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Influence of the inductor shape, and the magnetization processes on a trapped magnetic flux in a superconducting bulk

In this paper, we study the form of the inductor for producing a magnetic field in a superconductor bulk by using a method of PFM (Pulsed Field Magnetization). We tested two inductors: vortex coil and systeme of three coils, where we found the best results with the systeme of three coils. After that, we presente two processes for trapping a magnetic field in the bulk: direct magnetization and successive magnetization where we found similar results.

Introduction

High-temperature superconductors are a new kind of superconductors which are promising materials for the permanent magnet applications [1][2][3][4][5]. Single domain bulk melt-processed RE-Ba-Cu-O has a large potential for use in permanent-magnet like engineering applications, such as magnetic bearings [6,7], and high power density rotating machines [8][9][10][11][12] because it can trap a high value of magnetic fields [13,14]. This kind of superconductor bulk can also shield the magnetic field and concentrate the flux to obtain a large density of magnetic field in some applications [15]. Until now, the maximum value of remnant magnetic induction in a permanent magnet is about 1.5 Tesla for NdFeB. But by using the principle of trapping the magnetic field by eddy currents in a High critical Temperature Superconductor (HTS), it is possible to obtain 4 T on the surface of a superconducting bulk at 77 K (liquid nitrogen) and 17 T at 29 K [13]. In general, there is an interest to increase the value of the induction. For example, an application that aims to transfer an effort, increase the value of the induction to increase the value of the magnetic energy in the gap and thus the electromagnetic torque. Our aim is to optimize the magnetization of the superconducting bulk and its processes. There are several methods of magnetization but we chose the most convenient method to implement in situ, it is PFM "Pulsed Field Magnetization" method. The general principle of this method is to discharge a capacitor in a coil which we call the inductor. This discharge will generate a magnetic field pulse which will induce currents and trapping a magnetic field in the superconductor bulk. This value of trapped magnetic field in the bulk depends on [16][START_REF] Berger | Etude des phénomènes couplés magnétothermiques dans les Supraconducteurs à Haute Température[END_REF][START_REF] Douine | [END_REF]: The critical current density Jc in the bulk, the size of the bulk, and the form of the magnetic field pulse applied on the bulk. In the literature, the PFM method was carried out by using only one coil, a long cylinder, around the superconducting bulk [19,20]. Some authors magnetize the bulk by using two coils one above it and the second below it [21,22,23]. In this paper, we study a small vortex coil above the bulk which is useful for the application where we don't have a large space to do the magnetization and only one magnetized surface of the bulk is needed. We study also a system of three coils that is useful for the electrical applications where we have enough space (e.g. magnetic coupling, and axial motors applications) and the need for a large value of trapped magnetic field on the two surfaces of the bulk. For both systems, the vortex coil and the two coils, above and below the bulk, in the system of three coils can be removed after the magnetization. First, we present the experimental devices which we used for doing the magnetization and obtained the profile of magnetic field after the magnetization. We show also the operating mode to obtain the optimal magnetic field in the superconductor bulk. Then the study of two types of inductors used and comparison of different methods of magnetization are exposed.

EXPERIMENTATION 2.1 Experimental means

In this section, we present the superconducting bulk, the two types of inductors, the circuit of magnetization, and the measurement of the trapped magnetic field profile. The work was carried out at a constant temperature of 77 K, the temperature of liquid nitrogen.

Superconducting bulk

We carried out all measurements on a superconducting bulk of YBCO that has the dimensions 16 mm diameter, and 8 mm of height. The critical temperature of this bulk is 92 K. This superconducting bulk has some holes parallel with the Z axe. The diameter of every hole in the bulk is about 0.5 mm with a high of 8 mm [24]. These holes maximize the trapped magnetic field by enhancing the oxygen annealing and the heat exchange with the cooling liquid [25]. Figure 1. For measuring the magnetization of the bulk, the magnetic field at the center of the bulk surface is measured by a Hall sensor adapted to low temperatures. The distance between the active part of the sensor and the surface of the bulk is about 0.5 mm.

Inductors

In this domain of magnetization, many types of inductor were tested. For knowing the difference between some shapes of inductor, we test and compare two types (a vortex type, and a system of three coils). We choose this kind of copper coils in order to produce the highest possible value of magnetic field, but we have some limit conditions:

• The maximum of discharge current in the RLC circuit is limited to the thyristor peak current limit, 8000 A. This peak current limits the possible values of R and L of the designed coil. • In order to maximize coupling between the coils and the bulk, the coils are chosen as close as possible to the bulk, according to the dimension of the superconducting bulk and also to the cooling capacities.

a) The vortex coil For magnetizing the bulk, we use a copper coil as an inductor with the following parameters: To hold the coil, it has been molded with the resin. Figure 2 shows the coil and its position relative to the bulk. b) The system of three coils We will use another inductor which consists of three copper coils, the first coil is above the bulk, the second coil is around it, and the third coil is below it. The three coils are connected in series and the field seen by the bulk is created by the sum of the three coils which have the following field settings:

Table 2. Characteristic of the system of three coils 

Circuit magnetization and operating mode

To magnetize a superconducting bulk we use an electrical circuit (figure 4) which consists mainly of a variable transformer 0-350 V, a rectifier AC /DC, 24 capacitors in parallel (total capacity 80 mF), a thyristor can support a maximum current of 8000 A, a diode D, a coil (or inductor), and some measuring devices (oscilloscope, voltmeter and ammeter). The optimal magnetic field is defined as the minimum value of the peak of magnetic field pulse applied to the superconducting cold bulk to magnetize it with a maximum trapped field. We can also define the pulse related to this field as the optimal pulse. To find the optimal pulse with the experiments, we chose the following operating mode, which consists of five steps:

1 Fix an initial value of the AC output voltage Ut of the variable transformer. If this field is high enough to penetrate into the bulk, it will remain a trapped magnetic field into the bulk. We measure and save the magnetic field pulse, the trapped field and the current in the electrical circuit by using the oscilloscope. 5 Repeat the previous four steps by increasing the transformer voltage Ut, until arriving at the optimal magnetic field. Note: Apply the optimal pulse 2-3 times enhance slightly the trapped magnetic field.

Measurement of the trapped magnetic field profile

After magnetization, and to know the distribution of trapped magnetic field on the surface of the superconducting bulk, we put the bulk on an XYZ table (Figure 5) that allows us to make a matrix of values of the magnetic field in a plane parallel to X0Y with a distance Z = 0.5 mm from the surface of the bulk. We chose one measuring step X = Y = 2.22 mm. Unfortunately for this measurement of magnetic field profile we must remove rapidly the superconducting bulk from the inductor and move it to the XYZ table. The bulk is caught inside the inductor whit a fixation system. So, this movement is in the free air at the room temperature so the magnetization of the bulk decreases slightly during this operation. This is even more critical in the case of three coils system because the extraction of the bulk from the three coils takes more time than in the case of the vortex coil. 

The different processes of magnetization

We study two process of magnetization and we have compared the results.

Direct magnetization process

In this process (figure 6), two pulses are applied to an initial voltage level and we store the maximum of magnetic field applied on the bulk and the trapped magnetic field in the bulk after 30 minutes of the end of the second magnetic field pulse. Then we cancel the trapped magnetic field by heating the bulk. This process is repeated by increasing the voltage of the capacitor (i.e the applied field) until we find the optimal magnetic field. In other words the bulk is free of any magnetic field whenever the magnetization is carried out at a higher magnetic field pulse. 

The process of successive magnetization

In this process (figure 7), we also apply two pulses to a selected voltage level, but we will not cancel the trapped magnetic between two different voltage levels. That is mean, the bulk is already magnetized when a new pulse is carried out (the bulk is kept in liquid nitrogen). We measure the trapped magnetic field 1 min after the end of the second pulse but when we arrive at the optimal field we measure the trapped magnetic field after 30 min of the pulse end. In the two processes, the maximum value of the applied field and trapped field in the bulk are saved.

RESULTS AND DISCUSSION

Study of the influence of the inductor shape

For the vortex coil, the second optimal pulse measured by the Hall sensor and the current pulse in the circuit of magnetization are shown in figure 8. It contains the following information: 9 shows the profile of the magnetic field measured by using the XYZ table for the two surfaces of the bulk after 30 minutes at the end of the magnetization cycle. For the face which is in front of the vortex coil, we find that the maximum value of the trapped field is 0.2 Tesla. This field is in the centre of the bulk face, figure 9 (a). For the other face, the bulk has low values of trapped magnetic field; we find the minimum values at the edge of the bulk and also at the center, figure 9(b). Magnetic field profile on the bulk at z=0.5mm, 30 minutes after the magnetization by the vortex coil. On the opposite face to the vortex coil. This distribution of the magnetic in the first face of the bulk is due to the easy and direct penetration (the coil is directly in front of the bulk surface), which is not the case for the other face. For the system of three coils, figure 10 shows the second optimal pulse of field measured by the Hall probe and the current pulse in the circuit of magnetization. From this experiment, we find the following information: The trapped magnetic field is comparable to the one measured at the surface of a permanent magnet placed in the air e.g. NdFeB with a remanent induction of 1.2 T. Figure 11 shows the field profile for the two faces of the bulk measured one hour after the end of the cycle of magnetization (= 30 min in the inductor + 30 min to liberate the bulk and install it on the XYZ table). We observe that the maximum value of trapped field is 0.36 T less than the measured value 0.45 T due to technical problems related to the measurement of the field profile presented in section 2.1.4. By comparing the two trapped fields in the bulk by using two types of inductors, we found that it is more interesting to use the system of three coils for two raisons: 1-The trapped magnetic field is stronger. 2-The magnetization is the same for the two faces of the bulk. But the implementation and installation of the experiments with this system is more difficult than the simple vortex coil. One question is remained, why we have different trapped magnetic fields in the same superconducting bulk when we use different inductors? If we compare the two optimal pulses of magnetization (figure 8, and Figure 10), we find that we have almost the same maximum value of magnetic field pulse, but we have different pulse duration, in the system of three coils the pulse duration is 10 times more than pulse duration in the vortex coil, due to L, and R of the inductor. Where is the viscosity coefficient, and 0 is a fluxoid quantum. The presence of a large viscous force must be responsible for the formation of an apparent barrier. The variation of the magnetic field during the PFM operation for the vortex coil is 6-7 times more than its variation in the case of the system of three coils. So we have a large viscous force during the magnetization by using the vortex coil compared with the system of three coils. It's also the reason that we obtain better results with the ZF, and ZFC method (Field Cooling, and Zero Field Cooling) where the viscous force is negligible and the variation of magnetic field is very slow and its value close to zero.

Study of different processes of magnetization

We will use the system of three coils for the two process of magnetization due to the last results. Figure 12 shows the evolution of the trapped field in the bulk according to the maximum applied field using the direct magnetization process. We found that the maximum trapped field is 0.47 T with a maximum applied field of 1.34 T and for larger values of the applied field the bulk will saturate.

Figure 12.

Trapped field according to the maximum applied field. Figure 13 shows the evolution of the trapped field in the bulk according to the maximum applied field by using the successive magnetization process. We find that the maximum trapped field of 0.45 T with a maximum applied field of 1.34 T. By comparing the results of the two methods of magnetization, we did not find significant differences. So we propose to use the simplest process. If we already know the optimal field for the bulk, the direct magnetization process is advised to apply. 

CONCLUSION

Through our experimental results and simulations, we have shown clearly the benefit of the three coils system in series. We also presented the results from the analysis of two magnetization processes used. In the future works, we hope to enhance the trapped magnetic field in the bulk by using a pulse control system which can increase the time duration of the magnetization pulse. Finally, these works on the magnetization by PFM in liquid nitrogen allow us to discuss the technological choices to consider for magnetize one superconducting bulk or more in a motor application type, or coupling magnetic operated in a lower temperature.
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 1 Figure 1. Superconducting bulk.
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 2 Figure 2. Magnetization with a vortex coil.
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 204 Figure4shows the system of 3 inductors with the superconducting bulk.
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 3 Figure 3. System of three coils around the superconducting bulk.
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 2 Close the switch to charge the capacitor with a DC voltage through the rectifier AC / DC. Note: the thyristor Th is still open in this section. 3 Open the switch after charging the capacitor C. 4 Close the thyristor Th by applying a pulse to its gate. That it produces a current pulse flows in the electrical circuit associated to a pulse of the magnetic field on the bulk.
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 4 Figure 4. Electrical circuit.
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 5 Figure 5. Measurement of the magnetic field profile after the magnetization on 20 × 20 area.
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 6 Figure 6. Direct Process of magnetization.2.2.2 The process of successive magnetizationIn this process (figure7), we also apply two pulses to a selected voltage level, but we will not cancel the trapped magnetic between two different voltage levels. That is mean, the bulk is already magnetized when a new pulse is carried out (the bulk is kept in liquid nitrogen). We measure the trapped magnetic field 1 min after the end of the second pulse but when we arrive at the optimal field we measure the trapped magnetic field after 30 min of the pulse end.
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 7 Figure 7. Successive process of magnetization.In the two processes, the maximum value of the applied field and trapped field in the bulk are saved.
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 9 Figure 9(a). Magnetic field profile on the bulk at z=0.5mm, 30 minutes after the magnetization by the vortex coil. In front of the vortex coil.
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 9 Figure 9(b).Magnetic field profile on the bulk at z=0.5mm, 30 minutes after the magnetization by the vortex coil. On the opposite face to the vortex coil. This distribution of the magnetic in the first face of the bulk is due to the easy and direct penetration (the coil is directly in front of the bulk surface), which is not the case for the other face. For the system of three coils, figure10shows the second optimal pulse of field measured by the Hall probe and the current pulse in the circuit of magnetization. From this experiment, we find the following information:
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 410 Figure 10. Optimal field pulse and its current in the inductor.
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 11 Figure 11. The profile of the magnetic field after the magnetization (the same for the bulk faces top and bottom).

  The forces during the magnetization cycle have three principal sources: FL Lorentz force density FP Pinning force density FV Viscous force density During the PFM operation, the flux motion depends on the following force balance [19]: FL + FP + FV = 0 Where FV depends on the flux velocity : FV = -|| 0

Figure 13 .

 13 Figure 13. Trapped field according to the maximum applied field.
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 1 Characteristic of the vortex coil

	Number of turns	Effective height (mm)	Effective diameter (mm)	Inductance ()
	8	3.7	41	∼ 4

Table 3 .

 3 Magnetization pulse with vortex coil.

	Current	Pulse duration	Optimal field (T)	Trapped magnetic	Trapped magnetic field
	max (A)	(ms)	(with the reaction	field at the end of	after 30 min of the pulse
			of the bulk)	the pulse (T)	end (T)
	6000	2.7	1.24	0.25	0.2