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1.1 Fundamentals of bulk superconducting materials 

1.1.1 Development of superconducting bulk materials 

Bulle superconductors such as (RE)BaCuO (RE: rare earth elements or Y) or MgB2 can be utilized 

as the so-called trapped field magnet (TFM) that can "trap" a magnetic field over several Tesla by 

exploiting the flux pinning effect of Type-II superconductors. The magnitude of the trapped field, BT, 

increases depending on its critical current density, Jc, and its sample size, d, according to Bean's critical 

state model as follows [I]. 

Br o<.fc · d. (1) 

An experimental Jc(B, T) data, measured from a small sample ofa bulk superconductor shows that the 

maximum supercurrent induced inside the bulk is determined upon a certain condition with a finite 

magnetic field, B, and a temperature, T [2]. Thus, to enhance BT in such TFMs, the crystallization 

process refmement is a fundamental issue for realizing a higher Jc and a larger sample size. To 

magnetize the bullc, the magnetizing technique must be perfo1med. A field-cooled magnetization 

(FCM) is a typical conventional method, in which the external magnetic field is applied to the bulk 

with a certain temperature over a critical temperature, Tc, and then decreased to zero Tesla after the 

bulk is cooled under Tc. This, hence, includes both the cooling process and the magnetizing process. 

The higher trapped field would be obtained for a lower temperature, e.g., from 2 Tat 77 K to 9 Tat 

40 K, which depends its Jc capability [3]. This trapped field can be sustained inside the bulk quasi­

permanently once it is magnetized and kept at a constant temperature. The magnetic field profile 

becomes a conical shaped with a peak at the center because of the overlap of an induced, 

circumferential supercurrent inside the bulk. 

Regarding to some issues for the trapped field enhancement, it has been reported that the mechanical 

fracture sometimes happens during the magnetization process exploiting a particular large magnetic 

field over 10 T [ 4]. The internal mechanical stress, such as the radial stress, crr, and hoop stress, cre, 

exerts on a bulk element during the magnetization [5]. Generally, a crack would occur along the 

characteristic direction of the crystal alignment due to the principal component of cre. To avoid the 

mechanical fracture during magnetization process, the bulk must be reinforced by metal ring and/or 

epoxy resin. 

The trapped field capability can be estimated based on a numerical assumption. The numerical 

results of the trapped field at the intermediate position of the stacked, disc shaped GdBaCuO bullc pair 

magnetized with FCM would be over 20 Tat a lower temperature below 40 K [6]. The maximum of 

the trapped field is equivalent to the applied field; hence, can be increased if a larger applied field can 
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be provided by an external magnetizing coil magnet. To date, the achieved, record-high trapped field 

is 17.6 Tat 22.5 K, in which a two-stack GdBaCuO bulk pair was reinforced using outer shrink-fit, 

stainless-steel rings and laminations [6]. In this sense, the optimized reinforcement and thermal 

stability must be required to realize a higher trapped field. There is a limit in the trapped field 

enhancement according to the tripartite relation between Electromagnetic field, Temperature and 

Mechanical stress as shown in figure 1-1. 

Electro 

magnetic field 

Figure 1-1. Tripartite balance relation between Electromagnetic field, Temperature and Mechanical 

stress, which stands on the trapped field enhancement for superconducting bulk magnets. 

On contrary to TFMs, the magnetic lens using the same bulk material, can provide a concentrated 

field higher than an external applied field by exploiting the diamagnetic effect of Type-II 

superconductors. In this case, the bulk needs to be machined into a conical-shaped cylinder with slits. 

The zero field-cooled magnetization (ZFCM) is used for the magnetization, where the bulk is kept 

under Tc at all the times to prevent the flux penetration into the bulk itself. It is reported that a 

concentrated field of 12 T at 20 K was achieved with an applied field of 8 T using an external 

superconducting coil magnet [7]. 

The development of the magnetizing technique is essential to utilize bulk superconductors as TFMs 

or magnetic lenses. On the contrary to the slower FCM and ZFCM, pulsed-field magnetization (PFM) 

is a more practical, faster magnetizing technique, which incorporates the ZFCM process that is 

completed within milliseconds using a pulsed magnetic field by a conventional solenoid coil. The most 

significant issue in this PFM process is known that the heat generation due to the magnetic flux 

movement would degrade the resultant trapped field after magnetization. To date, the record-high BT 

of 5 .2 Ton the surface by using a modified multi pulse technique with soft iron yokes [8], and 5.3 T 

at the intermediate position between a two stacked GdBaCuO bulk pair at 30 K by using an optimized 

two-step pulse sequence [9], were achieved, respectively. Those BT values is lower by one-third in 

comparison with that by FCM due to the complex flux movement during the magnetizing process. It 

has been reposted that the trapped field enhancement can be done even from views of external 
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magnetizing condition, such as exploiting soft iron yokes [10] and changing the shape of pulsed field 

[I l]. 

1.1.2 Applicational target of bulk superconductors 

Figure 1-2 summarizes the potential applicational field of bulk superconductors, which is divided 

into three regions: Magnet application, Magnetic levitation application and Conductor application. 

These areas can be classified into the existing target, where the bulk materials can be a candidate to 

replace or co-exist with a conventional magnet. The apparatus can use the bulk magnets with magnetic 

fields with several Tesla in an efficient way using a cryocooler or any coolants such as liquid nitrogen 

at 77 K. On the other hand, the author denotes another new, potential target, high field application, 

which can be realized by only using a large magnetic field over 5 T. It is known that a large magnetic 

field in combination with a large field gradient can provide a repulsive force against gravity on the 

Earth and achieve a counter-balance situation for any diamagnetic materials such as water, common 

metals and even cells of the human body. In recent years, some related studies, exploiting the so-called 

"magnetic microgravity condition", have reported in life/medical sciences such as biological 

characterization [ 12] and protein crystallization [ 13], in which a conventional Nd-Fe based permanent 

magnet or large-scale superconducting magnets are used. It is expected that superconducting 

technologies relating to bulk magnets create a state-of-the-art innovation that can contribute 

significantly to the Sustainable Development Goals (SDGs) in different regions including the medical 

science, space biology, environment and energy. 

Potential applicational field for bulk superconductors 

Magnet app. Magnetic levitation app. Conductor app. 

· Magnetizer 

• Magnetic separation 

• Rotating machines 
• General magnet device 

• Magnetic bearing 
• Flywheel 

• Transport device 
• Linear elevator 
• Maglev train 

· Current lead 
· Current limiter 

Figure 1-2. Potential applicational field of bulk superconductors, which is divided into three regions : 

Magnet application, Magnetic levitation application and Conductor application. 
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1.2 Preface 

Superconducting technologies have satisfied several demands for high magnetic fields . The most 

significant issue is that such a comparatively large magnetic field value has been realized only in a 

specialized facility by only using conventional , large-scale superconducting magnets [14]. For 

practical uses, it is desirable for the magnetic source to be lightweight, mobile, and cost-effective as a 

desktop-type apparatus, and preferably cryogen-free, i.e., operating without the need for any coolant 

such as liquid helium. 

The exploration of practical use of TFM can be classified into three phases: fabrication, 

magnetization, and applications [15]. Such experimental work has showed the significant potential of 

such TFMs as a powerful magnetic source. However, its configuration would not be appropriate for 

practical use in applications, which sometimes require a large magnetic field and/or gradient product 

to be provided in an open space inside or outside vacuum chamber. Hence, in this study, the author 

suggests two types of a new trapped field magnet, a hybrid trapped field magnet lens (HTFML ), which 

can generate a concentrated field higher than the applied field , and a high gradient-type TFM (HG­

TFM), which focuses on the enhancement of the magnetic field gradient product. These devices 

deserve to be unique that suggests a new pathway to enhance the trapped field from the viewpoint of 

the magnetizing method in contrast to conventional approaches that depend on the superconducting 

properties of the bulk itself. Additionally, these new compact magnets can provide the magnetic field 

in an open space inside/outside the vacuum chamber. Now, since the prototype device can be installed 

even in a laboratory scale, further applicational studies would be conducted in a more realistic 

condition towards the industiial application, in comparison with previous explorations using 

conventional magnets . 

This Ph.D. thesis summarizes six papers published since 2018 to 2021, relating to the development 

of the HTFML and its applicational aspect for the magnetic separation, and another concept of the 

HG-TFM. A concept of such hybrid-type TFMs was first considered using a numerical simulation in 

an efficient way, and then the experimental validation was performed. Important results of each chapter 

are summarized in the following. 

Chapter 2: A new concept of a hybrid trapped field magnet lens 

In this chapter, a new concept of the HTFML is proposed. The HTMFL exploits the "vortex pinning 

effect" of an outer superconducting bulk cylinder, which is magnetized as a TFM using field-cooled 

magnetization (FCM), and the "diamagnetic shielding effect" of an inner bulk magnetic lens to 

generate a concentrated magnetic field higher than the trapped field from the TFM in the bore of the 

magnetic lens. This requires that, during the FCM process, the outer cylinder is in the normal state (T 
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> Tc) and the inner lens is in the superconducting state (T < Tc) when the external magnetizing field is 

applied, followed by cooling to an appropriate operating temperature, then removing the external field. 

This is explored for two potential cases: I) exploiting the difference in Tc of two different bulk 

materials ("case-I"), e.g., MgB2 (Tc= 39 K) and GdBaCuO (Tc= 92 K) or 2) using the same material 

for the whole HTFML, e.g., GdBaCuO, but utilizing individually controlled cryostats, the same 

cryostat with different cooling loops or coolants, or heaters that keep the outer bulk cylinder at a 

temperature above Tc to achieve the same desired effect. The HTFML is verified using numerical 

simulations for "case-I" using an MgB2 cylinder and GdBaCuO lens pair and for "case-2" using a 

GdBaCuO cylinder and GdBaCuO lens pair. As a result, the HTFML could reliably generate a 

concentrated magnetic field Be = 4. 73 T with the external magnetizing field Bapp = 3 T in the "case- I , 

and a higher Be= 13 .49 T with higher Bapp = IO Tin the "case-2," respectively. This could, for example, 

be used to enhance the magnetic field in the bore of a bulk superconducting NMR/MRI system to 

improve its resolution. 

This idea was applied for opened patent serial No. 2019-125710, "hybrid trapped field magnet lens 

device" [ 16]. 

Chapter 3: Design Optimization of a Hybrid Trapped Field Magnet Lens (HTFML) 

In this chapter, a design optimization of the inner GdBaCuO magnetic lens within the GdBaCuO 

TFM cylinder in the HTFML was carried out using numerical simulations based on the finite element 

method, in order to maximize the concentrated magnetic field. The HTFML with an optimized shape 

and size achieved a concentrated magnetic field of Be = 5.6 and 12.8 Tat the center of the lens for 

applied magnetic fields of Bapp = 3 and 10 T, respectively. A maximum tensile stress of + l35 MPa 

exists in the outer GdBaCuO TFM cylinder during the magnetizing process for Bapp = IO T, which 

exceeds the fracture strength of the bulk. This result suggests that mechanical reinforcement is 

necessary to avoid mechanical fracture under such high magnetic field conditions. 

Chapter 4: Experimental realization of a hybrid trapped field magnet lens using a 

GdBaCuO magnetic lens and MgB2 bulk cylinder 

This chapter presents the experimental realization of the HTFML using a GdBaCuO magnetic lens 

and MgB2 trapped field magnet cylinder. A maximum concentrated magnetic field of Be= 3.55 Twas 

achieved at the central bore of the HTFML after removing an applied field of Bapp = 2.0 Tat T = 20 K. 

For higher Bapp, the Be value was not enhanced because of a weakened lens effect due to magnetic flux 

penetration into the bulk GdBaCuO material comprising the lens. The enhancement of the trapped 

field using such an HTFML for the present experimental setup is discussed in detail. 

Chapter 5: Experimental realization of a 10 T-class, all-(RE)BaCuO hybrid trapped 
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field magnet lens 

In this chapter, all-(RE)BaCuO hybrid trapped field magnet lens HTFML has been verified 

experimentally using only one cryocooler and a special technique named the " loose contact method". 

In the experimental setup, only the inner magnetic lens was tightly connected to the cold stage and 

cooled at all times, and the outer TFM cylinder was loosely connected to the cold stage before the 

magnetizing process by introducing a gap between the outer TFM and cold stage of the cryocooler. As 

a result, the superconducting state for zero-field cooled magnetization (ZFCM) of the inner magnetic 

lens and the non-superconducting (normal) state for field-cooled magnetization (FCM) of the outer 

TFM cylinder can co-exist at the same time. A maximum concentrated field of Be= 9.8 Twas achieved 

for the magnetizing process with an applied field of B app = 7 T in the present HTFML, consistent with 

the numerical estimation in our previous conceptual study. These results validate the HTFML concept 

as a compact and desktop-type magnet device that can provide 10 T-class magnetic field enhancement 

from the viewpoint of the magnetizing method. However, during magnetization with a higher Bapp of 

IO T, thermal instability of the outer stacked TFM cylinder caused flux jumps to occur, resulting in 

mechanical fracture of multiple bulks. These results suggest that the further development of a practical 

cooling method that can realize a stable and controllable cooling process for each part of the HTFML 

is necessary based on fundamental studies relating to the thermal stability of the large stacked TFM 

cylinder. 

Chapter 6: Simulation study for magnetic levitation in pure water exploiting the 

ultra-high magnetic field gradient product of a hybrid trapped filed magnet lens 

(HTFML) 

In this chapter, a new additional advantage of the HTFML is proposed numerically, which could be 

applicable for magnetic levitation and separation. The HTFML device consisting of GdBaCuO bulk 

cylinder and GdBaCuO magnetic lens, after the magnetization process from an applied field, B app = 

IO T, can generate a maximum trapped field , Be = 11.4 T, as well as an ultra-high magnetic field 

gradient product, B2 ·dB2/dz, over ±3000 T2/m at Ts = 20 K, which is higher than that of existing 

superconducting magnets (SM) and large-scale hybrid magnets (HM). Through detailed numerical 

simulations, the HTFML device is considered for magnetic separation of a mixture of precious metal 

particles (Pt, Au, Ag and Cu) dispersed in pure water, by exploiting the magneto-Archimedes effect. 

The HTFML can be realized as a compact and mobile desktop-type superconducting bulk magnet 

system and there are a wide range of potential industrial applications, such as in the food and medical 

industries. 

Chapter 7: A conceptual study of a High Gradient Trapped Field Magnet (HG-TFM) 

toward providing a quasi-zero gravity space on Earth 
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In this chapter, a new concept of a High Gradient Trapped Field Magnet (HG-TFM) is proposed. 

The HG-TFM is made from (RE)BaCuO bulk superconductors, in which slit ring bulks (slit-TFMs) 

are tightly stacked with TFM cylinders (full-TFMs), and state-of-the-art numerical simulations were 

used to investigate the magnetic and mechanical properties in detail during and after magnetization. A 

maximum value of the magnetic field gradient product of Bz · dBz/ dz = 6040 T2/m was obtained 

after conventional field cooled magnetization (FCM) with an applied field , B app, of 10 T of the HG­

TFM with 60 mm in outer diameter and 10 mm in inner diameter. This value may be the highest value 

ever reported compared to any other magnetic sources. The Bz · dBz/dz value increased with 

decreasing inner diameter of the HG-TFM and with increasing B app during FCM. The electromagnetic 

stress in the HG-TFM during the FCM process mainly results from the hoop stress along the 

circumferential direction. The simulations suggested that there is no fracture risk of the bulk 

components during FCM from 10 Tin a proposed realistic configuration of the HG-TFM where both 

TFM parts are mounted in Al-alloy rings and the whole HG-TFM is encapsulated in a steel capsule. A 

quasi-zero gravity space can be realized in the HG-TFM with a high Bz · dBz/ dz value in an open 

space outside the vacuum chamber. The HG-TFM device can act as a compact and cryogen-free 

desktop-type magnetic source to provide a large magnetic force and could be useful in a number of 

life/medical science applications, such as protein crystallization and cell culture. 

This idea was applied for closed patent serial No . 2020-180228, "High gradient-type trapped field 

magnet device" [ 17]. 

Chapter 8: Conclusion 

In the fmal chapter, the conclusion of this research is summarized. The development requirement of 

a desktop-type, bulk magnet device is also suggested towards the potential application for 

crystallization system. 
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2.1 Preface of Chapter 2 

The superconducting characteristics of REBaCuO bulks continue to be enhanced due to the 

introduction of strong pinning centers and the improvement of crystal growth techniques, which have 

resulted in increased critical current density, Jc [I, 2]. As a result, such bulks exhibit higher trapped 

field capabilities using field-cooled magnetization (FCM) and have significant potential for practical 

applications as high-strength trapped field magnets (TFMs) capable of generating magnetic field of 

several Tesla. 

Figure 2-l(a) shows the time sequence of conventional FCM of superconducting bulks to utilize 

them as TFMs (the case shown is for a cylindrical ring bulk superconductor). Although the trapped 

field , BT, ofREBaCuO bulks, which can be estimated from the Jc(B, T) characteristics, could be over 

20 Tat 20 Kin a bulk pair [3] , the mechanical strength of the brittle ceramic material restricts the 

practical maximum trapped field of such TFMs experimentally. Such TFMs, in which the field is 

trapped using the strong "vortex pinning effect" of the material, require a high, stationary magnetic 

field to magnetize them and they can trap fields nearly the same or slightly lower than the applied field , 

B app, using FCM, but such high fields are only available from specialized magnets at a limited number 

of facilities worldwide. 

Figure 2-1 (b) shows the time sequence of magnetizing process for a conventional bulk 

superconducting magnetic lens, for which zero-field-cooled magnetization (ZFCM) is used . The 

existence of slits in the superconducting hollow cone is essential to suppress the current along the 

circumferential direction and to concentrate the magnetic flux. A concentrated field of Be = 12.42 T 

has been achieved at 20 K for a background field of B app = 8 Tusing a bulk GdBaCuO magnetic lens 

[4] and Be = 30.4 T has been achieved at the center of the lens in higher background field of Bapp = 

28.3 T [5]. Using a bulk Mg82 magnetic lens, a concentrated field of Be= 2.18 Tat 4.2 K has also 

been achieved for a background field of Bapp = I T [6]. Mechanical reinforcement of the magnetic lens 

and the avoidance of the flux jump are necessary to achieve the magnetic lens effect stably [7]. Since 

the magnetic lens effect vanishes after the applied field decreased to zero, the external magnet must 

be operated continuously, which consumes a large amount of energy. 

In this chapter, the author proposes a new concept ofa "hybrid trapped field magnet lens (HTFML)" , 

consisting of a cylindrical bulk TFM using the "vortex pinning effect," combined with a bulk magnetic 

lens using the "diamagnetic shielding effect" . The HTFML can reliably generate a magnetic field at 

the center of the magnetic lens higher than the trapped field in the single cylindrical bulk TFM and the 

external magnetizing field , even after the externally applied field decreases to zero . This concept 

requires that, during the FCM process, the outer cylinder is in the normal state (T > Tc) and the inner 

lens is in the superconducting state (T < Tc) when the external magnetizing field is applied, followed 
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by cooling to an appropriate operating temperature, then removing the external field. This is explored 

for two potential cases: I) exploiting the difference in Tc of two different bulk materials ("case- I"), 

e.g. , MgB2 (Tc= 39 K) and GdBaCuO (Tc= 92 K) or 2) using the same material for the whole HTFML, 

e.g., GdBaCuO, but utilizing individually-controlled cryostats, the same cryostat with different 

cooling loops or coolants, or heaters that keep the outer bulk cylinder at a temperature above Tc to 

achieve the same desired effect. The effectiveness and superiority of the HTFML is verified using 

numerical simulations for two cases: "case- I" using an MgB2 cylinder and REBaCuO lens pair, and 

"case-2" using a REBaCuO cylinder and REBaCuO lens pair. The concentrated magnetic field in the 

HTFML changes depending on the superconducting characteristics of the bulks [8 , 9] , their shape and 

size [6], as well as the magnetizing conditions. 

Solenoid 
coil 

Bz 

X 

Generated magnetic 
field same as 
magnetizing field 

Bapp ,--.__<_-_-_-_-_-_-_-_-> 
\ BT 

\ 
\ time 

(a) Conventional TFM 

X 

82 Operation as magnetic lens 
<- - - - - - - -> 

BC 

time 

(b) Conventional magnetic lens 

Figure 2-1. Time sequence of (a) conventional magnetizing process of field-cooled magnetization 

(FCM) of superconducting bulks to utilize them as TFMs and (b) magnetizing process of zero-field 

magnetization (ZFCM) for a conventional superconducting bulk magnetic lens. 
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2.2 Numerical simulation framework 

The following numerical simulation framework for the magnetizing process of the HTFML has 

been developed . A schematic view of the three-dimensional (3D) numerical model and the relevant 

dimensions are shown in figure 2-2, in which the superconducting cylinder is made from bulk MgB2 

and the superconducting magnetic lens is made from bulk GdBaCuO. This model is abbreviated as 

"case-I " . The bulk MgB2 cylinder is 60 mm in outer diameter (O.D .), 40 mm in inner diameter (l.D.) 

and 80 mm in height (H). The shape of the magnetic lens is referred from [7], so that the present 

numerical framework explains the concept of the HTFML based on such a typical lens geometry (as 

shown in figure 2-2), but importantly two slits exist that are 10° wide. The MgB2 cylinder and 

GdBaCuO lens are magnetized by a solenoid coil of 170 mm in O.D., 120 mm in I.D. and 200 mm in 

H. Another example is also provided, in which both the superconducting cylinder and magnetic lens 

are made from bulk GdBaCuO, which is abbreviated as "case-2". The numerical simulation results for 

"case- I" and "case-2" are presented in Sections 2.4 .1 and 2.4.2, respectively. 

Commercial software, Photo-EDDY (Photon Ltd, Japan), was used to analyze the magnetic field 

profile during the magnetization process, combined with Photo-THERMO to maintain a constant 

temperature for each bulk component. Electromagnetic phenomena during the magnetization process 

are described by the fundamental equations shown elsewhere in detail [10-12]. The E-J power law is 

assumed to describe the nonlinear electrical properties of the superconducting bulk: 

where Ee (=104 Vm-1) is the characteristic electric field. n = 20 for the GdBaCuO bulk and n = 100 

for the MgB2 bulk are used [13]. The numerical simulation results depend strongly on the Jc(B, T) 

characteristics of the superconductor [ 14-16]. For this study, the Jc(B) characteristics for the GdBaCuO 

bulk are based on the equation presented by Jirsa et al. to represent the so-called ' fish-tail ' or ' peak' 

effect found in such superconducting materials [17, 12], 

lc(B) = lc1exp (-!...)+Jez -8
-exp [!. (1 - (-8-)a)]. (2-2) 

BL Bmax a Bmax 

The values for the parameters Jc1 , BL, Jc2, Bmax and a at 20 and 40 K used in the model are shown in 

table 2-1, respectively. 

The Jc(B) of the MgB2 bulk is described by the following equation [18], 
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fc(B) = lcoexd-(:Jp] , (2-3) 

where lea , Bo and {] are fitting parameters, which are summarized in table 2-2. Isothermal conditions 

are assumed while ramping down the field because the magnetization process is slow; hence, a 

constant, homogeneous temperature is assumed in the model. 

GdBaCuO 
lens 

40 

60 

z 

X 

(mm) 

Figure 2-2. Numerical model and dimensions of the MgB2 cylinder, GdBaCuO magnetic lens and 

solenoid magnetizing coil for "case-1 ". The MgB2 cylinder is replaced by a GdBaCuO cylinder in 

"case-2" . 

Table 2-1. Numerical parameters for the l c(B) characteristics of the bulk GdBaCuO material at 20 and 

40 K using equation (2). 

T (K) Jc1 (A/m2) Bmax (T) a 

40 3.5 X 109 0.9 2.7 X 109 6.0 0.8 

20 9.0 X 109 1.5 5.4 X 109 8.0 0.5 

Table 2-2. Numerical parameters for the l c(B) characteristics of the bulk MgB2 material at 20 K using 

equation (3). 

T(K) Bo(T) {J 

20 4.3 X 109 1.1 1.5 
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2.3 Magnetizing procedure 

First, the magnetizing process is described for the following time step sequence, from ( 1) to ( 5), for 

the HTFML for "case-I", in which the bulk Mg82 cylinder and the bulk GdBaCuO magnetic lens are 

used . Figure 2-3 shows the time sequence of (a) the temperature, Tand (b) the external field , Bex, and 

concentrated magnetic field, Be, at the center of the magnetic lens. The magnetizing applied field , Bapp, 

corresponds to the maximum value of Bex-

(1) The bulk Mg82 cylinder and the bulk GdBaCuO lens are cooled from 100 K to TH= 40 K, which 

is higher than the superconducting transition temperature ofMgB2, Tc= 39 K, but lower than that 

ofGdBaCuO (Tc= 92 K). In this stage, the MgB2 cylinder is in the normal state and the GdBaCuO 

lens is in the superconducting state (step 0). 

(2) The external magnetic field, Bex, is ramped up linearly at 0.222 T/min. over 5 steps (steps 1 to 5) 

up to Bapp, which corresponds to zero-field cooling magnetization (ZFCM) of the GdBaCuO lens. 

The magnetic field, essentially higher than Bapp because of the shielding effect by the magnetic 

lens, completely penetrates the Mg82 cylinder and the magnetic field is concentrated at the center 

of the lens. 

(3) The temperatures of both MgB2 cylinder and GdBaCuO lens are then decreased to TL = 20 K, 

which is lower than the Tc ofMgB2. 

(4) Bex is decreased linearly at 0.222 T/min. over 5 steps (steps 6 to 10) down to zero . During this 

process, the Mg82 cylinder is magnetized by FCM and magnetic flux is trapped in the cylinder. 

The magnetic field concentration effect slightly decreases due to the decrease of external field . 

However, a magnetic field at the center of the magnetic lens still remains due to the existence of 

the trapped field in the Mg82 cylinder. 

(5) As a result, HTFML can reliably generate a magnetic field higher than BT of the single cylindrical 

TFM and Bapp, even after Bex = 0. 

There are some examples of a practical cooling system using the difference in Tc of two 

superconducting components for an aircraft motor design [ 19] and a magnetic levitation application 

[20]. 

In " case-2", in which both the superconducting cylinder and magnetic lens are made from bulk 

GdBaCuO, (1) and (2) above are changed as follows, labelled at (l ' ) and (2 ' ) : 

(I ' ) The bulk GdBaCuO cylinder is maintained at 100 K (dotted orange line in figure 2-3) and the bulk 

GdBaCuO magnetic lens is cooled to TH = 40 K (blue line in figure 2-3). Hence, the bulk 

GdBaCuO cylinder is in the normal state and the bulk GdBaCuO lens is in the superconducting 

state ( step 0). 
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(2') The external magnetic field , Bex, is increased linearly over 5 steps (steps I to 5) up to B app, and the 

magnetic field , essentially equal to B app, completely penetrates the GdBaCuO cylinder, but the 

GdBaCuO lens is magnetized by ZFC. 

In the next section, the results of the numerical simulation for "case-I " and "case-2" are presented 

to prove the effectiveness of the HTFML. 

(1)' (2) 
1~s step 

1(3) , (4) (5) 
6~10 step 

Figure 2-3 . Time step sequence of (a) the temperature, T and (b) the external field , Bex, and 

concentrated magnetic field, Be, at the center of magnetic lens for "case- I", in which an MgB2 cylinder 

and GdBaCuO magnetic lens are used. In "case-2", the temperature of the GdBaCuO lens follows the 

blue line and the GdBaCuO cylinder follows the dotted orange line in the upper panel (see text). 

- 19 -



2.4 Simulation result and discussion 

2.4.1 "Case-1": MgB2 cylinder - GdBaCuO lens 

Figure 2-4 shows the time step dependence of the magnetic field profile along the x-direction across 

the center of the lens during (a) the ascending stage and (b) the descending stage of ZFCM of the 

GdBaCuO lens under an applied field, Bapp = 3 Tin "case-1 ", which incorporates FCM of the MgB2 

cylinder. In figure 2-4(a), during the ascending stage from steps Oto 5, the concentrated magnetic field, 

Be, at the center of the GdBaCuO lens was enhanced with increasing Bex owing to the diamagnetic 

shielding effect of the GdBaCuO lens. It can be found that there is little or no flux penetration in the 

GdBaCuO lens region (r = ±5 ~ 18 mm) in this case applying a relatively low magnetic field of3 T 

by a magnetizing coil. The magnetic flux intrudes into the lens from inner periphery rather than outer 

edge because of the magnetic flux concentration, which will be discussed later for higher Bapp in "case-

2". In this ascending stage, the GdBaCuO lens is under ZFCM conditions at 40 K; however, the MgB2 

cylinder is in the normal state and is not yet utilized as a TFM. In figure 2-4(b ), during the descending 

stage of Bex from steps 5 to 10, which incorporates FCM of the MgB2 cylinder during ZFCM of the 

GdBaCuO lens, Be decreased with decreasing Bex, but becomes stable after the external field decreases 

to zero and a magnetic field is trapped in the MgB2 cylinder. As a result, Be at the center of the 

GdBaCuO lens settled to Be = 4.73 T at the final step (step 10), which can be realized quasi­

permanently by the novel combination of the "vortex pinning effect" and "diamagnetic shielding effect" 

of superconducting bulk materials. 
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Figure 2-4. Time step dependence of the magnetic field profile along the x-direction across the center 

of the lens during (a) the ascending stage and (b) the descending stage ofZFCM of the GdBaCuO lens 

under an applied field , B app = 3 Tin "case-I ", which incorporates FCM of the MgB2 cylinder. 

Figures 2-5(a) and 2-5(b), respectively, show the time step dependence of the magnetic field 

profiles along the x-direction across the center of the lens during the ascending and descending stages 

of FCM for an applied field, B app = 3 T for only the MgB2 cylinder, without the GdBaCuO lens, in 

"case-I". In figure 2-5(a), when only the MgB2 cylinder is considered, the By value is nearly the same 

as Bex in the ascending stage (steps O to 5), and attains a maximum value Bex = 3 Tat step 5 with a 

uniform magnetic field profile along x-direction, which corresponds to the applied field profile 

generated by the externally magnetizing coil. During this ascending stage, the MgB2 cylinder is in the 

normal state. In figure 2-5(b ), in the descending stage (steps 6 to I 0), the trapped field , BT, of the MgB2 

cylinder by FCM decreases slightly with decreasing Bex, and settles to a final value of BT= 2.85 Tat 

the final step (step 10) in the bore ofMgB2 cylinder, now acting as a TFM that can continue to provide 

the trapped field quasi-permanently. One of the particular characteristics of the HTFML device is to 
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utilize the trapped field from this TFM, instead of requiring a continuously applied field from an 

external magnetizing coil. Thus, it is useful to be able to reproduce a magnetic field profile similar to 

that which might be produced by a magnetizing solenoid coil when we use the TFM as a source of 

magnetic field for the HTFML, for further concentration of the magnetic flux in the HTFML. This 

could, for example, allow the realization of higher resolution in a compact and cryogen-free 

NMR/MRI system using annular REBaCuO superconducting bulks [21 , 22] . 

To achieve the highest concentrated field in the lens, the GdBaCuO magnetic lens must, in the ideal 

case, completely shield the magnetic field from its interior. However, since it is a type II 

superconductor, some magnetic flux will penetrate the material , depending on its lc(B, T) 

characteristics (and hence operating temperature), as well as its geometry, during the HTFML 

magnetizing procedure. Figures 2-6(a) and 2-6(b), respectively, show the time step dependence of the 

magnetic field profiles along the x-direction across the center of the lens during the ascending and 

descending stages of ZFCM for an applied field, B app = 3 T for the only GdBaCuO lens without the 

MgB2 cylinder in "case- I". Figure 2-6(a) is exactly the same as figure 2-4(a), in which Be at the center 

of the GdBaCuO lens was enhanced gradually with increasing Bex in the ascending stage from step 0 

to 5. In figure 6(b ), in the descending stage from step 6 to 10, it can be seen that there is some flux 

penetration into the inner edge of GdBaCuO lens at around r = ±5 ~ 7 mm from step 7 even for a 

relatively low applied field of 3 T during ZFCM. The magnetic field reached eventually becomes -

0.46 Tat the center of the GdBaCuO lens at the final step (step 10) after ZFCM, resulting in a reduction 

from the ideal of the GdBaCuO lens shielding effect in those regions where the magnetic flux 

penetrates during ZFCM. Thus, to maximize the lens's shielding, and hence its ability to concentrate 

the magnetic field, the flux penetration should be minimized. 
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Figure 2-5. Time step dependence of the magnetic field profile along the x-direction across the center 

of the lens during (a) the ascending stage and (b) the descending stage ofFCM of the MgB2 cylinder 

without the GdBaCuO lens for an applied field , B app = 3 Tat 20 K. 

- 23 -



E 
en 

10 
(a) ascending stage 

B =3 T 
app 

2 GdBaCuO lens 

X ~~ 
I I 

5 :7'7-v'V'?. 
~~ ,. ., 
' '• 

0 

T= 40 K 

--•·- Step 0 
··B· -Step 1 
- -6 -- Ste p 2 
- ~ --Step 3 
- -'v- - Step 4 
--lli..--Step 5 

IGdBaCuO I IGdBaCuol 

-40 -30 -20 -10 0 10 20 30 40 
x(mm) 

10 
(b) descending stage 

B = 3 T 
app 

5 -.::,o ''"' 
0 

T= 20 K 

--k-Step 5 
-9-Step6 
--4--Step 7 
----6-Step 8 
-B-Step 9 
-+- Step 10 

-40 -30 -20 -10 0 10 20 30 40 
x(mm) 

Figure 2-6 . Time step dependence of the magnetic field profile along the x-direction across the center 

of the lens during (a) the ascending stage and (b) the descending stage ofZFCM of the GdBaCuO Jens 

without the MgB 2 cylinder for an applied field , B app = 3 Tat 20 K. 

- 24 -



10 

8 

E 6 
u 

CQ ... 
0 

4 
f-

CQ 

2 

0 

-+·BT for only MgB2 cylinder 

-s for HTFML 
e 

2 
Bex (T) 

B•PP = 3 T 

3 

Figure 2-7. Concentrated magnetic field , Be, at the center of the magnetic lens as a function of the 

external field, Bex, for Bapp = 3 T. The trapped field , BT, at the center of the MgB2 cylinder for the case 

without the GdBaCuO lens extracted from figure 2-5 is also shown. 

Figure 2-7 shows the concentrated magnetic field, Be, at the center of magnetic lens as a function 

of external field , Bex, for B app = 3 T, which was extracted from figure 2-4. The trapped field , BT, at the 

center of the MgB2 cylinder was also extracted from figure 2-5 for the case without the GdBaCuO 

lens, which clarifies the effectiveness of the HTFML. For only MgB2 cylinder, the BT value is nearly 

the same as Bex in the ascending stage from step O and attains a maximum value Bex = 3 T at step 5. 

The BT value is then 2.85 Tat the final step (step 10) once Bex = 0, showing that 3 T is a reasonable 

value to fully magnetize the MgB2 cylinder by FCM at 20 K. In the case of the HTFML using both the 

MgB2 cylinder and GdBaCuO lens, Be at the center of the GdBaCuO lens was enhanced up to 6.10 T 

at step 5 due to the shielding effect of lens and settled to Be= 4.73 Tat the final step (step 10), which 

is higher than both B app from the magnetizing coil and BT from the MgB2 TFM. These results indicate 

the superiority of the proposed HTFML device, which can reliably generate the concentrated magnetic 

field higher than the applied field by the external magnetizing coil and the trapped field of the TFM, 

even after removal of the external field . 
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2.4.2 "Case-2": GdBaCuO cylinder - GdBaCuO lens 

In this subsection, the other example of "case-2" using a REBaCuO cylinder and REBaCuO lens 

pair for further concentration of the trapped magnetic flux is explored. 

Figure 2-8 shows the time step dependence of the magnetic field profile along the x-direction across 

the center of the lens during (a) the ascending stage and (b) the descending stage for Bapp = 10 T in 

"case-2". In this case, it should be noted that the temperature of the GdBaCuO cylinder and lens must 

be controlled individually. Similar results were shown previously for "case-I" in figure 2-4(a), where 

the magnetic field profile was shown during the ascending stage of ZFCM for Bapp = 3 T for the 

GdBaCuO lens from steps Oto 5 (noting that the MgB2 cylinder is in the normal state). In figure 2-

8(a), the Be value was enhanced up to Be= 16 Tat the center of the lens at step 5 when applying Bapp 

= 10 T. The GdBaCuO lens could retain its shielding effect even in a higher external magnetic field of 

10 T, although the magnetic shielding effect weakens with increasing applied field due to further 

penetration of magnetic flux [5]. In figure 2-8(b), during the descending stage (steps 5 to 10), the 

GdBaCuO cylinder maintains a trapped field similar to Bapp at the final step (step 10) as it is magnetized 

by FCM, but below its full capability based on its high lc-B characteristics at 20 K. The Be value 

gradually decreased during the descending stage and settled to a final value of Be= 13 .5 Tat the center 

of the lens. 
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Figure 2-8 . Time step dependence of magnetic field profi le along the x-direction across the center of 

the lens during (a) the ascending stage and (b) the descending stage for Bapp = 10 T in "case-2". 
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Figure 2-9 shows the time step dependence of the concentrated magnetic field , Be, and external 

field , Bex, at the center of the GdBaCuO lens for B app = 3, 6 and 10 T for "case-2". Table 2-3 

summarizes the concentrated magnetic field , Be, trapped field from the TFM, BT, when only 

considering the TFM cylinder (i.e., the lens is not present), at the central position at the final step (step 

I 0), and the concentration ratio, BJ B app, in "case-2" extracted from figure 2-9 for each actual B app• An 

accurate value of B app is shown as B \pp = 3.09 T, 6.13 T and 10.18 Tin this table, which was named 

roughly as B app = 3 T, 6 T, IO Tso far. Similar results for "case- I " from figure 2-4 are also shown for 

comparison. For the lower Bapp = 3 T, a magnetic field concentration ratio of BJ Bapp = 1.70 is achieved 

at the final step (step I 0) in "case-2," which is higher than 1.53 when using the MgB2 cylinder in 

"case- I ". This results from the higher By value of3 .09 T in "case-2", where the outside GdBaCuO 

cylinder was magnetized below its full capability. Furthermore, in "case-2", the concentration ratio 

decreased with increasing Bapp from 1.70 for Bapp = 3 T to 1.33 for B app = IO T. In figure 2-9, the higher 

B app resulted in a larger flux creep during the descending stage ofFCM of the TFM cylinder and further 

penetration of magnetic flux in the ZFCM of the GdBaCuO lens. There is a possibility to achieve 

further enhancement of Be and Bcf B app by optimization of the magnetic design, including the geometry 

of the cylinder and lens, and the magnetization conditions, including temperature and applied field . 

The shielding property of the magnetic lens should be also exploited for further concentration of the 

trapped field, such as for hollow bulk cylinders [8]. These results show that the effectiveness of the 

HTFML would be enhanced in terms of the characteristics of the superconducting material(s) used, 

including the possibility of utilizing new and improved materials, such as BaFe2As2 (Tc= 38 K) [23 , 

24]. 
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Figure 2-9. Time step dependence of the concentrated magnetic field , Be, at the center of the GdBaCuO 

lens in the HTFML for B app = 3, 6 and 10 T for "case-2". The external field , Bex, generated by the 

solenoid magnetizing coil is also shown for each Bapp• 

Table 2-3 . Concentrated magnetic field, Be, trapped field by TFM, Br, at the center of the GdBaCuO 

lens at the final step (step 10), and magnetic field concentration ratio, Bc!Bapp, in "case-2" extracted 

from figure 2-9 for each actual applied field , B* app• Similar results for "case- I" from figure 2-4 are also 

shown for comparison. 

Bapp (T) B* app (T) BT(T) Be (T) BclBapp 

"case- I" 
3 3.09 2.85 4.73 1.53 

(MgB2 cylinder) 

"case-2" 3 3.09 3.09 5.25 1.70 

(GdBaCuO 6 6.13 6.13 9.19 1.50 

cylinder) 10 10.18 10.18 13.49 1.33 
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2.5 Summary of Chapter 2 

A new concept ofa "hybrid trapped field magnet lens (HTFML)," consisting ofa superconducting 

bulk cylinder TFM using the "vortex pinning effect," combined with a bulk magnetic lens using the 

"diamagnetic shielding effect," is proposed, which can reliably generate a magnetic field at the center 

of the magnetic lens higher than the trapped field by TFM and the maximum external magnetizing 

field , even after the externally applied field decreases to zero. The effectiveness and superiority of the 

HTFML was verified using numerical simulations for two examples: 1) an Mg82 cylinder and 

GdBaCuO lens pair ("case-1 " ) and 2) a GdBaCuO cylinder and GdBaCuO lens pair ("case-2"). In 

"case-1," using the outer MgB2 cylinder and inner GdBaCuO lens pair, the MgB2 cylinder was 

magnetized by FCM with an applied field, Bapp = 3 T, during the descending stage, also corresponding 

to ZFCM of the GdBaCuO lens. The trapped field, BT = 2.85 T, in the MgB2 TFM cylinder was 

concentrated by the introduction of GdBaCuO lens, and a concentrated magnetic field , Be = 4 .73 T, 

was reliably achieved at the center of the lens. In "case-2," using the outer GdBaCuO TFM cylinder 

and inner GdBaCuO lens pair, in which the GdBaCuO cylinder is held above Tc and the GdBaCuO 

lens is cooled below Tc for the ascending stage of magnetization, followed by both bulks being cooled 

below Tc for the descending stage, a higher Be= 13.49 T, was reliably achieved at the center of the 

magnetic lens for B app = 10 T. 

The advantages and disadvantages of each HTFML, comparing use of the MgB2 cylinder and the 

GdBaCuO cylinder are summarized as follows: 

"case-1 ": The Mg82 HTFML only needs one cooling process for the whole device by exploiting the 

difference in Tc of the two superconducting materials. Its weight would also be lower due to 

the use of the lighter bulk Mg82 cylinder. However, the trapped field capability is limited in 

comparison to the GdBaCuO cylinder ("case-2") because of the comparatively inferior lc(B) 

characteristics of Mg8 2 and it must operate at a temperature lower than the superconducting 

transition temperature ofMgB2, Tc= 39 K. 

"case-2" : The all-GdBaCuO HTFML offers higher concentrated fields at temperatures much higher 

than 39 K, but does require separate cooling of the cylinder and lens parts to obtain the 

necessary effect and it would weigh more. 

This HTFML device could become a standard method for trapped field enhancement in several 

practical applications using a superconducting bulk and there is a scope for optimization of the 

magnetic design, including geometry around two bulks, and magnetization conditions, including 

temperature and applied field. The effectiveness of the HTFML would be enhanced with 

improvements in the characteristics of the superconducting material(s) used, including the possibility 

ofutilizing new and improved materials such as BaFe2As2 (Tc = 38 K). The device could, for example, 
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be used to enhance the magnetic field in the bore of a bulk superconducting NMR/MRI system to 

improve its resolution. 
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Chapter 3 

Design Optimization of 

a Hybrid Trapped Field Magnet Lens (HTFML) 
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3.1 Preface of Chapter 3 

In this chapter 3, a new concept of a hybrid trapped field magnet lens (HTFML) was proposed, can 

reliably generate a concentrated magnetic field in the center of the magnetic lens higher than the 

trapped field of the TFM and the applied magnetic field , even after the external magnetizing field 

decreases to zero. In this chapter, the optimization of the shape and size of the inner GdBaCuO 

magnetic lens in the HTFML is carried out using numerical simulations, which is inserted into an outer 

GdBaCuO TFM cylinder. The mechanical stress during the magnetization process, resulting from the 

combination of the current and magnetic field in the HTFML, is also analyzed. 
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3.2 Numerical simulation framework 

In this chapter, the electromagnetic model presented in our original paper describing the concept of 

the HTFiv1L [ 1] is coupled with a mechanical model and is used to further evaluate the performance 

of the HTFiv1L during the magnetizing process. Figure 3-1 shows the cross-section of the three­

dimensional (30) numerical model of the HTFiv1L. Assuming that the 10 T superconducting solenoid 

magnet (170 mm in outer diameter (0.0.), 120 mm in inner diameter (1.0.), and 200 mm in height 

(H)) located in Iwate University is used as the magnetizing coil, the HTFML is assembled in a room 

temperature bore 100 mm in diameter. The GdBaCuO magnetic lens is inserted inside the GdBaCuO 

TFM cylinder (60 mm in 0.0., 40 mm in 1.0., and 60 mm in H). The magnetic lens part has two slits 

10° wide along the y-direction, whose role is to allow the magnetic flux to intrude into and be 

concentrated at the center of the lens. 

To optimize the shape and the size of the magnetic lens, five variable parameters ( outer diameter, 

OD, inner diameter, ID, inner diameter 2, ID2, outer height, OH, and inner height, lli) are changed 

independently, which are indicated in figure 3-1. The detailed values of the size of each parameter 

(OD :S 36 mm, ID2 :S 36 mm, OH :S 60 mm) are shown in Table 3-1, in which an ID= 10 mm is 

assumed for all optimization procedures to insert a Hall sensor for experiments planned in future work. 

Coucentrated:w..-iguetic field, B< z 

X 

X 

GdBaCuO 
TFM cylinder 
60mm(OD) 
40 mm(ID) 
60 mm (H) 

Fig. 3-1. Cross-section of three-dimensional numerical model of an HTFiv1L in a magnetizing solenoid 

coil. 
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Table 3-1. Five variable parameters of the GdBaCuO magnetic lens for the design optimization. 

OD ID2 ID OH IH 
Fig . No. (mm) (mm) (mm) (mm) (mm) 

3-3 (a) variable variable 10 45 10 

3-3 (b) 36 variable 10 45 10 

3-3 (c) 36 30 10 variable 10 

3-3 (d) 36 30 10 30 variable 

In the case that both magnetic lens and TFM cylinder are made of the same bulk superconducting 

material, it is necessary to control the temperature of each part independently. Figure 3-2 shows the 

schematic view of the time step (TS) dependence of the temperature, T, of the magnetic lens and the 

cylindrical TFM, and that of the external magnetic field , Bex- The magnetizing procedure of the 

HTFML comprises the following four stages in this simulation. 

1) The temperature of the outer GdBaCuO TFM cylinder is held at T = 100 K (> Tc= 92 K), while 

the GdBaCuO magnetic lens is cooled to 20 K (step 0) . 

2) The external magnetic field , Bex, is increased linearly up to the maximum magnetic field B app = 3 

or 10 Tat +0.222 T/min (steps 0-5). The magnetic lens is magnetized under zero-field cooling 

(ZFC) conditions at 20 K, where the magnetic flux is concentrated in the bore of the lens. 

3) The GdBaCuO TFM cylinder is then also cooled to 20 K (< Tc) under Bapp, which transitions into 

the superconducting state (steps 5-6). 

4) Finally, Bex is ramped down from B app to zero at -0.222 T/min (steps 6- 11). In this process, the 

GdBaCuO TFM cylinder is magnetized by FCM, which then acts like an external magnetizing 

coil magnet in a conventional magnetic lens setup, e.g. , [2]. As a result, the magnetic flux 

generated from the TFM cylinder is concentrated in the magnetic lens and a magnetic field higher 

than B app is still present after the external Bex decreases to zero. 
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Fig. 3-2. Time step sequence of the temperature, T, of the GdBaCuO magnetic lens and GdBaCuO 

TFM cylinder (left vertical axis), and the external magnetic field , Bex (right vertical axis) 

The n-power law (n = 20) is used to describe the nonlinear E-J characteristic of the bulk [3]. The 

Jc(B) characteristics at 20 K of the GdBaCuO bulk is defined by the following equation proposed by 

Jirsa et al. [ 4] 

fc(B) = f c1 exp(-.!!...)+ f c2 -
8
-exp [~ (1 - (-8-)k)], 

BL Bmax k Bmax 
(3 - 1) 

where l ei= 9.0 x 109 A/m2, BL = 1.5 T, l c2 = 5.4 x 109 A/m2, Bmax = 8.0 T and k = 0.5 are used for the 

fitting parameters at 20 K [l, 5]. Elastic behavior can be expressed by Hooke's law, in which the stress 

tensor, O";j , is linearly proportional to strain tensor, E,j, as follows , 

CJij =A · ekk · oij + 2G · eij, 

E·v 

A.= (1 + v)(l - 2v)' 

E 
G = 2(1 +v)' 

(3 - 2) 

(3 - 3) 

(3 -4) 

where A and Gare the Lame's coefficients, 8,j is the Kronecker delta. Young's modulus, E = 100 

GPa, and Poisson ratio, v = 0.33 , are assumed as the mechanical parameters for the REBaCuO bulk 

[6]. The REBaCuO bulk is also assumed to be an isotropic and linear elastic material. The 

electromagnetic hoop stress, CJa, is calculated for each time step of the magnetizing process. 
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3.3 Results and discussion 

3.3.1 Design optimization of the GdBaCuO magnetic lens 

Figure 3-3 shows the concentrated magnetic field, Be, at the center of the magnetic lens (x = y = z = 

0) for steps 5 and 11 for Bapp = 3 T, as a function of each variable. The magnetic field amplification 

factor, BJBapp, is also shown on the right axis . In figure 3-3(a), the Be vs OD relationship is shown, in 

which the ID2 value is defined as OD minus 6 mm (ID2 = OD - 6 mm), because the ID2 changes 

depending on the OD value. The Be value increases linearly with increasing OD, and a BJBapp of2.4 

is achieved for OD = 36 mm at step 5, where only the magnetic lens is working, and the magnetic flux 

produced by the magnetizing coil is efficiently concentrated in the bore of the lens. The Be value at 

step 11, at which FCM of the outer TFM is finished, is lower than that at step 5 since the external 

magnetic field decreases during the descending stage and because of flux creep. However, a magnetic 

field higher than Bapp = 3 T still remains for all cases of OD, which is the advantage of the HTFML. 

Figure 3-3(b) shows the ID2 dependence of Be and BJBapp at steps 5 and 11 for Bapp = 3 T. For ID2 

= IO mm, i.e. , a cylindrical-shaped lens, which is a desirable shape from the viewpoint of machining 

the lens, the BJ Bapp is as small as 1.3. The Be value increases with increasing ID2, similar to the Be vs 

OD relationship shown in figure 3-3(a). 

Figure 3-3(c) shows the OH dependence of Be and Be!Bapp at steps 5 and 11 for Bapp = 3 T. With 

increasing OH, the Be value increases, takes a maximum for OH = 45 mm, and then decreases slightly 

for OH = 60 mm, which is the same height as the outer GdBaCuO TFM cylinder. However, there is 

no significant difference between OH = 30--60 mm. This result means that, in the present situation, 

OH= 30 mm is enough to maximize the Be and Bel Bapp values and to provide a cost- effective HTFML. 

Figure 3-3( d) shows the 1H dependence of Be and BJ Bapp at steps 5 and 11 for Bapp = 3 T. For 1H = 

8 mm, the highest Be of 5 .67 T is achieved at step 11 . The inset of figure 3-3( d) shows the cross-section 

of the magnetic lens for IH = 8 mm, where the intersection of the lines extending from the lens taper 

corresponds to the lens center (x = y = z = 0). This result suggests that an appropriate taper angle for 

the magnetic lens can maximize the Bel Bapp value for a cylindrical TFM. 

From the viewpoints of both the magnetic field amplification and cost-effectiveness, and based on 

these results, it was decided that the optimum shape of the GdBaCuO magnetic lens, which is inserted 

in the GdBaCuO TFM cylinder (60 mm in O.D., 40 mm in I.D. and 60 mm in H), should be designed 

with OD = 36 mm, ID2 = 30 mm, ID = 30 mm, OH = 30 mm and IH = 8 mm. Following the same 

procedure, it was also confirmed that the optimized shape determined by Bapp = 3 Twas also effective 

for the case of Bapp = IO T, and for the case of outer Mg82 TFM cylinder. That is, the optimum shape 

of the inner lens depends not on the particular bulk materials used and/or the superconducting 

properties of the outer TFM cylinder, but only the geometry of the magnetic lens. 
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Fig. 3-3. The concentrated magnetic field, Be, at the center of the magnetic lens and the magnetic field 

amplification factor, BJBapp, as a function of(a) OD, (b) ID2, (c) OH, (d) IH for Bapp = 3 T. 

Figures 3-4(a) and 3-4(b), respectively, show the time step dependence of the magnetic field profile 

along the x-direction across the center of the lens with the optimized design for Bapp = 3 and 10 T. The 

contour maps of the magnetic field within the magnetic lens at step 5 are also shown in each figure. 

The Be value is enhanced up to 6 .9 and 15.5 Tat the central region (-5 < x < 5) at step 5 for Bapp = 3 T 

and 10 T, respectively. The magnetic flux penetration into the GdBaCuO lens from both the inner and 

outer peripheries can be observed with increasing applied field , as shown in the inset contour maps. 

As a result, the shielding effect of the GdBaCuO lens weakens in external magnetic fields as high as 

10 T. During the descending stage ( steps 8 and 11 in the figure), the GdBaCuO TFM cylinder maintains 

a trapped field similar to Bapp at the final step (step 11) as it is magnetized by FCM. The Be value 

gradually decreases and settles to final values of Be= 5.6 and 12.8 T, respectively, at the center of the 

lens. 

Figures 3-4( c) and 3-4( d), respectively, show the time step dependence of Be and BJ Bapp at the center 

of the GdBaCuO lens for Bapp = 3 and IO T. In the ascending stage (steps 0-5), BJ Bapp increases 

linearly and reaches 2.3 (Be= 6.9 T) for Bapp = 3 T. For Bapp = 10 T, however, the Be!Bapp vs TS curve 

gradually bends and the Be/Bapp value at step 5 decreases to 1.55 (Be= 15.5 T) due to the weakened 
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Fig. 3-4. Time step dependence of the magnetic field, B, profiles across the center of the HTFML (z = 

0) for (a) Bapp = 3 T and (b) Bapp = 10 T. Contour maps of the magnetic field profiles at step 5 are also 

shown in each figure. Time step dependence of ( c) the concentrated magnetic field, Be and ( d) the 

magnetic field amplification factor, Bel Bapp for Bapp = 3 and 10 T. 
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3.3.2 Electromagnetic hoop stress, <10, during magnetization 

In high-field applications of REBaCuO bulks, mechanical fracture due to large electromagnetic 

forces must be avoided. Using the coupled electromagnetic-mechanical model, the hoop stress, 0"0, 

present in the magnetic lens and TFM cylinder in the HTFML was estimated. Figures 3-5(a) and 3-

5(b) show the time step dependence of the electromagnetic hoop stress profile, 0'0, across the center of 

the lens (z = 0) with the optimized design for B app = 3 and 10 T, respectively. During the ascending 

stage (steps 0-5), a tensile stress exists at the inner periphery of the lens, conesponding to the flux 

penetration area. The shielding cunent due to the lens's diamagnetic property results in a compressive 

stress in the body of the lens. 

On the other hand, during the descending stage (steps 6- 11), a large tensile stress in the TFM 

cylinder, resulting from the Lorentz force , increases with increasing time step. The contour map of 0"0 

at step 11 is shown in each figure , which details the stress concentration at the inner edge periphery of 

the TFM cylinder. The maximum 0'9 value reaches + 135 MPa at step 11 for B app = 10 T, which exceeds 

the fracture strength of typical Ag-doped REBaCuO bulk materials (50 - 70 MPa) [7, 8]. In the 

magnetic lens, a maximum tensile stress of +35 MPa exists at the inner periphery of the magnetic lens 

and a compressive stress exists in other regions. These results suggest that adequate mechanical 

reinforcement is necessary, at least for the GdBaCuO TFM cylinder, but possibly the magnetic lens as 

well. The demonstration experiment of an HTFML consisting reinforced GdBaCuO bulks will be 

conducted based on these simulation results . 
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of 0'9 at step 11 is also shown in each figure. 
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3.4 Summary of Chapter 3 

In this chapter, the optimization of the shape and size of the inner GdBaCuO magnetic lens in a 

hybrid trapped field magnet lens (HTFML) was carried out using numerical simulations, which is 

inserted inside an outer GdBaCuO TFM cylinder. The mechanical stress in the HTFML with optimized 

lens was also analyzed during the magnetizing process. The main conclusions are as follows. 

(I) The design optimization of the magnetic lens can be carried out from viewpoints of both the 

magnetic field amplification and cost-effectiveness. 

(2) The HTFML with an optimized lens can achieve concentrated magnetic fields of Be= 5.6 and 12.8 

Tat the center of the lens for applied magnetic fields of Bapp = 3 and 10 T, respectively. 

(3) For Bapp = 10 T, a maximum tensile stress of35 and 135 MPa exist in the magnetic lens and the 

TFM cylinder, respectively, during the magnetizing process. These results suggest that adequate 

mechanical reinforcement is needed in a practical design in order to avoid mechanical fracture at 

high magnetic fields. 
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Chapter 4 

Experimental realization of a hybrid trapped field magnet lens using a 
GdBaCuO magnetic lens and MgB2 bulk cylinder 
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4.1 Preface of Chapter 4 

In this chapter 2, using numerical simulations, the HTFML was shown to be able to reliably generate 

a magnetic field in the central bore of the magnetic lens that is higher than both the trapped field in the 

single cylindrical bulk TFM and the external magnetizing field, even after the externally applied field 

decreases to zero. For a REBaCuO magnetic lens and MgB2 TFM cylinder, the HTFML could reliably 

generate a concentrated magnetic field of Be= 4.73 Twith an external magnetizing field Bapp = 3 T [I]. 

In addition, the shape of the magnetic lens in the HTFML has been optimized, and the mechanical 

stress in the cylinder and lens parts has also been estimated during the magnetizing process in the 

chapter 3. 

In this chapter, the author present, for the first time, the experimental realization of the HTFML 

using a GdBaCuO magnetic lens and MgB2 TFM cylinder, based on the same magnetizing procedure 

proposed in[!]. The experimental results are compared with the simulated ones and enhancement of 

the Be value in HTFML is discussed in detail. 
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4.2 Experimental procedure 

4.2.1 Experimental setup 

Figure 4-l(a) shows the schematic cross-section of the experimental setup of the HTFML on the 

cold stage of a refrigerator. The MgB2 cylindrical bulk (60 mm in outer diameter (OD), 40 mm in inner 

diameter (ID), and 60 mm in height (H)) was fabricated using the infiltration method by Experiments 

Projects Constructions S. R. I., Italy [2, 3] . Figure 4-l(b) shows the cross-section and top view of the 

GdBaCuO magnetic lens. The GdBaCuO magnetic lens was prepared by the following process: 

stacked GdBaCuO cylindrical bulks (OD= 36 mm, ID= 10 mm, H = 30 mm), fabricated using the 

QMG™ method by Nippon Steel Corporation, Japan [4, 5] , were machined into a cone-shape of OD 

= 30 mm, ID= 10 mm, ID2 = 26 mm, outer height (OH)= 30 mm and inner height (IH) = 8.0 mm, as 

shown in figure 4-1 (b ). The dimensions of the bulk magnetic lens were optimized using numerical 

simulations [6] . Thin slits of width 200 µm was made to disrupt the circumferential flow of the 

shielding current during the zero-field-cooling (ZFC) process, which plays an important role in 

magnetic flux concentration for the magnetic lens [l]. When an external magnetic field is applied along 

the +z-axis direction to the GdBaCuO magnetic lens, the same magnetic field penetrates into the 

central bore from the slits. The shielding current flows as shown by the red arrows in figure 4-1 (b) and 

an additional magnetic field exists along the +z-axis direction, mainly due to the counterclockwise 

shielding current nearest to the central bore. As a result, the magnetic field is enhanced along the +z­

axis direction, which is then higher than the applied field . 

The GdBaCuO magnetic lens was encapsulated in a stainless steel (SS) holder to prevent fracture 

of the bulk due to the large Lorentz force during the magnetization process and was connected 

thermally to the cold stage of the refrigerator. The MgB2 cylindrical bulk was reinforced by a SS 

cylinder (ID = 60 mm, OD = 66 mm and H = 60 mm), and the top SS plate (ID = 36 mm, OD = 66 

mm and H = 3 mm), which were effective in preventing mechanical fracture [7, 8] . These SS holders 

apply a compressive stress to the bulk cylinder and bulk lens during the cooling process from room 

temperature to the operating temperature (e.g. , 20 K) due to the difference in the coefficient of thermal 

expansion between SS and the bulk superconducting materials . Two CERNOX™ thermometers were 

attached for monitoring the temperature of the HTFML; one was mounted directly on the top surface 

of the MgB2 cylinder, and the other was placed on the top surface of the SS holder of the GdBaCuO 

lens. Thin indium sheets were inserted between the bulks and the cold stage of the refrigerator (or SS 

holder) to obtain good thermal contact. The temperature of the cold stage was controlled using a Pt­

Co thermometer and a resistive heater, attached to bottom surface of the cold stage. The concentrated 

field , Be, was measured in the central bore of the HTFML by an axial-type Hali sensor (F W Bell, 

BHA-921). The HTFML device was placed in a vacuum chamber and then evacuated by a vacuum 
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pump system. 
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Figure 4-1. (a) Cross-sectional view of the schematic illustration of the experimental setup for the 

HTFML on the cold stage of a refrigerator. (b) Cross-sectional and top views of the GdBaCuO 

magnetic lens with slits. When a magnetic field is applied along the +z-axis direction to the GdBaCuO 

magnetic lens, the magnetic field penetrates from the slits and the shielding current flows as shown by 

the red mTows. As a result, the magnetic field increases along the +z-direction due to the shielding 

current. 

4.2.2 Magnetization procedure 

Figure 4-2 shows the time sequence of the external field (left vertical axis), Bex, at the center of the 

HTFML and the operating temperature (right vertical axis), T, during the magnetizing process of the 

HTFML. The magnetizing external field, Bapp, corresponds to the maximum value of Bex- The HTFML 

device set in the vacuum chamber was inserted into a cryocooled 10 T superconducting solenoid 

magnet (JASTEC JMTD-1 OTI 00). First, the MgB2 bulk cylinder and GdBaCuO bulk lens were cooled 

to T = 40 K. In this stage, the MgB2 cylinder is in the normal state and the GdBaCuO lens is in the 

superconducting state, where the time step (TS) is defined as TS= 0. The proof-of-concept experiments 

of the HTFML were performed according to the following magnetizing process. 

(]) The external magnetic field, Bex, was ramped up linearly at +0.222 T min-1 to Bapp = 1- 3 T over 

five steps, where TS of the ascending stage is defined as TS= 1-5. This process corresponds to 

ZFC magnetization of the GdBaCuO lens, in which the magnetic field at the center is essentially 

higher than Bapp because of the shielding effect by the magnetic lens. 

(2) The temperatures ofboth the MgB2 cylinder and GdBaCuO lens were decreased to T= 20 K under 
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Figure 4-2. Time step (TS) sequence of the external field (black: left vertical axis), Bex, at the center of 

the HTFML and the operating temperature (red : right vertical axis), T, during the magnetizing process 

to realize the HTFML. The magnetizing applied field, Bapp, corresponds to the maximum value of Bex-

the applied field Bapp, with both materials now in the superconducting state. 

(3) Bex was decreased linearly at - 0.011 T min- 1 over five steps (TS= 6- 10) down to zero. During this 

process, the MgB2 cylinder was magnetized by FCM and magnetic flux was trapped in the cylinder. 

A magnetic field at the center of the magnetic lens still remains due to the existence of the trapped 

field in the MgB2 cylinder. As a result, the HTFML can reliably generate a magnetic field higher 

than the trapped field in the single MgB2 TFM cylinder and Bapp, even after Bex= 0 T. 

Prior to the HTFML experiments, the trapped field properties of the MgB2 cylinder and the magnetic 

concentration capability of the GdBaCuO lens were investigated independently using the same time 

sequence as shown in figure 4-2 under the external magnetic field of B app = 1- 3 T, in which either the 

MgB2 cylinder or GdBaCuO lens was set on the cold stage. 

4.3 Results and discussion 

4.3.1 Trapped field capability of the single MgB2 cylinder 

To confirm the trapped field capability of MgB2 cylinder, the trapped field properties of the single 

MgB2 cylinder was measured. Figure 4-3(a) shows the time evolution of the external field, Bex, and 

trapped field , Be, at the center of the single MgB2 cylinder during the same time sequence shown in 

figure 2 under an external magnetic field of B app = 2.0 T. Figure 4-3(b) shows the time evolution of the 

temperatures of the cold stage and the MgB2 cylinder for the same process. In the ascending stage, the 

magnetic field , Be, increased linearly with increasing Bex and the magnitude of Be was the same as the 

external field (Be= Bex= 2.0 T) because the MgB2 cylinder was in normal state (T = 40 K). In the 
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descending stage, after cooling to 20 K, the Bex was slowly decreased at a constant rate of -0 .011 T 

min- 1 and the FCM process was performed for the Mg82 cylinder. As a result, a trapped field remained 

of Be = 2.0 T after Bex was decreased to zero due to the conventional vortex pinning effect. In figure 

3(b ), the temperature of the Mg82 cylinder was nearly the same as that of the cold stage because of 

the good thermal contact. 

Figure 4-4 shows the TS dependence of the trapped field , Be, at the center of the single Mg82 

cylinder under external magnetic fields of B app = 1-3 T. In the ascending stage from TS= 0 to 5, the 

magnetic field increases linearly with increasing TS and the magnitude is the same as the external field 

because the Mg82 cylinder is in normal state. In the descending stage of the FCM process, for the 

applied fields of B app = 1.0 and 2.0 T, trapped fields of 1.00 T and 1.98 T, respectively, were achieved 

at TS= 10 without flux creep. On the other hand, for higher applied fields of 2.5 and 3 .0 T, the TS 

dependence of Be after TS = 5 gradually decreased and the final trapped field was 2.18 T, which 

suggests the maximum trapped field capability of the Mg82 cylinder at T = 20 K. The trapped field 

cannot increase over 2.18 T, even if applied field is higher than 3 .0 T. In the conceptual paper [ 1 ], Be 

= 2.85 Twas predicted at the final step at T = 20 Kin the bore ofMgB2 cylinder for B app = 3.09 T. The 

lower Be value in the present experiment results from the lower Je(B, 1) of the present Mg82 cylinder, 

compared with that used in the simulations in [l]. 
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Figure 4-3. Time evolution of(a) the measured magnetic field, Be, at the center of the single MgB2 

cylinder and external field , Bex, and (b) the temperatures of MgB2 cylinder and cold stage during the 

magnetization process for an applied field of Bapp = 2.0 T. 

5 
-B- 8 = 3.0 T 

app 

4 
single MgB

2 
cyl inder 

D D 3 

---a.- 2 . 5 T 
-+-2.0T 
-e-- 1.0 T 

E 2 -
u 

CQ 

1 

0 descend ing (20 K) 

-1 
0 1 2 3 4 5 6 7 8 9 10 

TS 

Figure 4-4. Time step (TS) dependence of the measured magnetic field , Be, at the center of the single 

MgB2 cylinder during the magnetization process for applied fields Bapp = 1.0-3 .0 T. 
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4.3.2 Magnetic shielding capability of the single GdBaCuO bulk lens 

The magnetic shielding capability of the GdBaCuO bulk lens was measured using the single 

GdBaCuO bulk lens during the ZFC process. Figure 4-5(a) shows the time evolution of the magnetic 

field, Be, at the center of the single GdBaCuO bulk lens and the external field , Bex, during the same 

time sequence shown in figure 4-2, under an external magnetic field of Bapp = 2.0 T. Figure 4-5(b) 

shows the time evolution of the temperatures ofGdBaCuO bulk lens and the cold stage under the same 

process. In the ascending stage, a clear magnetic field concentration was observed; Be= 3.76 Twas 

achieved, which resulted in a magnetic field concentration ratio of Be!Bapp = 1.88 . A temperature rises 

about 2.1 K took place during ascending stage from O to IO min, originating from magnetic flux 

penetration into the magnetic lens. When the temperature of the cold stage was set to 20 K, the 

minimum temperature of the GdBaCuO bulk lens encapsulated by the SS holder was only 26.5 K, 

which may come from an imperfect thermal contact between the bulk lens and the SS holder. It should 

be noted that the final Be value was not zero, but a negative one of - 0.48 T. This result suggests that 

some magnetic flux penetrated into the surface of the bulk lens and a residual magnetic field along the 

-z-direction existed due to the vortex pinning effect. 

Figure 4-6 shows the TS dependence of the magnetic field , Be, at the center of the single GdBaCuO 

bulk lens during the ZFC process under applied magnetic fields of Bapp = 1.0-3 .0 T. In the ascending 

stage from TS = 0 to 5, the magnetic field was concentrated by the shielding current. For lower Bapp = 

I and 2 T, Be = 2.04 and 3.76 were achieved at TS = 5, which correspond to magnetic field 

concentration ratios , BJ B app, of 2.04 and 1.88, respectively. The Be values increased for higher Bapp, 

which were 4.55 T and 5. 19 T for Bapp = 2.5 and 3.0 Tat TS = 5, respectively. However, the magnetic 

field concentration ratio, BJBapp, gradually decreased due to increased magnetic flux penetration into 

the bulk lens. For the final stage (TS= 10), at which the external field was zero, the Be value increased 

negatively with increasing B app for the same reason. For all the cases, the minimum temperature of the 

GdBaCuO bulk lens encapsulated by the SS holder was only 26 .5 K. To improve the performance of 

the magnetic lens, lowering its temperature is necessary. 
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4.3.3 Realization of the HTFML 

Finally, the experimental realization of the HTFML using GdBaCuO magnetic lens, combined with 

the MgB2 bulk cylinder, is present. Figure 4-7(a) shows the time evolution of the magnetic field, Be, 

at the center of the HTFML during the magnetizing process shown in figure 2 under an external 

magnetic field of Bapp = 2.0 T. Figure 4-7(b) shows the time evolution of the temperatures measured 

at each position . In the ascending stage, the Be value reached 3.65 T and then slightly decreased to 

3.55 Tat the end of the descending stage due to flux flow. The magnetic field concentration ratio, 

BJBapp, was 1.76 at the end of the ramp. The temperatures of the MgB2 cylinder and the GdBaCuO 

bulk lens on the SS holder were 20 .0 and 26 .5 K, respectively. These results demonstrate the HTFML 

effect experimentally for the first time. 

Figure 4-8 shows the TS dependence of the magnetic field, Be, at the center of the HTFML during 

the magnetizing process under applied fields of Bapp = 1.0- 3 .0 T. At the end of the ascending stage (TS 

= 5), the Be value for each Bapp was nearly the same as that for the single GdBaCuO magnetic lens 

case, as shown in figure 6. In the descending stage, for Bapp = 1.0 and 2.0 T, the Be value was nearly 

the same as that at TS= 5. On the other hand, for Bapp = 2.5 and 3 .0 T, the Be value gradually decreases 

with increasing TS. As a result, the final Be value for Bapp = 2.5 and 3 .0 Twas smaller than that for Bapp 

= 2.0 T. The concentrated magnetic field, Be, at TS = 5 and 10 at the center of the HTFML, and 

calculated magnetic field concentration ratio, Bel Bapp, for the various applied magnetic fields, Bapp, are 

summarized in table 4-1 . A maximum Be value of3 .55 Twas achieved for Bapp = 2.0 T. 

In the concept paper, in which the HTFML was proposed to be constructed using a REBaCuO 

magnetic lens and MgB2 TFM cylinder, a concentrated magnetic field Be= 4.73 Twas predicted for 

an external magnetizing field Bapp = 3 Tusing numerical simulations [ l]. However, the maximum Be 

value was as low as 3.55 T experimentally under the same magnetizing process for Bapp = 2.0 T. This 

difference occurs for the following reasons. Firstly, the assumed Jc (B, 1) characteristics of the MgB2 

and GdBaCuO bulks used in the simulations were higher than those of the actual bulks used in the 

experiments. Secondly, the minimum temperature of the GdBaCuO bulk lens was only 26.5 K, when 

the temperature of the cold stage was set to 20 .0 K. To enhance the HTFML effect for the present 

MgB2 cylinder and GdBaCuO bulk lens, the thermal contact between the GdBaCuO bulk lens and the 

SS holder must be improved. Nevertheless, author 's group have realized the HTFML effect 

experimentally for the first time. Our final goal is to build and test an HTFML using a GdBaCuO 

cylinder and GdBaCuO lens, for which a Be value in excess of 10 T (e.g. , Be= 13.5 T [l]) is predicted 

for a magnetizing process with Bapp = 10 T. A cryocooled 10 T superconducting solenoid magnet with 

a large room temperature bore (e.g. , 100 mm in ID) has become more readily available in the science 

and engineering research communities outside of the field of superconductivity. Thus, building on 

these findings, we aim to provide easily a concentrated magnetic field higher than 10 Tin an open 
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space using this HTFML system. 
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Figure 4-7 . Time evolution of(a) the measured magnetic field , Be, at the center of the HTFML and 

external field , Bex, and (b) the temperatures for each measurement point during the magnetizing 

process for Bapp = 2.0 T. 
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4.4 Summary of Chapter 4 

We have presented, for the first time, the experimental realization of a HTFML, based on the device 

design and magnetizing procedure recently proposed. The important results and conclusions in this 

study are summarized as follows . 

(1) The HTFML effect was demonstrated experimentally using GdBaCuO magnetic lens and MgB2 

TFM cylinder for the first time, such that a magnetic field can be generated in the central bore of 

the magnetic lens that is higher than both the trapped field in the single cylindrical bulk TFM and 

the external magnetizing field, even after the externally applied field decreases to zero. 

(2) A maximum concentrated magnetic field of Be = 3 .55 T was achieved in the central bore of the 

HTFML device after removing an applied field of Bapp = 2.0 Tat T = 20 K. The maximum Be value 

was smaller than the one estimated by numerical simulations, which results from the lower Jc (B, 

T) and higher operating temperature, compared with those of the numerical predictions. 

(3) For higher Bapp, the Be value was not enhanced because ofa weakened lens effect due to magnetic 

flux penetration into the bulk GdBaCuO material comprising the lens. To enhance the HTFML 

effect, improving the thermal contact between the HTFML and the cold stage and lowering 

temperature of the GdBaCuO lens and MgB2 TFM cylinder is necessary for the present setup. 
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Chapter 5 

Experimental realization of a 10 T-class, all-(RE)BaCuO 

hybrid trapped field magnet lens 
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5.1 Preface of Chapter 5 

In the concept paper, a higher trapped field of Be = 13 .49 T was predicted at 20 K for the applied 

field of Bapp = 10 Tusing inner (RE)BaCuO lens and the outer (RE)BaCuO TFM cylinder. In this case, 

a special technique must be used to control the temperature of each bulk part individually, such as the 

use of two cryocoolers, a thermal (heater) method or a mechanical switch [I]. Hence, the magnetizing 

sequence of the HTFML includes two magnetizing methods : ZFCM for the inner magnetic lens and 

FCM for the outer TFM cylinder. 

As a first step, author 's group have realized the HTFML based on the same (RE)BaCuO bulk 

material for both parts using liquid nitrogen, in which the inner magnetic lens and outer TFM cylinder 

were housed in separate containers with liquid nitrogen poured into each container sequentially 

according to the corresponding magnetizing sequence. As a result, Be = 1.83 T was obtained at 77 K 

after magnetization with Bapp = 1.80 T [2]. However, to best exploit the trapped field capability of the 

outer (RE)BaCuO cylinder and realize a higher Be over 10 T, the all-(RE)BaCuO HTFML should be 

cooled to a lower temperature below 50 K and magnetized, where the le(B, T) characteristics have a 

higher value under higher magnetic fields. Fmihermore, if the HTFML device can be realized using 

one cold stage of a cryocooler, the whole system would be more cost-effective, and provide both a 

higher magnetic field and magnetic field gradient in an open bore space outside the vacuum chamber 

[3]. 

In the present chapter, the author has verified experimentally a 10 T-class, all-(RE)BaCuO HTFML 

magnetized under 50 K using only one cryocooler by a special technique, in which only the inner 

magnetic lens was tightly connected to the cold stage and cooled at all times, and the outer TFM 

cylinder was loosely connected to the cold stage before the magnetizing process by introducing a gap 

between the outer TFM cylinder and cold stage. During the cooling process before magnetization, the 

outer TFM cylinder then cooled much slower than the inner magnetic lens. As a result, the non­

superconducting (normal) state for the outer TFM cylinder and the superconducting state for the inner 

magnetic lens can be simultaneously realized. A maximum concentrated field of Be = 9.8 T was 

achieved for the magnetizing process from Bapp = 7 T in the present HTFML, consistent with the 

numerical estimation in our previous conceptual study [ 4] . The concentrated field values are compared 

for other HTFML devices reported. These results validate the HTFML as a compact and desktop-type 

magnet device that can provide IO T-class magnetic field enhancement from the viewpoint of the 

magnetizing method. 
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5.2 Experimental setup and magnetizing sequence 

Figure 5-l(a) presents the experimental setup of the HTFML, in which the inner magnetic lens and 

the outer TFM cylinder are encapsulated in a stainless steel (SS) holder for mechanical reinforcement. 

Side and top views of the actual setup are also presented in the photographs. Figures 5- l(b) and 5-1 ( c ), 

respectively, show the side and top views of each bulk component of the outer TFM cylinder and the 

inner magnetic lens. All of the bulks were fabricated by the QMG™ method (Nippon Steel 

Corporation, Japan) [5]. The outer TFM cylinder was constructed using three stacked EuBaCuO ring 

bulks (top bulk, middle bulk and bottom bulk). The dimensions of the EuBaCuO cylinder are a 60 mm 

outer diameter (OD), 36 mm inner diameter (ID) and 54 mm height (H). Each of the EuBaCuO ring 

bulks was reinforced by an Al alloy ring 5 mm in thickness (OD = 70 mm, ID= 60 mm) adhered by a 

thin layer of epoxy resin . These bulks were also encapsulated in the SS holder with a "hat structure" 

5 mm in thickness for mechanical reinforcement against the Lorentz force generated during 

magnetization. Such mechanical reinforcement is necessary to avoid fracture of the bulks, particularly 

for applied fields as high as 10 T. The effect of the "hat structure" of the outer SS holder on the 

mechanical reinforcement was investigated by numerical simulation, which can provide a compressive 

stress around 100 MPa from the cooling process due to the difference in the thermal expansion 

coefficient between the bulk material and SS holder [6] . The effect was experimentally confinned to 

avoid fracture of a ring bulk for FCM from B app = 10 T in [7] . 

As shown in figure 5-l(c), the inner magnetic lens (OD = 36 mm, ID = 10 mm, ID2 = 26 mm, IH 

= 8 mm, OH = 30 mm) was constructed using two pieces of conical-shaped GdBaCuO bulks, in which 

a slit with 200 µm width is inserted in the diagonal direction so that the magnetic flux can be 

concentrated into the central bore through the slit. The TFM cylinder and magnetic lens are the same 

used in the previous experiment at 77 K [2]. Note that only the inner lens component, including the 

SS holder and a copper spacer, was tightly connected to the cold stage through a thin indium sheet. 

The temperature of the TFM cylinder, magnetic lens and the cold stage of the GM-cycle helium 

cryocooler was monitored by two Cernox TM thermometers and a Pt-Co thermometer, as shown in 

figure 5-l(a). The whole device was enclosed in a vacuum chamber. A cryocooled 10 T 

superconducting magnet (JASTEC, JMTD-l0TI00) was utilized to ramp up/down the external 

magnetizing field. The concentrated field was monitored at the center of the lens by an axial-type Hall 

sensor (F. W. Bell, BHA921 ), and the external magnetic field was calculated by measuring the electric 

current through a shunt resistor. 
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Figure 5-1. (a) Experimental setup of the HTFML, in which the inner magnetic lens and outer TFM 

cylinder, both made from (RE)BaCuO, are encapsulated in a stainless steel (SS) holder for mechanical 

reinforcement. The side and top views of the actual setup are also presented in the photographs. 

Schematic views of (b) the outer TFM cylinder and ( c) the inner magnetic lens. 

Figure 5-2 shows the time sequence of the temperature for both bulk parts - the inner magnetic 

lens, h, and the outer TFM cylinder, Tr - and the external field, Bex, and the concentrated magnetic 

field, Be, at the center of the HTFML, which has been revised for these experiments in comparison to 

the original conceptual study [4]. To control the temperature of the outer TFM cylinder quasi­

independently using one cold stage of the cryocooler, a special technique named the "loose contact 

method" has been designed. Figure 5-3 shows the conceptual view of the "loose contact method", 

exploiting two kinds of experimental configurations of the HTFML in the vacuum chamber, aligned 

in (a) the horizontal direction during the cooling process and (b) the vertical direction during 

magnetizing process. In the initial preparation of the experimental setup of the HTFML on the cold 

stage, the outer TFM cylinder was loosely connected to the cold stage by screws and then set in the 

vacuum chamber. During the cooling stage of (1) in figure 5-2, the cooling process was started, and 

several hours later, the whole HTFML device was tilted 90 degrees along the horizontal direction using 

a hand-held rod attached to the bottom of the apparatus. In this stage, as shown in figure 5-3(a), a non­

uniform gap, i.e., 0-1 mm, exists at the interface between the TFM cylinder and the cold stage due to 

gravity. This technique worked sufficiently and the cooling speed of the TFM cylinder was delayed in 

comparison to that of the magnetic lens. Before proceeding to the magnetization in the ascending stage 

of (2) in figure 5-2, the whole HTFML device was aligned vertically, where the gap between the TFM 

cylinder and the cold stage would be = 0 mm and the TFM cylinder would contact loosely with the 
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cold stage by its own weight, as shown in figure 5-3(b). At stage (2), the inner magnetic lens is in the 

superconducting state (h < Tc) and ZFCM is performed, but the outer TFM cylinder must be in the 

normal state (A > Tc)- As mentioned before, the inner lens component was tightly connected to the 

cold stage and the temperature can be precisely controlled. In the magnetizing process, the whole 

HTFML device in the vacuum chamber was lifted up and inserted into the bore of the superconducting 

magnet as shown in figure 5-3(c). 

In figure 5-2, the magnetizing applied field , B app, corresponds to the maximum value of Bex- The 

magnetizing sequence was constructed from the following process from (1) to (5), which is special for 

the HTFML exploiting the gap for the outer TFM cylinder. 

(1) . During the cooling process, where the whole HTFML device is aligned in the horizontal 

direction: the temperature of the inner magnet lens, TL, (as well as that of the cold stage, Ts) is 

lowered from 300 K to the lowest temperature as possible (roughly, a minimum of TL = 20 K 

in the present experiment). At the end of this stage, the inner magnet lens is in the 

superconducting state, but the outer TFM cylinder is in the normal state(> Tc) due to its delayed 

cooling speed. 

(2). Ascending stage of the magnetizing process (while the cooling process proceeds), where the 

whole HTFML device is stood upright and aligned in the ve1tical direction, and then inserted in 

the superconducting magnet: the external magnetic field , Bex, is ramped up linearly to B app at a 

certain rate ( +0 .1 T/min. in the present experiment), which corresponds to the ascending stage 

of ZFCM for the inner magnetic lens. The magnetic field is concentrated in the bore of the 

magnetic lens, which would be higher than B app because of the shielding effect by the magnetic 

lens . The temperature of the outer TFM cylinder should be kept over Tc until B app completely 

penetrates the outer TFM cylinder. It is desirable that the difference in temperature between the 

outer TFM cylinder, A , and TL, !:ff (= TT - h), be over 50 ~ 100 K just before magnetization, 

which enables the separation of the magnetization processes ofZFCM for the magnetic lens and 

FCM for the TFM cylinder in the later stage. 

(3) . Cooling process in a static magnetic field : A is then decreased gradually to the lowest TT c,e 

50 K, below Tc but higher than TL, due to the imperfect thermal contact to the cold stage through 

the gap = 0 mm. The Be value can be maintained reliably if his kept at 20 K. 

(4). Descending stage of the magnetizing process at the lowest temperature : Bex is decreased linearly 

down to zero at a certain rate (-0 .l T/min. , or -0.002 T/min. for higher Bapp over 7 T, in the 

present study). During this process, the outer TFM cylinder is magnetized by FCM and a 

magnetic field is trapped inside the TFM cylinder within its trapped field capability based on its 

Jc(B, 1) characteristics (if this can be done successfully without the occurrence of large flux 

jumps caused by the resultant heat generation and/or mechanical fracture of the bulk material) . 

(5) . As a result, the HTFML can reliably generate Be higher than the trapped field of the single 
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cylindrical TFM, as well as Bapp, even after Bex= 0. 
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Figure 5-2 . Time sequence of (a) the temperature T (the outer TFM cylinder, A , and the inner 

magnetic lens, TL) and (b) the magnetic field B ( external field , Bex, and concentrated magnetic field , 

Be at the center of the present HTFML using all-(RE)BaCuO bulks) during the magnetizing process 

divided into steps from (1) to (5). The magnetizing applied field, Bapp, corresponds to the maximum 

value of Bex• 
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(a) Horizontal {gap= O~ 1 mm) 

GM cryocooler 
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Horizontal 
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Hand-held rod 
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(c) Vertical (gap :,,Q mm. lifted up) 

Superconducting magnet 

Vertical Vertical 

Figure 5-3. Conceptual view of the "loose contact method", exploiting two kinds of experimental 

configurations of the HTFML in the vacuum chamber, aligned in (a) the horizontal direction during 

the cooling process and (b) the ve,tical direction during magnetizing process. (c) The whole HTFML 

device in the vacuum chamber lifted up and inserted into the bore of the superconducting magnet in 

the magnetizing process. 
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Figure 5-4 shows the typical experimental results for the cooling process of the present HTFML 

exploiting the "loose contact method", in which the HTFML device set in the vacuum chamber was 

reclined up after t = + 11 hours, from the horizontal direction to the vertical direction. The maximum 

!:J.T = l 00 K was obtained at t = +8 hours after beginning the cooling process. It was also confmned 

that !:J.T would change depending on the degree of inhomogeneous contact through the gap. The 

lowest temperatures were A= 54 K, TL= 24 Kand Ts= 14 K for each point on the outer TFM cylinder, 

inner magnetic lens and under the cold stage, respectively. 
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Figure 5-4. Typical experimental results of cooling process of the present HTFML exploiting the 

"loose contact method", in which the HTFML device set in the vacuum chamber was reclined up at t 

= + 11 hours from the horizontal direction to the vertical direction. 
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5.3 Experimental results 

Figure 5-5 shows the time dependence of the temperatures measured at each position - the inner 

magnetic lens, h , the outer TFM cylinder, TT, and the cold stage, Ts - and the concentrated field, Be, 

and the external field , Bex, during magnetization with several applied fields , B app, of(a) 3 T, (b) 5 T 

and (c) 7 T, respectively. The lowest value of hand A for magnetization process is included in the 

bottom panel of each figure . In the case of B app = 3 T, as shown in figure 5-5(a), the Bex value was 

ramped up at t = +8.5 hours, when the maximum temperature difference !::,.T ;:::: 100 K was obtained 

reliably after cooling to TL = 40 Kand A = 150 K. The lowest temperatures were, respectively, TL = 

24 K for ZFCM and TL= 57 K for FCM. Resultantly, Be= 5.5 Twas achieved with little flux creep 

caused by the non-linear electrical property of the bulk material , even well after FCM process at t = 

+24 hours. Compared with the higher B app cases of5 T and 7 T, as shown in figures 5-5(b) and 5-5(c), 

it was con finned that the t:,.T value changed in the range of 50 - 100 K, and the lowest temperatures 

of TL and TT were not consistent because the non-uniform thermal contact through the gap is not 

controllable precisely in the present system. Higher Be values of 7.9 T and 9.8 T were achieved for 

B app = 5 T and 7 T, respectively. These experimental results successfully verified the numerical 

estimations for the 10 T-class HTFML, up to Bapp = 7 T, for the first time [ 4]. These values will be 

compared with conventional HTFMLs at the end of this section. It should be noted that the 

experimental TT value was not constant and gradually increased due to the heat generation caused by 

the movement of magnetic flux during FCM of the outer TFM cylinder, which was remarkably large 

for higher B app· This thermal instability might come from the possibility of larger heat generation in 

the stacked TFM cylinder, as well as the slower cooling speed and efficiency of the loose contact 

method in the present setup. 

Figures 5-6(a) and 5-6(b), respectively, show similar results of the time dependence of the 

temperature and magnetic field during magnetization with an applied field of B app = IO T. During the 

ZFCM process until t = + 14 hours, Be= 13 .9 Twas generated at the center of the HTFML device with 

a background field of Bex= 10 T, which means that the maximum of Be might be over 13 T, if the outer 

TFM cylinder could replace external magnetizing magnet after the FCM process. Unfortunately, 

during the descending stage of the FCM process, the A value increased and stayed as high as 68 K, 

and then the Be value suddenly dropped at Bex= 5 T due to the occurrence of a large flux jump at t = 

+ 18 hours, at which the temperatures also abruptly increased to above Tc. After that, the Be gradually 

decreased with decreasing Bex and the final Be value became negative. Such a negative Be value is 

typically obtained in the case for the single magnetic lens, in which the magnetic flux is trapped in a 

part of magnetic lens after completing the conventional ZFCM process. These results indicate that the 

thermal instability of the outer TFM cylinder could result in a flux jump during FCM and/or the 
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Figure 5-5 . Time dependence of the temperatures measured at each position - the outer TFM cylinder, 

Tr, the inner magnetic lens, TL, and the cold stage, Ts - and the concentrated field, Be, and the external 

field, Bex, during magnetization with several applied fields, Bapp, of (a) 3 T, (b) 5 T and (c) 7 T, 

respectively. 

mechanical fracture of the bulk material. To realize a Be value over IO T, further investigations are 

required relating to the following issues: thermal stability of the large, stacked TFM cylinder, and 

development of a more practical cooling method that can achieve a stable and controllable cooling 

process for each part ofHTFML. 

Figure 5-7 summarizes the magnetization curves of the HTFML magnetized from B app = 3, 5, 7 and 

10 T, which can compare the difference of the lens effect during the ascending stage, and the flux creep 

and the final B e value in the descending stage. 1n the ascending stage, for every Bapp value, the Be-Bex 

relation shows an identical trend, which indicates the good reliability of the shielding effect by the 

magnetic lens. However, in the descending stage for Bapp values of7 T and 10 T, the flux creep seems 

clearly due to the large temperature rise during FCM (up to 68 K) in the stacked TFM cylinder. In the 

case of B app = 10 T, a flux jump occurred during the descending stage that may be of mechanical or 

thermal nature, which will be discussed later. If this flux jump did not occur under a constant and 

stable temperature during magnetization from B app = IO T, it is expected that Be = 13 T would be 

achieved. 
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A, the inner magnetic lens, TL, and the cold stage, Ts - and the concentrated field, Be, and the external 

field, Bex, during magnetization with an applied field , B app = 10 T. 
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Figure 5-7. Magnetization curves of the HTFML magnetized with applied fields , Bapp = 3, 5, 7 and 10 

T. The lens effect during the ascending stage, and the flux creep and the final trapped field in the 

descending stage are compared. 
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To find out whether mechanical fracture occurred after the magnetization of the HTFML from Bapp 

= 10 T, the inner magnetic lens and outer TFM cylinder were magnetized separately again. Figure 5-8 

shows the magnetization curve of the magnetic lens by itself during the ascending stage ofZFCM with 

B app = 3 T and TL= 30 K, after the occurrence of the flux jump during the magnetization of the HTFML 

from B app = 10 T (labelled "After"). A similar result before the flux jump is shown for comparison 

(labelled "Before"; see figure 5-5(a)). The measured Be was enhanced (with respect to Bex) by the 

magnetic lens and increased in proportional to Bex, consistent with the "Before" results. This result 

clearly shows that there was no fracture in the inner magnetic lens after the flux jump. 

Figure 5-9 shows the trapped field profiles for the (a) top surfaces and (b) bottom surfaces of each 

TFM ring bulk (top bulk, middle bulk, and bottom bulk), magnetized by FCM from B app = 1 Tin liquid 

nitrogen after the flux jump, in which the trapped field value was measured 3 mm above the surfaces 

of each ring bulk. Photographs of each bulk were also taken after the measurement. The fracture point 

can be seen in the top surface view of the bottom bulk, in which the crack penetrates along the 10 

o' clock direction as depicted. In addition, it was confirmed that there is an identical trace of burning 

at the interface between the top surface of the bottom bulk and the bottom surface of the middle bulk, 

as marked in each picture. The degree of fracture behavior was dete1mined from the results of the 

trapped field profile into three-levels: not broken (top bulk), paiiially broken (middle bulk), and 

completely broken (bottom bulk), respectively. The bottom bulk, in which the crack destroyed the 

circumferential current, showed the so-called "C-shaped" magnetic field profile on both surfaces of 

the bulk and there is no longer the remnant trapped field inside the central region, i. e., BT = 0 T. In 

contrast, only the top bulk showed a comparative, uniform field profile with a peak value of BT = 

±0.32 Tat the center of both surfaces. This profile might deserve to be described as "not broken" . In 

the middle bulk, evaluated as "partially broken", the bulk showed an inhomogeneous trapped field 

profile that is not identical for each surface, and the trapped magnetic field is as small as BT= ±0.02 

Tat the center. These results offer evidence that the thermal instability of the stacked TFM cylinder 

caused a flux jump during the FCM process, which resulted in the mechanical fracture of multiple 

bulks at the same time, even though the mechanical reinforcement using the SS support with the "hat 

structure" was applied. It is therefore recommended that the stacked bulk cylinder should be kept at a 

constant temperature with adequate cooling to avoid flux jumps when it is magnetized with higher 

B app = 10 T. In this sense, fundamental studies related to the suppression of the thermal instability of 

the HTFML should be performed in more detail. 
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Figure 5-8 . Magnetization curve of the single magnetic lens during the ascending stage of ZFCM with 

the applied field of Bapp = 3 T, after the happening of the flux jump during the magnetization of the 

HTFML from B app = 10 T, labelled as "After". The result before the flux jump is referred as "Before" 

from figure 5-5(a). 
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Figure 5-9. Trapped field profiles for (a) the top and (b) the bottom surface of each TFM ring bulk (top 

bulk, middle bulk, and bottom bulk), magnetized by FCM with the applied field of Barr= 1 Tin liquid 

nitrogen after the happening of the flux jump. The trapped field value was measured 3 mm above the 

surfaces. Photographs of each bulk were also taken after the measurement. 

Finally, figure 5-10 summarizes the concentrated field , Be, at the center of the HTFML, as a function 

of B app, compared with previously reported experimental results [2, 8] . Since 2018, the feasibility of 

the HTFML has been proved particularly for lower B app up to 3 T for two cases: (1) exploiting an 
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Figure 5-10. The concentrated field , Be, at the center of the HTFML (labelled "All-RE [This study]"), 

as a function of Bapp, compared with previously reported experimental results. In the previous 

experiments, the HTFMLs were constructed with the combination of an outer MgB2 TFM cylinder 

and inner GdBaCuO magnetic lens (labelled "MgB2-RE: 20 K") [8] , as well as an all-(RE)BaCuO 

design at 77 K (labelled "All-RE: 77 K") [2]. The numerical estimations for the HTFML with all­

(RE)BaCuO bulks are also included (labelled "All-RE (Sim.): 20 K") [4]. 

inner GdBaCuO bulk lens and outer MgB2 TFM cylinder, in which a maximum concentrated field of 

Be= 3.55 Twas achieved for B app = 2 Tat 20 K, and (2) replacing the outer MgB2 cylinder with an 

EuBaCuO one, in which Be = 1.83 T was achieved for B app = 1.80 T at 77 K. However, these 

configurations are not appropriate for magnetization with higher B app over 3 T, because of (1) the 

inferior le(B, T) characteristics of the MgB2 bulk and (2) the operating temperature of77 K. An original 

concept of the HTFML that could generate over Be = 10 T requires that both the inner and outer 

(RE)BaCuO bulks are utilized at lower temperatures below 50 K [4]. In this study, the HTFML 

exploiting the "loose contact method" using one cold stage of a cryocooler realized such a realistic 

configuration which could work in a range of B app from 3 T to 7 T. A maximum Be= 9.8 T value was 

achieved successfully when magnetizing with B app = 7 T, although the flux creep was larger compared 

to that of lower B app values. The B e-Bapp relation obtained from this experiment is consistent with our 

numerical estimations (indicated by the dotted line), but not for higher B app due to the larger flux creep 

for B app over 7 T and the mechanical fracture of the bulk materials over 10 T. This issue would be 

resolved by use of a more practical cooling method that can provide proper individual cooling of each 

part of the HTFML using one (or two) cold stages, combined with a switch that would work based on 

its thermal property and/or mechanical function. Furthermore, fundamental studies to understand and 

improve the thermal and mechanical stability of the stacked TFM cylinder during its magnetization 

would have an important role in improving the practical design of the HTFML. 
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5.4 Summary of Chapter 5 

An al!-(RE)BaCuO hybrid trapped field magnet lens (HTFML) magnetized under 50 K has been 

verified experimentally using only one cryocooler and a special technique named the "loose contact 

method", where the outer TFM was loosely connected to the cold stage before magnetizing process 

by introducing a gap between the cold stage. A maximum concentrated field of Be= 9.8 Twas achieved 

after magnetization with an applied field of Bapp = 7 T, which is twice as superior as the other HTFML 

devices to date. The experimental Be values, as a function of Bapp, were consistent with the numerical 

estimation reported in our previous conceptual study. These results validate the HTFML concept as a 

compact and desktop-type magnet device that can provide 10 T-class magnetic field enhancement from 

the viewpoint of the magnetizing method. 

However, during magnetization with a higher Bapp of 10 T, the Be value suddenly dropped due to 

the occurrence of a large flux jump that resulted in the mechanical fracture of the bottom bulk in the 

stacked TFM cylinder, even though mechanical reinforcement using the SS support with the "hat 

structure" was applied. If the flux jump did not occur during magnetization from Bapp = 10 T, it is 

predicted that Be= 13 T would be achieved. To realize a Be value of over 10 T, further investigations 

are needed relating to the thermal stability of the stacked TFM cylinder and the development ofa more 

practical cooling method that can achieve a stable and controllable cooling process for each part of 

HTFML. 
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Chapter 6 

Simulation study for magnetic levitation in pure water 

exploiting the ultra-high magnetic field gradient product of a 

hybrid trapped filed magnet lens {HTFML) 
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6.1 Preface of Chapter 6 

The realization of superconducting magnets that can generate stationary magnetic fields up to 40 

Tesla has been encouraged by many types of fundamental studies related to magnetism: magnetic 

levitation [1-2] and separation [3-4], crystal growth [5-6] and nuclear magnetic resonance (NMR) [7-

8]. The magnetic levitation technique, in particular, needs a strong magnetic field from an external 

magnet to realize the counter-balanced levitated situation against gravity acting on a diamagnetic 

material. The technique was first demonstrated for a diamagnetic water drop, in which the magnetic 

field gradient product, B2 ·dBJ dz, was required to be as large as -1400 T2/m along the upper direction 

of the vertical magnet [9]. Such a large B2 ·dB2 /dz value is required because of the low magnetic 

susceptibility of water and is difficult to achieve with a conventional superconducting magnet. Thus, 

up to now, such magnetic levitation has been realized only by using a comparatively large-scale hybrid 

magnet in a specialized facility [10]. In the past, such large-scale hybrid magnets have been 

demonstrated with B2 ·dBJdz values around -1500 T2/m or better [11-12]. The Bz·dBJdz value for a 

standard 10 T cryo-cooled superconducting magnet is much lower, up to -500 T2/m, which has been 

enhanced with a ferromagnetic iron yoke up to -1060 T2/m [2]. The magneto-Archimedes technique, 

proposed in 1998, also enables the reduction of the required B2 ·dBJdz for the magnetic levitation of 

any target objects in a paramagnetic medium gas or liquid (e.g., oxygen or aqueous MnCb) [13]. This 

method is utilized for the magnetic separation system for structural isomers of phthalic acid using 

oxygen and fluorocarbon instead ofMnCb solution, as introduced in [3]. In such magnetic applications, 

the whole system, including the magnetic source, separation unit and medium solution, must be 

considered, based on the physical properties of the target objects. It would be also desirable to avoid 

using any harmful materials, as well as to construct the separation system in a simple way for ease-of­

processing, reliability and stability. The intensity of the magnetic force, Fm, is potentially restricted by 

the performance of the magnet used; however, it is not particularly cost-effective and realistic to build 

a conventional superconducting magnet or a large-scale magnet in any industrial facilities or 

laboratories, except for experimental purposes [6] . There is still a demand for a new magnetic field 

source that can provide both a stronger magnetic field , Bz, and magnetic field gradient product, 

Bz·dBzldz, ifit can be done in a cost-effective and efficient way. 

Large, single-grain (RE)BaCuO bulk superconductors can trap or expel magnetic flux, owing to the 

induced supercurrent flowing inside the material with zero resistance, and that functionality depends 

on the magnetizing_ method. Towards practical engineering applications, research advances in bulk 

superconductivity, including the relevant technologies such as material processing, cryogenic systems 

and magnetization techniques, are summarized in [14]. 

Such superconducting bulks, magnetized by FCM as a so-called TFM can trap magnetic flux inside 
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the bulk. 

Superconducting bulks, magnetized by ZFCM, can expel the external magnetic flux from its inside 

due to its "diamagnetic effect" and, as shown for the magnetic lens in the HTFML, can enhance a 

magnetic field in the central bore of the lens. The trapped field of the bulk could be enhanced by 

appropriate selection of the bulk materials for the TFM cylinder and lens, as well as the bulk le and 

diameter. In addition to this function, it is considered that the HTFML could generate an ultra-high 

magnetic field gradient product, Bz·dBzldz, which could, for example, be applicable to magnetic 

separation. 

In this chapter, three-dimensional numerical models of the HTFML are constructed to investigate 

the magnetic field performance, in which realistic sizes and shapes of the bulk components and 

realistic Jc characteristics are assumed, based on an experimental FCM setup. It is predicted that the 

HTFML could be highly applicable to magnetic levitation as a compact and strong magnetic field 

source and can generate a magnetic field gradient product, B2 ·dBJdz, over -3,000 T2/m, which is six 

times higher than that of a conventional 10 T superconducting magnet (-500 T2/m). These results 

provide further new understanding of the HTFML device and its potential wider use in industrial 

applications as a strong magnetic field source. 
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6.2 Numerical simulation framework 

Electromagnetic phenomena during the magnetization process are described by the fundamental 

equations introduced in detail in [ 15-17]. The E-1 power law is assumed to represent the highly 

nonlinear electrical properties of the superconducting material as follows; 

E = E, (tf, (6-2) 

where Ee (=l0-4 V/m) is the characteristic electric field , n = 20 is the power-law exponent for 

GdBaCuO and le is the critical current density. 

Figure 6-1 shows a schematic view of the three-dimensional numerical model of the HTFML device, 

consisting of the outer GdBaCuO TFM cylinder and inner GdBaCuO lens pair, and the assumed 

dimensions are exactly the same as those used in the experimental verification of the HTFML 

presented in [18]. When this HTFML consists of the same superconducting material, e.g., GdBaCuO, 

for each bulk component, the temperature of each part must be controlled independently, for which a 

so-called "thermal switch" would be required to control the superconducting state or the normal state 

during the magnetization process, where both ZFCM process for the inner magnetic lens and FCM 

process for the outer TFM cylinder are used simultaneously. This magnetizing process could be 

realized by utilizing an individually controlled cryostat or the same cryostat with different cooling 

loops for each component. The thermal switch used could be possibly realized mechanically [19], 

thermally [20) or magnetically. 

The le(B) characteristics of the GdBaCuO bulk are described by the following equation, proposed 

by Jirsa et al. [21], 

],(B) = /3 X {J,1 exp(-!!...) + ],2 -
8 

exp [~(1-(-8 )a)]}, (6-3) 
BL Bmax a Bmax 

where each relevant parameter, l e 1, BL, le2, Bmax, and a are fitted from the experimental l e(B) profile. 

In this work, the experimentally measured l e(B) data for bulk GdBaCuO reported by Kii et al. in [22) 

is assumed, which come from a small sample. The fitting coefficient, f3, was also employed to 

reproduce the actual trapped field from experimental results . 
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Figure 6-1. Schematic view of the three-dimensional numerical model of the HTFML, consisting of 

the outer GdBaCuO TFM cylinder and inner GdBaCuO lens pair. The assumed dimensions are exactly 

the same as those used in the experimental verification of the HTFML presented in [ 18]. 

To obtain the ,Bvalue at each temperature, our experimental FCM result for the GdBaCuO bulk ring 

was referred. Figure 6-2 presents the temperature dependence of the trapped field , BT, in the ring­

shaped GdBaCuO bulk (40 mm in inner diameter, 64 mm in outer diameter and 20 mm in height), 

which was magnetized by FCM from an applied field of 10 Tat 50 K and then measured in the heating 

run as the temperature is increased to 93 K, i.e. , above its Tc [23]. The experimental BT(T) curve would 

have a tendency to saturate under 50 K due to the full magnetization of the bulk within its le capability. 

When the lc(B) characteristics obtained by SQUID magnetometer for a small piece of bulk sample ({J 

= 1) are used to estimate the BT value numerically at low temperature, e.g., at 40 K and 20 K, the 

trapped field was overestimated and this saturation tendency cannot be reproduced. To reproduce the 

saturation tendency of BT(T) numerically, {J should be adjusted to be 0.50 for 40 K and 0.29 for 20 

K, based on the extrapolation of the experimental BT(T) curve at lower temperatures. The parameters 

related to the data fitting are summarized in Table 6-1 . 

Figure 6-3 shows the time step sequence of the temperature of the TFM cylinder, ArM, and the 

magnetic lens, liens, and the external magnetic field , Bex, at the center of the magnetic lens during the 

magnetizing process. At step 0, before the external field is applied, the bulk cylinder is cooled down 

to TH, e.g. , 100 K, above its Tc (= 92 K) from room temperature, and the bulk lens is cooled to TL(< 

TH), In this study, two cases - h = 40 K and h = 20 K - are investigated for comparison. The bulk 
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Figure 6-2. The temperature dependence of the trapped field , Br, in the central bore of the ring-shaped 

GdBaCuO bulk ( 40 mm in inner diameter, 64 mm in outer diameter and 20 mm in height; referred to 

as TFM cylinder in figure 6-1 ), which was magnetized by FCM from an applied field of 10 Tat 50 K 

and then measured in the heating run as the temperature is increased to 93 K. Numerical results of Br 

by FCM from 10 T for f3 = 1 shown in equation (3) and the most suitable Br estimations at 20 Kand 

40 Kare also shown (see text) . 

Table 6-1 . Numerical fitting parameters for the l c(B) characteristics of bulk GdBaCuO used in equation 

(3), for 20 K and 40 K, where the f3 value is adjusted to reproduce the experimental result for the 

trapped field in figure 6-2 (see text). 

T(K) l ei (A/m2) BL (T) lc2 (A/m2
) Bmax (T) a /3 

20 9.0x 109 1.5 5.4 X 109 8.0 0.5 0.29 

40 3.5 X 109 0.9 2.7 X 109 6.0 0.8 0.50 

temperature is assumed to be constant, under isothermal conditions; thus, any heat generation is 

ignored during the whole magnetizing process, assuming a near-static magnetic field . The magnetizing 

field, Bapp, which corresponds to the maximum values of Bex= 3, 5 and 10 T, is applied using a solenoid 

coil. The magnetizing procedure is divided into two stages: ( 1) the ascending stage from step O to step 

5, and (2) the descending stage from step 5 to step 10, where the externally applied field is ramped up 

and down linearly at ±0.222 T/min. 
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Figure 6-3. Time step sequence of the temperature of the TFM cylinder, I'rFM, and magnetic lens, Tiens, 

and the external magnetic field, Bex, at the center of the magnetic lens during the magnetizing process, 

including the ascending stage from step Oto 5, and the descending stage until step I 0. 
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6.3 Numerical simulation results 

The concentrated magnetic field, Be, in the HTFML changes depending on the maximum applied field, 

Bapp, and magnetizing temperature, h, which can also be deduced from the l e(B, T) characteristics 

indicated by equation (I). In this section, Bapp = 3, 5 and l 0 Twas applied at TL = 20 Kand 40 K in an 

identical HTFML device using all GdBaCuO bulk materials, and those results are used to assess the 

performance of the HTFML in terms of magnetic field and magnetic field gradient product, Bz·dBJdz. 

Firstly, the magnetic flux dynamics and magnetization mechanisms of the HTFML are explained, 

by comparing the magnetic field profiles during the magnetization process for each externally applied 

field . Figure 6-4 shows the magnetic field profiles along the x (radial)-direction at the middle of the 

magnetic lens, z = 0 mm, during the magnetization process for the applied fields of B app = 3, 5 and 10 

T for h = 20 K, which is divided into (a) the ascending stage from steps Oto 5, and (b) the descending 

stage from steps 5 to 10. In the ascending stage, when the TFM cylinder is kept in the normal state at 

100 K, but the magnetic lens is already in the superconducting state at 20 K, the diamagnetic effect of 

the magnetic lens expels the external field from its inside within its le(B) capability. As a result, a 

concentrated magnetic field of Be= 4.9 Twas obtained in the bore of the lens for Bapp = 3 Tat step 5, 

which becomes higher with increasing Bapp; i.e., Be= 7.4 T for Bapp = 5 T and Be= 12.5 T for B app = 10 

T. It is worth mentioning here that some magnetic flux penetrates into the magnetic lens, positioned 

from x = 5 to 15 mm, which becomes more obvious for higher Bapp, and this will degrade the resultant 

concentrated field of the HTFML. In the descending stage, which includes the FCM process for the 

TFM cylinder at 20 K, the magnetic flux is gradually trapped in the TFM cylinder positioned at x = 18 

to 30 mm with increasing time step after step 5. The trapped field in the TFM cylinder at step 10 is 

roughly equal to B app (or slightly higher because the applied field profile is not completely 

homogeneous), which corresponds to the so-called partial magnetization of the TFM cylinder below 

its full capability (see figure 6-5(b), for example). The concentrated magnetic field in the magnetic 

lens appears to degrade little during the descending stage, compared to the ascending stage, indicating 

that the ascending stage of the magnetization would determine the remnant concentrated field in the 

HTFML after its magnetization. These numerical results during the magnetizing process are helpful 

towards achieving a higher magnetic field and a higher B2 ·dB2 /dz value in the HTFML to improve its 

performance. 
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Figure 6-4. Magnetic field profiles along the x (radial)-direction at the middle of the magnetic lens, z 

= 0 mm, during the magnetization process from an applied field Bapp = 3, 5 and 10 Tat TL= 20 K, 

which are divided into (a) the ascending stage from steps Oto 5 and (b) the descending stage from 

steps 5 to 10. 

Figures 6-5(a) and 6-5(b) show the cross-sectional profiles of the magnetic field, Bz, along the z 

(height)-direction and the induced current density, Jy, along the y ( circumferential)-direction in the 

HTFML, after the magnetization process at step 10 for each B app at h = 20 K. As already shown in 

figure 6-4(a), the flux penetration into the magnetic lens is more remarkable for higher applied fields, 

as shown in figure 6-5(a). In the case of Bapp = 10 T, there is no region ofO T inside the magnetic lens, 

meaning that the magnetic flux completely penetrates the inside of the lens during the magnetization 

process. In figure 6-5(b ), inside each part of the magnetic lens, the induced current flows in the 

opposite direction to that in the TFM cylinder due to the existence of the slits in the hollow cone (see 

figure 6-1 ). The Jy profile also indicates the flux penetration into the magnetic lens for higher Bapp· 

The magnetic lens can only exhibit the diamagnetic effect with an induced current flowing 

predominately on its surface, whereas the TFM cylinder generates its strongest trapped field by an 

induced current flowing through the entire cross-section of the TFM cylinder. 

Figures 6-6(a) and 6-6(b) show the time step dependence of the concentrated magnetic field, Be, in 

the central bore of the magnetic lens (x = y = z = 0 mm) and the magnetic field concentration ratio, 

BJ Bapp, respectively, extracted from figure 6-4 for each Bapp at h = 20 K. The concentration ratio can 

be referred to characterize the diamagnetic lens effect, which is determined by the shape of lens, 

including the outer and inner diameter, the outer and inner height and the angle of the slits [24]. From 

these results, a higher applied field is needed to achieve a higher concentrated field at any time step, 

as shown in figure 6-6 (a), although the concentration ratio gradually degrades as the magnetization 

process proceeds from step O to step 10, as shown in figure 6-6(6). The so-called decay behavior in the 
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bulk magnet due to flux creep usually exhibits an approximately logarithmic time dependence, as 

reported in the case only using the magnetic lens. If the outerTFM cylinder can provide a homogeneous 

magnetic field and replace outer magnetizing coil used for magnetizing process, the similar trend would 

be obtained also in this HTFML as well , which means a concentrated field of 5 T could be maintained 

by only about 0.1 % drop per hour after magnetization; but that decay rate depends on operating 

temperature and applied magnetic field [25]. It may be needed to develop a new magnetizing sequence 

to improve a temporal stabilization of magnetic flux after magnetizing process, specifically for magnetic 

separation. 

Figures 6-7(a) and 6-7(b) show the resultant magnetic field, Bz, profiles (x = y = 0 mm) along the z­

(height) direction, after magnetization from B app = IO Tat TL= 20 K, and the magnetic field gradient 

product, B2 ·dB2 /dz, profile (x = y = 0 mm), respectively. A schematic image of the HTFML is also 

shown for reference, indicating the corresponding position in the HTFML. A characteristic feature of 

the HTMFL is based on the existence of magnetic lens located inside the homogeneous trapped field 

generated from the TFM cylinder, which enables the generation of a higher inhomogeneous magnetic 

field by exploiting the diamagnetic effect of magnetic lens. As a result, the HTFML also has a 

significant ability to produce an intentional ultra-high magnetic field gradient product of Bz·dBzldz = 

±3 ,000 T2/m, just below and above the lens center at z = ±5 mm, for a concentrated field of Be = 11 . 4 

T for Bapp = 10 T. This value is comparable with that produced by a > 20 T-class, large-scale hybrid 

magnet [26]. 

Another parameter that determines the HTFML performance is the magnetizing temperature TL in 

figure 6-3. Hence, the HTFML performance was explored for the higher magnetizing temperature TL 

= 40 K to compare with h = 20 K. Figure 6-8 summarizes the applied field dependence of the HTFML 

properties, including ( a) the concentrated magnetic field, Be, at the center of the GdBaCuO lens, (b) 

maximum IB2 • dB2 / dzl and (c) concentration ratio , BJ Bapp, for each TL. The difference in Be is 

reasonably small for each TL in figure 6-8(a), but IB2 • dB2 / dzl in figure 6-8(b) at TL= 20 K is 500 

T2/m larger than that at h = 40 K for the applied field B app = 10 T. A lower h is desirable for a higher 

applied field , resulting in a higher Be and higher IBz · dB2 /dzl, although the diamagnetic effect 

degrades with increasing Bapp for each TL, as shown by BJ Bapp in figure 6-8( c ). The obtained Be and 

the maximum B2 ·dB2 /dz are summarized for each applied field, Bapp, in Table 6-2. There is scope for 

further improvement of the HTFML performance as a strong magnet in terms of both the magnetic 

design of each bulk component and their magnetizing conditions. 
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Figure 6-5. Cross-section of(a) the magnetic field, Bz, profile along the z (height)-direction and (b) 

the induced current density, ly, along the y (circumferential)-direction in the HTFML, after the 

magnetization process at step 10 for each applied field, Bapp, at h = 20 K. 
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Table 6-2. Maximum applied field , B app, concentrated magnetic field, Be, at the center of the GdBaCuO 

lens at the final step of the magnetizing process (step 10), magnetic field concentration ratio , BJBapp, 

and maximum of the magnetic field gradient product, Bz·dB,ldz, at h = 20 Kand 40 K. 

Bapp (T) Bc(T) Bc/Bapp Bz·dBzldz (T2/m) 

10 11.4 1.14 -3,080 

20K 5 6.45 1.29 -1,650 

3 4.34 1.45 -943 

10 11.0 1.10 -2,430 

40K 5 6.07 1.21 -1 ,320 

3 3.97 1.32 -724 
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6.4 Possibility of magnetic separation using the ultra-high 

magnetic field gradient product 

In this section, the superiority of the HTFML as a strong magnet applied to magnetic levitation or 

separation is discussed. The HTFML could, for example, be highly applicable to magnetic separation, 

which needs a large magnetic field gradient product, Bz·dB2/dz, over -2,000 T2/m to realize the so­

called "apparent zero gravity" condition, even in water or air for any diamagnetic objects with the 

magnetic susceptibility ~ -10-5, such as metals, foods or plastics. 

The total potential energy per unit mass of a substance dispersed in a medium, e.g. , liquid or gas, is 

expressed by [27] , 

u = - -2
1 

Cxs - Xm)B 2 + (Ps - Pm)gz, (6-4) 
µo 

where µ 0 is the vacuum pe1meability, Bis the field intensity, g is the acceleration due to gravity, and 

z is the vertical position. Xs and p5 are the susceptibility and density of the target substance, 

respectively. Xm and Pm are the same parameters for the medium, such as liquid or gas. The total 

magnetic force, F2 , along z ( central axis )-direction at x = y = 0 mm, is 

F, = - au(x=y=O) = R + F, = (xs-xm) B dBz - ( - ) 
z az m g µ

0 
z dz Ps Pm g · (6-5) 

Fz is detennined by the B2 ·dB2 /dz value, which changes in the vertical bore of the magnet as shown in 

figure 6-7(b ). The equilibrium condition for magneto-Archimedes levitation, which corresponds to Fz 

= 0, can then be written as 

B dBz = Ps-Pm 
z dz Xs-Xm µOg · 

(6-6) 

Figure 6-9 shows a schematic image of magnetic separation using the HTFML device. Several kinds 

of substances of different susceptibility and density are dispersed in the medium, e.g. , water in the 

tube. When the tube is inserted into the central bore of the magnetized HTFML device, each substance 

is re-arranged vertically according to the differences in Xs and p5 of each substance. Most simply, 

in this case, a collecting capillary tube could be used for the recovery process and should be placed 

above the optional height of each substances floated in the glass tube in the HTFML device. 
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Figure 6-9. Schematic image of magnetic separation using the magnetized HTFML device, in which 

the force balance between gravity, F9 , and the magnetic repulsive force, Fm, is realized for each 

substance in the medium, e.g., water, at particular positions related to the magnetic field gradient 

product. 

Figures 6- I0(a) and 6-I0(b), respectively, show cross-sectional views of 8 2 and B2 ·dBzldz in the xz 

(vertical)-plane at y = 0 mm and the xy (horizontal)-plane at z = 0 mm of the HTFML, after 

magnetization from Bapp = 10 Tat 20 K. The effective hollow area for levitation is indicated by the 

dotted line. As shown in figure 6- IO(a), the B2 ·dBzfdz value changes from -3,000 to+ 3,000 T2/m along 

the vertical direction in this area of qJ 10 mm x ±30 mm in height in the bore of the magnetic lens for 

the present HTFML. 

For magnetic separation, a large B2 ·dBzfdz would be needed for a variety of cases, especially if the 

density of the target object is heavy, such as platinum (Ps = 21.5 g/cm3), and/or its magnetic 

susceptibility is exceedingly low, such as water (Xm = -9.03 x 10-6) . The use of harmful paramagnetic 

medium liquids, such as MnCh solution, should be avoided for food and medical use [3]. 
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Figure 6-10. Cross-sectional views of the resultant B2 , and B2 ·dB2/dz along (a) the xz (vertical)-plane 

at y = 0 mm and (b) the xy (horizontal)-plane at z = 0 mm of the HTFML, after magnetization from 

Bapp = 10 Tat 20 K. 

Hereafter, the levitation position of the target object in the HTFML is estimated for kinds of precious 

metals (Pt, Au, Ag and Cu) based on the magneto-Archimedes effect described by equation (6-4 ). The 

relevant physical parameters of the objects, referred from [2] , are presented in Table 6-3. The 

parameters for aqueous MnCb solution with concentrations ofMnCb, 50 wt% and 12 wt%, and 0 wt% 

(i .e. , pure water), are also referred from [2, 3, 13]. The required magnetic field gradient product, 

B2 ·dB2/dz , for levitation increases with decreasing concentration of MnCb in the solution. All of the 

precious metals can levitate in the HTFML for MnCb concentrations of50 wt% and 12 wt%. However, 

for the 0 wt% MnCb solution (pure water), only copper needs a higher B2 ·dBJdz value of over -7,000 

T2/m in water due to its high density and low susceptibility, which exceeds the capability of the present 

HTFML device. As a result, copper sinks in water, but the other precious metals can stably levitate at 

different heights in the bore of the HTFML. 

Figure 6-11 shows the estimated levitation position of each precious metal in the pure water solution 

in the central bore of the HTFML magnetized by Bapp = 10 T at 20 K. Magnetic levitation would be 

realized in the case when the object is stably lifted from beneath by the repulsive magnetic force; that 

is, the effective area exists above a negative peak of B2 ·dBJ dz at z = +5 mm for a diamagnetic object 

and above a positive peak at z = -5 mm for a paramagnetic object. For the precious metals in Table 6-

3, magnetic levitation could be realized at z = + 11 mm for the diamagnetic gold (Bz·dBJdz = -1401 

T2/m) and at z = +6 mm for the diamagnetic silver (B 2 ·dBJdz = -2800 T2/m) above the negative 
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Bz·dBzldz peak. On the other hand, magnetic levitation could be realized at z = -8 mm for the 

paramagnetic platinum (B2 ·dB2 /dz = +2210 T2/m) above the positive B2 ·dBJdz peak. However, copper 

would settle at the bottom of the tube because it is outside of the present HTFML's magnetic separation 

capability. 

With respect to the recovery method, a suitable one has not been proposed yet, and it should be 

determined on the basis of the separation method and target material(s). A separation and recovery 

experiment was reported by Ando et al. [27], in which glass particles floated by the magneto­

Archimedes method were collected using movable partitions into each compartment in their device. 
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Table 6-3. Density and susceptibility of the example metals and calculated Bz·dBzldz values to levitate 

them in aqueous MnCh solutions with concentrations 50 wt% and 12 wt% MnCh, and 0 wt% (i .e. , 

pure water). The parameters for aqueous MnCh solutions are also shown for reference from [2, 3, 13]. 

Metal 

Platinum 

Gold 

Silver 

Copper 

E 
E 
N 

Calculated B2 ·dBzfdz (T2/m) 

Density (p5 ) Susceptibility MnCh MnCh 

(g/m3) (xs) (50 wt%) (12 wt%) 

21.5 1.05 X 10-4 -805 

19.3 -1.70 X 10-4 -380 

5.56 -2.91 X 10-S -118 

8.96 -2.25 X 10-s -216 

Medium 
Density (pm) 

(g/m3) 

MnCh (50 wt%) 1.33 

MnClz cl2 wt%) 1.10 

MnCh (0 wt%; pure water) 1.00 
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Figure 6-11. Estimated levitation positions for each precious metal in the pure water solution in the 

central bore of the HTFML magnetized by Bapp = 10 Tat 20 K. 

Thus, the superiority of the HTFML to achieve magnetic separation using its ultra-high magnetic 
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field gradient product has been proposed from the following viewpoints: 

(I) Realization of an ultra-high magnetic field gradient product, B2 · dB2/dz: there are a limited number 

of facilities worldwide that can generate a B2 ·dB2 /dz - 2,000 T2/m for magnetic levitation. Figure 

6-12 summarizes the relationship between the applied magnetic field, Bapp, and the magnetic field 

gradient product, Bz·dBzldz, for superconducting magnets (SM) and large-scale hybrid magnets 

(HM) around the world [2, 11, 28-33], which are compared to the numerical results for the present 

HTFML device. The HTFML would generate quasi-permanently, an ultra-high magnetic field 

gradient product higher than that of conventional SMs and large-scale HMs, even for a lower 

applied field of IO T, which is enhanced due to the presence of the magnetic lens. 

(2) Compact size and mobility: this kind of high magnetic field source utilizing the HTFML would be 

a compact and mobile desktop-type superconducting bulk magnet system. Thus, it may be possible 

to improve the accessibility to strong magnetic fields in a variety of food, medical and industrial 

applications. 

(3) Mass productivity : Superconducting bulk magnets such as REBaCuO, fabricated by the melt­

growth technique, and MgB2, fabricated by the reactive Mg liquid infiltration, are available 

commercially and are being used in commercial products. In addition, a cryogenic refrigerator 

enables thermal control of the bulks in a compact and light-weight cryostat. The HTFML magnet, 

which consists of these technology-intensive components, is superior in terms of mass productivity 

to carry out high-throughput continuous separation in devices with different magnetic field 

gradient products. 

( 4) Cost efficiency: Unlike a conventional separation technique based on chemical processes, this 

HTFML would not need other energy consumptions for magnetic separation due to superconducting 

current that keeps flowing inside the bulk quasi-permanently, if the operating temperature is 

preserved, for which the bulk is kept as below Tc in the HTFML. It is possible to establish and operate 

the HTFML system using a cryogen-free refiigerator, which only needs electric power consumption 

for operation as a more cost-effective way without any coolants such as liquid nitrogen or liquid 

helium. 
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Figure 6-12. Relationship between the applied magnetic field , Bapp, and the magnetic field gradient 

product, IBz · dBzfdzl , for superconducting magnets (SM) and large-scale hybrid magnet (HM) 
around the world [2 , 11 , 28-33], which are compared to the numerical results for the HTFML. 
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6.5 Summary of Chapter 6 

In this chapter, the author has proposed and analyzed a new advantage of the HTFML by numerical 

simulations, other than the ability to provide a continuous, concentrated magnetic field higher than the 

applied field reported previously: exploiting the HTFML's ultra-high magnetic field gradient product, 

Bz·dB,ldz, which could be highly applicable to magnetic levitation and separation as a compact and 

strong magnetic field source. The HTFML device consisting of a GdBaCuO TFM cylinder and 

GdBaCuO magnetic lens after magnetization from 10 T can generate a concentrated magnetic field, 

Be, of 11.4 T and a Bz ·dB,!dz over ±3,000 T2/m, which is higher than that of other superconducting 

magnets (SM) and large-scale hybrid magnets (HM) around the world. The usefulness of the HTFML 

device in this respect was discussed based on numerical results for magnetic separation of a mixture 

of precious metal particles (Pt, Au, Ag and Cu) dispersed in pure water, exploiting the magneto­

Archimedes effect. The HTFML device enables the design of a compact and mobile desktop-type 

superconducting bulk magnet system and can improve the accessibility to strong magnetic fields in a 

variety of food, medical and industrial applications. 
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Chapter 7 

A conceptual study of 

a High Gradient Trapped Field Magnet (HG-TFM) toward 

providing a quasi-zero gravity space on Earth 
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7.1 Preface of Chapter 7 

Zero gravity in space is known to be a characteristic condition in scientific research fields. Up to 

now, some experimental research has been carried out exploiting quasi-zero gravity conditions in the 

International Space Station (ISS) as an environmental parameter, which focuses positively on 

applications related to life/medical sciences, such as protein crystallization [I] and cell culture [2] 

without natural convection caused by the gravitational force of the Earth. The so-called "space biology" 

resulting from this research is an important developing field that could contribute significantly to the 

Sustainable Development Goals (SDGs). 

A large magnetic field in combination with a large field gradient can provide a repulsive force 

against gravity on the Earth and achieve a counter-balance situation for any diamagnetic materials 

such as water, common metals and even cells of the human body. In 1990, magnetic levitation of 

diamagnetic materials such as water and plastics was first demonstrated by Beaugnon et al using a 

hybrid-type superconducting magnet (HM), in which a magnetic field gradient product, B2 • dB2 / dz , 

as high as -1923 T2/m was applied along the vertical direction against gravity on Earth [3]. 

Superconducting technologies have satisfied several demands for high magnetic fields including 

magnetic levitation. Nikolayev et al summarizes the specification of existing superconducting magnets 

worldwide, where the highest B2 • dB2 /dz = -3000 T2/m with a record-high magnetic field of30 T 

has been ever achieved in a HM and superconducting coil magnet (SM) [4]. Cryo-cooled 

superconducting magnets without liquid helium that can generate B2 • dB2 / dz up to -400 T2/m with 

magnetic fields up to I 0-12 T are now used practically at the laboratory scale. 

The magnetic force , Fm, acting on a material increases in proportional to the magnetic field , B2 , and 

the magnetic field gradient, dB2 / dz , along the z-axis (upper direction) as follows, 

(7 - 1) 

To enhance Fm, there are some trends related to the magnet design, i.e., the improvement of Bz and/or 

dB2 /dz . One example is the gradient-type superconducting magnet developed for protein 

crystallization, in which an inverse coil made from Nb3Sn was placed on the hybrid coil, consisting of 

an inner Nb3Sn coil and outer NbTi coils. As a result, the magnet can generate a B2 • dB2 / dz as large 

as -1500 T2/m around the boundary of both coils [5] . The most significant issue is that such a 

comparatively large B2 • dB2 / dz value has been realized only in a specialized facility [4]. For 

practical use of a magnetic quasi-zero gravity condition on ground, it is desirable for the magnetic 

source to be lightweight, mobile, and cost-effective as a desktop-type apparatus, and preferably 
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cryogen-free, i.e., operating without the need for any coolant such as liquid helium. 

In the case of the HTFML using a GdBaCuO bulk Jens and GdBaCuO TFM cylinder, a magnetic 

field gradient product as high as Bz · dBz/dz = -3000 T2/m could be generated inside the bulk annuli 

under the concentrated trapped field of Be = 11.4 T at 20 K, which allows for a quasi-zero gravity 

environment in a cost-effective and efficient way [6]. However, the HTFML device has some 

challenges in its construction and the magnetizing process. The temperature of the GdBaCuO bulk 

lens and the GdBaCuO TFM cylinder must be controlled individually during ZFCM for the lens part 

and FCM for the TFM part. A special technique is required in order to control the temperature 

separately and the magnetization process can take several hours. Moreover, it is quite difficult to 

realize a room temperature bore for practical applications exploiting the advantages of the HTFML 

because ofa narrow bore Jess than 10 mm in diameter in the GdBaCuO Jens, which is also encapsulated 

in a stainless steel (SS) holder. This does limit the effective size for practical scientific experiments. 

In this study, the author propose a new high gradient TFM (hereafter referred to as HG-TFM) to 

realize a quasi-zero gravity environment, in which slit ring bulks are combined with bulk TFM 

cylinders, and the magnetic properties were investigated in detail during and after magnetization using 

state-of-the-art numerical simulations. A maximum value of Bz · dBz/dz = -6040 T2/m was obtained 

after conventional FCM from B app = 10 T at 40 K for an HG-TFM with 10 mm in inner diameter, 

which may be the highest value ever reported compared to any other magnetic sources. The mechanical 

properties of the HG-TFM were also investigated to propose a realistic configuration of the HG-TFM 

device reinforced by a metal support structure that is essential to prevent mechanical fracture of the 

bulk superconducting material during the FCM process due to its brittle, ceramic nature. 
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7.2 Numerical modelling procedure 

Focusing on magnetic force applications for magnetic levitation [7-9] , a higher magnetic field 

gradient product, B2 • dB2 / dz, is desirable in the system as indicated by equation (7-1). The magnetic 

field gradient (dB2 / dz) term should be highly considered, as well as the trapped field (Bz) term, to 

improve the value of B2 • dBzl dz overall. 

Figure 7-l(a) presents a cross-sectional schematic of the three-dimensional numerical model ofthe 

HG-TFM, in which a conventional ring-shaped TFM cylinder, labelled "full-TFM", is sandwiched by 

two TFM cylinders with slits 10 deg. wide in the diagonal direction, labelled "slit-TFM". Figures 7-

l(b) and 7-l(c) show the top views of the full-TFM and slit-TFM, respectively. The outer diameter 

(O.D.) of the HG-TFM is 60 mm and the inner diameter (I.D.) is assumed to be either 10, 20 or 36 

mm for both TFM components. The height (H) of the full-TFM is 48 mm, for which three ring-shaped 

bulks 16 mm in Hare stacked, and each of the slit-TFMs are 16 mm in H. In the model, the height of 

the full-TFM is determined so that the trapped field capability to be 10 T for the HG-TFM with wider 

I.D. = 36 mm and is fixed temporarily for the comparison with various I.D. cases. The number of 

layers of the full-TFM can be reduced within the capability required in the device. Each bulk is 

mounted separately in an Al-alloy ring 5 mm in thickness (O.D. = 70 mm, I.D. = 60 mm, H = 16 mm) 

adhered by a thin layer of epoxy resin. A thin indium sheet layer (0 .1 or 1 mm in thickness) is inserted 

between each bulk to reproduce the boundary condition between each bulk in the realistic HG-TFM. 

A solenoid coil of 170 mm in O.D., 120 mm in I.D. and 200 mm in His used to apply the magnetic 

field for the magnetization process (not shown in figure 7-1 ). As described earlier, appropriate 

mechanical reinforcement must be considered for the bulks due to their brittle, ceramic nature for 

improving the reliability of the magnetization process and the device itself. Several studies have 

investigated the fracture behavior of the bulk TFMs, which has a high risk of occurring under FCM 

from applied fields over 10 Tat temperatures lower than 50 K, in particular [10-12]. As shown in 

figure 7-l(a), the model represents a realistic experimental setup for the mechanical reinforcement of 

the bulk magnets, which will be performed in the near future, employing outer Al-alloy rings and an 

outer stainless steel (SS) capsule of 5 mm in thickness that can provide a compressive stress over -100 

MPa when cooling from room temperature to the operating temperature to perform FCM. The 

mechanical reinforcement could endure up to B app = 10 T in actual FCM experiments [ 13 , 14]. 
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Figure 7-1. (a) Cross-sectional schematic ofthe three-dimensional numerical model ofthe HG-TFM, 

in which a conventional ring-shaped TFM cylinder, labelled "full-TFM" (yellow), is sandwiched by 

two TFM cylinders with slits 10 deg. wide in the diagonal direction, labelled "slit-TFM" (orange). The 

top views of the full-TFM and slit-TFM are also shown in (b) and ( c ), respectively. 

Figure 7-2 presents the magnetizing sequence for FCM of the HG-TFM, which is the same as that 

for a conventional TFM. The external field, Bex, is decreased linearly at a ramp rate of -0.222 T/min. 

from Bapp = 3, 5 or 10 T at a constant temperature at 40 K. Once the external field is ramped down to 

0 T for step 5, the static magnetic field 15 min later (for step 8) is then referred to as the trapped field 

value, BT. Only the z-component is considered for magnetic levitation because gravity acts along the 

-z direction. The electromagnetic phenomena of the bulk superconductor during the magnetization 

process are analyzed using the commercial software, Photo-EDDY (Photon Ltd, Japan). 

The nonlinear electrical property of the bulk superconductor is derived from the E-J power law as 

follows, 

(7 - 2) 

where Ee= 104 V/m is the characteristic electrical field, n = 20 is an appropriate power-law exponent 

for GdBaCuO bulk, and Jc is the critical current density. The realistic Jc(B) characteristics, including 

the fish-tail effect under certain magnetic fields, can be represented by the following equation 

proposed by Jirsa et al. [ 15], 
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Figure 7-2. Magnetizing sequence for FCM of the HG-TFM, which is the same as that for a 

conventional TFM . The external field, Bex, is decreased linearly at a ramp rate of -0.222 T/min. from 

Bapp = 3, 5 or 10 Tat a constant temperature at 40 K. 

Table 7-1. Numerical fitting parameters for the assumed Jc(B) characteristics of the GdBaCuO bulk 

used in equation (3), where the /J value is adjusted to reproduce the experimental result for the 

trapped field [6]. 

T (K) Jc1 (A/m2
) Bmax (T) a /3 

40 3.5xl09 0.9 2.7 X 109 6.0 0.8 0.50 

lc(B) = /3 · {fc1exp(-:) + lcz--/---exp [~(1-(f--f)]}, 
L m= a m= 

(7 - 3) 

where each relevant parameter, le 1, BL, Jez, Bmax, and a are fitted from the experimental results for a 

GdBaCuO bulk reported by Kii et al [I~] . The fitting coefficient, fJ , is employed so as to modify the 

deviation from the actual trapped field value (obtained experimentally) after FCM, particularly at 

temperatures lower than 50 K [6] . The parameters assumed for the GdBaCuO bulk material for 

equation (7-3) are summarized in Table 7-1. 
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7.3 Electromagnetic analysis results 

Before describing the mechanism of the HG-TFM in detail, the electromagnetic properties of each 

key component of the HG-TFM - the single full-TFM and the single slit-TFM - were investigated . 

Figures 7-3(a) and 7-3(b ), respectively, show the time step dependence of the magnetic field , Bz, during 

FCM from B app = 3, 5 and 10 Tat 40 Kat the center of the single full-TFM (1.D. = 10 mm, 0.D. = 60 

mm, H = 48 mm) and the single slit-TFM (I.D. = 10 mm, O.D. = 60 mm, H = 16 mm, slit 10 deg. 

wide). For the single full-TFM case shown in figure 7-3(a), the final trapped field, BT, after FCM was 

almost equivalent to each B app because of partial magnetization within the full capability of the full ­

TFM, which also enables the generation of a comparatively homogeneous magnetic field inside the 

bulk bore. Such a high field is realized by an induced supercurrent flowing inside the full-TFM as 

depicted. Nowadays, it is estimated that the trapped field capability for a disk-shaped bulk pair (O.D. 

= 24 mm, H = 24 mm) could be over 20 T, based on current state-of-the-art lc(B, T) characteristics 

[I 7]. The schematic view of the magnetic flux distribution and induced current direction in the single 

full-TFM is shown in figure 7-3(c), in which the conventional magnetic flux lines can be seen. 

In the single slit-TFM case shown in figure 7-3(b), when Bex decreased linearly, the Bz steeply 

decreased and became a negative value. Finally, the Bz value took a negative maximum at step 5 and 

then slightly recovered to the final BT value because of the non-linear electrical property of bulk 

superconductor (see equation (7-2)). At step 8, BT= -2.8, -3.3 , -3.6 Tvalues were obtained at the center 

of the single slit-TFM for B app = 3, 5 and 10 T, respectively. Figure 7-3(d) also shows the schematic 

view of the magnetic flux distribution and induced current direction in the single slit-TFM. An induced 

current flows counterclockwise in each piece separated by the slits, whfoh is the same direction with 

the full-TFM. However, the downward (-z-direction) magnetic flux would penetrate through the slit 

gap and exist even inside the central bore to build the magnetic loop in each piece of the slit-TFMs, 

which becomes the opposite direction to that generated by the single full-TFM ( +z-direction). The 

HG-TFM then provides a large magnetic field gradient around the interface between the full-TFM 

with upward magnetic flux lines and the slit-TFM with downward magnetic flux lines. 
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Figure 7-3. The time step dependence of the magnetic field , B,, during FCM from Bapp = 3, 5 and 10 

Tat 40 Kat the center of(a) the single full-TFM (I.D. = 10 mm, O.D. = 60 mm, H = 48 mm) and (b) 

the single slit-TFM (I.D . = 10 mm, O.D. = 60 mm, H = 16 mm , slit 10 deg. wide). The schematic view 

of the magnetic flux distribution and induced current direction in ( c) the single full-TFM and ( d) the 

single slit-TFM. 

Figures 7-4(a) and 4(b), respectively, show a comparison of the numerical results for the magnetic 

field , B, , and the magnetic field gradient product, Bz · dBz f dz, after magnetization with Bapp = 10 T 

at 40 K along the z-axis inside the bulk annuli, comparing three types of TFMs: the HG-TFM, the 

HTFML and a conventional ring-shaped TFM (single full-TFM). The dimensions of each TFM are 

shown in the figure, where the dimensions of the full-TFM part were assumed to be identical for each 

case (I.D . = 10 mm, O.D. = 60 mm, H = 48 mm). The dimensions of the magnetic lens for the HTFML 

can be referred to elsewhere [6] . In figure 7-4(a), the trapped field , Bz, at the center (z = 0 mm) of the 

HG-TFM and full-TFM should be comparable with the applied field of Bapp = 10 T. On the other hand, 

for the HTFML exploiting the diamagnetic lens effect, B2 can be concentrated into the bulk annuli , in 

which a concentrated trapped field of Be = 11 .0 T was achieved at 40 K at z = 0 mm. In figure 4(b ), 

the HG-TFM shows the highest Bz · dBz / dz value of -6040 T2/m at the boundary between each TFM 

part, z = 24 mm, which is remarkably superior than the other two types of TFM. In this sense, to 

improve the magnetic force efficiently, it would be more desirable to control the magnetic field 

gradient (dBzf dz) profile by focusing on the gradient itself rather than improving the trapped field 

(B2). One significant advantage of the HG-TFM is that its superior magnetic properties could be 
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Figure 7-4. Numerical results for (a) the magnetic field, B2 , and (b) the magnetic field gradient product, 

Bz · dBz/ dz , after magnetization with B app = 10 Tat 40 K along the z-axis inside the bulk annuli, 

comparing three types of TFMs: the HG-TFM, the HTFML and a conventional ring-shaped TFM 

(single full-TFM). 

realized using a conventional FCM process at one temperature and without any additional costs, except 

for the slit-TFM. Note again that figure 7-4 is an example assuming a narrow 10 mm bore in inner 

diameter for each system. The magnetic properties of the HG-TFM would change depending on the 

shape of the bulk material (O.D. , I.D., H, slit angle and so on) and the conditions of the magnetization 

process, such as the magnetizing temperature and Bapp• 

Figures 7-5( a) and 7-5(b ), respectively, show the magnetic field , Bz, and the magnetic field gradient 

product, Bz · dBz/dz , profiles oftheHG-TFM with innerboresofl.D. = 10, 20 and 36 mm along the 

z-direction inside the bulk bore after FCM from Bapp = 10 T at 40 K, compared with those of a single 

full-TFM (-24 mm :S z :S 24 mm) and single slit-TFM pair (±z = 25 - 41 mm). In figure 7-5(a), the 

slit-TFM pair with a narrower bore ofl.D. = 10 mm generates a higher negative trapped field(= -3 T) 

over a wider area at ±z = 20 - 40 mm, which is effective for improving the HG-TFM performance 

with a larger magnetic field gradient. The negative trapped field of the single slit-TFM pair decreased 

with increasing I.D. value and there is no remarkable negative value for I.D. = 36 mm. On the other 

hand, for the cases of the full-TFM and HG-TFM, the B2 profile becomes broad with increasing I.D. 

value and the shape of the trapped field profile no longer varies between the full-TFM and HG-TFM 
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Figure 7-5. (a) The magnetic field, B2 , and (b) the magnetic field gradient product, Bz · dBz/ dz, 

profiles of the HG-TFM with inner bores ofl.D. = 10, 20 and 36 mm along the z-direction inside the 

bulk bore after FCM from Bapp = 10 Tat 40 K, compared with those of a single full-TFM (-24 mm :S 

z :S 24 mm) and single slit-TFM pair (±z = 25 - 41 mm). 

with I.D. = 36 mm. Since B2 decays significantly with distance outside of the TFM; i.e. , at ±z 2: 24 

mm, there is less, or no magnetic flux controlled in the HG-TFM with wider I.D. = 36 mm. 

In figure 7-5(b), for the HG-TFM, the peak value of Bz · dBz/ dz was enhanced with decreasing 

I.D. at the boundary position between each TFM around ±z = 24 mm due to the presence of the slit­

TFM. A maximum Bz · dBz/ dz value of 6040 T2/m was achieved for I.D. = 10 mm, which is larger 

than that for the full-TFM (-3790 T2/m). It should be noted that a Bz · dBz/ dz value as large as -1400 

T2/m along the +z-direction of the vertical magnet is required to levitate a diamagnetic water drop in 

air [18]. In this sense, the effective volume for magnetic levitation can be estimated to be +z = 19 -

30, 17 - 30 and 13 - 27 mm inside the bore oftheHG-TFM with I.D . = 10, 20 and36 mm, respectively. 

For protein crystallization in a diamagnetic solution, a larger Bz · dBz/dz value of -4450 T2/m is 

required to realize an apparent zero-gravity condition without buoyancy flow, which is much higher 

than that estimated numerically [19]. For realizing a higher field gradient product, the HG-TFM with 

a narrower inner bore is desirable, leading to a trade-off between field gradient product and effective 

volume. 

Figures 7-6(a) and 7-6(b) summarize the final trapped field, BT(= B2 at step 8), at the center (x = y 

= z = 0) and the maximum field gradient product, IBz · dBz/ dzl, around the boundary position 

between the full and slit-TFMs of the HG-TFM, as a function of Bapp for various l.D. cases. The results 

for the full-TFM cases are also shown for reference. In figure 6(a), the trapped field capability is 

equivalent for all cases; thus, the relation BT= Bapp, is established based on the typical FCM process. 

- 116 -



However, for the magnetic field gradient product shown in figure 7-6 (b ), the HG-TFM would work 

more effectively for B app higher than 5 T and for narrower bores smaller than I.D. = 20 mm compared 

to the full-TFM. Table 7-2 summarizes the maxima of the magnetic properties for each case including 

the HG-TFM, HTFML and full-TFM, extracted from figures 7-4 and 7-6. The HG-TFM with 1.0. = 

10 mm would provide a maximum IBz · dBz/dzl = 6040 T/m2 when BT = 10 Tat 40 K, which may 

be the record-high value compared to that of other large-scale magnets : superconducting magnets 

(SM) ~ 1500 T/m2, and hybrid-type superconducting magnets (HM) ~3000 T/m2 using liquid helium, 

shown in figure 7-6(b) [4, 20]. 

In most related studies, based on apparatus using a permanent magnet with a magnetic field ~ 1 T, 

the magneto-Archimedes method must be exploited to reduce the required magnetic force using a 

paramagnetic medium solution [21 , 22] . The HG-TFM no longer needs such a method, and 

consequently, can provide simpler, medium-free operation with air or water. These advantages of the 

HG-TFM can provide the versatility of a quasi-zero gravity space as a desktop-type magnetic source 

for magnetic levitation processing, which enables the suppression of gravity-induced convection in a 

wide range of potential industrial applications such as protein crystallization and cell culture [ 1, 2]. It 

should be noted that Bz · dBz / dz values of 1980 and 2760 T2/m can be achieved after FCM from Bapp 

= 10 T even for the single full-TFM with 1.0. = 36 and 20 mm (without the slit-TFM), respectively, 

as shown in Table 7-2, which are higher than that achieved by SMs [4] . These results suggest that the 

single full-TFM can be also applicable for quasi-zero gravity in the open space outside the vacuum 

chamber with a range of 15-30 mm in diameter. There is a limit for the enlargement of the space in the 

bore because it is difficult to fabricate good quality bulks > 60 mm in 0.0., resulting in a narrower 

bore compared to that ofSMs. 

In our previous work [6] , where the mechanism of magnetic levitation in the quasi-zero gravity 

space is explained in detail , it was highlighted that a large magnetic field gradient product up to 3000 

T2/m of that particular HTFML design could be highly applicable to magnetic separation. Regarding 

the effectiveness of the magnetic force for crystal growth, it is shown elsewhere that the magnetic 

force affects several features: the magnetic field orientation, convection control, reduction of 

sedimentation and so on [7]. However, there are no theoretical rules yet regarding how the magnetic 

force works during the process and it differs between the target materials used. Thus, appropriate 

design of the 1.0. of the HG-TFM needs to be explored as related to the particular application, where 

the magnetic force profile in the HG-TFM could be correlated with the quality of the resultant 

crystallization. 
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Figure 7-6. (a) The final trapped field , BT(= Bz at step 8), at the center (x = y = z = 0) and (b) the 

maximum field gradient product, IBz · dB2 /dzl, at the boundary position between the full and slit­

TFMs of the HG-TFM, as a function of Bapp for various I.D. cases. The results are compared to that of 

the full-TFM cases and other large-scale magnets: superconducting magnets (SM), and hybrid-type 

superconducting magnets (HM). 

Table 7-2. Numerical results of maxima of the magnetic properties for each case including the HG­

TFM, HTFML and full-TFM magnetized at 40 K, extracted from figures 7-4 and 7-6. 

HG-TFM HTFML 

Bulk 1.D. (mm) 10 20 36 IO 

Bz (Bapp) (T) 10 ( 10) 10 (10) 9.8 (10) 11(10) 

IBz· dB,ldzl (T2/m) 6040 3460 1980 2430 

(single full-TFM) (3790) (2760) (1850) (1850) 

Magnetization FCM ZFCM+FCM 

Temperature (K) 40 
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7.4 Mechanical stress analysis results 

The mechanical fracture of bulk superconductors has been reported in several studies, where a crack 

might occur along the circumferential direction mainly due to the hoop stress induced during FCM 

from applied fields over 10 T at temperatures below 50 K . [10-12]. To date, to prevent such mechanical 

fracture during magnetization, mechanical reinforcement has been usefully applied using glass fiber 

reinforced epoxy resin [23] or shrink-fit steel [24] . Author 's group also proposed a new hat structure 

of an outer metal reinforcement ring based on the results of mechanical stress simulations, in which a 

large (RE)BaCuO ring-shaped bulk (I.D. = 36 mm, O.D. = 60 mm, H = 20 mm) was experimentally 

confirmed to endure FCM from 10 T without fracture [13]. For the HTFML consisting of a 

(RE)BaCuO lens and (RE)BaCuO TFM cylinder, the mechanical properties have been analyzed during 

the magnetizing process from B app = 10 T [25] , in which the necessity of adequate mechanical 

reinforcement was strongly suggested, at least for the GdBaCuO TFM cylinder, but possibly the 

magnetic lens as well. It is also necessary to investigate the mechanical properties of the present HG­

TFM as well during FCM, where the full-TFM part is tightly sandwiched by the slit-TFM pair. 

After calculating the trapped field profile shown in the previous section, the nodal force was then 

imported into another software package, Photo-ELAS (Photon Ltd, Japan), for calculating the 

electromagnetic stress on each mesh element of the bulk TFMs during magnetization, which enables 

us to assess the reliability of the HG-TFM in terms of the mechanical reinforcement method. 

Elastic behavior in an isotropic material can be expressed by Hooke's law, in which the stress tensor, 

CJij, is linearly proportional to the strain tensor, Eij, as follows 

(Jij = A · Ekk · Oij + 2G · Cij, 

E·v 

A= (1 + v)(l - 2v)' 

E 
G=---

2(1+v)' 

(7 - 4) 

(7 - 5) 

(7- 6) 

where ,1, and G represent Lame's constants, oij is the Kronecker delta function , Ey is the Young's 

modulus, and vis the Poisson ratio. The mechanical parameters, Ey and v, for each component of the 

HG-TFM are summarized in Table 7-3 , which are assumed in the simulation to be isotropic and in the 

elastic region. Note that all components, including the epoxy resin, indium and air gap, as shown in 

figure 7-1 , were included in the modelling of the HG-TFM, which should be considered for the 

accurate prediction of the mechanical behavior [26]. 
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Table 7-3 . Assumed mechanical parameters (Ey :Young's modulus and v: Poisson ratio) for numerical 

stress analysis of the HG-TFM shown in figure 7-1 [13 , 26]. 

Ev (GPa) V 

(RE)BaCuO bulk 100 0.33 

Epoxy resin 3.0 0.37 

Al alloy (A7075-T6) 78 0.34 

Indium 12.7 0.45 

ss 304 193 0.28 

Figures 7-7(a) and 7-7(b) show a contour map of the Von Mises stress, avM, and the 

electromagnetic hoop stress along they-direction, CJyy , respectively, calculated for the full-TFM part 

of the HG-TFM with inner diameters ofl.D. = 10, 20 and 36 mm, just after FCM from 10 T (step 5). 

In figure 7(a), the avM value, which is a scalar quantity, represents the total value of the mechanical 

stresses including all directions. Compared with the maximum CJyy value shown in figure 7-7(b), 

which is close to the maximum CJv M value of90 MPa around the inner periphery of the full-TFM part, 

it was found that the main component of the electromagnetic stress results from the hoop stress along 

they-direction in the full-TFM part. The maximum CJyy value was almost independent of the bore 

size because the trapped field is equivalent for each HG-TFM with different bore sizes as shown in 

figure 7-6(a). These numerical results for the stress profile are similar to that reported for the annular 

(RE)BaCuO bulk magnet system (full-TFM) for an NMR spectrometer [14] , in which an 

electromagnetic hoop stress about 100 MP a was generated at the inner peripheral region of the annular 

bulks reinforced by a similar structure. This means that the present reinforcement technique would 

work even for the present HG-TFM system . Considering the compressive stress of -100 MPa from the 

reinforcement by the Al-alloy rings and the SS capsule during the cooling process before FCM, the 

maximum total stress would be less than the fracture strength of typical Ag-doped (RE)BaCuO bulks 

of 50 - 70 MPa [27]. As a result, the full-TFM pa1t should be appropriately reinforced and not break 

(see ref. 21 ). 

Figures 7-S(a) to 7-S(c) show the contour map of the Von Mises stress, avM , the electromagnetic 

hoop stress along they-direction, CJyy , and the electromagnetic radial stress along the x-direction, CJ xx , 

respectively, for the slit-TFM pair of the HG-TFM with inner diameters ofl.D. = IO, 20 and 36 mm, 

just after FCM from 10 T. For the case of l.D. = 10 mm, a maximum Von Mises stress of avM = 54 

MPa exists at the surfaces of the slit-TFM pair facing the full-TFM part. The CJ xx profile for each 

I.D., as shown in figure 7-S(c), is similar to that for avM · On the other hand, the CJyy contribution to 

the Von Mises stress, as shown in figure 8(b), is relatively small. These results suggest that the main 

component of the electromagnetic stress results from the electromagnetic radial stress along the x-
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Figure 7-7. Contour map of(a) the Von Mises stress, CJvM, and (b) the electromagnetic hoop stress 

along they-direction, Ciyy , calculated for the full-TFM pa1t of the HG-TFM with inner diameters of 

I.D. = 10, 20 and 36 mm , at step 5 just after FCM from 10 T. 

direction, CJxx , in the case ofI.D. = 10 mm and I.D. = 20 mm. However, for the wider I.D. = 36 mm, 

the electromagnetic stress mainly results from the hoop stress along the y-direction, CJyy . Since an 

induced current flows in two regions in the slit-TFM independently due to the existence of slits, the 

resultant trapped field and the mechanical stress become lower, compared to the full-TFM, even if the 

slit-TFM is magnetized by FCM from 10 T. 
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Figure 7-8. Contour map of(a) the Von Mises stress, CJvM , (b) the electromagnetic hoop stress along 

they-direction, CJyy , and (c) the electromagnetic radial stress along the x-direction, CJ xx, for the slit­

TFM pair of the HG-TFM with inner diameters of l.D. = 10, 20 and 36 mm, just after FCM from 10 

T. 

During the magnetization of the HG-TFM exploiting slit-TFMs stacked on the full-TFM, an extra 

stress component may be generated due to the repulsive force between each TFM part. Figure 7-9(a) 

shows a cross-sectional contour map of the electromagnetic stress along the vertical direction, Cizz , 

for the HG-TFM with various inner diameters, just after the FCM process from l OT. The positive CJ zz 

value is concentrated mainly in the inner periphery of the slit-TFM facing the full-TFM, and the 

magnitude of Cizz increases with increasing l.D. These resu lts suggest that a repulsive force exists in 

this region. However, the positive Cizz region vanishes at the outer interface of the slit-TFM facing 

the full-TFM (z = ±24 mm, -15 :S x :S 30 mm for I.D. = 36 mm case), which indicates the possibility 

of an attractive force or very small repulsive force there. Figure 7-9(b) shows the Cizz distribution 

along the z-direction at the inner periphery (x = 18 mm) and at the outer periphery (x = 30 mm) for the 

HG-TFM with I.D. = 36 mm, which were extracted from figure 7-9(a). At the inner periphery, the Cizz 

value changes from positive to negative around the interface (z = ± 24 mm). These results indicate 

that a repulsive force exists at the inner interface. On the other hand, at the outer periphery, the Cizz 

value is negative and continuous for both the slit-TFM and full-TFM, suggesting that an attractive 

magnetic force might exist at the outer interface. Similar trends were also observed for the HG-TFM 
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Figure 7-9. (a) Cross-sectional contour map of the electromagnetic stress along the vertical direction, 

O'zz, for the HG-TFM with various inner diameters, just after the FCM process from 10 T. (b) The O'zz 

distribution along the z-direction at the inner periphery (x = 18 mm) and at the outer periphery (x = 30 

mm) for the HG-TFM with I.D. = 36 mm, extracted from (a) . 

for I.D.s = 10 and 20 mm. 

Figure 7-1 0(a) shows a schematic view of the magnetic flux profile for the HG-TFM after FCM. To 

understand the distribution of the magnetic flux lines at the interface visually, the full -TFM and the 

slit-TFM pair are placed at a distance. It can be confirmed visually that the magnetic flux lines co­

exist at the interface and form the superposition of the magnetic fields that is destructive around the 

central bore or constructive around the bulk periphery. 

Figure 7- lO(b) shows a contour map of the final trapped field , BT, of the HG-TFM with I.D . = 20 

mm after FCM from 10 T. It should be noted that a trapped field along the +z-direction exists at the 

periphery of the slit-TFM (region A), which has a similar BT strength of 10 T as for the full-TFM . 
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Figure 7-10. (a) Schematic view of the magnetic flux profile for the HG-TFM after FCM. (b) Contour 

map of the final trapped field , BT, of the HG-TFM with l.D. = 20 mm after FCM from l 0 T. ( c) The 

effective magnetic poles of the HG-TFM after FCM. The outer periphery region (region A) and inner 

periphery region (region B) of the slit-TFM can be considered as opposing magnetic poles. 

These results suggest that "region A" is magnetically attracted to the magnetized full-TFM. On the 

other hand, there exists little field trapped downward along the z-direction in the inner periphery region 

of the slit-TFM ("region B"). These results indicate that a repulsive magnetic force exists in the counter 

side in the full-TFM, which can be understood well from the schematic view of the magnetic flux lines 

in figure 7- lO(a). 

Let us describe these results using a magnetic pole model. Figure 7-l0(c) shows the effective 

magnetic poles of the HG-TFM after FCM, which presents the mechanism of the larger magnetic 

gradient of the HG-TFM. The outer periphery region (region A) and inner periphery region (region B) 

of the slit-TFM can be considered as opposing magnetic poles. As a result, region A is attractive (an 

N-S or S-N pair) and region Bis repulsive (N-N or S-S pair) with respect to the magnetized full-TFM 

at the interface. Since both TFM parts are mounted in an Al-alloy ring and the whole HG-TFM is 

encapsulated in an SS capsule, Clzz acts as a compressive stress, and that maxima is around 50 MPa 

for the full-TFM and 35 MPa for slit-TFM in the HG-TFM with 1.D. = 36 mm. However, in the 

narrower bore cases, l.D. = 10 and 20 mm , Clzz , decreases despite the superior Bz · dBz/ dz 

performance. In any case, there is little fracture risk due to the compressive stress for the HG-TFM 

during FCM from 10 T, since the compressive fracture strength of (RE)BaCuO bulk is about one order 

of magnitude higher than the tensile mechanical strength [28]. 
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7.5 Summary of Chapter 7 

The author has proposed a new concept of a High Gradient Trapped Field Magnet (HG-TFM). The 

HG-TFM is made from (RE)BaCuO bulk superconductors to realize a quasi-zero gravity space using 

magnetic force, in which a slit ring bulk (slit-TFM) was tightly stacked with a TFM cylinder (full­

TFM). State-of-the-art numerical simulations were used to investigate the magnetic and mechanical 

properties detail during and after magnetization. The important results and conclusions in this study 

are summarized as follows . 

1) A maximum value of the magnetic field gradient product of B2 • dB2 /dz = -6040 T2/m was 

obtained after conventional FCM from B app = 10 T of the HG-TFM with a 60 mm outer diameter 

and 10 mm inner diameter. This value may be the highest ever reported compared to any other 

magnetic sources. The superiority of the HG-TFM is the easier magnetization process including 

a single temperature and a simpler construction without any additional cost, but also the higher 

B2 • dB2 / dz can be provided in an open space outside the vacuum chamber. 

2) The B2 • dB2 / dz value increased with decreasing inner diameter of the HG-TFM and with 

increasing applied field, Bapp, during FCM. Even if the inner diameter of the HG-TFM is 36 mm, 

a B2 • dBzl dz value of 1980 T2/m can be achieved, which is slightly higher than 1850 T2/m for 

the single full-TFM case. 

3) The electromagnetic stress during the FCM process was also investigated to analyze the 

mechanical behavior of HG-TFM device. The electromagnetic stress in the HG-TFM device 

during the FCM process mainly results from the hoop stress along they-direction, CTyy , for the 

full-TFM. 

4) The outer and inner periphery regions of the slit-TFM can be considered as opposing magnetic 

poles. The outer periphery region is attractive (N-S or S-N pair) and the inner periphery region is 

repulsive (N-N or S-S pair) with respect to the magnetized full-TFM at the interface. However, it 

was confirmed that there is little fracture risk for the bulks during FCM from 10 T in the proposed 

realistic configuration of the HG-TFM, where both TFM parts are mounted in Al-alloy rings and 

the whole HG-TFM is encapsulated in an SS capsule. 

5) A quasi-zero gravity space can be realized using the HG-TFM with its large B2 • dBzl dz value 

in an open space outside the vacuum chamber even without the magneto-Archimedes method. 

The HG-TFM device is a compact and cryogen-free desktop-type magnetic source to provide a 

large magnetic force and can be applicable to scientific research, such as in the life/medical 

sciences for protein crystallization and cell culture. 
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This Ph.D. thesis summarized the development progress of a hybrid-type, superconducting bulk 

magnets, which is superior to the magnetic properties as well as the versatility, as a compact desktop­

type, magnetic field source. A conceptual numerical study of the HTFl\.1L has been verified 

experimentally for two cases: Case- I: using outer MgB2 cylinder and inner GdBaCuO magnetic lens, 

and Case-2: using all-REBaCuO system. Furthermore, a new concept ofa HG-TFM was proposed for 

realizing the quasi-zero gravity environment on the earth for the potential application such as protein 

crystallization and cell culture. The important prospects of the development are reviewed, periodically 

for each chapter in the following. 

Chapter 2: A new concept of a hybrid trapped field magnet lens 

A new concept ofa "hybrid trapped field magnet lens (HTFML)," consisting ofa superconducting 

bulk cylinder TFM using the "vortex pinning effect," combined with a bulk magnetic lens using the 

"diamagnetic shielding effect," can reliably generate a magnetic field at the center of the magnetic 

lens higher than the trapped field by TFM and the maximum external magnetizing field, even after the 

externally applied field decreases to zero. The proposed magnetizing sequence was tested using 

numerical simulations for two examples: I) an MgB2 cylinder and GdBaCuO lens pair ("case- I") and 

2) a GdBaCuO cylinder and GdBaCuO lens pair ("case-2"). In "case-I ," using the outer MgB2 cylinder 

and inner GdBaCuO lens pair, the MgB2 cylinder was magnetized by FCM with an applied field , Bapp 

= 3 T, during the descending stage, also corresponding to ZFCM of the GdBaCuO lens. The trapped 

field , BT = 2.85 T, in the MgB2 TFM cylinder was concentrated by the introduction ofGdBaCuO lens, 

and a concentrated magnetic field , Be= 4.73 T, was reliably achieved at the centre of the lens. In "case-

2," using the outer GdBaCuO TFM cylinder and inner GdBaCuO lens pair, a higher Be= 13 .49 T, was 

reliably achieved at the centre of the magnetic lens for B app = IO T. 

This HTFML device could be new from the reason that the trapped field is improved from 

viewpoints of the magnetizing technique in contrast with a conventional approach by only 

superconducting characteristics itself. 

Chapter 3: Design Optimization of a Hybrid Trapped Field Magnet Lens (HTFML) 

For the design of the magnetic lens, a systematic investigation was carried out by a numerical 

simulation. Each geometric parameter of the magnetic lens was varied, and a concentrated field at the 

center were compared. The HTFML with an optimized lens can achieve concentrated magnetic fields 

of Be = 5.6 and 12.8 Tat the center of the lens for applied magnetic fields of Bapp = 3 and 10 T, 

respectively. More practically, the mechanical stress was also estimated in the HTFML. For B app = 10 

T, a maximum tensile stress of 35 and 135 MPa exist in the magnetic lens and the TFM cylinder, 

respectively, during the magnetizing process. These results suggest that adequate mechanical 

reinforcement is needed in a practical design in order to avoid mechanical fracture at high magnetic 
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fields . 

Chapter 4: Experimental realization of a hybrid trapped field magnet lens using a 

GdBaCuO magnetic lens and MgB2 bulk cylinder 

The author's group has first verified a concept of the HTFML using GdBaCuO magnetic lens and 

MgB2 TFM cylinder, experimentally. A maximum concentrated magnetic field of Be= 3.55 Twas 

achieved in the central bore of the HTFML device after removing an applied field of Bapp = 2.0 Tat T 

= 20 K. The maximum Be value was smaller than the one estimated by numerical simulations, which 

results from the lower le (B, T) of the outer MgB2 cylinder, compared with those of the numerical 

predictions. For higher Bapp, the Be value was not enhanced because of the lower le (B, T) of the outer 

MgB2 cylinder. In other words, to resolve this issue and realize a higher Be, the most important thing 

in the magnetic and thermal design of the HTFML is that the outer TFM cylinder can replace an 

external coil magnet with a comparatively homogeneous magnetic field. 

Chapter 5: Experimental realization of a 10 T-class, all-(RE)BaCuO hybrid trapped 

field magnet lens 

In the HTFML, the outer TFM cylinder should be kept at a certain high temperature over Tc , in 

principle, until the ZFCM process of the inner magnetic lens finished. An all-(RE)BaCuO HTFML 

system was verified under 50 K, using only one cryocooler and a special technique named the "loose 

contact method", where the outer TFM was loosely connected to the cold stage before magnetizing 

process by introducing a gap between the cold stage. A maximum concentrated field of Be= 9.8 Twas 

achieved after magnetization with an applied field of Bapp = 7 T, which is twice as superior as the other 

HTFML devices with Bapp (= BT) up to 3 T to date. During magnetization with a higher Bapp of 10 T, 

the Be value suddenly dropped due to the occun-ence of a large flux jump that resulted in the 

mechanical fracture of the bottom bulk in the stacked TFM cylinder, even though mechanical 

reinforcement using a stainless-steel support was applied . There are no other reports for which the 

TFM cylinder was utilized with such a high field. Hence, to realize a Be value of over 10 T, further 

fundamental investigations are needed relating to the thermal stability of the stacked TFM cylinder. 

Chapter 6: Simulation study for magnetic levitation in pure water exploiting the 

ultra-high magnetic field gradient product of a hybrid trapped filed magnet lens 

(HTFML) 

As another applicational prospects, the author presented a new advantage of the HTFML by 

numerical simulations, other than the ability to provide a continuous, concentrated magnetic field 

higher than the applied field reported previously: exploiting the HTFML's ultra-high magnetic field 

gradient product, B2 ·dBJdz, which could be highly applicable to magnetic levitation and separation. 
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The HTFML device consisting of a GdBaCuO TFM cylinder and GdBaCuO magnetic lens after 

magnetization from 10 T can generate a concentrated magnetic field , Be, of 11 .4 T and a B2 ·dB2 /dz 

over ±3,000 T2/m, which is higher than that of other superconducting magnets (SM) and large-scale 

hybrid magnets (HM) around the world. The HTFML device enables the design of a compact and 

mobile desktop-type superconducting bulk magnet system and can improve the accessibility to strong 

magnetic fields in a variety of food, medical and industrial applications. 

Chapter 7: A conceptual study of a High Gradient Trapped Field Magnet (HG-TFM) 

toward providing a quasi-zero gravity space on Earth 

For the high field application which require the strong magnetic force , there are some trends related 

to the magnet design, i.e., the improvement of magnetic field B2 and/or magnetic field gradient 

dB2 / dz. The previous HTFML would have some issues on the versatility of operation as a desktop­

type magnet device that requires a longer, complex magnetizing process exploiting ZFCM and FCM 

and provide a narrower open bore below 10 mm. 

The author proposed a new concept of a High Gradient Trapped Field Magnet (HG-TFM) using 

numerical simulation. The HG-TFM is made from (RE)BaCuO bulk superconductors, in which a slit 

ring bulk (slit-TFM) that generate the minus, trapped field inversely, was tightly stacked with a 

conventional, large stacked TFM cylinder (full-TFM). A maximum value of the magnetic field 

gradient product of B2 • dB2 /dz = -6040 T2/m was obtained after conventional FCM from B app = 10 

T of the HG-TFM with a 60 mm outer diameter and 10 mm inner diameter. This value may be the 

highest ever reported compared to any other magnetic sources. The superiority of the HG-TFM is the 

easier magnetization process including a single temperature and a simpler construction without any 

additional cost. A quasi-zero gravity space can be provided in a compact, cryogen-free desktop-type 

HG-TFM device, which would be installed even in the laboratory scale and applicable to scientific 

research, such as in the life/medical sciences for protein crystallization and cell culture. 
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