trapped field is shown for a number 
of applied pulsed fields, as well as 1 T quasi-static ZFC and FC. ZFC and FC exhibit logarithmic decay, but the 
PFM data shows an initial slow decay before accelerating and tending to a logarithmic decay. t0 was 10 s.  

The suppression of flux creep, due to a decrease in temperature from the magnetization 

temperature, can be used in a more direct way. An exponential decrease in creep rate is achieved by 

decreasing temperature after magnetization [83] which means that the critical state achieved by flux 

trapped in a bulk can effectively be frozen if temperature is lowered by  10 K. Proof of this 

phenomenon can be found in Section 4.1.2. 
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1.7.5 Application in motors and generators 

a)  b)  

 
Figure 1.40 Examples of superconducting motors that use magnetized (RE)BCO bulks. a) An axial gap-type 
synchronous motor with bulks magnetized using pulsed field magnetization [85]. b) Design for an axial flux 
distribution synchronous motor with bulks magnetized using field cooling by an outer HTS coil [86]. 

One of the main applications currently being developed for bulk superconductors is 

superconducting motors and generators. The ability of bulks to act as powerful yet compact 

permanent magnets makes them attractive to use in motors and generators, as they can trap 

magnetic fields an order of magnitude higher than the best rare-earth permanent magnets. This 

higher field results in a higher power or torque density, allowing for powerful yet compact and 

lightweight designs [87]. In addition, the efficiency can be higher than conventional motors and 

generators due to lower joule heating resulting from less dependence on copper coils, and also the 

elimination of eddy current and hysteresis losses in ferromagnetic cores, which are not required 

[87]. The efficiency gains resulting from these factors can outweigh the power needed for cooling. 

Although a number of large scale projects exist for motors and generators using (RE)BCO coated 

conductor coils, magnetized bulks offer a more persistent and compact source of field. 

Figure 1.40a shows a motor in which the copper stator coils double as pulse magnetization coils, 

whereas b) uses a large outer HTS coil to achieve field cooling. The need for HTS excitation coils 

when using field cooling adds significant cost to the design and so pulsed magnetization is generally 

cheaper, more compact and probably the most practical method of magnetization if the field that 

can be trapped in the bulks is maximised. For these reasons the modelling and experimental results 

on pulsed magnetization reported in this thesis are relevant to motor and generator applications, 

particularly the results for composite superconducting bulks reported in Chapter 5 which address the 

lack of thermal stability present in existing bulks when magnetized using PFM. The new structures 

reported in this chapter have significant potential to be used as trapped field magnets in motors and 

generators given the high trapped fields achieved experimentally. 
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2 New superconducting bulk – bulk bearing 
designs 
 

A new design of magnetic bearing was invented and modelled as described in this chapter. The 

motivation behind the design was to address the fundamental force density limitation for existing 

superconducting bearings which use PMs, and represents a significant departure from all designs 

previously reported in the literature. 

2.1 Magnetized superconducting bulks as a field source 

As magnetic pressure and tension are proportional to the square of field components, a modest 

increase in field can give a large increase in levitation force. In applications such as flywheel energy 

storage, increases in the levitation force and stiffness would result in increased performance. There 

are four possible sources of field excitation available to provide the field experienced by a passive 

superconducting bulk which is field cooled in an SMB: 

 

i. Permanent magnets, most commonly of the rare-earth kind. 

ii. A solenoid coil made of a normal conductor such as copper. 

iii. A solenoid coil made of superconducting wire or tape. 

iv. A magnetized superconducting bulk with a trapped field. 

The first source is the simplest and the only one to be used in commercial applications, but 

permanent magnets are limited in field strength. The most powerful rare earth PMs are limited to a 

remanent flux density of ≈ 1.4 T, which corresponds to a typical maximum surface flux density of ≈ 

0.4 T [88]. This sets a minimum limit on the bearing surface area required to levitate a certain load. A 

coil made of normal wire has the disadvantages of requiring an electrical power supply and of 

dissipating heat continuously when in operation, the latter of which is unfavourable in proximity to a 

cooled superconductor. In contrast, a superconducting coil in persistent mode can achieve fields 

many times higher than those of permanent magnets without requiring continuous electrical power 

during operation. This new type of bearing is under investigation [89, 90] and may prove promising, 

however operation at liquid helium temperature for LTS coils is a disadvantage, as well as the wiring 

required to set up a persistent current in the coil. The fourth field source proposed in the above list, 

a superconducting magnetized bulk, has not previously been used for bearings and is the basis of the 

ideas in this section. Although this field source has similar disadvantages to a superconducting coil 

due to cooling requirements and the need for a magnetizing coil, it provides an alternative more 

compact source of high magnetic field. 
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A demand for increased levitation and restoring forces is partly driven by the need for a bearing 

to support a greater flywheel rotor weight. As the weight of a flywheel rotor is proportional to the 

energy it can store, and because the mass of a rotor is approximately proportional to the square of 

its radius, using more massive flywheels can significantly increase the energy stored without 

significantly increasing the size of the flywheel unit. The levitation force density for a cylindrical type 

bearing could be significantly increased by using magnetized superconducting bulks, which means 

that the bearing could remain compact for higher load applications. 

Cylindrical field source bulks can be stacked along their common axis and magnetized along that 

axis but with alternating polarity, such that between two bulks the magnetic field is expelled radially 

outward in the gap, like the permanent magnet stacks used in existing cylindrical bearings. This 

configuration is illustrated in Figure 2.1, with high magnetic field gradients on the surface of the 

stator hollow bulk cylinder (SC1) resulting from a high trapped field in the magnetised bulks of the 

rotor (SC2). The problem of having to magnetize two bulks with opposing fields in situ, whilst already 

stacked next to each other, can be solved by using a coil on the stator which produces an opposing 

field. Such a coil would be split into two parts, each wound with opposite sense. This allows a pair of 

bulks to be magnetized simultaneously with opposite polarity. Simultaneous magnetization 

overcomes demagnetizing effects between the bulks that would result if they were magnetized 

individually, one after the other. These pairs would then be the basic field source unit of the rotor 

and would each produce the high magnetic field gradients required for high levitation force. A 

 

Figure 2.1: Schematic illustrating a possible configuration of a superconducting magnetic bearing in which 
the field source on the rotor is made of cylindrical magnetized bulks of superconductor (SC2). The stator 
component is a hollow cylinder of superconductor (SC1). The rotor bulks are magnetized by displacing the 
whole rotor to allow alignment with a magnetizing coil on the stator. Opposing field magnetization is 
shown in which a bulk pair is simultaneously magnetized with opposite polarity by a coil split into two 
parts wound with opposite sense. 



2  New superconducting bulk – bulk bearing designs 

45 
 

material with high permeability such as iron would not be as useful in guiding flux between the bulks 

at high fields, due to magnetic saturation, although it can still have a significant effect for trapped 

fields below 2 T as suggested by basic modelling using the COMSOL AC/DC module and the non-

linear permeability relation for iron. A more flexible but complex design is shown in Figure 2.2, with 

pulse magnetization coils being built in to the rotor to allow one or more pairs to be pulsed 

simultaneously. 

 
Figure 2.2: Illustration of a SMB design in which field source bulks are magnetized by coils mounted in the 
rotor. Current would be supplied to one or more coils by means of a retractable contact mounted on the 
stator. This design allows flexibility in magnetizing the bulks but places size demands on the coils. 

2.2 Field cooling using difference in irreversibility field 

In order to achieve field cooling of the stator superconductor in the field of magnetized rotor 

bulks, the Tc of the field source rotor bulks needs to be higher than that of the passive stator bulks if 

they are kept at the same temperature. However a more general requirement is that the 

irreversibility field lines need to be significantly different, as illustrated by Figure 2.3. The steep 

irreversibility line of YBCO, along with its other properties, makes it a suitable choice for the rotor 

bulks. The advantages of hollow cylindrical bulk MgB2 for bearings, such as ease of manufacture and 

complete current paths (as described in Section 1.5.3), make it a good choice for the stator part of 

the bearing. The critical temperature and irreversibility line of MgB2 also make it possible to 

magnetize the YBCO rotor bulks above 40 K with a high trapped field and then cool the whole system 

down below 40 K in the operating configuration so that field cooling of an MgB2 hollow cylinder is 

achieved. A Tc of 40 K is ideal because it allows for the MPSC technique to be used, exploiting the 

remarkable increase in YBCO Jc below 70 K. Following magnetization at between 40 and 77 K, the 

bearing could then be cooled to an operating temperature of 20–25 K. 

 

SC1

SC2
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Figure 2.3: Irreversibility field lines shown in red for YBCO, MgB2 and Bi2Sr2Ca2Cu3O10+x (Bi-2223) based on data 
from [91]. Birr for MgB2 is defined as the field for which there is loss for macroscopic currents in a 
polycrystalline bulk. The Bi-2223 curve is shown to illustrate that a difference in Tc is not strictly necessary, but 
rather a large difference in Birr or Jc.  

2.3 FEM modelling of pulsed field magnetization 

2.3.1 The H formulation for modelling the critical state using COMSOL  

The critical state in superconductors can be modelled using FEM. Many different methods have 

been implemented, mostly in 2D, with the main three formulations being the A – V formulation 

which solves for the magnetic vector potential [92-94], the  T –   formulation based on the current 

vector potential [95], and the H-formulation which solves directly for the magnetic field components 

Hx and Hy, which indirectly gives the current density. Boundary conditions such as applied field are 

generally easier to impose in this formulation [96] and the formulation can also be used for 3D 

models [97]. All the critical state modelling presented in this thesis used the H-formulation in 

COMSOL. In this section the formulation was implemented using version 3.5a, as first reported by Z 

Hong et al. [98], who applied the method to the 2D case of a bulk magnetized in uniform and non-

uniform fields and the case of current forced through a superconducting wire. No thermal physics 

was taken account of in [98] or the results presented in this Chapter, however it is considered in the 

modelling of pulsed magnetization reported in Chapter 5. A 2D axially-symmetric geometry was 

modelled, with the general space in which the field components are solved shown in Figure 2.4. 
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Figure 2.4: The space over which the magnetic field is modelled consisted of superconductor, air and normal 
conductor domains. The field lies in the plane whilst induced superconducting currents and forced normal 
conductor currents are perpendicular to the plane, flowing azimuthally. 

The numerical scheme involves solving two PDEs using the general form PDE mode in COMSOL 

for the dependent variables Hr and Hz. Quadratic curl elements were used. The PDEs are derived as 

follows, starting from Faraday’s law: 

 0 r

H
E

t
 


  


 (2.1) 

which has the following form for our axially symmetric geometry: 
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For the superconductor, the electric field is given by an E-J power law in which the E field is 

proportional to a high power of the current density. This form is a good practical approximation for 

the resistance of a bulk superconductor [99]. The transition from the superconducting to the normal 

resistive state is not sudden, but has a non-zero width. This reflects the existence of thermally 

activated flux creep below Jc and also the small spatial inhomogeneity in Jc found in real bulks. The 

non-zero resistance below Jc takes account of flux creep. The E-J law used in the model was:  
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where the power n used was 21, the same as in [98]. Such a high power is used to give physically 

accurate flux creep rates, but it causes problems for modelling. The highly non-linear PDEs that 
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result cause instability, and it is very common to have a divergent solution if parameters such as 

mesh element size and time steps are not carefully controlled. A detailed discussion of these 

parameters will be given in Chapter 5 when discussing the full magneto-thermal model. It also leads 

to significant computational time, although developments in computing power and FEM packages 

allow useful models to be solved in less than an hour. The E-J law used for the air and normal 

conductor domains was simply Ohm’s law, E J  . The most commonly used Jc(B) relation is the 

Kim model, 
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where 2 2

0 r r zB H H   . Although this does not take into account the peak effect often 

present for bulks, it’s a good approximation for the general Jc behaviour. The critical current density 

is related to the field components using Ampere’s law, 
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Combining Equations (2.3)-(2.5) in (2.2) to eliminate Jz and Ez, the final two PDEs expressed in terms 

of the field components are given by: 
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The boundary conditions used for the four boundaries are as follows. A Dirichlet boundary condition 

was used for the outer boundary and r = 0 boundary. When applying a uniform external field to 

magnetize the superconducting region, the outer boundary condition was: 
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Half a cycle of a sine wave is a reasonable approximation for the pulsed field used in pulsed field 

magnetization. When magnetizing the superconductor using the field from current flowing in a 

normal conductor, the outer boundary condition was magnetic insulation, 
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The r = 0 boundary condition was simply Hr = 0, as no radial field components are allowed by 

symmetry. The internal SC-air and NC-air boundary conditions were continuity of the electric and 

magnetic field components parallel to the boundary surface: 
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The PDE mode used in COMSOL requires equations to be entered in the general form: 
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where the various coefficients can be vectors or matrices of vectors. For the present case, the 

coefficients for both domains shown below give Equation (2.6) when substituted into (2.10). 
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In order to solve the above equations using the FEM method, careful attention had to be paid to 

the mesh used and maximum time steps allowed to ensure stability. Refining the mesh increases 

stability but significantly increases the solution time. Smaller time steps increase solution time but 

lead to a more significant increase in stability. Solving for an axially symmetric 14 mm diameter bulk 

using the mesh shown in Figure 2.5 below took less than 15 min on a dual core 2.67 GHz PC. A 

mapped mesh was used for the superconducting domain as opposed to a triangular mesh. Although 

it gives similar stability to a triangular mesh, a mapped mesh is much better defined (in terms of the 

number, size and location of elements) and it is very easy to control the number of elements, which 

is critical in finding the optimum number, which is stable enough to solve but does not take an 

excessive amount of time. 
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Figure 2.5: The mesh used to model a 14 x 6 mm superconducting bulk in axial symmetry exposed to a uniform 
external field pulse. The total mesh consisted of 1204 elements.  

2.3.2 MPSC magnetization of single 25 mm bulk 

The MPSC technique for magnetizing bulks was modelled using the H-formulation in COMSOL 

Multiphysics 3.5a. The model requires Jc(B,T) data from a field of zero to over 10 T and for a 

temperature range of 50 – 77 K. The Jc(B,T) relations used for the bulk YBCO were based on data for 

bulk YBCO shown in Figure 1.17b from [6]. The Jc(B,T) curves were extrapolated from these data for 

very high fields and temperatures lower than 59 K using a polynomial fit. 

No heating or viscous forces were considered in the magnetization model, so the resulting 

trapped fields indicate an upper limit for the given applied fields; however the technique of IMRA 

would be used in practice to compensate for some of the flux lost from the periphery of a bulk due 

to excessive heating during a pulse.  

In the simplest model, a 25 mm diameter, 9 mm thick YBCO bulk was magnetized using the 

MPSC method by applying four uniform field pulses at 75 K, 68 K, 59 K and 50 K. Each 1 ms pulse was 

half a period of a sinusoidal field with an amplitude of 3.5 T. The Jc(B) data from [6] were used 

directly for the Jc(B) fits, but the 50 K relation was an extrapolation of the higher temperature 

curves. The temperatures were chosen such that, for each temperature drop, Jc approximately 

doubles. As Figure 2.6a shows, this allows each 3.5 T pulse to induce layers of spatially alternating 

current approaching the bulk edge. The development of the radial current density profile is shown in 

Figure 2.6b and is linked to the magnetization loops shown in Figure 2.7a, with the magnitude of 

residual magnetization shown to increase after the second, third and fourth pulse, demonstrating 

the benefit of MPSC. Magnetization was calculated using the volume integral of r × J. The final 

magnetization is 77% higher than after the initial pulse, with the significant increase being linked 

more to a broadening of the trapped field profile as shown in Figure 2.7b, rather than an increase in 
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peak trapped field. The changes in current density with radius would in reality not be so sharp given 

heat and flux creep effects after magnetization. 

 

 

Figure 2.6: a) Current density distributions and magnetic field after each MPSC pulse of amplitude 3.5 T 
applied to a 25 mm diameter YBCO bulk. b) Current density as a function of radius for a plane cut through the 
middle of the bulk (z = 0) after each pulse. 

 

 
 

Figure 2.7: a) Magnetization loops for a 25 mm bulk during each MPSC pulse applied with (inset) residual 
magnetization after each pulse. b) z component of trapped field 1 mm above top bulk surface after each MPSC 
pulse. 

In practice, MPSC would be used at temperatures lower than selected based on simple Jc(T) 

data, to compensate for the temperature rise, and the resulting decrease in Jc(B), during a pulse. This 

would mean that the final magnetization in the model would be achieved by the same pulse 

sequence but with, say, a 10 K temperature shift (65 K, 58 K, 49 K, 40 K), as a 10 K temperature 

increase is typical for pulse magnetization [100]. This temperature rise resulting from heat 

production is a problem for PFM, but it has the beneficial effect of suppressing flux creep shortly 

after a pulse [75].  
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2.3.3 Opposing field magnetization of 25 mm bulk pair 

In order to show the feasibility of magnetizing a pair of YBCO bulks simultaneously to create an 

opposing field, MPSC magnetization was modelled for a pair of 25 mm diameter bulks exposed to 

the field of an opposing field coil. Figure 2.8 shows the current distributions in each bulk resulting 

from each pulse, using the same pulse temperatures as for the single 25 mm bulk in a uniform field. 

It is not as simple to describe the applied field from an opposing field coil as it is for a conventional 

coil. The reference point E was chosen on the edge of one of the bulks, as this point experiences the 

greatest magnitude of applied field from the coil. The peak applied field at this point, BE, required for 

significant flux penetration is typically much higher than the uniform applied field needed to 

saturate a single bulk. In fact it is very difficult to saturate the bulk pair with the initial pulse due to 

the very low field near the centre of the coil, but this does not significantly limit the trapped fields 

possible. A pulse sequence of BE = 7 T, 9.5 T, 15 T, 15 T was used for MPSC. Lower fields were used 

for the initial pulses to keep the Jc(B) values across the whole bulk non-zero according to the Jc(B,T) 

data used.  

 

Figure 2.8: Current density distributions and magnetic field after MPSC pulses of various amplitudes applied to 
a pair of 25 mm diameter YBCO bulks separated by a gap of 2 mm. An opposing field coil has been used. 

The magnetization after each pulse is given in Figure 2.9a for one of the bulks. The increase with 

pulse number is approximately linear. An appropriate measure of surface trapped field for this 

configuration is Br(z) at r = 13.5 mm (r = 1 mm), the radial field component along a line 1 mm away 

from the bulk cylindrical surface. The development of this field is shown in Figure 2.9b, with a high 

final gradient of 2.5 T over 8 mm. 
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Figure 2.9: a) Residual magnetization for the top bulk after each MPSC pulse applied to a 25 mm bulk pair. b) 
Variation of radial component of trapped field 1 mm away from the bulk pair radius after each MPSC pulse. c) 
Axial force on the top bulk during each pulse, with residual force after each pulse also shown (inset). 

In order to use a pair of bulks magnetized with opposite polarity, sufficient reinforcement is 

required to counter the axial repulsive forces present on each bulk after magnetization, in addition 

to reinforcement against internal radial pressure. The force on the top bulk during magnetization, 

calculated using the Lorentz force method, is shown in Figure 2.9c, with the residual repulsive force 

increasing with each pulse to a final value of 2.07 kN. As well as residual repulsive forces, the curves 

also show that the bulks experience a large transient attractive force due to the non-uniform applied 

field.  

The exact rate of flux creep resulting from the highly non-uniform trapped field of a bulk pair is 

not clear, but the fact that the final state of trapped field was achievable using the critical state 

model means that the flux creep should not be fundamentally different from that for a single 

magnetized bulk. As a result, a pair of bulks magnetized in this way would not simply demagnetize 

each other (similarly a pair of permanent magnets would not simply demagnetize after being 

magnetized in the same opposing field).  

2.3.4 Opposing field magnetization of 50 mm bulk pair 

The size of the rotor part of the bearing is limited by the maximum size of (RE)BCO bulks that 

can be grown and easily magnetized using a pulsed field coil. However, for a single bulk pair, a large 

diameter is desired to increase rotor-stator surface area. Therefore the dimensions of the second 

bulk pair modelled were 50 mm diameter and 15 mm thick separated by a 4 mm gap, which can be 

considered an ideal size for the bearing design given that such large bulks are produced but not too 

large to magnetize. 
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Figure 2.10 a) Residual magnetization for 50 mm bulk pair after 4 pulse MPSC. b) Corresponding radial 
components of trapped magnetic field 1 mm outside the 50 mm bulk pair surface after each MPSC pulse. All 
pulse amplitudes BE = 14.5 T. 

An opposing field coil similar to that used for the 25 mm bulk pair was used for magnetization 

but, unlike the 25 mm case, the same applied field was used for all pulses applied to the 50 mm bulk 

pair. A peak applied field of BE = 14.5 T was applied at 75 K, 68 K, 59 K and 50 K. Although a very high 

value of BE is required for each pulse, it does not appear so unfeasible when considering that the coil 

has a significantly lower inductance than if current was flowing the same way in both parts of the 

coil, as in a conventional coil. The inductance of the opposing field coil in the model is 10.25 mH. 

Assuming the coil were connected to the same capacitor bank system used for the PFM experiments 

reported later (see Chapter 3), and was wound with the same wire as the pulse find coil used in the 

experiments, the maximum pulsed field for BE would be 10.3 T with a rise time of 14 ms. In order to 

achieve 14.5 T with the experimental pulse system, the coil could be made with a smaller outer 

diameter to lower inductance, which would also lead to a smaller rise time, or a higher energy 

capacitor bank would be needed. LN2 cooling of the coil should be sufficient for the expected pulsed 

currents of up to 2 – 3 kA. 

The high BE of 14.5 T leads to fields larger than Birr at the peak of the pulse for the edges of the 

bulk. Temporarily exceeding Birr at the peak of the pulse leads to a field cooling type effect due to 

the destruction of current induced during the pulse rise. The increase in magnetization after each 

pulse is shown in Figure 2.10a, with the corresponding increase in the field gradient shown in Figure 

2.10b. The results give a qualitative picture of the MPSC process and also an upper limit for the fields 

that can be trapped, however they are not meant to be an accurate prediction of experimental 

trapped fields. 
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2.4 FEM modelling of bulk – bulk levitation force 

The modelling of pulsed magnetization of bulk pairs shows that that they can be magnetized 

with opposing fields, and the approximate predicted magnetized states can be used in another 

levitation force model to predict the best forces that could be expected for a bearing based on 

magnetized 25 and 50 mm diameter bulks.  

2.4.1 Perfectly trapped flux model 

The perfectly trapped flux model was introduced in Section 1.6.1. As its name suggests, this 

model preserves the flux density vector field inside a bulk superconductor when it is displaced 

relative to a field source. In reality, when a superconductor is exposed to changes in external field 

such as that caused by the movement of a PM, shielding currents are induced a non-zero depth 

below the surface of the superconductor. In the extreme limit of very small changes in field or Jc 

increasing to infinity, the currents are induced as surface currents (
1 2

( )
s

J n H H   , where n is the 

normal to the surface and H1 and H2 are the inner and outer field vectors) for the bulk boundary, 

without any depth. In this case, perfect shielding of the interior field state is achieved whatever the 

change in external field. This case is the basis of the perfectly trapped flux model and is an excellent 

approximation for a PM – SC levitation force system. This approximation is useful in providing a 

theoretical maximum levitation force, but it cannot reproduce hysteresis and so its high accuracy 

predictions are limited to small displacements. The results reported in Chapter 3 will show that the 

approximation breaks down for large field changes as in the case of a magnetized bulk – passive bulk 

system.  

The computational method used to implement the perfectly trapped flux model, as developed 

by R Palka et al. [6], is shown in Figure 2.11. Unlike the method of images model [101], the PTF 

model does not assume symmetry planes and can therefore be used for asymmetric geometries. For 

the results reported in this thesis, the model was adapted to be used in the AC/DC module of 

COMSOL. Instead of modelling three different vector potential distributions and adding them, the 

PTF model was achieved by simply using a single boundary condition. The boundary condition for 

the superconductor boundaries was set to the vector potential of the field cooling state, such as in 

Figure 2.11a. During subsequent movement of the field source, this boundary condition preserved 

the internal field and satisfied the required condition that there can be no induced currents in the 

domains at all. Although simpler, this method is less reliable, and so checks were always made to 

ensure that the field inside the superconductor really had been unchanged. 
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Figure 2.11: Illustration of how the perfectly trapped flux model is implemented by summing vector potential 
distributions. f(x,y), C1 and C2 apply to the whole model space. Drawing created by Ryszard Palka of the 
Department of Power Systems and Electrical Drives, West Pomeranian University of Technology, Poland. 

For the displaced states, such as that shown in Figure 2.11c, the restoring force was calculated 

using the Maxwell surface stress tensor, which leads to Equation (1.20). The final force vector 

resulting from integration around the superconductor boundary gives a reliable result for 

axisymmetric cases, however, in COMSOL, the method is often unreliable for general 2D cases, as 

errors can be quite large even when using very fine meshes. This does not affect the results here as 

all cases modelled were axisymmetric. 

It should be noted that this behaviour is distinct from a PM exposed to external flux density, 

which results in an internal field that is the sum of the external field and the PM remanent 

magnetization.  

A fundamental difference between previous modelling using the PTF model and the modelling 

presented in this thesis is that there are two superconducting bulks moving relative to each other 

and both require shielding, which is not a case that has previously been reported. This means that 

the field inside the field source superconducting bulk is also perfectly preserved, unlike in the case of 

a PM field source. A comparison of the levitation force resulting from this enhanced shielding to the 

force expected if there were no shielding of the field source is presented in Section 2.4.3. 
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A full critical state model for levitation force which simulates induced current density inside all 

superconducting domains has not yet been developed for bulk – bulk levitation, although it is 

possible to use this for PM – SC bulk systems [51]. This type of model would give more realistic 

hysteretic force behaviour. Although attempts were made, a full critical state model for two bulks 

moving relative to each other was very difficult to achieve using the H formulation in COMSOL. Even 

if it were possible to solve such a model, it is likely to be very computationally demanding. One of 

the benefits of using the PTF model is the very fast solution times involved. 

2.4.2 Four 25 mm diameter magnetized bulks 

The perfectly trapped flux model was used to model levitation force for a magnetized YBCO – 

bulk MgB2 bearing. After magnetization, the flux inside the YBCO bulks remains perfectly unaltered, 

in order to approximate the effects of shielding currents. In this way the maximum possible force 

between the field excitation system and the passive bulk (MgB2) for a given rotor magnetization can 

be obtained. Four fully saturated YBCO pellets (25 mm diameter, 9 mm thick) are placed into the 

MgB2 cylinder of diameter 27 mm (Figure 2.12a). The bearing has then been cooled to an operating 

temperature of 20 – 30 K. As an approximation, a uniform current density was used for the bulks 

(533 A mm-2), which gives the same overall magnetization per bulk as that which resulted from the 

previous MPSC modelling of a bulk pair. A comparison has been made to the levitation force 

resulting from permanent magnets of the same dimensions (Figure 2.13). A more conservative 

estimate for the levitation force possible in the new bearing design is also given using a uniform 

current density of 300 A mm-2. The movement of the YBCO excitation system leads to the axial 

forces in the superconducting magnetic bearing. Figure 2.12a shows field plots for the initial position 

of the YBCO bulks and for four other positions of moving YBCO bulks (the magnetic field within the 

MgB2 cylinder remains unaltered). The force dependence on displacement is shown in Figure 2.12b 

for all three field source configurations. The maximum force arises for a displacement of 6 mm, 

below which the force stiffness is positive. 

It is clear from Figure 2.12b that the high currents in the YBCO resulting from MPSC, as modelled 

earlier, give a significantly higher force than the permanent magnet equivalent. However, with a 

lower current density (300 A/mm2), the force is similar and a larger bulk size is required for an 

improvement [6]. 
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Figure 2.12: a) Field plots for different positions of a moving stack of magnetized YBCO bulks inside a field 
cooled MgB2 hollow cylinder. b) Axial force for displacement of the bearing rotor made of magnetized YBCO 
and PMs of 1.4 T remanence. The gap between rotor and stator is 1 mm. 

 

Figure 2.13: Field plots for different positions of a moving stack of permanent magnets inside a field cooled 
MgB2 hollow cylinder. The geometry is the same as for the bulk YBCO stack. 

2.4.3 Double 50 mm diameter magnetized bulk – 1 tonne bearing 

Significantly higher forces can be achieved for 50 mm diameter, 15 mm thick bulk pairs. A 

uniform current density was used (409 A mm-2), which gives the same magnetization as the state 

achieved by the MPSC modelling. Before reporting the full results, it is worth considering to what 

extent the shielding of the magnetized YBCO bulks adds to the levitation force, compared to the case 

without shielding, for which the bulks behave like coils. This comparison is shown in Figure 2.14. It is 

clear that the shielding of the YBCO gives rise to much higher distortion and gradients of magnetic 

field in the gap between them and the MgB2 bulk hollow cylinder. As expected this enhances the 

levitation force, by a factor of 2.2 for the peak force occurring at 6 mm displacement. Although the 
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high flux densities caused on the surface of the MgB2 bulk when there is YBCO shielding would 

inevitably cause flux penetration, it is the correct approximation to start from. The preservation of 

the flux inside the YBCO is an excellent approximation given the large increase in Jc when cooling by 

≈ 20 K from ≈ 40 K (the final magnetization temperature).  

 

Figure 2.14: Field distortion for an opposingly magnetized bulk pair inside a superconducting tube. Field 
distortion is much higher when the PTF model is applied to the magnetized bulks as well as the outer tube. The 
peak levitation force for 6 mm displacement is 4.87 kN without YBCO shielding and 10.80 kN with shielding. 

The full force behaviour with YBCO shielding is shown in Figure 2.15. The restoring force reaches 

a maximum of 16,520 N for the displacement z = 13 mm. It is therefore sufficient to use one such 

YBCO bulk pair to achieve an ideal 1 tonne bearing. If the current density was lower, such as 300 

A mm-2, two or three bulk pairs would be needed. The results show that force densities for the new 

bearing design have the potential to be as high as 168 N cm-2 with sufficient stiffness, a density 

significantly higher than that achievable using permanent magnets. This value assumes a 10,800 N 

load at 6 mm displacement divided by the outer cylindrical surface area of the field source unit. 

Initial position No YBCO shielding,z=6mm YBCO shielding,z=6mm
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Figure 2.15: a) Field plots for different positions of moving HTS bulks 50 mm in diameter. b) Axial force for 
displacement of the bearing rotor made of a pair of 50 mm diameter YBCO bulks. Gap between rotor and 
stator is 2 mm. 

In summary, a magnetic bearing design composed of magnetized bulk YBCO and MgB2 has been 

proposed. The difference in Tc for YBCO and MgB2 make field cooling of an MgB2 hollow cylinder in 

the field of magnetized YBCO possible. The MPSC process has been modelled for the magnetization 

of pairs of 25 mm and 50 mm diameter YBCO cylindrical bulks, which form the basic field source 

units of the new bearing design. A temperature range of 40 – 77 K allows flexibility in choosing the 

temperatures for the MPSC pulses to suit the Jc(B,T) properties of the bulks. Modelling of a pair of 

these bulks exposed to an opposing field coil has demonstrated that high magnetic field gradients 

can be created and optimised using the MPSC process. Using the perfectly trapped flux model to 

model levitation force shows that a bulk pair has the potential to achieve force densities higher than 

100 N cm-2.  

2.4.4 Uniform current density for an unsaturated bulk 

The previous modelling assumed a uniform current density throughout the bulk for simplicity. 

This current density was chosen to give the same magnetization as that resulting from the MPSC 

modelling, which actually led to higher currents induced at the outer edges of the bulk than in the 

centre. It is interesting to know whether a higher current density near the periphery of a bulk 

actually gives the same force behaviour as a lower current density throughout the whole bulk. To 

find out, a model with a uniform current density confined to a region between the outer surface and 

a depth d from the surface, as shown in Figure 2.16a, was created. This is perhaps a better 

approximation for the trapped fields resulting from MPSC where high current densities in the bulk 

periphery dominate. The two current densities modelled, which acted over different depths, were 

chosen to given the same magnetization (for a single bulk), as given by the following equation: 
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derived from Equation (1.14), where R is the radius of the bulk and J, the current density. The 

resulting levitation force curves, as shown in Figure 2.16b, show that higher current density at the 

edges of the bulk should in theory lead to a higher levitation force. This result shows that the MPSC 

procedure using low temperatures (where full field penetration is not possible) is not only suitable 

for the bulk – bulk bearing design, but it can also enhance the levitation force.  

 

a)  

 
b) 

 
 

 

Figure 2.16: a) The geometry of the opposing magnetized 
bulk pair with variable current density depth. b) Levitation 
force for the displacement of the bulk pair after field cooling 
of the MgB2 tube for two different depths of current density, 
both of which result in the same magnetization. 

 
2.5 Permanent magnet enhancement of bulk – bulk force 

The section considers an extension to the superconducting bulk – bulk bearing designs already 

proposed. Although the original design concept for a bulk – bulk magnetic bearing was to replace the 

PMs as they do not provide high enough field, PMs added to a bulk – bulk design can still provide a 

surprisingly strong enhancement to the levitation force, as well as providing additional safety 

through repulsive zero field cooled forces which are generally higher than forces resulting from field 

cooling. The concepts discussed are related to bulk – PM bearing concepts previously reviewed by J 

Hull [64]. These are repulsive force augmentation [102] and trapped field augmentation [103]. 
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2.5.1 Altering the field trapped in MgB2  

For simplicity, only a single magnetized bulk has been considered for the additional PM 

arrangements modelled. Figure 2.17 shows the various additional PM ring configurations that have 

been considered to enhance the levitation force. A uniform current density giving a 2.5 T trapped 

field was modelled for the YBCO, giving a similar trapped flux to the experimentally magnetized bulk 

reported later in Chapter 4, and the PMs had a remanent flux density of 1.2 T to match real rare-

earth magnets. The interaction of these PMs only with the magnetized YBCO is relatively intuitive, 

but there is another contribution that the PMs make to the force. The field trapped in the MgB2 

originating from the PM also interacts with the YBCO bulk during its displacement in a more subtle 

and non-trivial way.  

 

 

Figure 2.17: Various configurations of additional ring PMs used to enhance levitation force between 
magnetized YBCO and the MgB2 tube.  

By altering the trapped field pattern inside the MgB2 as shown in Figure 2.18, the PMs give rise 

to their own unique force behaviour. The force can be significantly enhanced by increasing the field 

lower down in the MgB2 to a similar magnitude to that trapped near the magnetized YBCO, and by 

rotating its direction towards horizontal. The modelling shows that this is possible even though the 

surface field of the PM is only ≈ 0.5 T.  
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Figure 2.18: Field trapped in MgB2 cylinder following field 
cooling for various configurations of additional permanent 
magnets, showing the distortion of field caused by the 
PMs. 

2.5.2 Repulsive ring permanent magnet 

Configuration A is the most obvious way in which an additional PM can boost the levitation 

force. Figure 2.19a shows the magnetic field lines resulting from displacement. Unlike the PM, the 

YBCO is a field source which has perfectly preserved internal flux. This is modelled the same way as 

for the MgB2 but is a far more accurate approximation for YBCO, as the Jc of YBCO is much higher at 

20 K than MgB2 and the YBCO is therefore insensitive to changes in the surrounding field. The force 

curve corresponding to configuration A is shown in Figure 2.19b for various field cooling positions z0. 

z0 = 0 corresponds to field cooling of the YBCO in the centre of the MgB2 cylinder. In all cases the PM 

has enhanced the force to a value greater than that existing if there were no PM (shown in black). 

The enhancement in force is greatest when the YBCO is field cooled nearest to the PM (z0=0, green 

curve), for which the peak force is over 70% improved. This enhancement cannot be explained by 

the relatively small force existing between the YBCO and PM only (red curve), and must therefore be 

due to the altered field trapped in the MgB2 as discussed earlier. It can also be seen that field cooling 

further away from the PM reduces the peak force and stiffness, but extends the zone of negative 

stiffness required for axial stability. 
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Figure 2.19: a) Magnetic field lines for additional PM configuration A after displacement, showing the 
distortion of magnetic field responsible for a restoring force acting on the magnetized YBCO. b) Levitation 
force for additional PM configuration A for different field cooling positions. Also shown is the force curve with 
no PM and the repulsive force between the magnetized YBCO and PM only for z0 = 0 mm. 
 

2.5.3 Other permanent magnet configurations 

The other PM arrangements were also modelled as shown in Figure 2.20. Configurations B and C 

have the advantage of not blocking movement of the rotor, which may be more practical in a real 

bearing design. However these do not give as significant a force enhancement as configuration A, as 

can be seen from the force curves in Figure 2.21a and b. Configuration C gives greater stiffness for 

the zone of stability but is more unstable than B for large displacements. 

 

Figure 2.20: Magnetic field lines for additional PM configurations B, C and D after displacement, showing the 
distortion of magnetic field responsible for a restoring force acting on the magnetized YBCO. 

Configuration D is a more complex PM arrangement that aims to provide a ‘magnetic cushion’. 

Figure 2.21c shows that although the force enhancement for smaller displacements is not significant, 

the configuration gives the highest levitation force of them all when approaching closely to the PM. 

a) b)

B) Δz = 14 mm C) Δz = 12 mm D) Δz = 14 mm
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The ‘magnetic cushion’ contributes to increasing the force to 1 kN, 6.25 mm away from the 

maximum possible displacement. This enhancement in force is largely due to the direct zero field 

cooled force between the magnetized YBCO and PM. The ‘magnetic cushion’ can provide safety for a 

bearing in case the MgB2 component warms up. In this situation the rotor would displace from its 

operating position as the YBCO-MgB2 force gives way, but will be slowed down by the PM repulsion 

as the displacement exceeds ≈ 12 mm. 

The limitations to the proposed designs include a restriction in axial movement for 

configurations A, B and D, a risk of demagnetizing the PMs if the magnetized YBCO bulks approach 

too closely, and also the likely reduction in radial stability for configuration D if the YBCO comes to 

sit on the ‘magnetic cushion’. The results should also be interpreted within the limits of the PTF 

model. 

 

 

 

Figure 2.21 Levitation force enhancement curves. a) Configuration B shows only slight improvement at higher 
displacement. b) Configuration C shows greater improvement than B. c) Configuration D shows significant 
enhancement in force for large displacement. 
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2.6 Engineering challenges 

There are a number of engineering challenges imposed by an SMB design using magnetized 

superconducting bulks as a field source for another superconductor in practical applications such as 

flywheel energy storage. Four main issues are listed below. 

i. Mechanical demands placed on bulks due to trapped field and centrifugal forces when 

rotating at high speed. The repulsive forces on a stack of bulks magnetized with alternating 

polarity would be significant. Also the construction of opposing pulsed field coils remains 

untested and would need careful design to withstand Lorentz forces in unconventional 

directions.  

ii. Cooling of the bearing rotor as well as the stator would be required, but without any contact 

with the stator. 

iii. Heating effects from the pulse magnetization coil may cause problems at lower 

magnetization temperatures (such as 40 – 60 K) due to heat generation around YBCO bulks 

and inefficient removal of the heat.  

iv. Limits to the radius of the bearing rotor due to the maximum size of (RE)BCO pellets that 

can be grown and the maximum bore of coils that can provide high pulsed fields would force 

the cylindrical bearing to have a large height compared to radius for high loads.  

The sum of the maximum tensile stress resulting from rotational and internal magnetic stresses 

must be less than the tensile stress of the bulk material. Equation (1.17), which gives the rotational 

stress on a rotating cylinder, shows that a rotational speed of say 10,000 rpm for a 50 mm diameter 

bulk would lead to 1.7 MPa of tensile stress, which would limit the field that could be trapped. The 

50 mm rotor bulks modelled in Section 2.3.4 with opposing magnetizations would experience a static 

repulsive force up to 1.5 tonnes (up to 2 tonnes transient force) and the (RE)BCO bulks need to be 

designed to survive these stresses. These forces are most likely to determine the maximum trapped 

fields used in practice. It is therefore not beyond the capacity of high strength steel (yield strength 

690 MPa) or composites (such as the carbon-fibre wrapping used in [25]) to be used as a thin walled 

cylindrical container for the bulks. The holes in the YBCO grown by X Chaud et al. [14] could also be 

used for reinforcement against axial forces by allowing rods to run internally through the stack in 

addition to external reinforcement. 

The temperatures used in high performance bearings for flywheel applications have been 

achieved by cryo-coolers cooling the stator part of the bearing, with thin walled insulation between 

the rotor and stator, so that the whole rotor and rest of the system operates at room temperature. 
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A solution to the problem of having to cool the rotor as well as the stator is enclosing both in a single 

cryostat, so that the bearing stator and whole rotor operate at the same cryogenic temperature.  

Figure 2.22 illustrates this possibility for a SMB that uses superconducting coils in an opposing 

field configuration as a field source. A magnetic clutch can be used to transfer energy to and from 

the flywheel rotor.  

a) b) 

 
Figure 2.22: a) Schematic illustrating the cooling configuration for a flywheel energy storage system that would 
utilise a SC coil – SC bulk bearing investigated by K. Nagashima et al. [89]. b) Prototype of the SC coil – SC bulk 
bearing [90]. 

One option for cooling the flywheel system to 20 – 25 K is indirectly using a liquid hydrogen 

storage system as shown in Figure 2.23. A closed helium gas loop can be used for indirect cooling, 

minimising the explosion hazard. 
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Figure 2.23: Indirect cooling of an SMB using a liquid hydrogen dewar and CryoFan (developed by Cryozone 
[104]). Helium gas is pumped around a closed loop with one end cooled to 20 K via a heat exchanger 
connected to a liquid hydrogen dewar.  
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Whilst heating from the pulse coil may be problematic, designs using magnetized bulks in motors 

have been constructed with the pulse coils and (RE)BCO bulks enclosed in the same overall cryogenic 

environment. An example is the axial gap type motor shown in Figure 1.40 which uses vortex coils 

for PFM and operates at around 30 K. The coils are not in direct contact with (RE)BCO bulks which 

would also be the case in the bulk – bulk bearing design proposed. Also, it is not important if heat 

flows directly from the pulse coil to the MgB2 bulk cylinder, as would be the case in the configuration 

illustrated in Figure 2.1, because it does not matter if the MgB2 is in the normal state when 

magnetizing the (RE)BCO bulks. The only times it has to be superconducting, the pulse coil is not in 

use. Use of a vacuum wall to separate the pulse coil from the (RE)BCO bulks is also feasible and is 

actually the case in the experimental system outlined in the next chapter. 

The modelling of an ideal one tonne bearing as shown Figure 2.15, used a 50 mm diameter bulk 

pair. If this is considered as the largest size bulk that can be practically magnetized with high trapped 

fields using PFM, then more than one bulk pair would be needed for loads of greater than a tonne. 

The design would not be feasible for levitating many tonnes as it would likely be impractical to 

magnetize many bulk pairs forming a bearing with a large overall height compared to diameter. 
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3 Pulsed magnetization and levitation force 
measurement system 
 

A unique system was designed and constructed capable of magnetising superconducting 

samples up to 50 mm in diameter at temperatures down to 10 K and with applied fields up to 10 T. 

This system is also capable of measuring levitation force between two bulks, which was essential for 

proving the concept of bulk – bulk bearings. Due to the complexity, duration of construction, and 

versatility of the system, it is worth describing in some detail. For simplicity, the system as a whole 

can be referred to as the Magnetoforce system. 

3.1 Introduction and overview 

A summary of the system parameters can be found in Table 3.1 and an overview of the system 

can be seen in Figure 3.1. The system is based around an Oxford Instruments Variox pulse tube 

cryostat. The insert, force measurement part, tail and coil were all custom made to work with the 

cryostat. The system is operated by sealing the sample space inside the cryostat and filling the space 

with helium gas. The cold head of the cryostat is in the form of a copper ring embedded in the wall 

of the cryostat bore and is therefore not in direct contact with the insert. Cooling is provided 

indirectly by conduction of heat by the helium gas, which is a good heat conductor at low 

temperatures [105]. This indirect cooling by gas gives more flexibility for sample size and shape than 

a conduction-cooled design, in which samples have to be rigidly mounted directly onto a cold head. 

Due to the magnetic forces that the system is designed to measure, the insert shown in  

Figure 3.1c is designed for axial compressive and tensile forces of 1 kN. The pulsed current 

supplied to the pulse coil was provided by a commercial capacitor bank system from Metis. The 

capacitor bank system was originally designed to deliver pulsed current to a separate 30 T small bore 

coil for critical current measurements on wires.  

Table 3.1: Summary of key parameters of the Magnetoforce system 

Specifications 

Minimum operating temperature 10 K 

Cooling of bulks Helium gas 

Force rating 1 kN 

Cryostat bore 50 mm 

Pulse coil bore 65 mm 

Maximum pulsed field 10 T 

Pulse rise time 15 ms 
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Figure 3.1: a) Photo showing the Magnetoforce system for pulse magnetization of superconducting bulks and 
magnetic force measurements. The system is built around an Oxford Instruments Variox cryostat. b) A 
schematic illustrating the various parts of the system: the top part for force measurement and the bottom part 
for pulse magnetization. c) Photo of the insert for the cryostat which contains all the sample holders and 
sensors (load cell, hall probes and temperature sensors). All parts except the blue cryostat were constructed 
specifically for the system. 
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3.2 System details 

3.2.1 Pulse field coil 

The most important part of the system is the pulse magnetization section, comprising a pulsed 

field coil and stainless steel tails as shown in Figure 3.2. The drawing shows the system when used to 

magnetize a (RE)BCO bulk that is later moved into an MgB2 tube for field cooling and force 

measurement. The coil sits around specially made tail extensions added to the bottom of the Variox 

cryostat. 

 

Figure 3.2: Engineering drawing showing the bottom ‘tail’ part of the system in a position for pulse 
magnetization of (RE)BCO and also in the field cooling position, after which force measurements would be 
made. In this configuration, red is the pulse coil, black a (RE)BCO bulk, green an MgB2 hollow cylinder, and blue 
the copper cold head ring of the cryostat.  

Part of the practicality of pulsed field magnetization is related to only needing a copper coil, 

rather than a large and expensive superconducting coil. However the copper coil still requires careful 

design and construction. The number of turns and dimensions of the coil were optimised to give an 

inductance which allowed a long enough pulse duration but also a large maximum field. Coupled 

differential equations were solved to give the transient solution to the circuit in the capacitor bank 

system, combined with the new coil. An inductance of 8.3 mH was chosen, which gave a maximum 

pulsed field of around 10 T when using the full available discharge voltage of 3 kV (36 kJ). Too small 

an inductance would lead to a higher maximum pulsed field but too short a pulse duration. Too large 

an inductance, although giving a longer pulse duration, would limit the maximum field and would 

require a short coil with relatively inhomogeneous field. The maximum pulse current possible was 

1.9 kA, which can only be sustained for  10 ms without melting the wire, even with LN2 cooling. 

Heating is not the only problem. The large Lorentz forces on the copper wires resulting from the high 
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currents and fields mean that significant reinforcement is required, in the form of composites 

between layers and also outside the coil windings, to prevent the coil distorting or even exploding in 

the worst case. It is common to use glass fibre for pulsed field coils [106]. Following force modelling 

conducted for the coil by F Herlach of K U Leuven, the correct thickness of reinforcement layers was 

determined for a 10 T pulsed field given the type of fibre used and the dimensions of the coil wire, 

which was square rather than circular in cross-section to help distribute stress. The fibre used was S-

2 glass cloth as shown in Figure 3.3b, which has approximately 1.4 times the tensile strength of 

standard E-glass fibre. After a layer of wire was wound, a layer of Stycast resin was painted on during 

the winding of the glass fibre cloth strip, to achieve a similar result as more complex vacuum 

impregnation. After all the coil layers were wound, a thick layer of the glass fibre composite was 

wound on the outside. After curing, as shown in Figure 3.3a, the outer layer was machined down 

into a cylinder, ready for hot press fitting of the stainless steel cylinder, also shown in the figure, for 

added reinforcement and containment. The entire coil winding and reinforcement process was 

conducted manually in-house, which was a challenging task largely due to the rapid curing of the 

resin and because mistakes, such as slight misalignment of a turn, could not be tolerated due to 

stress concentrating at weak points during a pulse. Winding of pulse field coils takes great care to 

contain forces acting on highly conductive but relatively soft copper wire. 

 

Figure 3.3: a) Final stage of the construction of the 10 T pulse field coil. Blue Stycast resin visible before being 
machined down to allow hot-pressing of the stainless steel cylinder for extra reinforcement. b) Samples of the 
S-2 glass fibre cloth and string used with Stycast to internally reinforce the coil. 

The tail pieces that came with the Variox cryostat were aluminium, with the outer tail being 

greater than 65 mm in diameter. This presented three problems: the high conductivity of aluminium 

would lead to eddy current heating during pulses, the eddy currents would lead to large magnetic 

pressure, and the larger outer diameter of the tail would force the coil to have a large inductance 

and therefore limit the maximum applied field to much less than 10 T. Modelling of induction 

heating using COMSOL was performed, which showed significant heating of the aluminium tails by 
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eddy currents (a spontaneous temperature rise of up to 70 K) and large compressive forces. This was 

confirmed by a simple experimental test in which an aluminium tube was inserted into the pulse coil 

in LN2 and a 6 T pulse delivered. The heating was evident by the large splash of LN2 as the liquid was 

instantly boiled off between the coil and the tube, an effect which in itself would cause unwanted 

pressure on the outer tail. To solve these problems, a new pair of tails was created from stainless 

steel with a small outer diameter to fit inside the desired coil, as seen in Figure 3.4. The parts of the 

tail were glued together using Stycast, which was able to hold high vacuum (10-6 mbar) as well as 

being mechanically strong. Modelling and experiment confirmed that the comparatively low 

electrical conductivity of stainless steel did not lead to significant eddy current heating. 

 

Figure 3.4: Photo of the installed pulse field coil around the stainless steel tail. Polystyrene cryostat visible 
below, which is used to immerse the coil in LN2 during operation. 

3.2.2 Sample holder insert 

There were a number of constraints placed on the design of the bulk sample holders shown in 

Figure 3.5. They had to accommodate a range of sample sizes in order for the system to be a flexible 

research tool, yet they also had to be well suited to proving the concept of bulk (RE)BCO – MgB2 

levitation force. Grade 316 stainless steel was chosen for its strength at low temperatures, relatively 

low electrical conductivity (minimising eddy currents) and non-magnetic properties. In order to 

maximise the use of the 50 mm cryostat bore, the thin walled sample holders were assembled using 

grub screws as shown in Figure 3.5. A prototype of the smaller (RE)CBO sample holder, using the 

same grub screw design, was tested in a tensometer which showed that it could survive more than 2 

kN of axial tensile force without damage. 
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Figure 3.5: Sample holders for (RE)BCO bulk (left) and MgB2 bulk (right). The larger sample holder can be used 
to hold superconducting bulks of any kind up to 46 mm in diameter. Both holders have been engineered to 
survive up to 1 kN of compressive/tensile force. 

In order to maximise the levitation force between the magnetized (RE)BCO bulk and the MgB2 

hollow cylinder, the radial gap between the two had to be as small as possible. Figure 3.6a shows the 

tight tolerance achieved between the (RE)BCO sample holder and the MgB2 hollow cylinder inside 

which it moves, visibly exposed on the inside. The sensing plate for the (RE)BCO bulk sample holder, 

as shown in Figure 3.6a, also presented a number of challenges. In order to get an accurate measure 

of the central trapped field, a high linearity Arepoc cryogenic hall probe (model LHP-MP) was used. 

However a number of hall probes were desired to give an accurate measure of the whole trapped 

field profile. Rather than scanning a sensor over the bulk, which is difficult at temperatures below 77 

K and interrupts pulse magnetization sequences, an array of 9 hall probes were used. The four small 

hall probes on either side of the central probe were simple Toshiba hall probes (model THS118) 

which each had to be individually calibrated up to 6 T and down to 10 K. All the hall probes were 

aligned to measure field 0.5 mm away from the sample surface when a thin stainless steel cover is 

attached to the sensor plate.  

 



3  Pulsed magnetization and levitation force measurement system 

75 
 

a) b)

 

Figure 3.6: a) Photo showing the two sample holders coaxially aligned as they would be during force 
measurement. The gap between the visible dark grey MgB2 cylinder and (RE)BCO sample holder is only 
1.75 mm, showing the small tolerances in the system. b) Sensor plate of the (RE)BCO sample holder showing a 
central Arepoc hall probe and a further 8 Toshiba hall probes used to map the trapped field profile along a line. 
There is also a carbon ceramic temperature sensor (green) to measure (RE)BCO temperature. 

3.2.3 Levitation force measurement  

As can be seen from Figure 3.1a and b, the upper part of the Magnetoforce system is composed 

of an aluminium cylinder housing a load cell, a linear stage, and a high torque stepper motor. The 

load cell is incorporated inside the insert space which is filled with helium gas during operation. This 

is so that the force on the rod can be measured without any interference from an O-ring seal which 

is placed above the load cell and lubricated to allow movement. In order to meet the high 

mechanical demands placed on the central rod as well as minimising heat input into the cryostat, a 

glass composite rod (Tufnol 10G/40) was used to carry the force from the sample. In order to move 

the rod against forces up to 1 kN, a linear stage was used, connected to a 1.8° hybrid stepper motor 

driven with a micro-step driver (20 micro-steps per step). This combination allows for linear 

movement with a positioning resolution of 1 µm (20 µm for a full step), which is easily sufficient to 

provide accurate force-displacement curves, for which the typical position increment was 0.25 mm. 

The motor has sufficient holding torque to prevent movement of the stage against 1 kN of force. In 

order to measure the force-displacement curves, the motor takes a step and then pauses to allow 

the load cell to be read, which does not prevent speeds of 1 mm/s, which is typical for levitation 

force measurements [107].  

3.2.4 Data acquisition and software 

The measurement, magnetization and positioning hardware was interfaced with a computer via 

custom electronics and a National Instruments DAQ card (NI-6251). The DAQ provided analogue 

inputs (multiplexed via a 16-bit ADC), which could be sampled at an aggregate rate of up to 1.25 
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MHz, and digital I/O lines capable of waveform generation. In addition, several digital multimeters 

were used to measure temperature. 

The intermediate electronics were developed with Dr Simon Hopkins of the Applied 

Superconductivity and Cryoscience Group, University of Cambridge. These provided excitation 

currents/voltages for the sensors, signal conditioning (including multiplexing and pre-amplification 

of Hall probe and load cell signals), a safety circuit for the movement stage, and interfacing for the 

stepper motor driver. 

The final aspect of the system to be developed was complex software to allow flexible 

measurements using all the available sensors, as well as automated pulse magnetization and force 

measurement. The software was written by Dr Simon Hopkins. The automation of the pulse 

sequences to implement IMRA and MPSC is advantageous given the number of pulses required, and 

an important demonstration of how pulse magnetization could be controlled for real applications. 

The pulse field coil was externally calibrated and its resistance monitored to measure heating. 

This allowed a cool-down time to be calculated, which is the time it takes for the coil to return to 

around 77 K following heating by the pulsed current. The software is designed so that it is impossible 

to deliver a pulse within the cool-down time of a previous pulse (for example 140 s for 5 T), which 

protects the coil from overheating. This places a minimum time for a pulse sequence to be delivered 

at a particular temperature. For example, if starting from 5 T and going down in steps of 0.2 T to 2.8 

T, which is a typical sequence, the total time would be at least 22 minutes. Figure 3.7 shows the 

interface in the Magnetoforce software used to pre-program the pulses that are desired. These can 

be amended during the pulse magnetization process if changes need to be made, as would be typical 

if testing a new sample, and it is also possible to override the automation and pulse manually if 

desired. Once started, the software waits for the sample temperature to fall below the desired 

temperature, after which the capacitor bank is automatically charged and discharged to deliver a 

pulse. During the pulse, the central hall probe is rapidly sampled to show how the field is penetrating 

the sample (Pulse Data tab in Figure 3.7).  
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Figure 3.7: Screen-shot of the software capable of automated pulse magnetization. The tab shown allows all 
field pulses at all temperature stages to be pre-programmed before starting automated magnetization. 

The remaining hall probes, which are multiplexed, are read along with the central probe 

immediately after the pulse and again 30 s after the end of the pulse. The software permits any 

number of readings of the hall probe array at fixed intervals after a pulse, but 30 s has been chosen 

as a standard measurement time, as before 30 s there is significant flux creep. Although flux creep 

for pulsed magnetization continues after 30 s, it is not so significant and choosing a longer 

measurement time would delay the delivery of the pulse sequence. The measurements of the hall 

probe arrays are immediately plotted by the software, as seen in Figure 3.8, which shows the 

profiles 30 s after a number of pulses have been delivered to a 25 mm diameter YBCO bulk as well as 

the final trapped field profile at the end of the last temperature stage. In Figure 3.8 the software is in 

the middle of delivering the sequence of pulses and is waiting for the coil to cool down, and also for 

the bulk to cool down to the desired temperature. Although automatic control of the temperature is 

possible, the tests presented in this thesis used manual control whereby the temperature of the cold 

head was set to a value below the desired sample temperature to effectively cool the bulk after a 

pulse, but the triggering of the pulses was still done by the software. In order to see the trends for 

the results, the trapped field and flux are plotted during magnetization as can be seen in the right 

hand plot of Figure 3.8. The flux is calculated using interpolation of the field measured by the hall 

probes and integration over the 25.5 mm diameter sample holder area. It is not a reliable measure 

of the real trapped flux for asymmetric profiles or samples significantly smaller than 25.5 mm.  



3  Pulsed magnetization and levitation force measurement system 

78 
 

 

Figure 3.8: Screen-shot showing the progress tab of the automated magnetization. The evolution of trapped 
field and flux can be monitored during the magnetization process, giving instant feedback on how each pulse is 
modifying the trapped field. 

The automatic plotting and processing of the trapped field data during magnetization makes the 

system a powerful and easy to use tool for characterising pulsed magnetization performance of 

bulks, which can be unpredictable and therefore exhibit confusing behaviour if only unprocessed 

data is available during experiments. The software can also control the force measurements by 

performing a back and forth displacement of the desired magnitude and measurement step to give a 

live force displacement curve. 

3.2.5 Measurement errors 

The largest contribution to the error in the measurement of the central field is a systematic 

error coming from the uncertainty of the hall probe distance from the bulk sample surface. Although 

confined by the stainless steel sample holder (Figure 3.6b), it is not permanently mounted in order 

to allow possible removal for other tests. Therefore there is an uncertainty in separation between 

the hall sensor and the bulk surface of approximately ± 0.05 mm. Using a simple model in COMSOL 

for uniform current density circulating in a 25.5 mm x 12 mm bulk, this corresponds to an error in 

the measured field at 0.5 mm above the sample surface of up to ± 1.5 %. Even at a low field of 0.3 T, 

the sensitivity of the Arepoc sensor (12.5 mV/T) results in a signal 500 times larger than the ADC 

resolution; and each reading is averaged over 8000 samples, so random errors are negligible. 

The Toshiba hall probes were rigidly and permanently mounted to the sample holder. Unlike the 

central Arepoc hall probe, they are not highly linear in field or temperature and therefore had to be 

individually calibrated using the Arepoc hall probe with a third order polynomial fit used for the field 
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dependence of hall voltage and a second order polynomial used for the temperature scaling. The 

main source of error was the error in the polynomial fits, which was approximately no more than ± 

2 %. The Toshiba probes are measured via a multiplexer. A settling time of 50 ms was allowed on 

switching, and each reading was averaged over 500 samples. The general alignment and reliability of 

the hall probe array was confirmed by measuring the field profile of a 25 mm diameter rare-earth 

PM, which fitted the smooth relatively flat profile expected, as well as being a good match with a 

separate scanning hall probe measurement of the same PM.  

The error in the load cell measurement due to non-linearity and hysteresis is no more than 0.4 

%. A small force error is also possible during movement due to ‘stick and slip’ of the tufnol rod 

against the guides. This error leads to small oscillations ( ±3 N) in the force displacement curve, the 

impact of which can be reduced by averaging. 

The resistance of the carbon ceramic temperature sensors was found using four point 

measurement with voltage and current measured by digital multimeters. The main source of error 

for the temperature readings was the error in the calibration curves. A sixth order polynomial was 

used for the fit which gives a maximum error in the temperature of ± 0.3 K. Another uncertainty 

when describing the temperature of a bulk in the system, is the presence of thermal gradients which 

mean that the bulk could have a non-uniform temperature distribution. The variation is likely to be 

negligible for the (RE)BCO bulk given its small size and relatively uniform cooling by helium gas, but 

may be significant for the MgB2 tube used, which is 55 mm in height and had its top half close to the 

system cold head (see Figure 3.2). It is difficult to estimate, but the temperature variation 

throughout the MgB2 bulk is probably no more than 1 K. 
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4 Magnetized bulk (RE)BCO – MgB2 levitation 
force results  
 

Experimental measurements on PFM and levitation force between a magnetised 25.5 mm 

diameter YBCO bulk and a coaxial MgB2 hollow cylinder were performed, proving the concept of a 

bulk–bulk superconducting bearing. The maximum force achieved after field cooling the MgB2 bulk 

cylinder to 20 K in the field of a 1.68 T magnetised YBCO bulk was 501 N, and 560 N was achieved for 

another bulk at a lower temperature. These are the highest levitation forces known to have been 

measured to date between two superconducting bulks. 

4.1 Pulse magnetization of 25.5 mm (RE)BCO bulks 

Before performing any levitation force test, 25.5 mm x 12 mm YBCO bulks were magnetized in 

the Magnetoforce system using PFM. The diameter of the bulks was ideal when used with an MgB2 

tube that could fit inside the system bore of 50 mm. In order to maximise the trapped field and flux, 

the IMRA and MPSC techniques were used, which also allowed the trapped field performance of the 

bulks to be characterised as a function of temperature. The results presented in this section are for 

two YBCO bulks, referred to as Y1 and Y2, produced using top seeded melt growth by Yunhua Shi of 

the Bulk Superconductivity Group, Engineering Department, University of Cambridge. All trapped 

fields were measured 0.5 mm above sample surfaces and along the growth sector boundary of the 

bulk. 

4.1.1 IMRA method and pulse sequence 

When magnetizing an untested bulk for the first time, its response to a pulsed field can be quite 

uncertain, even for bulks which have trapped a highly symmetric conical field profile after field 

cooling. Therefore all bulks used for this thesis were at some point pulse magnetized at 77 K, which 

gives a good indication of the applied fields needed for lower temperatures. The thermal stability at 

77 K means that the IMRA procedure (as first introduced in Section 1.7.2) can be successfully 

completed even when starting with applied fields much higher than necessary, but the same is not 

true for lower temperatures. Applying more than around 5.5 T for bulks Y1 and Y2 results in either 

complete or partial collapse in the trapped field at temperatures below  40 K, which cannot 

typically recover to its maximum value during further pulses unless warmed back to a higher 

temperature. 
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The applied pulse field sequences chosen for Y1 and Y2 after initial testing are shown in Table 

4.1. Fields at higher temperatures may be slightly higher than necessary, but the maximum fields at 

lower temperatures penetrate the bulks as much as possible without collapsing the field due to 

thermal instability. For the bulks tested, it is not possible to saturate them at the lower temperature 

stages. MPSC is therefore needed to add as much flux to the bulk centre as possible at higher 

temperatures, before the lower temperature stages add flux to the bulk periphery as detailed in 

Section 1.7.3. Due to these factors, for typical  25 mm diameter (RE)BCO bulks, the maximum 

applied fields needed are approximately between 4 – 5 T. 

Table 4.1: Full PFM sequence used for YBCO bulks Y1 and Y2. Three stage MPSC was used to magnetize the 
bulks for MgB2 field cooling and force testing. A separate MPSC test including lower temperatures was also 
performed on Y2. 

Temperature Applied field/T           

 Pulse #: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Y1
 M

P
SC

 f
o

r 
fo

rc
e 

te
st

 54 K 4.3 4.2 4.1 4.0 3.8 3.6 3.4 3.2 3.0 2.6      

40 K 4.8 4.7 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2      

35 K 4.9 4.85 4.8 4.7 4.6 4.5 4.4 4.2 4.0 3.8 3.6 3.4    

Y2
 F

u
ll 

M
P

SC
 

77.4 K 3.0 4.0 3.8 3.6 3.4 3.2 3 2.8 2.6 2.4 2.2 2.0 1.6   

60 K 4.4 4.3 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.6 2.2     

45 K 5.0 4.9 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6  

30 K 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 

15 K 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 

Y2
 M

P
SC

 f
o

r 
fo

rc
e 

te
st

 55 K 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2   

45 K 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8    

37 K 4.9 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.7 2.5   

 

It is worth considering the evolution of the trapped field profiles during IMRA in order to 

understand how PFM works, and also to understand the limitations of PFM when applied to (RE)BCO 

bulks. Figure 4.1 shows the evolution of trapped field for bulk Y1 during the second 54 K 

magnetization stage of MPSC. It is very clear for this case how important IMRA is in maximising the 

trapped field and flux, which would otherwise be significantly lower, and just as importantly, 

unpredictable and not reproducible, if using a single pulse. The fact that the first pulse of a sequence 

typically produces an asymmetric unpredictable profile is evidence of Jc inhomogeneity inside the 

bulk, which leads to hotspots and instability. Whilst IMRA can usually deal with this problem at 

higher temperatures, the same is not necessarily true for lower temperatures, so inhomogeneity 

remains undesirable. Figure 4.2 shows examples of the trapped field for bulk Y2 which develops an 

‘M’ shaped trapped field profile most likely due to a low Jc region near where the seed crystal was. In 

this case, such an inhomogeneity is not believed to contribute to thermal instability due to its axial 
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symmetry (unlike an off centre region of low Jc). Figure 4.2b shows how using a low temperature, 

such as 15 K, in an MPSC sequence can increase flux rather than field. 

 

Points illustrated 

 Trapped field after first pulse asymmetric 

due to high thermal instability 

 Initial IMRA pulses increase peak trapped 

field 

 Later IMRA pulses mostly increase outer 

trapped field and therefore flux rather 

than central trapped field 

 Final trapped field state reproducible 

using IMRA 

Figure 4.1: Evolution of trapped field for YBCO Y1 during the IMRA procedure for the 54 K MPSC stage.  

 

Points illustrated 

 Jc inhomogeneity can strongly affect 

trapped field profile as in the case of 

Y2, which has a low Jc region in the 

centre  

 Dip in central field is not due to 

thermal instability as 77 K is relatively 

stable 

 Field can suddenly redistribute during 

a pulse sequence (pulse #11), an 

effect that cannot be simulated using 

a E – J critical state model  

 

 

 

 At low temperatures PFM cannot 

typically saturate a bulk 

 The IMRA pulse sequence in this case 

is used to build up field in the outer 

region of the bulk 

 Whilst PFM at low temperatures 

cannot increase the central field by 

much, it can increase the trapped flux 

 At the lowest temperatures, the 

change in field per pulse can be very 

small 

 
 

Figure 4.2: Evolution of the trapped field during the a) highest and b) lowest temperature stages of the full 
MPSC magnetization of YBCO bulk Y2. The bulk exhibited a low Jc region around the seed crystal point. 
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4.1.2 Trapped field and flux for MPSC 

Having explored the evolution of the trapped field profiles for the bulks during IMRA, it is 

important to consider the final trapped field and flux possible when using PFM. At higher 

temperatures, PFM can trap a field around 2/3 of that which can be trapped using field cooling. This 

is illustrated by Figure 4.3, which shows the trapped field profile for a GdBCO bulk using field cooling 

and PFM. However, an analysis of the flux using the hall probe scan data shows that PFM can trap 

almost the same flux as field cooling at 77 K (≈ 95 % in this case). This example contributes to the 

general comparison of magnetization methods made in Table 1.3. Given the importance of trapped 

flux in many applications and the relatively high flux to peak field ratio resulting from PFM, care 

should be taken in interpreting the usefulness of PFM if only peak trapped field values are available. 

 

Figure 4.3: Example trapped field profiles for a 26 mm diameter GdBCO bulk magnetized at 77 K using a) field 
cooling performed by Y Shi (Engineering Department, Cambridge) and b) pulsed magnetization in LN2. Field 
cooling traps a higher peak field (0.90 T) than pulsed magnetization (0.63 T), but using IMRA has allowed PFM 
to trap approximately 95 % of the flux achieved by field cooling. 

The trapped field profile achieved for each stage of MPSC applied to bulk Y1 is shown in Figure 

4.4. Pre-magnetization at the higher temperature stages was necessary to maximise the trapped 

field at 35 K, which otherwise would have been limited by thermal instability if starting from zero 

trapped field. Unlike Y2, Y1 is able to trap a relatively conical trapped field profile at all temperature 

stages, giving a final trapped field at 35 K which has a high degree of symmetry. This final trapped 

field profile had a peak of 1.68 T at the bulk centre and was used to field cool the MgB2 used for 

levitation force testing. After the last magnetization temperature of 35 K, the bulk was cooled to 

20 K. No change in the central trapped field was detected, however there was a very small decrease 

in the outermost measured field. Following the force measurement detailed in the following section, 

the system was left overnight, with the YBCO bulk maintained at 20 K, to see if there would be a 

reduction in trapped field. The central field was measured the next day with no detectable decrease. 

Due to the measurement error it is only possible to say that there was less than 0.1 % decay in the 

central field over 12 hours. This confirms the theory that a reduction in temperature following 
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magnetization can reduce flux creep to a negligible rate. In addition, warming the final 35 K trapped 

field state to 50 K momentarily, caused a drop in central field of less than 1 %, demonstrating the 

resilience of fields trapped by PFM to occasional temperature spikes which could occur in 

applications. 

 

Figure 4.4: Trapped field profiles for YBCO bulk Y1 for the 3-stage MPSC down to 35 K used for the levitation 
force test. A separate 70 K test is also shown, which is unlikely to have increased the fields for lower 
temperatures if included in the MPSC procedure. The trapped field exhibits the expected conical shape with 
high symmetry. 

 
 Figure 4.5 shows the final trapped fields for MPSC magnetization applied to bulk Y2. As 

previously mentioned, the Jc inhomogeneity leads to an ‘M’ shaped trapped field. It can also be seen 

that some of the profiles are asymmetric despite using IMRA, which points to further Jc 

inhomogeneity which is not axially symmetric. The final trapped field after the whole MPSC 

procedure has reasonably good symmetry for both the full MPSC test and the MPSC for force test. A 

high degree of axial symmetry would be important for a magnetized bulk being used as a field source 

in a bulk – bulk bearing in order to allow free rotation. The concept of composite bulks covered in 

Chapter 5 may make it easier to have a field source with a highly symmetric trapped field. 

 

Figure 4.5: Trapped field profiles for YBCO bulk Y2 for a) 3 stage MPSC down to 37 K used for levitation force 
testing and b) separate full 5 stage MPSC used to determine the maximum trapped field possible (which is off-
centre) down to 15 K. 
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In order to evaluate trapped flux, the field profiles were integrated up to the outer radius of the 

bulk (R), based on the following equation: 

 
0

2 ( ) r
R

B r dr     (4.1) 

This method assumes axial symmetry of the trapped field. In order to calculate an approximate 

solution, the negative radial positions were taken as positive, and the field interpolated linearly 

between these points. As the trapped field profile is often asymmetric and because the field is only 

strictly known along a line on the bulk surface, the calculated flux values remain an estimate. For an 

asymmetric profile such as that for 60 K in Figure 4.5a, the calculated flux corresponds to an 

effective field profile as a function of radius which is the average of that for the positive and negative 

radial distances. The calculation method therefore gives at least a rough estimate of the flux for 

asymmetric trapped fields. 

 

Figure 4.6: a) Maximum trapped field and b) trapped flux for 25.5 mm diameter YBCO bulks used for levitation 
force testing. Values are for the end of each stage during MPSC. Flux values are only approximate due to 
possible asymmetries present in the trapped fields. 

Figure 4.6a shows the maximum trapped field for the magnetization sequences applied to Y1 

and Y2. For Y2, the values are not for the bulk centre, as the peak in field is off centre for this bulk. 

The general trend is a large increase in the field that can be trapped from 77 K down to around 40 K, 

after which the trapped field tends to saturate. It also appears that Y1 can trap the highest field (and 

a much higher centre field). The relatively low trapped field for Y1 at 70 K is probably due to applying 

a maximum of only 3 T at that temperature, which probably should have been higher. The flux 

behaviour is different to the field behaviour in two ways. Firstly, the trapped flux does not saturate 

at lower temperatures in the tested range, but keeps increasing down to 15 K. This behaviour is also 

present for the trapped field profiles reported in Section 5.2 and 5.3 and appears to be generally 

true for bulk samples. Secondly, despite trapping a lower peak field for most temperatures, bulk Y2 
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traps a higher flux at all temperatures, given its ‘M’ shaped profile, and so both samples have their 

separate advantages. 

This section focussed on bulks Y1 and Y2 (used for most of the levitation force testing), which 

were YBCO rather than GdBCO. Although GdBCO bulks can typically trap higher fields at 77 K and 

have become popular for producers of large bulks such as Nippon steel (see Section 1.5.1), the 

GdBCO bulks tested in the system could not trap a higher field or flux when magnetized using PFM 

compared to the YBCO bulks. The reason for this is not clear, as field cooling tests performed by the 

Bulk Superconductivity group, Engineering department, Cambridge (the source of the bulks in 

question) on typical YBCO and GdBCO bulks they produce, show that GdBCO generally traps a higher 

field. One likely explanation is that, despite its higher average Jc(B) (at least for the higher 

temperature MPSC stages), the GdBCO bulks suffer from greater thermal instability which negates 

the benefit of the higher Jc, making them less suitable for PFM. This could, for example, come from a 

greater Jc difference between the GSB and GSR parts of the bulk, which would not necessarily be 

apparent from field cooling data. In future a systematic study is needed to establish if there really is 

a difference in the relationship between field cooled and PFM trapped field performance for YBCO 

and GdBCO bulks of the  25 mm diameter size considered in this thesis. 

4.2 Levitation force curves   

The procedure for conducting the levitation force tests was to move the YBCO bulk into the 

coaxial MgB2 tube, which lies above and away from the pulsed field coil, as illustrated by Figure 3.1 

in Chapter 3. Both bulks were then cooled below 39 K to achieve field cooling of the MgB2 tube 

before the force-displacement curves were produced. The trapped field states of the two YBCO bulks 

Y1 and Y2 used for the tests are shown by the lowest temperature curves in Figure 4.4 and Figure 4.5 

respectively. The MgB2 bulk tube used for the force tests (see Figure 4.8 for dimensions) was 

produced by Alessandro Figini-Albisetti and Giovanni Giunchi of Edison Spa, Milan, Italy, using the 

reactive liquid Mg infiltration process as introduced in Section 1.5.3. 
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4.2.1 Permanent magnet benchmark  

 

Figure 4.7: Levitation force curve for a 25 mm x 10 mm NdFeB PM with a peak field of 0.34 T inside the MgB2 
tube at 20.2 K. A PTF model prediction is also shown for comparison. 

A levitation force test was conducted for a high strength rare-earth PM of a similar size to the 

YBCO bulks in order to compare to the results for YBCO and also to validate the force measurement 

system. The force results shown in Figure 4.7 fit the expected behaviour for a PM as confirmed by 

modelling. The PTF model was used as described in Section 2.4.1 to give the force between a PM of 

the same remanent field as that determined for the real PM and a coaxial MgB2 tube of the same 

dimensions as used experimentally. A comparison of the modelled and experimental curves shows 

that there is some hysteresis, which is expected for a small amount of flux penetration, but the MgB2 

Jc is sufficiently high at 20 K to largely shield the superconductor from the relatively small field of the 

PM. Although the shape of the modelled curve is a good fit, it is lower than it should be given that 

the PTF model is always an upper limit for levitation force. The origin of this error may be that the 

stainless steel sample holder became slightly magnetized, as it seems to be weakly magnetic at room 

temperature. Another possibility is that the PM was slightly off-centre when field cooling occurred. 

Field cooling off-centre (so that the PM and MgB2 are not coaxial but their axes are still parallel) is 

likely to give rise to higher axial forces. 

4.2.2 YBCO bulk Y1 

The exact dimensions of the bulk – bulk levitation force configuration tested are shown in Figure 

4.8. A photo of the coaxial configuration and sample holders was shown previously in Figure 3.6a. 

After the MPSC procedure finished at 35 K, the YBCO bulk was moved into the MgB2 tube. However, 

as 35 K is slightly below the Tc of MgB2, a pulse of heat was delivered to the cold head (which is very 
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close to the MgB2 tube) to briefly increase its temperature and destroy any induced currents during 

insertion. The thermal inertia was high enough for the YBCO bulk not to have experienced a 

significant temperature rise, although a small temperature fluctuation would likely have had a 

negligible effect on the trapped field anyway.  

 

 

 
 
 
 
 
 
 
 
 
 
Figure 4.8: Exact dimensions of the experimental 
bulk – bulk bearing geometry composed of a coaxial 
YBCO bulk and MgB2 hollow cylinder. 

 

 

Figure 4.9: Levitation force curve for 1.68 T magnetized YBCO bulk Y1 inside the MgB2 tube. A peak restoring 
force of 501 N was measured during extraction. The force resulting from a PTF model for an YBCO bulk with 
approximately the same trapped flux is also shown. 

 

Figure 4.9 shows the levitation force results for the YBCO bulk Y1. The extraction of the bulks 

leads to a large stable restoring force, peaking at 501 N at a displacement of 12 mm. When returning 

after 40 mm of displacement, the insertion force has a similar behaviour but a peak force less than 

half that of the extraction curve, indicating large hysteresis. The hysteresis indicates that for large 
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displacements, significant flux penetration has occurred due to the high fields the MgB2 is exposed 

to, which would also cause a reduction in the Jc of the MgB2. A PTF model with YBCO shielding as 

described in Section 2.4.3 was used to simulate the experiment and gives good agreement for the 

first 4 mm of displacement, and good qualitative agreement for the rest of the extraction curve. The 

fact that the peak of the extraction curve is broad is partly due to flux penetration but also due to 

force creep [64]. The measurement was conducted by manually rotating the motor shaft and 

recording the force at 0.5 mm intervals as the system was not fully complete at the time of 

measurement. This led to an average movement speed of around 0.1 mm/s, slow enough for force 

creep to occur.  

For the PTF model, the YBCO bulk was assumed to have the same flux as that estimated for the 

Y1 trapped field profile, but using a uniform current. This gave a 2.7 T centre trapped field 0.5mm 

above surface. A model with a uniform current over a limited depth (as in Figure 2.16a) was also 

created, with the depth chosen to give a ratio between centre field and flux that matched the 

experiment. However, the force curves for both models were almost identical, so the simpler model 

with uniform current flowing around the whole bulk was used. The calculated flux following PFM is 

very useful for relative comparisons but is less reliable as an absolute measure of the trapped flux of 

a bulk. It is therefore not surprising that the modelled curve should probably have a larger force 

minimum, suggesting that the real trapped flux has been slightly underestimated. Also, the fact that 

the modelled bulk (which had similar flux to the real bulk but a much higher peak trapped field) gave 

a reasonable match to the extraction force curve, suggests that a bulk – bulk bearing is an 

application for which trapped flux matters more than peak trapped field. 

 

Figure 4.10: Simulation of the PTF model applied to the magnetized YBCO – MgB2 force experiment, assuming 
uniform YBCO current density. High levels of flux line distortion occur for larger displacements. 

The origin of the large hysteresis occurring for large displacements can be better seen by 

considering the field distortion predicted by the perfectly trapped flux model, which is illustrated in 
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Figure 4.10. At 12 mm displacement, when the bulk encounters a part of the MgB2 with a small 

perpendicular field, significant flux compression takes place, leading to a high flux density of 2.7 T on 

the wall of the MgB2, enough to cause significant penetration and reduction in Jc.  

4.2.3 Temperature dependence using YBCO bulk Y2 

Bulk Y2 was also used in a levitation force test. 20 K can considered an ideal temperature to 

operate a bulk YBCO – bulk MgB2 bearing as the Jc of MgB2 is sufficiently high, yet 20 K is not 

unfeasible for cryocoolers to achieve and could even be achieved by using liquid hydrogen. However, 

it is important to know the force behaviour at higher and lower temperatures. For this reason, 

levitation force curves were produced at 12, 20 and 30 K as can be seen in Figure 4.11.  

 

Figure 4.11: Levitation force curves for the YBCO bulk Y2, magnetized with an ‘M’ shaped trapped field profile, 
inside the MgB2 tube. The levitation behaviour was investigated for three different temperatures. The highest 
temperature of 30 K showed very large hysteresis, whereas the lowest temperature curve for 12 K suffered 
from force jumps resulting from macroscopic flux jumps.  

It is firstly worth focussing on the curve for 20 K and comparing it to the previous result for bulk 

Y1. The curves are similar but, as expected, the Y2 curve has a less broad force minimum as the force 

curve was produced by the automated system using a speed of 1 mm/s (0.25 mm measurement 
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interval), which is typical for levitation force measurements [107]. The most notable comparison, 

however, is the magnitude of the largest force. According to the trapped flux estimates as shown in 

Figure 4.6b, bulk Y2 has a 26 % higher trapped flux than Y1 and so should in theory have a much 

higher levitation force. In fact, the PTF model used for Y2 (which had a uniform current over a depth 

of 4 mm from the outer cylindrical surface to simulate an ‘M’ shaped profile) gave a peak force of 

888 N, significantly higher than observed. For this reason it is not shown in Figure 4.11. 

There are a number of reasons why the force is lower than expected from theory. As the 

calculated trapped flux for the bulk is only an estimate, it could be out by 10 – 20 %, which would 

make a larger percentage difference in maximum force. An example of a possible source of 

overestimation is the fact that the field profile is measured along the growth sector boundaries, 

which often have a larger field that that growth sector regions. There is also a possibility of flux 

creep for the flux trapped at the outer edges of the bulk, which contribute significantly to the 

trapped flux for Y2. This could have occurred during the movement of the bulk up into the MgB2 

tube. Also, for bulks with high trapped field in the outer radius of the bulk, leading to ‘M’ shaped 

profiles, it can be seen that the flux density in the gap between the bulk and the MgB2 tube is larger 

than for a conical trapped field profile of with the same overall flux. This suggests that the PTF model 

should give more of an overestimate of the real force for Y2 than for Y1. 

The data for 30 K show the force behaviour for a lower Jc in the MgB2 bulk. Not only is the 

maximum levitation force less than measured at 20 K, but also the hysteresis is significantly higher. 

Figure 4.12 illustrates the currents that would be induced in the wall of the MgB2 due to a moving 

field source. For the insertion curve at 30 K, the YBCO bulk experiences relatively large fields 

produced by the currents induced during extraction. These lead to a lack of shielding and the low 

force values observed. 

The lowest temperature curve, 12 K, has the highest maximum force but exhibits very 

interesting force jump behaviour, which may not have been previously reported between two bulk 

superconductors. The reason for the sudden drop in force must be a sudden macroscopic flux jump 

rather than any mechanical damage or slippage in the components (which were carefully examined). 

The jump is associated with the large flux densities that build up due to flux distortion as shown in 

Figure 4.10. However, even if the field becomes so high that that it exceeds the irreversibility field 

for MgB2 (see  

Figure 1.22), the drop in force should be gradual and smooth rather than sudden. The behaviour 

must also be due to thermal instability occurring at low temperature due to low heat capacity. This 

instability at low temperatures cannot be modelled even using a full critical state model (which 

would be able to incorporate irreversibility field), let alone the PTF model. After a jump of flux has 
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occurred in the bulk, the MgB2 trapped flux has partially redistributed or relaxed into a lower energy 

state closer to the field cooled state, which explains why the force curve after a jump is similar to a 

section of the curve at a lower displacement. The existence of the force jumps shows that there is no 

benefit in operating at temperatures much lower than 20 K due to thermal instability. It does not 

necessarily imply that force jumps would occur at 20 K if using a (RE)BCO bulk with a much higher 

trapped field than Y1 or Y2 had. 

 

 

Figure 4.12: Illustrative critical state model for a moving field source inside a field cooled superconducting 
tube. The levitation force results from shielding currents induced in the wall of the tube. The field source is 
modelled as a cylinder with a uniform current circulating, giving a 1.2 T surface field but no superconductivity 
or shielding. The critical current density for the tube is modelled as Jc = 0.01 Jc(B, 20K) for MgB2, i.e. a 
hundredth of what it should be, to exaggerate the depth of induced currents. 

4.2.4 Hysteresis force cycling 

For a real superconducting magnetic bearing, such as the ones developed for flywheel energy 

storage, the two essential criteria for the levitation force are negative stiffness for stability, and low 

hysteretic losses. This means that on the force displacement curve, a load cannot be applied close to 

the peak restoring force otherwise the stiffness will be too low. To investigate the stiffness and 

hysteresis for bulk – bulk levitation, a load of approximately 135 N was applied to a magnetized 

GdBCO bulk, giving 3 mm of displacement. Figure 4.13b shows the full force behaviour for the bulk 

(conducted separately to the stiffness test) as well as the trapped field profile. A 3 mm displacement 

should be a very safe place on the force-displacement curve in which to levitate a load given the 

negative stiffness. The bulk was cycled ± 1 mm, 10 times as shown in Figure 4.13a to simulate the 

perturbations that might be experienced by a load supported by a magnetic bearing. The hysteresis 

is not very significant, proving that although the force loop for large displacements gives large 

hysteresis, the loop that would realistically be experienced by a load in applications does not lead to 

high losses. The hysteresis settles into the same loop after less than 10 cycles. 
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Figure 4.13: a) Levitation force cycling curve for a 25 mm x 12 mm GdBCO bulk magnetized with a 1 T flat-
topped field profile. Hysteresis is shown for 10 cycles. b) Full levitation force curve and trapped field profile 
(inset) for the same bulk. 
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5 Composite superconducting structures for 
thermally stable high field permanent 
magnets 
 

Pulsed field magnetization of bulks is a technology that is under development and far from 

optimised. As outlined in Section 1.7, significant progress has been made in using pulse sequences to 

maximise the field and flux that can be trapped, however a fundamental redesign of the bulk itself 

has not yet been made to optimise its thermal and mechanical properties for trapping high fields. 

Creating a composite bulk with materials other than (RE)BCO allows these other materials to 

improve the poor thermal and mechanical properties of bulk (RE)BCO without changing the overall 

bulk size. By having improved trapped field performance, the structures reported make the use of 

magnetized bulks more attractive in practical applications such as motors, generators [108, 109] and 

superconducting bearings [110]. The most significant progress in realising a composite 

superconducting bulk with high thermal stability, was made by creating stacks of coated conductor 

as detailed in Sections 5.4 and 5.5. The unique properties of these stacks allowed them to trap 

higher fields than any other samples magnetized for this thesis. 

5.1 Modelling bulks with embedded high thermal conductivity 
structures 

Rapid heat generation is one of the biggest problems facing pulsed field magnetization of 

(RE)BCO superconducting bulks compared to other methods of magnetization. The effect of various 

thermal conductivities in the ab-plane (kab) and c-axis (kc) of a bulk on its trapped field performance 

following pulsed field magnetization was modelled [111]. Highly thermally conducting copper 

structures embedded in the bulk material were investigated as a practical way to locally increase kab 

and kc, giving greater thermal stability and reducing flux creep following a pulse. The structures 

investigated increased the trapped field and flux by a maximum of around 30% without increasing 

the size of the bulk. The results of the modelling provided the motivation behind creating and testing 

composite structures made from bulk YBCO as reported in Sections 5.2 and 5.3. 

5.1.1 Modelling formulation and parameters  

The maximum trapped field resulting from pulsed magnetization is always less than that from 

field cooling due to the heat generated by rapid flux motion. This heat is mostly generated in the 

bulk periphery and usually causes a temperature rise greater than 10 K, leading to a large decrease 
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in Jc. The modelling reported follows on from pulsed field modelling focussing on a bulk with real 

thermal parameters [112] by conducting a full parametric sweep of thermal conductivity and its 

effect on heat flow, as well as modelling the concept of embedded metallic structures. Predicting the 

effect of a large range of theoretical thermal conductivities on the performance of a magnetized bulk 

is useful in probing best case limits and also for helping design the embedded structures. 

The modelling of pulsed field magnetization was carried out using the H-formulation in COMSOL 

Multiphysics 4.2a as outlined in Section 2.3, but this time coupled with the heat transfer module to 

simulate thermal effects. The framework is similar to that used by Fujishiro et al. [112]. The following 

E-J law, where E0 = 1 × 10-4 V m-1 was used: 
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The heat generated in the bulk (power dissipated per unit volume) was given by the following 

equation: 
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The Kim model was used to describe the dependence of the critical current density on field: 
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with the temperature dependence of Jc given by: 
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The applied field pulse was described by half a cycle of a sinusoidal waveform: 
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The total cooling power applied to the cold head (see Figure 5.1) used in the simulation is 

described by the following function.  
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This gives realistic cooling above a certain equilibrium temperature T0, with total cooling power 

saturating to a maximum of 30 W for a temperature rise greater than 15 K. These parameters 

together with Qc approximately reflect the real cooling power of the Variox cryostat used in the 

Magnetoforce system for pulse magnetization. 

 

Figure 5.1: Geometry and dimensions (mm) of 25.5 mm diameter bulk modelled for a bulk cooled by a copper 
cold head. The isolated bulk model had the same dimensions, but without the cold head. The dimensions of 
the coil match the experimental system as described in Section 3.2.1. 

 

Table 5.1 shows the values of the parameters used in the modelling. An important feature of 

these simulations is the splitting of the models into two time domains, 0 < t < 0.1 s (which includes 

the 28 ms pulsed field) and 0.1 ≤ t < 10 s. For the first time period, in which the pulsed field is 

applied, n = 9 was used in the E-J law; and for the second time period, modelled to observe decay, n 

= 21 was used. Typical n values for bulk YBCO are around 20. However for the current study, it was 

found that n = 9 gave a very similar solution to n = 21 during the pulse and for t < 0.1 s. It was 

therefore decided to use the lower value, which is more stable to solve and avoids the very high E 

fields that can be generated during a pulse for high n values. After 0.1 s, n = 9 gives excessive flux 

creep so it is necessary to use n = 21 to achieve a physically accurate flux creep rate, as confirmed by 

comparison to experimental data on flux creep in magnetized bulks [113]. The discontinuity in n, 

although not ideal, leads to a more reliable trapped field value 10 s after the pulse. 
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Table 5.1: Descriptions and values of parameters used in modelling. 

Parameter Description Value  

kab0 Thermal conductivity of real bulk (RE)BCO in the ab-plane 20 W m-1 K-1 [114] 

kc0 Thermal conductivity of real bulk (RE)BCO along c-axis 4 W m-1 K-1 [114] 

kab Theoretical modelled thermal conductivity of bulk in the ab-plane See Table 5.2 

kc Theoretical modelled thermal conductivity of bulk along c-axis See Table 5.2 

C Heat capacity of bulk 1.32 × 102 J kg-1 K-1 [114] 

n n-value in equation (5.1) 9 for 0 ≤ t < 0.1 s,  21 for t ≥ 0.1 s 

 Density of bulk 5.9 × 103 kg m-3 

E0 Electric field constant in equation (5.1)  1 × 10-4 V m-1 

B0 Flux density constant in equation (5.3) 1.3 T 

a Constant in equation (5.4) 1 × 109 A m-2 

Tc Critical temperature of bulk 92 K 

T0 Equilibrium temperature of bulk 40 K 

Qc Cooling power increase per degree temperature rise 2 W K-1 

t0 Pulsed field rise time 14 ms 

Ba Applied pulsed field amplitude (bulk diameter) 8 T (25.5mm), 9.5 T (46mm) 

kcu(T) Thermal conductivity as a function of temperature for copper, RRR=100 See [115] (1494 W m-1 K-1 at 40 K) 

Ccu(T) Heat capacity as a function of temperature for copper, RRR=100 See [115] (57 J kg-1 K-1 at 40 K) 

 

The equilibrium temperature T0 was chosen as 40 K in the study as this is a typical temperature 

at which pulsed magnetization experiments are performed. The properties of copper depend 

strongly on temperature in the cryogenic region. To model the copper structures and cold head, 

temperature dependent forms for the thermal conductivity and heat capacity were used for copper 

with RRR = 100, as this purity of copper is widely available. Modelling not presented here has shown 

that higher purity copper, although having a higher thermal conductivity at 40 K, does not perform 

significantly better at conducting heat away for the magnetized bulk. This is because the 

temperature rises involved bring the copper up to a temperature where the variation of thermal 

parameters with purity is small. The thermal conductivity of (RE)BCO bulks such as YBCO is 

anisotropic, with 5 times higher thermal conductivity in the ab-plane than along the c-axis. The aim 

of the first section of modelling reported is to show how varying the anisotropy affects the final 

trapped field by altering the dynamics of heat flow. Table 5.2 shows the values of the two thermal 

conductivities chosen for the parametric sweep. The sweep mostly consists of keeping one thermal 

conductivity value constant whilst varying the other, as well as four extreme cases, modelled for a 

bulk cooled by a cold head.  

The mesh used for the superconducting domain was a mapped mesh as shown in Figure 5.2. 

This allowed precise control over the fineness of the mesh and the number of elements for that 

domain, which was important for minimising solution time without leading to instability or 

unreliable results. A detailed list of the modelling settings can be found in Table 5.3, which also 

shows the typical time taken to solve the models. 
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Table 5.2. Parametric sweep map for the thermal conductivity (W m-1 K-1) combinations modelled. R represents 
the approximate thermal conductivity of real (RE)BCO bulks. 
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kc 
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Table 5.3: Modelling settings and solution details for the 
bulk magnetization models with cold heads. 

 

Parameter Value 

Number of mesh 

elements 

≈ 3100 (both 25.5 and 46 mm 

bulk models) 

air/ m 1×106 (n=9), 1 (n=21) 

Computer specifications Intel i7 processor, quad core,  

12 GB memory 

Maximum time step/s 3 – 8×10-6 (up to 0.1 s)  

1×10-3 (0.1-10 s) 

Typical solution times 34 min up to 0.1 s, 15 min 0.1-

10 s (25.5 mm bulk) 

53 min up to 0.1 s, 4 min 0.1-

10 s (46 mm bulk structure A) 

COMSOL solver BDF 

Figure 5.2: Mesh used for the 25.5 mm 
diameter bulk with cold head model. 

 

5.1.2 Thermal conductivity parametric sweep: isolated bulk 

The geometry for the case considered in this section is the same as that shown in Figure 5.1 

except without a cold head. By studying the effect of thermal conductivity on a thermally isolated 

bulk, it is possible to see how altering only the internal flow of heat affects the final trapped field. To 

model this case, the bulk considered was not attached to a cold head or heat sink, but was cooled 

only by minimal conduction of heat by helium gas from all sides of the bulk (convection was 

ignored). The semi-infinite gas domain around the bulk had a thermal conductivity of 5 W m-1 K-1 and 

a volumetric heat capacity of 1200 J K-1 m-1, with heat energy simply diffusing from the bulk into this 

domain rather than being removed (Qc is not relevant in this case). 
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Figure 5.3a and b shows the results of the parametric sweep in kab from 0.1 s and 10 s 

respectively from the beginning of the pulse. The 10 s curves can be considered as the final state of 

the trapped field, as flux creep is not as significant after this time as it evidently is after 0.1 s. It is 

clear that, in general, a high thermal conductivity in the ab-plane decreases the trapped field but 

increases the trapped flux. However, reducing kab below kab0 can actually increase the trapped field. 

These results can be understood by considering the induced current front during a pulse as flux 

penetrates the sample. It is at the current front that the heat is actually being generated. The heat 

energy generated as the flux penetrates has two options. If kab is low, it will mostly stay where it has 

been generated on the timescale of the pulse. This can partly be seen in Figure 5.3c for the 

temperature in a bulk with kab0 = 20 W m-1 K-1. For this case most of the heat energy has not had time 

to flow to the centre of the bulk during a pulse, keeping the region into which the flux is penetrating 

at a low temperature and therefore high Jc state. This leads to higher induced currents in the inner 

region than for the periphery of the bulk, hence a higher centre field, but lower overall flux. 

Conversely, for a high kab such as kab = 1000 considered in Figure 5.3c, the heat energy quickly flows 

to the inner region of the bulk, overtaking the front of induced current and increasing the 

temperature of the inner region before the penetrating flux has induced current there. The 

periphery of the bulk does not reach such a high temperature as a result of this inward heat flow, 

leading to a higher current density in the outer region of the bulk than in the inner. The result is a 

lower centre trapped field but a higher trapped flux.  

The previous discussion highlights how the flow of heat in the direction of the penetrating flux 

front, or induced current front, can influence the final current distribution and therefore trapped 

field and flux. It can also be seen from Figure 5.3 that there are large local temperature increases 

inside a bulk during pulsed field magnetization, especially in the bulk periphery, but the maximum 

rise can be reduced by a higher kab. For a thermally isolated bulk, the results show that a high kab 

gives a slight improvement in the trapped flux without really affecting the final trapped field.  

The results for the kc parametric sweep are not shown, as kc had only a negligible effect on the 

trapped field and flux (a maximum change in field of < 1%, and < 2% in flux). This is not surprising, as 

the flux penetrates mostly along the ab-plane from the outside of the bulk rather than coming in 

from the top and bottom surfaces of the bulk. 
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Figure 5.3: a) Trapped field results calculated at point Z for a parametric sweep in kab after 0.1 s and 10 s with 
kc = kc0. Open markers show results for kab0. b) Results for the trapped flux calculated by integrating the field 
over the top surface of the bulk. Open markers show results for kab0. c) Temperatures at points X and Y for kab = 
kab0 compared to a high theoretical kab = 1000 W m-1 K-1, during and after pulsed magnetization which has a 
duration of 2t0. 

5.1.3 Thermal conductivity parametric sweep: bulk with cold head 

The most popular method of cooling a magnetized bulk is by attachment to a cold head [22]. A 

bulk of the same dimensions considered previously was modelled in thermal contact with a cold 

head of the cooling power specified by equation (5.6) and Figure 5.1. The thermal properties of the 

copper were described by kcu(T) and Ccu(T) in Table 5.1. In all cases, eddy current heating is ignored in 

the copper cold head, which can be practically achieved by introducing slits or having a laminated 

structure as used in Sections 5.2 and 5.3 to minimise induced currents. 

The key difference compared to the results for an isolated bulk is that kc now plays an important 

role in heat flow because cooling is provided from the bottom surface. The results for the trapped 

field and flux shown in Figure 5.4 are all higher than the corresponding values in Figure 5.3 for the 
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isolated bulk, showing the significant enhancement that effective cooling can bring (17 % for field 

and 20 % for flux for kab0 and kc0, with higher increases if kc > kc0).  

For this cooling method, the most significant results are for the kc parametric sweep. A high kc 

leads to effective heat removal to the cold head, increasing both the trapped field and flux. For kc = 

1000, the trapped field is over 1.8 T, compared to the value of 1.46 T for the real bulk thermal 

conductivities. The trapped flux for this value also shows reduced decay. Also shown in Figure 5.4c 

and d as coloured markers are the results for the four extreme combinations of kc and kab. All other 

points show results where one thermal conductivity is always kept to a real value. The changes due 

to a low kab value can now be seen as negligible. Although kab = 1000 gives a significant enhancement 

in the trapped flux for t = 0.1 s (and a significant decrease in maximum trapped field), this difference 

disappears for t = 10 s, with the results showing no change in the final trapped field or flux (t = 10 s) 

when having a very high thermal conductivity in both directions. This result can be understood by 

considering how the cold head allows effective heat flow in the ab-plane. For a high kc, heat 

anywhere in the bulk can quickly travel down the c-axis, along the cold head and back up the c-axis 

at a different radius in the bulk. It is therefore not necessary to have high thermal conductivity in 

both directions. These results can guide efforts to increase thermal conductivity in the direction 

which matters most, depending on the cooling configuration for the application. 

 

Figure 5.4: Trapped field results for parametric sweeps in kab and kc for a bulk cooled by a cold head. Extreme 
combinations of thermal conductivity parameters are shown by the blue and red coloured markers; open black 
markers show results for kab0 and kc0. High kc gives the most significant improvement in trapped field and flux. 



5  Composite superconducting structures for thermally stable high field permanent magnets 

103 
 

5.1.4 Planar and ring structure designs 

 

Figure 5.5: Drawing showing the various structures (in green) modelled for a 46 mm diameter bulk cooled by a 
cold head. The cold head and structures were both modelled as copper, with zero contact resistance assumed 
between the copper and bulk. The bulk had thermal conductivities kab0 and kc0. The thickness of the disks and 
rings is 0.5 mm, and the central rod for configuration B is 3 mm in diameter. Drawing to scale. 
 

The results in this section are for a larger 46 mm diameter bulk and cold head. The results of the 

previous section for a smaller bulk show how increasing the thermal conductivities in a bulk can lead 

to significant enhancements in trapped field and/or flux after pulsed field magnetization. The 

greatest enhancements occur for thermal conductivities too high to be realized with existing 

superconducting materials, but the results are still useful. It is possible to increase the effective 

thermal conductivity in the ab-plane or c-axis by creating a composite structure with metal (or other 

high thermal conductivity materials like sapphire) planes or disks embedded into the bulk structure. 

These structures have the purpose of channelling heat away as quickly as possible in a particular 

direction to a cooling surface, in this study the base of the bulk where a cold head is attached. 

Experimental tests on a (RE)BCO bulk with an aluminium wire inserted in the centre for thermal 

stability has already been performed [116]. This configuration is related to structure B. The 

dimensions of the bulk considered and the three conducting structures modelled are shown in 

Figure 5.5. Only the real values of thermal conductivity, kab = kab0 = 20 W m-1 K-1 and kc = kc0 = 4 W m-1 

K-1, were used for the (RE)BCO bulk components. The diameter of the bulk was 46 mm, larger than 

the 25.5 mm bulk used in the parametric sweeps, as a larger bulk would in practice be more suited 

to cutting and assembling into a composite structure, and 46 mm diameter bulks are now commonly 
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used. It is very important to note that none of the structures considered change the dimensions of 

the overall composite bulk. The volume of superconductor is actually reduced. This is a constraint 

expected for any engineering application. The cold head and metallic structures were modelled as 

copper with eddy current heating ignored. 

5.1.5 Trapped field results 

The trapped field profiles for the structures considered are shown in Figure 5.6. The inset shows 

that there is very little variation in the profiles at t = 0.1 s. However the crucial flow of heat out of 

the bulk via the copper structures has a significant effect on the temperature distribution, and 

therefore flux creep, after 0.1 s. As a result, significant differences appear in the profiles at t = 10 s. 

 

Figure 5.6: Trapped field on the surface of a 46 mm diameter bulk for various embedded copper structures. No 
real enhancement is seen at t = 0.1s, but after 10 s flux creep causes significant differences to appear in the 
profiles. 
 

Structures A and B enhance the trapped flux by increasing the effective kab of the bulk 

composite, as expected from Figure 5.4b, but also increase the trapped field. This is because kc has 

also been increased at the centre or edge of the bulk, by introducing a rod or ring respectively, to 

channel heat to the cold head. An interesting comparison can be made to the experimental results 

presented in [116] for a 25 mm diameter GdBCO bulk with a 1 mm aluminium wire inserted into a 

central hole followed by molten impregnation of a BiSnCd alloy. Trapped field results for this bulk 

with and without the embedded aluminium show that the aluminium wire and metal impregnation 

increased the trapped field by up to 25 % for a single applied pulse of field. This increase in the 

trapped field is in qualitative agreement with the modelled results for structure B. Structure C 
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achieves the greatest enhancement in trapped field, as confirmed by Table 5.4, whilst structure A 

achieves the greatest enhancement in trapped flux. An enhancement of around 30% in the trapped 

field or flux is probably high enough to justify the extra complexity of creating a composite bulk from 

more than one bulk piece. 

Table 5.4: The enhancement in trapped field and flux calculated at t = 10 s for various embedded copper 
structures compared to the bulk with no added copper structure. 

Structure 
Enhancement (%) 

Trapped field Trapped flux 

A 21.3 33.2 

B 4.0 11.8 

C 29.4 25.4 

 

A greater insight into the dynamics of heat flow after a pulse, and how it affects the final 

trapped field, can be gained by considering the temperature and current distribution inside the 

composite bulk. Figure 5.7a) shows the behaviour without any added copper structures. J  

represents the current density circulating around the central axis in the  direction. The strong 

heating in the bulk periphery after a pulse can be seen at t = 0.1 s, leading to a current density ≈ 3 

times higher in the centre of the bulk that the outer regions. However, as the heat flows to the 

centre and out of the bulk through the cold head, the flux creep is reduced in the outer regions but 

increased in the central region. At t = 10 s the resulting current density distribution does not vary so 

dramatically over radius but does exhibit a high value region next to the cold head. The plots show 

that the current distributions resulting from rapid heat generation and flow are not trivial and can be 

quite inhomogeneous. 

 Figure 5.7b shows the temperature and current density plots for structure C, the most 

successful structure for enhancing trapped field. At t = 0.1 s, the effect of the copper rings can 

already be seen by reducing the temperature of the outer region of the bulk, leading to an enhanced 

current density in this region compared to the results for no added copper structure. At t = 10 s the 

temperature of the composite bulk is already uniform, and lower on average than in the case 

without an added copper structure, due to more effective heat removal, reducing the rate of flux 

creep throughout the bulk. This leads to enhanced current density in the top half of the bulk and 

explains the enhancement in both the trapped field and flux.  
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Figure 5.7: a) Temperature and current density distribution for a bulk cooled by a cold head with real thermal 
conductivities after pulsed magnetization. Cold head composed of two copper blocks. b) Temperature and 
current density distributions for bulk with copper structure C, the most effective in improving trapped field at t 
= 10 s. 

A possible alternative to using rings to increase kc will be reported in Section 5.3 and involves an 

array of rods which can be embedded into existing so-called ‘thin walled’ YBCO bulks produced with 

an array of vertical holes [13]. Composite structures could also be made for bulk MgB2, which can 

more easily be made in a variety of shapes than (RE)BCO bulks [42]. Although bulk MgB2 can be 

made with a higher thermal conductivity than bulk (RE)BCO [117], it has to be magnetized below 

40 K and is therefore more susceptible to thermal instability, a problem embedded metallic 

structures could solve. The key conclusions and scope of the thermal simulation results are listed 

below. 

1. During pulsed field magnetization, the speed at which heat energy generated at the 

bulk periphery flows into the bulk centre or out through external conduction is 

determined by kab and kc. The faster the temperature of a bulk can be brought back 

down to equilibrium, the greater the suppression of flux creep following a pulse. 

2. For an isolated bulk, a high kab increases trapped flux but decreases trapped field. kc has 

negligible effect for magnetization with a solenoid coil. However for a bulk cooled from 

its base with a cold head, increasing kc can significantly increase the trapped field and 

flux at t = 10 s. It is not necessary to have a high kab in this case. 

3. The technique of IMRA (iteratively magnetizing pulsed field operation with reducing 

amplitudes), which involves multiple pulses, has not been considered, but enhanced 

thermal conductivity is likely to decrease the number of pulses needed to reach a 

certain trapped field. 

a) b) 
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4. A high kab and kc could be effectively realised by using highly conductive structures 

embedded in a bulk without increasing the bulk radius or thickness. Copper disks and 

planes modelled for a 46 mm diameter bulk increased both the trapped field and flux, 

with enhancements of around 30% depending on design. 

5.2 Pulse magnetization of a bulk YBCO, copper and sapphire 
assembly  

In order to verify the predictions of the modelling conducted in the previous section, assemblies 

of bulk YBCO with embedded copper and sapphire were experimentally tested. Pulse magnetization 

was performed on the samples, which were based on a 25.5 mm diameter YBCO bulk produced by 

the Bulk Superconductivity group, Engineering department, University of Cambridge. The modelling 

and experiments presented in this section were performed as part of a fourth year undergraduate 

research project by Jordan Rush under my supervision and guidance. 

5.2.1 Cold head and experimental thermal mass 

The structures that were chosen to test experimentally were an outer ring and an inner disk 

plane, such as structure A shown in Figure 5.5, as these were simplest to implement. The thermal 

model used in the previous section is based on cooling the bulk via a copper cold head at the base of 

the bulk. However the Magnetoforce system uses indirect cooling via helium gas. Therefore, in order 

to realise a similar condition and increase the heat flux out of the bulk following a pulse in the real 

system, a higher thermal conductivity cylinder was mounted to the base of the bulk to act as a 

thermal mass, which will from now on simply be referred to as a cold head. In order to minimise 

eddy current heating, a copper cold head was created by gluing 1 mm thick sheets of copper (RRR = 

30) with Stycast and machining into a 25.4 mm diameter cylinder. This way, eddy currents are 

confined to loops no more than 1 mm in diameter, which significantly reduces heating as confirmed 

by induction heating modelling in COMSOL. As an alternative, single crystal sapphire was also used. 

Sapphire has exceptional thermal conductivity at low temperatures as shown in Table 5.5 but low 

electrical conductivity, so avoids eddy current heating. It does however have a significantly lower 

heat capacity compared to copper. A 25 mm x 12 mm sapphire cylinder was purchased from Pi-Kem 

Ltd, which was also the source of the sapphire disk ‘embedded’ inside the bulk.  
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Table 5.5: Thermal conductivity and volumetric heat capacity for copper [115] and sapphire [118] at 40 K. 

Material Thermal conductivity (W m-1 K-1) Volumetric heat capacity (J K-1 m-3) 

Copper (RRR = 30) 930 51 × 104 

Sapphire 12000 2.7 × 104 

 

5.2.2 Optimisation of geometry through modelling 

To begin with, modelling was used to optimise the geometry by determining the thickness of 

the outer copper ring or sleeve. The effect of thickness on the trapped field is shown in Figure 5.8. 

The sleeve conforms to the previously stated engineering requirement of not increasing the overall 

size of the composite bulk, therefore the thermal enhancement effect of the copper on the trapped 

field and flux is competing with the loss of superconducting material. This leads to peaks in the 

trapped field and flux, occurring at different optimal sleeve thicknesses for each parameter. Based 

on these results, 0.6 mm was chosen as the sleeve thickness, as this was predicted to give the 

optimum flux and also kept minimised the amount of material to that had to be removed manually 

by grinding down the outer diameter of the bulk, which is a lengthy and difficult process. 

The modelling was conducted for two different purities of copper, with the results showing that 

there is little benefit in using purer copper than that with a residual resistivity ratio of 30 (RRR = 30). 

This is because, although higher purity copper has significantly higher thermal conductivity at low 

temperatures, the heating caused by pulsed magnetization leads to a higher temperature at which 

the difference in thermal conductivities is small. As a result, copper with RRR = 30 was used, as it is 

widely available and relatively inexpensive. 

 
Figure 5.8: Simulated effect on a) the maximum trapped field and b) the flux on the surface of a 25.5 x 12 mm 
YBCO bulk when embedded with an outer copper ring or sleeve of two different purities. Results are for pulsed 
magnetization at 40 K and a 9.5 T applied field. The thickness of the sleeve is equal to the reduction in radius of 
the YBCO cylinder. 
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With the sleeve thickness determined, the next step was to model the inclusion of high thermal 

conductivity planes inside the bulk. Sapphire disks of 0.5 mm were chosen, as sapphire has the 

required thermal conductivity whilst avoiding eddy currents which would be particularly difficult to 

overcome in a thin copper disk without affecting radial heat flow. A thickness of 0.5 mm only was 

modelled as this was available to purchase (Pi-Kem Ltd) and any thinner would risk cracking the disk 

when handling. The thermal contact resistance between all parts of the composite bulk assembly 

were taken to be zero in the model. Figure 5.9 shows the effect of the embedded disks when used 

with the copper sleeve.  

 

Figure 5.9: The simulated percentage increase in the trapped field and flux on the surface of the composite 
bulk with an added copper sleeve and 0–3 internal 0.5 mm thick sapphire disks, compared to the standard bulk 
with no additions. 

The purpose of the disks is to channel internal heat to the copper sleeve, which can guide it to 

the cold head. The figure shows that for the size and aspect ratio of bulk modelled, 0.5 mm disks 

cannot give any increase in the trapped field, which means that in this case the loss of 

superconducting material is the dominant factor. However, one embedded disk was still 

experimentally tested, as the model does not take into account the generation of hot spots at 

growth sector boundaries and the higher Jc in the top half of the bulk, which should lead to more 

concentrated heat generation there. 

5.2.3 Experimental trapped field and flux 

Table 5.6: Temperature stages and applied field pulses used in the MPSC + IMRA procedure 

Temperature/K Applied field/T           

 Pulse #: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

M
P

SC
 

77.4  4.0 3.6 3.4 3.2 3.0 2.8 2.5 2.2 2.0 1.5      

55, 35, 15  5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.2 3.0 2.5 2.2 2.0 

 

The MPSC and IMRA pulse magnetization procedure was applied, as specified in Table 5.6. 

Figure 5.10 shows the various structures tested, and the trapped field and flux results. It is worth 
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noting that the trapped flux values are calculated by interpolation of the trapped field profile 

measured along a line using the method described in Section 4.1.2. As the method is not so reliable 

for trapped field profiles which may be axially asymmetric, the trapped flux values should be taken 

as approximate. In order to realise the copper sleeve, a number of copper foil strips were layered 

together with a gap at one point in the diameter to prevent eddy currents. All the parts were 

temporarily bonded together using Apiezon N grease, which is used to improve thermal contact 

between cryogenic components and has previously been used by Fujishiro et al. to set a stainless 

steel ring around a GdBCO bulk [31]. 

It is clear from the results that the composite structures tested in general do not increase the 

trapped field and flux, contrary to the modelling predictions. 

 

 

Figure 5.10: Trapped field a) and flux b) measured 0.5 mm above the sample, resulting from pulsed field 
magnetization of various composite bulk structures c), all 25.5 mm in diameter and 12 mm high, composed of 
YBCO, sapphire (pale blue) and copper (brown). 1) to 4) used the same YBCO bulk which was also used for the 
top half of 5). 

Comparing the results for structure 2) with those for the standard bulk (black curve), the 

maximum increase in field was 4%, compared to the predicted increase in peak field of 19%, and the 

estimated flux is actually decreased. Although there is a large difference between these values, the 

experiment does confirm the theory that the increase in trapped field brought by high thermal 

conductivity material can be enough to compensate for the loss of superconducting material. For the 

remaining structures, the YBCO bulk was cut in the middle using a circular diamond cutting blade, 

which removed approximately 0.4 mm of material. The introduction of the sapphire disk made little 
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difference to the results, and neither did the replacement of the sapphire cold head with the copper 

one. The final test, structure 5), aimed to confirm the belief that the top half of most 

superconducting (RE)BCO bulks has significantly higher Jc than the bottom half. The bottom half of 

the YBCO bulk used in the previous experiments was replaced by a piece cut from the top of another 

YBCO bulk known to have similar properties. Compared to structure 4), structure 5) should have 

achieved at least the same performance, but the trapped flux results suggest a significantly lower 

performance, especially at lower temperatures. This final experiment suggests that other unwanted 

factors limited the performance of the structures which should have higher trapped field and flux. 

Figure 5.11 shows the trapped field and flux after the first pulse of each MPSC stage. The results 

are probably more closely related to the modelling, given that only a single pulse was considered in 

the model rather than an IMRA sequence. However, as the figure shows, the structures did not lead 

to an increase in trapped field or flux and in some cases a larger percentage decrease that in Figure 

5.10. 

 

Figure 5.11: Trapped field a) and flux b) after the first pulse for each temperature stage of the MPSC 
magnetization. The structures tested do not enhance the field or flux after the first pulse. 

5.2.4 Comparison between experiment and modelling 

There are a number of possible explanations for why the composite structures tested did not 

have the significantly enhanced trapped field and flux performance that was predicted by modelling. 

The main two factors are believed to be a lack of good thermal contact between components and 

damage to superconducting surfaces after the grinding procedure. 

The modelling assumes no thermal contact resistance. In practice, thermal contact was 

maximised by using Apiezon N grease, but this grease has lower thermal conductivity than bulk 

YBCO at the temperatures used. The outer curved surface of the bulk after grinding for structure 2 

was not ideal, leading to numerous bumps and also a conical taper, where one end of the bulk had a 

larger diameter than the other. Due to the difficulty of obtaining a copper ring of the required 
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thickness and diameter, thin sheets of copper (0.1 mm thick) were instead cut, stacked and curved 

around to the bulk to build up the sleeve, which of course leads to gaps and a lower effective 

density. These realities may significantly reduce the efficacy of the copper sleeve in removing heat, 

which would partly explain the lack of real enhancement seen in all the subsequent structures 

tested. Also for structures 3), 4) and 5) it becomes important for the copper sleeves to be exactly the 

right height to be in contact with the sapphire disk and cold head, without being so large as to 

protrude over the top and bottom bulk surfaces.  

Due to the lack of enhancement in trapped field and flux seen in experiment 5, it is believed that 

the cutting process may have damaged the bulk surface. Prior to cutting, the top seed side of the 

bulk is bonded to a mount using hot wax at over 300 ⁰C. The sudden change in temperature may 

have caused cracking on the top surface of the bulk, which has the highest Jc and contributes most to 

the trapped field. Small cracks were visible on the top surface of the bulk, which were not present 

before the cutting. From examining the cut surfaces of the bulks, it also appeared that some of the 

cracks did not match up with each other, indicating the formation of new cracks during the cutting 

procedure. Another uncertainty for experiments 3-5 is the alignment of the growth sector 

boundaries of the top and bottom bulk parts. In the experiment they were rotated by 45˚ (maximally 

misaligned), in the belief that spreading hotspots for the central sapphire disk would be better, but it 

is not theoretically trivial whether this asymmetry would have a positive or negative effect on the 

ability to trap flux. 3D modelling is needed to determine this. 

In future, further tests are required to prove the effectiveness of the high thermal conductivity 

structures in enhancing trapped field and flux. The geometrical tolerances of all the components 

need to be significantly improved so that they all fit together in close contact. The outer diameter of 

the bulk needs to be ground down using a precise method and the parts need to be permanently 

bonded together using a silver-loaded epoxy, which should have higher thermal conductivity than 

Apiezon N grease. Tests also need to be carried out to determine how significant the cutting process 

is in reducing the Jc of the bulk surfaces.  

5.3 Pulse magnetization of bulk YBCO with an array of holes 

The existence of (RE)BCO bulks with axial holes in them allows for another geometry of 

composite bulks to be investigated. Some YBCO bulks are produced with an array of holes, which 

exist in the preform before melt growth occurs [13, 119, 120]. These bulks can be referred to as thin 

walled. The presence of the holes during melt growth reduces porosity, which occurs away from the 

seed due to gas bubble formation, and also the extent of cracking due to stress during oxygenation. 

The holes also reduce the time and temperature needed for oxygenation, due to the high surface 
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area to volume ratio and reduced diffusion distances. Surprisingly the holes do not affect the single 

domain growth [119] and can actually enhance Jc enough to outweigh the loss of superconducting 

material, leading to higher trapped fields than typical YBCO bulks of the same size [120]. Significant 

work has already been carried out by G P Lousberg et al. on magnetizing bulks with holes, including 

filling the holes with ferromagnetic powder for field cooling [121], optimising the arrangement of 

the holes [122] and also embedding small coils in the holes to investigate internal flux dynamics 

during PFM [14]. However no reported study has looked at the effect of filling the holes with metallic 

material with the aim of enhancing thermal properties for pulsed magnetization. 

 The modelling and experiments presented in this section were performed as part of a fourth 

year undergraduate research project by Algirdas Baskys under my supervision and guidance.  

5.3.1 Sample details 

The thin walled sample used for the experiments reported in this section was obtained as part 

of collaboration with CNRS, Grenoble, France. The details of the bulk and its geometry can be found 

in Figure 5.12 and Table 5.7. The presence of vertical holes in the sample provides the ideal 

geometry to test the composite bulk concept based on the modelling results shown in Figure 5.4c 

and d). These results show that, by increasing the bulk thermal conductivity along the c-axis when 

the bulk is attached at its base to a cold head (or thermal mass), the trapped field and flux measured 

on the top surface can be increased. Filling the holes with a high thermal conductivity material 

should allow this prediction to be tested experimentally, as an increase in the effective kc would be 

realised. Unlike the structures presented in the previous section, no superconducting material needs 

to be sacrificed in this case. As a simple approximation, the presence of copper increases the 

average kc by a factor of 10 to approximately 40 W m-1 K-1, which according to Figure 5.4c and d 

should give a measurable increase in trapped field and flux. 

 

Figure 5.12: Photo of the 16 mm YBCO bulk with holes 
created by Xavier Chaud and Driss Kenfaui of CNRS, 
Grenoble, France. 

Table 5.7: Details of the geometric properties of 
the bulk with holes used to create a composite 
sample for pulse magnetization. 

Property Value 

Composition YBCO 

Diameter/mm 16.0 

Height/mm 9.75 

Number of holes 55 

Large hole diameter/mm (#) 0.58 (7) 

Small hole diameter/mm (#) 0.42 (48) 

Hole volume fraction 4.2 % 
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5.3.2 3D magneto-thermal model 

The 3D critical state magneto-thermal model reported was developed by Algirdas Baskys 

starting from a 3D critical state model (no thermal effects) developed by M Zhang [97]. The key 

results of the model will be summarized. Full details will be given in a future publication.  

Interestingly, both the modelling and the experimental results show that the holes, which 

present a very inhomogeneous Jc distribution inside the bulk, do not in themselves fundamentally 

prevent high fields from being trapped inside the sample when pulse magnetized. This shows that 

the general idea of all types of Jc inhomogeneity being problematic, as used to help explain the 

negative effect of growth sector boundaries on pulsed field magnetization, is not strictly true. It 

appears that some specific forms of Jc inhomogeneity are compatible with pulsed magnetization. 

The combination of three dimensions, thermal effects and the complex geometry created by the 

holes makes modelling the pulse magnetization of the bulk with holes a very challenging task. To 

solve the model, symmetries had to be exploited to minimise element count, which meant that the 

xy plane through the centre of the bulk was a symmetry plane. Even then, the full solution time was 

50 hours. As a result, the presence of the asymmetric cold head was not modelled. It was also not 

possible to apply high enough fields to fully penetrate the bulk due to computational instability. As a 

result, the main purpose of the model developed is to give an insight into flux dynamics for a bulk 

with 3D anisotropy, and only a qualitative link to the experiments. The same cooling power as 

defined in Equation (5.6) was used for the bulk, but cooling from all sides of the sample which had 

an equilibrium temperature of 40 K. 

The dynamics of pulse magnetization of the bulk with holes (filled with copper) is illustrated by 

Figure 5.13, which shows the field, current density and temperature during and after a pulse in the 

plane cutting through the centre of the bulk. The main difference, compared to the dynamics 

expected for a normal bulk, is that the current is forced to meander around the holes as it is induced 

by the penetrating flux front. It does this quite easily, but not without leaving small ‘hotspots’ next 

to the holes where the current density is highest. This might explain why regions immediately 

surrounding the copper rods are not visibly cooler. The final trapped field inside the bulk is quite 

uniform. 

Not much difference in the trapped field was seen when modelling the bulk with and without 

copper filling the holes, but this may be due to the cold head geometry not matching the preferred 

case and also may be due to some unreliability in the model. The copper filled model had to use a 

coarser mesh, is relatively untested and could hide a modest increase in trapped field.   
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Figure 5.13: 3D critical state model with thermal effects in COMSOL applied to a 16 mm diameter thin walled 
YBCO bulk with the holes filled with copper. The bulk geometry matches that of the bulk used in the 
experiment. One twelfth of the geometry with symmetry conditions applied was modelled to give a 
manageable computational time. The equilibrium temperature was 40 K and applied field 5 T. Model 
developed by A Baskys under supervision. 
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5.3.3 Experimental trapped field and flux 

 

Figure 5.14: a) Trapped field and b) flux (0.5 mm above surface) for the 16 mm YBCO bulk with holes pulse 
magnetized using MPSC. Various states are reported, including the composite structure where the holes are 
filled with copper wire as shown inset in b). 

Figure 5.14 shows the experimental results for the trapped field and flux following MPSC 

magnetization of the YBCO bulk with holes. At each temperature stage, approximately 10 pulses 

were applied, starting from 3.6 T (77 K), 5 T (55 K), 5.8 T (35 K) and 4.8 T (15 K). The first observation 

is that the maximum field the bulk can trap at lower temperatures is good for a bulk of this size, 

even when considering the ‘bare bulk’. This proves that this type of bulk is suited to pulsed 

magnetization down to low temperatures. The presence of the holes does not seem to give rise to 

significant thermal instability in addition to that believed to be already present due to the growth 

sector boundaries.  

The simplest comparison to make is between the ‘bare bulk’, and the bulk with the copper cold 

head (the same 25.5 mm cold head used in Section 5.2) and copper wire (RRR = 30) inserted in the 

holes. The composite bulk was created by inserting wires of 0.4 mm and 0.5 mm diameter into the 

small and large holes respectively. Any gaps between the wires and the bulk were filled with Apiezon 

N grease by warming and vacuum de-airing, with the same grease also being used for thermal 

contact between the bulk and the cold head. The graph shows a significant improvement in the 

trapped field and flux, however the data show that the wires contributed little to this improvement, 

as can be seen by considering the curve for the bulk and copper cold head only, which achieved 

similar performance. Additional changes, such as adding a small external sleeve to the outside of the 

bulk and adding a thin sapphire disk between the bulk and the cold head to spread heat across the 

copper plates, did not lead to much change. The increase in the trapped field and flux when using a 

copper cold head is significant in this case, particularly as the cold head was larger in diameter than 

the bulk itself. The copper cold head was used instead of the sapphire one as it gave up to 6% better 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 10 20 30 40 50 60 70 80

M
ax

im
u

m
 t

ra
p

p
e

d
 f

ie
ld

/T

Temperature/K

Copper coldhead and wires

Copper coldhead, external sleeve and
wires with bottom sapphire disk

Copper coldhead, external sleeve and
wires

Copper coldhead

Bare bulk

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

0 10 20 30 40 50 60 70 80

Tr
ap

p
e

d
 f

lu
x/

W
b

Temperature/K

a) b)



5  Composite superconducting structures for thermally stable high field permanent magnets 

117 
 

trapped field compared to a preliminary test carried out using the sapphire cold head, largely 

because of copper’s significantly higher volumetric heat capacity.  

The modelling shown in Section 5.1 determined the enhancement in trapped field and flux 

made by embedded metallic structures after a single pulse rather than at the end of a full MPSC 

sequence. Therefore it is worth showing the improvements in trapped field and flux after the first 

pulse of each MPSC temperature stage which are shown in Figure 5.15 for three cases. The changes 

are similar to that resulting at the end of the IMRA sequence with the cold head giving most of the 

improvements. However there is a visible improvement in the central trapped field for the 

intermediate temperatures which appears to be due to the wires. 

 

Figure 5.15: Trapped field a) and flux b) after the first pulse for each temperature stage of the MPSC 
magnetization. Most improvements are due to the copper cold head rather than the wires, although the wires 
appear to enhance the central trapped field by up to 15 % at 35 K. Calculated flux at 55 K omitted due to 
anomaly arising from large asymmetry in field profile. 

It is important to explain why the copper wires did not give a clear increase in trapped field and 

flux in all cases. It is largely believed that poor thermal contact was to blame, both between the 

wires and the bulk and also between the wires and the cold head. It may be that Apiezon N grease 

simply doesn’t have a high enough thermal conductivity to not significantly interfere with heat flow 

on the time scale of seconds, which is when the heat needs to be removed to see an enhancement 

as suggested by the modelling in Section 5.1 (which assumed zero thermal contact resistance). 

Deposition of silver on the bottom surface of a bulk, before attaching to a cold head with thermal 

grease, is believed to significantly increase heat transfer by filling cracks and voids in the bulk surface 

with silver [123], so this could be tried in future. Efforts were made to try alternatives for filling the 

holes but without much success. Before using the grease, silver paint was used to set the wires, with 

a small increase in trapped field seen (11% better than grease for 77 K, 2.5% for 55K and no 

difference more than 1% detected for lower temperatures). The performance is limited by the fact 

that the solvent makes up a large percentage of the paint and therefore is not suited to filling gaps 

and voids. Metal impregnation using pure indium solder was also tried, by heating the bulk and 
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metal on a hotplate and applying a vacuum to one side of the bulk to suck the metal into the holes. 

Unfortunately due to poor wettability between the metals and the bulk, it was not possible to fill all 

the holes and it is doubtful whether there was good thermal contact for the holes that were filled. 

Metal impregnation has been used successfully in previous experiments [25, 116] where a 25 % 

increase in the trapped field was seen at 44 K for a single aluminium wire inserted in a central hole 

with BiSnCd impregnation (single pulse). Therefore a more dedicated attempt for a bulk with an 

array of holes may succeed in future. Alternatively a more suitable medium could be used to set the 

copper wires in the holes, such as silver loaded epoxy. 

Another issue which should be looked at with the present experimental setup is the use of a 

thermal mass acting as a cold head. After multiple pulses, the thermal mass will warm up as it takes 

heat from the bulk, however in the system, the real cold head (which is a ring embedded in the 

cryostat wall) is higher than the bulk, meaning that the cooling of the bulk-thermal mass unit is 

actually more from the bulk side. This means that the thermal mass may not be effectively cooled 

after multiple pulses. A new design may be proposed which links the thermal mass to the real 

cryostat cold head for direct cooling. 

5.4 Field cooling a stack of coated conductors  

Superconducting tape is produced commercially to carry a very high current without energy 

loss, for use in high field electromagnets or cables. The current is carried in a very thin film of YBCO 

superconductor which lies on a thick metallic substrate (with intermediate oxide buffer layers) and is 

covered by silver as outlined in Section 1.5.2. Although not designed to carry a circulating persistent 

current (as in the case of a bulk), results presented here prove that they are an ideal material from 

which to construct a composite bulk capable of trapping high fields [124]. The trapped fields 

reported in this section are between two stacks of commercial (RE)BCO tape each with 120 layers, 

magnetized by the field cooling method. 7.34 T was trapped at approximately 4.2 K, the highest field 

ever achieved for such a sample.  

The composite sample composed of a stack of superconducting tape pieces did not suffer from 

the same thermal instability present in bulks, and can therefore be used at or below 20 K. 

Additionally, for very high trapped fields, existing superconducting bulks require external mechanical 

reinforcement due to the poor mechanical strength of bulk (RE)BCO, which is a ceramic. A stack of 

(RE)BCO tapes is fundamentally mechanically strong due to the metallic substrate supporting the 

superconducting layer, and therefore seems a natural choice for trapping very high fields. Although 

field cooling is not necessarily the most practical method of magnetization, it is essential for 
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determining the maximum possible field that a superconductor can trap, which is the purpose of the 

results reported in this section. 

The potential of a stack of (RE)BCO tapes to be used as trapped field magnets in applications is 

very positive. Such samples have relatively uniform Jc compared to bulks, resulting in predictable 

performance. There is no fundamental restriction in preventing larger sized samples, and some 

manufacturers currently produce 40 mm wide tape with no degradation in Jc when scaling width. 

Tape this wide has already been used to create annuli that have been field cooled at 77 K for NMR 

applications [34] as detailed in Section 1.5.2. Finally, the cost of superconducting tapes is steadily 

and predictably falling [125] making the technology attractive for engineering applications. 

5.4.1 Sample properties 

Figure 5.16a shows the geometry of the stack of tapes sample. The layers were compressed as 

shown in Figure 5.16b with good mating between each layer. The superconducting tape used to 

create the stack was produced by SuperPower Inc to specification SP12050 AP ((Y,Gd)1+xBa2Cu3O7- 

with 7.5% Zr added) and a rated Ic of 240 A (at 77 K and in self-field). Figure 5.16c schematically 

shows the cross-section of the 12 mm wide (RE)BCO tape that was cut into 12 mm lengths to give 

square pieces. The cutting does not cause any significant damage to the superconducting properties 

of the (RE)BCO layer [126]. The volume fractions of the compressed tape stack can be seen in Table 

5.8. Remarkably the superconducting (RE)BCO contributes less than 2% of the overall volume, 

whereas the substrate made of Hastelloy® C-276 (Hastelloy) accounts for 87% of the volume.  

 

 

Figure 5.16: a) Schematic of double (RE)BCO tape stack used for the field cooling experiment. b) 120 of the 
square tape layers compressed to form a tape stack. c) Schematic showing the components and dimensions of 
the 12 mm wide SuperPower superconducting tape from which layers were cut. 
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Table 5.8: Parameters and volume fraction for each compressed 120 layer stack of tapes used in the 
experiment. 

Parameter 120 layer (RE)BCO tape stack 

Sample height (mm) 6.9 

Density (kg m-3) 8380 

(RE)BCO volume fraction 1.7% 

Hastelloy volume fraction 87.0% 

Silver volume fraction 5.2% 

Stacking space fraction 6.1% 

 

In order to understand the difference in thermal behaviour of the (RE)BCO tape stack compared 

to a (RE)BCO bulk, the thermal properties of the constituent materials have been listed in Table 5.9. 

While the heat capacity of silver, Hastelloy and YBCO all have a similar range of values, the 

thermal conductivity of the silver over-layer stands out, being over an order of magnitude higher 

than Hastelloy and (RE)BCO. When considering tensile strength it is clear that Hastelloy is 

considerably stronger than bulk YBCO, and it is part of the specification of SuperPower tape that 550 

MPa of in plane tensile stress can be applied with less than 5% reduction in Ic. This high strength 

should be able to support extraordinarily high magnetic pressure in the (RE)BCO superconducting 

layer, given the magnetic pressure inside a saturated bulk in units of MPa is given by [6]: 

 
2

00.30B    (5.7) 

where B0 is the maximum field in the sample, approximately the same as the field trapped 

between two samples magnetized together like in this study. If higher fields are applied than strictly 

needed to saturate the sample (as is often the case) then the magnetic stresses can be significantly 

higher than given by equation (5.7). The 550 MPa limit for the Hastelloy substrate corresponds to a 

maximum trapped field of 42.8 T, which strongly suggests that there is no real mechanical limit to 

trapping high fields in a stack of tapes, as other factors would prevent ever reaching such a high 

value. A similar conclusion is reached when considering other metallic substrates used for 

superconducting tape. Stainless steel and Ni-5at%W (a nickel tungsten alloy) would in theory allow 

up to 26.1 T and 29.3 T to be trapped respectively. 

Table 5.9: Properties of Hastelloy C-276 and bulk YBCO at cryogenic temperatures. A range of values is given 
for 10 – 77.4 K where there is temperature dependence. Also shown are some properties for Ni-5at%W used 
by AMSC for their MOD tape (see Section 1.5.2), and the stainless steel used for IBAD/PLD tape produced by 
Bruker and others. 

 

Parameter Hastelloy Silver over-layer Bulk YBCO Stainless steel (304) Ni5at%W 

Density (kg m-3) 8890 [127] 10,490 5900 [6]  - 

Thermal conductivity  

(W m-1 K-1) 

3 – 7.5 [127] ≈ 500 – 1500 [128-

130]  

6 – 20 ab-plane, 

 1 – 4 c-axis [114] 

1 – 8  - 

Heat capacity (J kg-1 K-1) 2 – 200 [127] 2 – 155 [128] ≈ 1 – 200 [114] 5 – 200  - 

Tensile strength (MPa) 670 – 760 (yield) [131] ≈ 60 (yield) [128] ≈ 30 (fracture) [6] 205 (yield) 257 (yield) [131] 
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The typical tensile stress listed for bulk YBCO is limited by the presence of micro cracks and the 

weakest part of a bulk often leads to a fracture strength less than that obtained for small test 

samples ( 3 mm). Although reinforced YBCO samples can survive the magnetic pressures of high 

trapped field, they require external reinforcement in the form of a steel ring or composite, which 

adds complexity and increases the sample diameter. Even then, they can fracture during 

magnetization or during demagnetization [30]. Stacks of YBCO tape are expected not to fracture like 

this due to the metallic substrate and its volume fraction. 

The magnet used for field cooling the samples was a 15 T Oxford Instruments superconducting 

magnet at the Laboratory of High Magnetic Fields and Low Temperatures, Wrocław, Poland, where 

the experiment was conducted. The field cooling procedure involved ramping the field of the 

magnet up to the desired applied field whist holding the sample at 100 K to ensure it is non-

superconducting ((RE)BCO Tc ≈ 92 K), cooling the sample down to the desired field cooling 

temperature whilst holding the applied field constant, and finally ramping the applied field down 

slowly to zero leaving a trapped field in the sample. The sample was in a sealed insert filled with 

helium gas. The insert was cooled directly by immersion in liquid helium, so that the sample was 

cooled via the helium gas. The temperature of the sample was controlled using a heater mounted 

close to the sample. A central cryogenic Hall probe (type Arepoc LHP-MP) was used to measure the 

trapped field, with another Toshiba hall probe used to determine whether the sample was saturated 

or not by measuring off-centre trapped field.  

5.4.2 Trapped field results 

 
Figure 5.17: Trapped field between two 120 layer tape stacks using the field cooling method at various 
temperatures. The increase in field as the temperature decreases is approximately linear, reaching a maximum 
at the centre of 7.34 T at 4.2 K.   
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The results for the field trapped in the double stack of tapes for different field cooling 

temperatures are shown in Figure 5.17. The graph shows clearly the significant increase in field that 

can be trapped if field cooling below 77.4 K. The lower off-centre field shows that the sample was 

saturated. No damage was observed in any of the tape layers after the tests. The ramp rates used for 

the applied field were higher for higher temperatures (0.5 T min-1 for 77.4 K and 0.34 T min-1 for 60 

K) and lower when approaching 4.2 K (0.15 T min-1 for 20 K and 13 K, with the rate reduced to 0.07 T 

min-1 for the last 1 T of the 13 K ramp). The lower ramp rates required for the 20 K and 13 K 

temperature stages meant that the field cooling took approximately 1 hour, given that the applied 

field was 8.5 T in both cases. 

The trapped field for 4.2 K was not strictly achieved using field cooling. To begin with, a zero 

field cooling test was performed with a high ramp rate (0.25 T min-1) to separately test how flux 

penetrated the sample. Interestingly, the high ramp rate caused flux to penetrate in a series of 

sudden global flux jumps. As a result of this instability, at the maximum 14 T applied, the central 

field in the sample was 10.7 T and therefore the stack was saturated. This behaviour shows that 

even though a stack of tapes may be more thermally stable at low temperatures, even this type of 

sample will suffer from global flux jumps near 4.2 K if the applied field changes too quickly. Given the 

saturated state of the sample at the end of the increasing field ramp, the field could be ramped back 

down to zero to effectively achieve field cooling, and indeed the state achieved at the end should be 

the same as if field cooling was performed with the same decreasing applied field. During the ramp 

down in field, a ramp rate of 0.12 T min-1 was used from 8 T. On several occasions an increase in 

temperature was observed and the ramp was temporarily halted until the temperature recovered, 

and on the final occasion the liquid helium level (which was very low) was increased. This suggests 

that even a stack of tapes can suffer some instability if cooling power is insufficient, as was the case 

when the liquid helium level was very low. After the re-fill, full stability was restored and the ramp 

continued without interruption. The maximum measured temperature rise was 2.5 K but, as the 

thermometer was not in close contact with the samples (but thermally connected by a brass mount), 

the warming would be higher inside the sample itself. The field cooling temperature should 

therefore only be considered as approximately 4.2 K. 

When individual flux jumps occur in a superconductor they generate a small amount of heat 

which leads to a local temperature rise. If the heat cannot be conducted away quickly enough and/or 

the heat capacity is too low, then the temperature rise can be big enough to lead to a global flux 

jump (large scale de-pinning and flow of flux). This occurs as the local temperature spike leads to a 

decrease in Jc and hence de-pinning of neighbouring flux lines and an avalanche effect. A global flux 

jump corresponds to a sudden measurable drop in the trapped field, including complete collapse, 
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which is often observed in bulk superconductors for high fields and low temperatures. Therefore flux 

jumps have a significantly limiting effect for bulks below 20 – 30 K, resulting in a decrease in trapped 

field when field cooling below these temperatures, as illustrated by Figure 1.18 in Section 1.5.1. 

 A unique feature of the results for a stack of tapes is a continuous increase in trapped field as 

temperature decreases all the way down to 4.2 K. The trapped field of 7.34 T is the highest field 

known to have been trapped in stack of superconducting tapes or thin films. Although the value is 

not as high as many bulk samples [25, 30, 76] (see also Table 1.1), it is remarkable given the small 

size of the stack (12 mm square) and the fact that the tapes are commercial with only an ‘average’ Ic 

value. 

A detailed description of flux jumping in bulk superconductors which have high fields trapped in 

them has already been developed [132]. However, the description of trapped field stability in a stack 

of tapes is more complex, and the so-called adiabatic approach – in which locally generated heat 

from a flux jump is assumed to take a very long time to diffuse through the sample – cannot be used. 

The fundamental differences between the two cases can be highlighted by considering the simple 

case of a stack of tapes forming a composite bulk and a plain bulk, both with the same overall 

engineering Jc. This means that the actual Jc in the thin films of the tape stack is much higher than 

that of the plain bulk (the Jc of the tapes tested is 2 MA cm-2 compared to 30 kA cm-2 for a typical 

bulk at 77 K [6]), and the thin films should therefore have a correspondingly higher instantaneous 

temperature increase due to a flux jump if both samples have the same overall trapped field. Based 

on the values presented in Table 5.9, one can also simplify by assuming the heat capacity of all parts 

of the stack of tapes is the same as the plain bulk. The key differences are then clearer: the total 

heat generated per unit volume should be the same in both cases, but for the stack of tapes, all the 

heat is being generated in very thin superconducting layers, which therefore have a very high power 

density. However, unlike the plain bulk, this heat is almost all conducted away by the upper silver 

layer with its high thermal conductivity and the lower Hastelloy layer with its large thickness. The 

high thermal conductivity of the silver layer allows efficient internal cooling of the sample via 

conduction of heat to the outer sample surfaces. It appears that, despite the heat energy density 

being much higher for the superconductor in the stack of tapes, the fast removal of heat into a non-

superconducting metallic layer suppresses flux instability in the superconductor better than if the 

heat generation was spread out over a larger superconducting region of low thermal conductivity. 

The stability provided by the silver layer is analogous to low temperature multi-filamentary wires, in 

which the non-superconducting metallic matrix prevents a quench by the fast removal of local heat 

from the superconducting filaments [133]. 
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5.4.3 Flux creep 

Flux creep was measured for the trapped fields up to 5 minutes after field cooling, as shown in 

Figure 5.18. The decay in the trapped field was expected to be logarithmic, as is typically the case for 

bulks (see Section 1.7.4 and [6]). However, for the time window observed, the creep rate seems to 

be slightly faster than logarithmic as the curves in Figure 5.18 are not linear. It is difficult to say why 

the decay is not completely logarithmic as flux creep measurements can be complicated by a 

number of factors [84]. These include possible residual magnetization in the superconducting coil, 

which may take minutes to disappear, and also possible heating of the sample. Comparing the 

results to Figure 1.39 (Section 1.7.4), the initial non-logarithmic decay is similar to that observed for 

pulsed magnetization of bulks (which also exhibits lower creep rates than field cooling). This 

suggests there may have been constant heating during the field cooling that would not have been 

detected by the thermometer, which was not in intimate contact with the sample. Given how short 

the time window is, it is clear that measurements for an hour or more are needed to get a better 

picture of the exact form of the decay.  

 

Figure 5.18: Flux creep measurements for trapped field at different temperatures in the first 5 minutes after 
magnetization. B0 is the trapped field 10 s after magnetization. The creep rate appears strongly dependent on 
temperature. 

Another interesting feature is the strong decrease in the flux creep rate as temperature 

decreases. The temperature dependence of creep rate is not generally linear or monotonic but can 

exhibit a field dependent peak [6, 84]. It is difficult to make a clear comparison of the creep rates to 

values for (RE)BCO bulks, as the few studies that exist in the literature measure decay in 

magnetization rather than central field, however it appears that for the time period measured, the 

flux creep rates are lower than for a typical bulk, particularly at lower temperatures. The 

temperature dependence of the flux creep rates for the stack of tapes is shown in Figure 5.19, with 

the definition of a and S being given previously in Section 1.7.4. The advantages of using such a 
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sample as a permanent magnet at low temperatures are obvious given the more acceptable rates of 

flux creep. Given the lack of data for high trapped fields in stacks of superconducting tapes, it is clear 

that a more detailed, longer-duration study of flux creep is needed in future.  

 

Figure 5.19: Temperature dependence of approximate flux creep rates for the field trapped in a stack of tapes 
during a 300 s period after field cooling. Assuming that the creep rate for the central field is the same as for 
the magnetization, typical a values for a bulk (Section 1.7.4) are ≈ 0.05 for 77 K and 0.02 for 10 K. 

5.4.4 Transport Ic, persistent current and trapped field for a single layer 

Measuring the trapped field profile using a Hall probe scan for a single field cooled layer is an 

important method for characterising the quality of a layer and detecting cracks. This was done for a 

number of layers chosen at random to determine whether cutting by scissors damages the (RE)BCO 

layer. An example of the trapped field profile for one of the square tape layers is shown in Figure 

5.20a and was produced by an x-y Hall probe surface scan. The symmetrical square profile shows 

that no detectable damage was caused to the superconducting layer by cutting with scissors. 

Occasionally some tape pieces that were scanned showed some asymmetry, as illustrated by Figure 

5.20b, the most asymmetric profile measured. This striated profile indicates a scratch or weak Jc line 

along the transport axis, which of course would have little effect on transport current for which the 

tape is designed but does affect the trapped field profile. This characteristic is believed to be an 

artefact from the manufacturing process. Although the peak trapped field for b) is similar to the 

typical symmetric tape piece, it indicates a Jc non-uniformity undesirable for PFM. More extensive 

testing is required to determine exactly what percentage of tape has such a striation, the existence 

of which shows that even a stack of tapes has some degree of in-plane Jc non-uniformity. However it 

is clear from the results that will be presented in Section 5.5 that it does not significantly limit the 

trapped field using PFM.  
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It is desirable to extract the Ic of the tape layer from the Hall probe scan data, but this is not 

easily achieved. The analytical equation for the field produced by a 2D persistent current Is (A/m) 

disk circulating in a thin film is given below. 

 0

0

2

( , )
p

fB
I

A x a
   (5.8) 

B0 is the peak field peak field, x the height of field measurement above the sample surface, a the 

radius of current circulation disk and f a correction factor to take account of the increase in field in 

the case of a magnetic substrate such as Ni-W. A(x,a) is given by, 

 

1
2 2

2
( , ) ln 1 1 ln 1

a a a a
A x a

x x x x


                                    

  (5.9) 

with the approximation valid when the scan height is small, leading to (a/x)2 >> 1. Applying the 

equation to the 39 mT trapped field in Figure 5.20a gives a persistent current per metre equivalent 

to ≈ 163 A across the 12 mm length of the tape. This is significantly lower than the rated 240 A for 

the tape. It is believed that the difference between these two values is because persistent current in 

a single layer generates a very different self field pattern to transport current. Basic modelling shows 

that the self field experienced by a tape carrying persistent current is on average higher in 

magnitude, which can significantly reduce the apparent Ic given the steep dependence on field at 

low field values [134]. The field lines are also in general more perpendicular to the tape surface for a 

persistent current, which can also have a significant effect on Jc [134]. Flux creep also adds 

uncertainty to the definition of persistent current. Finally, the difference is not due to there being a 

lower Jc perpendicular to the tape transport axis, as the Ic of the sample shown in Figure 5.20a was 

measured to be 275±10 A using a high current goniometer system [135], and in general 

perpendicular Jc is not expected to be less for MOCVD Superpower tape [134]. The above discussion 

shows that care must be taken when relating the persistent current that can be induced in (RE)BCO 

tape pieces to their transport critical current. 
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a)

 

b)

 

Figure 5.20: a) Typical trapped field profile using field cooling in liquid nitrogen for a single 12 mm by 12 mm 
layer of (RE)BCO tape cut along the y-axis, perpendicular to the transport axis. b) Striated trapped field profile 
occasionally seen for a tape piece showing some asymmetry. 

5.4.5 Predictions 

Trapped fields over 7 T were achieved using the field cooling method of magnetization in a 

12 mm square stack of superconducting (RE)BCO tape, and higher thermal stability was observed 

below ≈ 30 K compared to bulk (RE)BCO. 6.3 T was achieved at 20 K, which is noteworthy given the 

popular choice of using 20 K as a balance between cooling cost and Jc performance. The SuperPower 

tape used had an Ic of 240 A (77 K and self-field) corresponding to 200 A cm-1. Assuming 

approximately linear scaling of trapped field with critical current, much higher trapped fields should 

be possible using higher performance tape. 12 mm wide, 460 A tape is currently available from 

SuperPower and should therefore be able to trap approximately 14 T, with even higher fields 

expected for the research samples reported in Section 1.5.2. These include 600 A/cm for long 600 m 

lengths (Fujikura) [36] and greater than 1000 A/cm for shorter samples (THEVA) [37], at 77 K. The 

picture looks even more positive when considering the opportunity to scale up. 12 mm is a relatively 

small size for a bulk when trapping field, but stacks of tapes should be able to compete with bulks on 

size given that some manufacturers like AMSC and Bruker produce 40 mm wide tape prior to slitting 

[34], with future plans to produce 100 mm widths by AMSC. Assuming simple geometric scaling, a 

40 mm square stack with the same Ic per cm width as the tape used in this study should in theory 

trap approximately 24 T. Although this value seems optimistic and may be limited by flux jumps, it 

can be predicted with some confidence that currently available tape should be able to trap higher 

fields than the current record of 17.2 T for bulk superconductors [25]. The samples predicted to trap 
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these high fields should require no external reinforcement. Stacks of superconducting tape therefore 

have significant potential to be used as trapped field magnets, given the high performance possible 

and the falling cost of commercial tape. A magnetized stack of tapes would also be able to cope with 

the additional rotational stress placed on the sample (see Section 2.6) if used in the bulk – bulk 

bearing design introduced in this thesis.  

5.5 Pulsed magnetization of a stack of coated conductors 

This section reports the first experimental demonstration of using a stack of superconducting 

tape pieces as a quasi-permanent magnet activated by a pulsed magnetic field. The stack of tapes 

used came from the same length of tape used to create the field cooling sample, with many layers 

actually being the same, but unlike the field cooling case a single stack was magnetized rather than a 

pair. Sequences of pulses were delivered between 10 and 77.4 K. The results are compared to a 

commercial 14 mm diameter YBCO bulk showing that the stack of tapes outperformed the bulk at 

temperatures below approximately 60 K. Particularly high trapped fields were achieved below 50 K, 

with a maximum of 2.0 T at 10 K measured 0.8 mm from the stack surface. The maximum trapped 

field possible for a stack of tapes increases significantly with decreasing temperature down to 10 K, 

rather than saturating at a higher temperature as in the case of the bulk, due to superior thermal 

stability. The Jc, thermal and mechanical properties of commercial (RE)BCO tapes makes them well 

suited to pulse magnetization as well as field cooling. It is for the problems facing pulse 

magnetization of bulks however that a stack of tapes are of particular interest. 

When experiencing a pulsed field, bulks suffer from thermal instability below 77 K largely due to 

inhomogeneous critical current density (resulting from growth sector boundaries as detailed in 

Section 1.7.1 and Figure 1.35) and poor thermal conductivity. A stack of coated conductors has 

relatively uniform Jc both radially and axially and so does not seem to suffer from this type of 

thermal instability when pulse magnetized. Finally the growth of thin films to form superconducting 

tapes is not as limited in size as bulks given that a buffered metal substrate provides the texture for 

the (RE)BCO rather than a localised seed crystal. This is particularly true for tapes in which the 

texture is introduced by thermo-mechanical processing of the metal substrate (e.g. RABiTS), and 

where non-vacuum deposition techniques are used, e.g. chemical solution deposition (CSD) and ink-

jet printing [136]. Large (RE)BCO bulks can be manufactured with high quality [100] but it is a 

challenge to maintain high Jc far away from the seed crystal which lies at the centre compared to 

wide (RE)BCO tapes with uniform Jc [35].  
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It is the intention of this section to make a comparison between standard commercial (RE)BCO 

tape, and a standard commercial bulk of similar diameter to the tape width which, it should be 

noted, is smaller than most bulks reported in the literature. 

5.5.1 Sample properties 

 

Figure 5.21: a) Top view of 14 mm diameter, 6 mm thick YBCO bulk sample and b) 12 mm square (RE)BCO tape 
stack in sample holder. c) Side view of compressed stack of 145 (RE)BCO tape layers ≈  8.1 mm thick, d) 
Uncompressed tape stack in sample holder. 

 

Table 5.10: Parameters and volume fractions for whole stack of tapes sample and YBCO bulk. 

Parameter 145 layer (RE)BCO tape stack 90 layer (RE)BCO tape stack 14 mm bulk sample 

Sample height (mm) 8.1 5.1 6.0 

Density (kg m-3) 8670 8670 5900 

(RE)BCO volume fraction 1.8% 1.8% 100% 

Hastelloy volume fraction 89.5% 89.5% - 

Silver volume fraction 5.4% 5.4% - 

Stacking space fraction 3.3% 3.3% - 

 

The stack of tapes used for the PFM tests contained the same tape squares as that used for the 

field cooling tests in Section 5.4. The individual layers were cut using scissors with no degradation to 

the Jc detected as discussed in Section 5.4.4. The layers were then stacked into a stainless steel 

sample holder shown in Figure 5.21b with good mating between the layers, as shown in Figure 

5.21c. The 14 mm diameter bulk YBCO sample used, shown in Figure 5.21a, was purchased from Can 

Superconductors s.r.o. 
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A comparison of the volume composition of the 145 layer tape stack sample and the bulk is 

given in Table 5.10. It is clear from Table 5.9 that differences in the thermal properties of the 

Hastelloy and bulk YBCO are not significant. In addition to the stack of only tapes, sandwich 

structures were also tested with ferromagnetic NiFe and copper layers, details of which are given in 

Section 5.5.4.  

5.5.2 Trapped field results 

The Magnetoforce system (detailed in Chapter 3) was used to pulse magnetise the samples. For 

all the trapped field results presented, the IMRA method was used to maximise trapped flux by 

replacing flux lost from the periphery of the samples due to heating. To illustrate the use of this 

procedure for the reported experiments, the fields applied and trapped in the 90 layer stack at 30 K 

are shown in Figure 5.22 as an example.  

 

Figure 5.22: Example of an IMRA pulse sequence used for the 30 K stage of magnetizing the 90 layer tape 
stack. 

The maximum possible fields that could be trapped in the stacks of (RE)BCO tapes and YBCO 

bulk are shown in Figure 5.23. The best documented trapped field performance for bulks is at 77 K, 

and the 14 mm diameter sample trapped a 0.44 T field at this temperature, higher than the tape 

stack and a good value for a commercial bulk of this size. The trapped fields in high performance 

bulks summarised in the introduction are higher than this, by up to a factor of 2 if scaled linearly by 

diameter down to 14 mm. However, the critical current per tape width of the tested coated 

conductor is also considerably lower than the best values on metallic substrates (a factor of 3-5 for 

the quoted examples). 
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Figure 5.23: Peak trapped field measured 0.8 mm above the tape stack and bulk samples after pulse field 
magnetization with decreasing temperature. Magnetization was performed using multiple pulses at each 
temperature, starting at 77.4 K and decreasing. Results for field cooling in an electromagnet are also shown for 
77.4 K (open markers). 
 

 

Figure 5.24: Trapped field profiles measured 0.8 mm above the bulk and tape stack samples, a) following 
magnetization at 77.4 K and b) the final field at 10 K, following magnetization at higher temperatures starting 
from the trapped fields shown in a). 

The increase in Jc of the bulk as temperature decreases does not fully manifest itself in the 

trapped field results. Although the field increases, it saturates at a temperature around 50 K, 

reaching a maximum of 1.41 T at 10 K. This strong saturation behaviour is due to thermal instability 

in the bulk at lower temperatures around 20 K. Because the Jc is so high at these low temperatures, 

any attempt to penetrate flux a significant depth into the sample will result in larger heat dissipation 

than at higher temperatures. The inhomogeneous Jc of a bulk leads to hot spots [17] during this 
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excessive heat generation, linked to asymmetric flux penetration, which causes a large rise in 

temperature, even enough to cause a sudden loss of all trapped flux if too high a field is applied. This 

is why the field profiles in Figure 5.24 for the tape stacks are saturated with a conical profile, but the 

bulk trapped field is broad and has a flatter peak. It was not possible to saturate the bulk at this 

temperature, as attempting to do so resulted in a collapse of the trapped field to almost zero.  

The behaviour of the trapped field for the stack of tapes is significantly different. Although 

starting lower at 77 K, the trapped field increases rapidly as temperature decreases, showing that 

the increase in Jc of the (RE)BCO in the tapes can be better exploited. The tape stack must 

experience a similar amount of total heating at lower temperatures when a high applied field such as 

5 T is applied. However, due to the more homogeneous Jc, the generation and dissipation of the heat 

energy is more cylindrically symmetric, avoiding large local temperature spikes. The silver cap layer 

deposited on the (RE)BCO is also likely to contribute to thermal stability and faster heat dissipation 

due to its high thermal conductivity, as predicted by the modelling of composite bulks in Section 5.1 

and summarised in [111], however this may be counter-acted in pulsed field applications as some 

eddy current heating must also be introduced by having such a high electrical conductivity layer. In 

some applications, the silver layers are ideally suited for cooling directly from the sides of the 

sample, which is the case for machines using vortex coils for magnetization [137]. The Hastelloy 

substrate is not believed to contribute as much to the thermal stability of the samples, based on the 

thermal properties listed in Table 5.9. 

The data for a 90 layer stack, is shown in Figure 5.23. Despite having a smaller radius for current 

to circulate and a smaller height compared to the bulk, stack of tape outperformed the bulk below 

60 K. There is no large difference in the trapped fields compared to the 145 layer stack for any of the 

temperature points, but this might be expected based on the non-linear scaling of field with height 

for a field cooled bulk [138]. This simple model of the field above a cylinder with circulating current 

density cannot explain the insensitivity to height present in the results for low temperature. Based 

on similar numerical calculations as in [138] for the field produced by uniform current density, the 

field of the 145 layer stack should be 9% higher than the 90 layer stack. This ratio fits the data for 

77.4 K however the ratio decreases as temperature decreases, reaching approximately 2.4 % at 10 K. 

The decrease in the ratio of trapped fields can be understood by the increasing influence of cooling 

behaviour at lower temperatures. The cooling of the samples in this experiment is largely from the 

outer surfaces, but heat is generated in the (RE)BCO regions distributed throughout the whole 

volume of the stack during a pulse. The larger the stack, the smaller the surface area to volume ratio, 

and as a result the cooling is less efficient for a sample of greater height. This is not so important at 

77.4 K due to the relatively small temperature increases, but it becomes a significant limitation at 
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lower temperatures where thermal instability is present. This is why the 145 layer stack gives only a 

marginal increase in trapped field at 10 K compared to 90 layers, which means that for low operation 

temperatures, such as liquid hydrogen temperature, fewer layers can be used without sacrificing 

trapped field.  

Given the trapped field profile data shown in Figure 5.24. It is worth discussing the total trapped 

flux. For the larger bulks in the previous chapters, the trapped flux was estimated by interpolation 

and integration (see Section 4.1.2). In this case, the smaller size of the samples considered, makes 

the reliability of the flux calculation worse given the fewer number of hall probes covering the 

sample area. In addition, the fact that the stack of tapes most probably has a square trapped field 

profile (with the profiles in Figure 5.24 measured along the diagonal) introduces further error. 

Therefore a qualitative comparison of the trapped flux is more appropriate. The trapped fields for 10 

K exhibit the largest differences in peak trapped field between the bulk and tape stack, however due 

to the broader profile of the bulk, the difference in flux is likely to be much smaller and could even 

be zero. This means that for the bulk, the saturation in trapped flux with decreasing temperature is 

less significant than for the trapped field. In any case it should be remembered that the bulk has a 7 

% larger top surface area than the tape stack, and a circular geometry which is more optimum for 

generating higher trapped field and flux. 

Another factor which needs to be considered when comparing the performance of the bulk and 

the tape stack is the cooling of the samples by helium gas in the system used. Although compressed, 

the tape stack has approximately 3% empty space in which the helium can circulate, and the 

exposed surface area of the periphery of the sample is greater (probably by at least three times) 

than an equivalent smooth-sided bulk sample, as can be seen in Figure 5.21. These factors must 

increase the thermal stability of the sample due to more efficient convective cooling. However, if 

this additional cooling effect was very significant, the field should scale with height even at lower 

temperatures, as the sample side area and internal empty volume vary linearly with sample height. 

As discussed previously, this is not the case, with the trapped field being relatively insensitive to the 

height of the stack below 77 K. For this reason it is believed that the uniformity of Jc and the metallic 

layers contribute most to the thermal stability. It is nevertheless still important in future to establish 

the performance of an unsupported stack with layers glued and the sides machined flat, and also to 

verify that similar results would be obtained with direct conductive cooling. 

 



5  Composite superconducting structures for thermally stable high field permanent magnets 

134 
 

5.5.3 Comparison to field cooling 

 

Figure 5.25: Comparison of pulsed magnetization results for a single stack of 145 tapes and prediction for field 
cooling of the same size stack. The prediction is based on geometric scaling of trapped field for the 120 layer 
double stack reported in Section 5.4 and assumes the current density would be the same for both stacks. 

The field cooling results for the stack of tapes can be compared to a previous study on pulsed 

field magnetization of a single stack containing 145 layers [126] as shown in Figure 5.25. In order to 

compare the trapped fields directly, the field cooling trapped fields obtained for the double 120 

layer stack have been scaled to give the expected field for a single 145 layer stack measured at the 

same distance from the stack surface (0.8 mm) as used in the pulsed magnetization study. This 

scaling, which assumes uniform current density and was achieved using a finite element model, is a 

good approximation. Such scaling cannot be used for the case of pulsed field magnetization, which 

gives rise to complex current density distributions due to large heating effects during a pulse. The 

tape layers used for both samples came from the same tape length, with most of the layers used in 

the pulsed magnetization study re-used for the sample in the present study. The comparison of the 

trapped fields gives an important insight into the limitations of the pulsed field method. Although 

the increase in trapped field with decreasing temperature using PFM saturates less than for a bulk, 

the difference between the trapped fields achieved by PFM and field cooling for the stack still 

increases with decreasing temperature. As for field cooling there may be an enhanced cooling effect 

due to the volume fraction of ‘empty space’ in the stacks (which would be filled with helium gas) and 

also due to the uneven sample sides (see Figure 5.21c).  

The discrepancy between field cooling and pulse magnetization results (Figure 5.25) exceeds a 

factor of two at the lowest temperatures due to unavoidable heat generation in pulsed 

magnetization. There should also exist a discrepancy for total trapped flux, but this is expected to be 

smaller given the broader field profiles which tend to be trapped using pulsed magnetization 
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compared to field cooling. Although the fields trapped by field cooling represent a limit which can 

never be reached at low temperatures by pulsed magnetization, for many applications it is worth 

sacrificing this full potential given the practicality and lower cost of pulsed field magnetization [87]. 

5.5.4 Sandwich stacks 

 

Figure 5.26: Peak trapped field measured 0.8 mm above tape sandwiches after pulse field magnetization with 
decreasing temperature. The NiFe sandwich had ferromagnetic NiFe layers between each tape layer, whereas 
the copper sandwiches had a copper layer for every tape layer (‘1:1’) or every 2 tape layers (‘1:2’). The result 
for 90 layers of tape only is also shown for comparison. 

The assembly of a composite bulk from separate tape pieces opens up the new possibility of 

sandwiching a thin layer of any chosen material between the (RE)BCO tapes in an attempt to 

enhance certain properties. As a first step towards exploring this possibility, sandwiches were 

created using ferromagnetic NiFe layers and copper foil. The NiFe layers were cut from 10 mm wide, 

35 m thick “50/50” alloy tape [139] produced by Carpenter Technology Corporation and similar to 

Carpenter high permeability “49” alloy. The copper layers were 40 m thick and were made from 

12 mm wide 3M adhesive copper tape with the adhesive backing removed. Two copper sandwiches 

were created, labelled 1:1 for a copper layer between every (RE)BCO tape layer and 1:2 for 1 copper 

layer inserted for every two layers, with all sandwiches prepared using the same 90 layers of 

(RE)BCO tape. 

The trapped field results for the sandwiches are shown in Figure 5.26. When material is inserted 

between the layers of tape, the effective Jc of the whole stack is reduced, leading to a decrease in 
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the trapped field above the stack. Although the height of the sample increases, this is never enough 

to counter the larger linear decrease in field with effective Jc. Therefore the concept behind creating 

a sandwich is that the material introduced will somehow enhance the trapped field by a factor 

greater than the reduction in the effective Jc factor. The aim of using copper foil was to enhance 

thermal stability and help conduct heat away to the edges of the sample, in a similar way to the 

expected behaviour of the silver cap layer in the tapes. Any thermal enhancement provided by the 

copper in the 1:1 sandwich was not enough to counter the decrease in the effective Jc of the stack 

and any additional heating that might arise due to eddy currents, leading to a lower field than 90 

layers of (RE)BCO tape alone, as shown in Figure 5.26. However, when using one layer of copper for 

every two tape layers, it appears that an enhancement in thermal stability at low temperature has 

balanced the decrease in the effective Jc of the stack. Although the copper sandwiches reported here 

did not exceed the trapped field of 90 layers of tape alone, the 1:2 stack indicates that the thermal 

properties can be enhanced. By choosing copper of the optimum thickness and by slitting the copper 

layers to minimise eddy current heating during a pulse, it is likely that the thermal stability 

contribution at low temperatures can exceed the decrease in the effective Jc of the stack, leading to 

an enhanced trapped field using the same number of tape layers. This prospect is attractive for 

minimising cost. 

The performance of the NiFe sandwich exceeded both the 90 layer stack and also the 145 layer 

stack presented earlier for low temperatures (2.0 T at 10 K). This enhancement shows that the NiFe 

had a significant effect on the field, but it is not possible to determine from the present experiments 

whether thermal or ferromagnetic effects are responsible for this behaviour: literature values of the 

thermal properties are not very different from Hastelloy. Also, measurement of the field from room 

temperature down to 10 K, above a stack of the NiFe layers behind which was placed a PM, suggest 

that the permeability of the NiFe tape is almost independent of temperature. Modelling and further 

experiments are required to explain the electrodynamics and heating behaviour in this 

superconducting-ferromagnetic structure. 
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6 Conclusions and outlook 
 

A new type of superconducting bearing has been designed and modelled, which achieves a 

significantly higher force density than existing PM – bulk superconductor bearings by using 

magnetized superconducting bulks instead of PMs as the field source. The concept of the bulk – bulk 

bearing was proven by levitation force measurements between a bulk MgB2 hollow tube and single 

25.5 mm diameter magnetized YBCO bulks. Pulsed field magnetization was investigated and 

performed on the YBCO bulks, using the techniques of IMRA and MPSC to maximise the trapped 

field and flux. The maximum trapped field and flux recorded in the bulks were 1.68 T and 0.61 mWb 

respectively, measured above the sample surface, showing that (RE)BCO bulks can be an order of 

magnitude more powerful than rare-earth PMs. Levitation force versus displacement curves were 

produced for the bulk – bulk configuration following field cooling of the MgB2 bulk in the field of the 

magnetized YBCO. The high trapped fields in the YBCO gave rise to peak levitation forces up to 560 

N, demonstrating the great potential of the design to levitate large loads. The experiment also 

showed that 20 K is a suitable temperature for the bearing, as smaller forces and large hysteresis 

were observed at temperatures above 20 K, and flux jumps due to thermal instability were observed 

at 12 K. For smaller displacements that would typically be used for a real bearing, the hysteresis was 

found to be small compared to the full force-displacement curves. Modelling of the force interaction 

using the perfectly trapped flux model, which assumed perfect shielding for both the MgB2 and 

YBCO, is an important tool for understanding the shapes of the force displacement curves and 

predicting the maximum possible forces. 

The pulsed magnetization and levitation force measurements were conducted using a newly 

constructed experimental facility based on a pulse tube cryocooler, named MagnetoForce, capable 

of delivering automated sequences of pulsed fields up to 10 T and allowing trapped field 

performance to be monitored during the magnetization process. Such an automated system is a step 

towards magnetizing bulks for industrial applications including motors and generators as well as the 

bulk – bulk bearing design proposed. 

The future outlook for the bulk – bulk bearing design is positive given its potential to be suitable 

for applications such as flywheel energy storage, where a higher load capacity can significantly 

increase the energy stored, as well as low loss bearings that need to resist high g-forces. However, 

engineering challenges remain, such as the need to cool both stator and rotor components to 

cryogenic temperatures. The potential of the design is further increased if the challenge of 

effectively magnetizing superconducting bulks can be solved, which was addressed in the second 

half of this thesis. 
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The most practical method of magnetizing superconducting bulks is using a pulsed field, but as 

shown by magneto-thermal FEM modelling, the heating and thermal instability caused by a pulsed 

field lead to a significant reduction in Jc, and loss of flux, giving a final trapped field and flux less than 

that resulting from field cooling. The Jc inhomogeneity of existing (RE)BCO bulks also significantly 

limits their potential to consistently trap high fields when pulse magnetized at temperatures below 

77 K. To address these problems, the concept of a composite bulk was considered. Magneto-thermal 

modelling of pulsed magnetization explored the dynamics of heat flow and current density inside a 

bulk. High thermal conductivity embedded structures were shown to improve trapped field and flux 

by channelling heat away to a cold head or thermal mass, resulting in enhanced current density. 

Experimental tests of assemblies of bulk YBCO pieces, copper and sapphire, as well as YBCO bulks 

with arrays of holes filled with copper wire, showed no significant enhancement in trapped field 

performance. However, this is largely believed to be due to poor thermal contact between the YBCO 

and high thermal conductivity components. Future experiments with tighter geometric tolerances 

and improved thermal contact are needed to establish the full potential of these structures. 

A radically new approach to trapped field magnets using coated conductors was shown to be 

the most successful composite bulk design tested. Starting from commercially available 12 mm wide 

tape produced by SuperPower Inc. (approximate thickness 55 µm), square stacks were created and 

magnetized, trapping exceptionally high fields given the specified tape Ic of 240 A (77 K and self-field) 

which is typical for commercial coated conductors. 

Trapped fields over 7 T were achieved between two 120 layer stacks using field cooling, and 

higher thermal stability was observed below ≈ 30 K compared to that typical for bulk (RE)BCO. Much 

higher trapped fields should be possible using higher performance tape, potentially up to 14 T for 

the highest Ic commercial 12 mm wide tape and even more for research samples. The opportunity to 

scale up to wider widths, such as 40 mm, gives a stack of tapes potential to trap very high flux as well 

as field compared to the relatively small 12 mm square stacks, an important property for many 

applications. Based on a review of the properties of commercial and research superconducting tape, 

it can be predicted with some confidence that currently available tape should be able to trap higher 

fields than the current record of 17.2 T for bulk superconductors [25]. The samples predicted to trap 

these high fields should require no external reinforcement due to the strong metallic substrates 

present. A magnetized stack of tapes would also be able to cope with the additional rotational stress 

placed on the sample if used in a bulk – bulk bearing design. 

The trapped field for a single stack of tape magnetized using pulsed fields was up to 2.0 T, 

significantly higher than for a commercially available 14 mm diameter bulk for temperatures below 

60 K, and higher than the maximum field trapped in any of the larger (RE)BCO bulks tested for 
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levitation force measurements. This is despite the sample having less than 2 % superconductor by 

volume. The main reason for the high performance at low temperature is the superior thermal 

stability of the tape stack resulting from a relatively homogeneous Jc, which reduces hotspots, as 

well as the silver cap layer. Sandwich structures are possible, as shown, by inserting copper and NiFe 

layers between (RE)BCO tape layers, but this approach needs to be explored in more detail. The 

choice of materials, thermal, magnetic and geometric parameters all need to be optimised due to 

the many competing factors that determine the overall trapped field in these sandwich structures. 

Future research also includes gluing tape layers together with epoxy resin and machining the stack 

into a cylinder, to create a self-supporting structure suitable for applications. More experiments are 

also needed to make a quantitative comparison of the maximum trapped flux possible for a stack of 

tapes compared to a bulk.  

The outlook for using a stack of superconducting tape for real applications, such as in motors 

and generators, is very positive for a number of reasons. Some prototype rotating machines already 

use magnetized bulks cooled to 30 or 40 K to exploit the increase in Jc [87], and a stack of tapes is 

ideally suited to this temperature range. The known, or at least easily measurable, Ic of the 

commercial (RE)BCO tape used can give a tape stack predictable trapped field behaviour, which is 

attractive for engineering applications. The concept has scalability: although commercially-available 

tapes are rarely wider than 12 mm at present, some manufacturers produce tape as wide as 40 mm 

prior to slitting for long length coated conductors, and there is a growing trend towards increased 

widths to allow higher production throughput. Finally, the price of (RE)BCO tape is steadily falling, 

giving stacks of magnetized tapes great potential to be used as cost effective high field permanent 

magnets. 
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