
Reliable 4.8 T trapped magnetic fields in Gd-Ba-Cu-O bulk 

superconductors using pulsed field magnetization 

 

Difan Zhou1, Jan Srpcic2, Kaiyuan Huang2, Mark Ainslie2, Yunhua Shi2, Anthony Dennis2, 

Martin Boll3, and Mykhaylo Filipenko3, David Cardwell2, John Durrell2  
1Shanghai Key Laboratory of High Temperature Superconductors, Department of Physics, 

Shanghai University, Shanghai, 2000444, China 
2Department of Engineering, University of Cambridge, Cambridge, CB2 1PZ, UK 
3 Rolls-Royce Limited & Co. KG, Electrical, Otto-Hahn Ring 6, 81739 Munich, Germany 

 

Email address: dz286@shu.edu.cn 

jhd25@cam.ac.uk 

 

Abstract 

A robust and reliable in-situ magnetization method is essential for exploiting the outstanding 

magnetic flux trapping ability of bulk superconductors in practical applications. We report a 4.8 

T peak trapped magnetic field, BT, achieved at 30 K in a 36 mm diameter GdBa2Cu3O7-δ-Ag 

bulk superconductor using pulsed field magnetization (PFM). To realize this, we have 

developed a reliable two-step multi-pulse PFM process based on understanding and exploiting 

the avalanche-like flux jump phenomenon observed in these materials. The magnitude of the 

applied pulsed magnetic field (Ba) necessary to trap 4.8 T was merely 5.29 T, corresponding to 

a remarkable magnetization efficiency (BT/Ba) of 90%.  

 

Introduction 

Bulk high temperature superconducting (HTS) materials can trap large magnetic fields and 

operate effectively as high-strength pseudo-permanent magnets (PMs). Record trapped fields 

achieved by the field cooling method to date is 17.6 T in a twin-stack of GdBa2Cu3O7-δ-Ag 

(GdBCO-Ag) samples [1,2] and 17.24 T in a twin-stack of YBa2Cu3O7-δ-Ag (YBCO-Ag) 

samples [3]. The peak trapped field, BT, surpasses comprehensively the field generated by 

conventional PMs, e.g. NdFeB, at temperatures below 70 K [4-7]. Large, single-grain GdBCO-

Ag samples [8] and uranium-doped and irradiated YBCO samples have been shown to exhibit 

maximum trapped fields exceeding 2 T at liquid nitrogen temperature [9]. Such a high flux 

density with a significant magnetic field gradient could be transformative for a number of 

promising applications [10], such as portable high-field magnets [11,12], NMR/MRI [13,14], 

magnetic drug delivery [15,16], superconducting rotating machines [17] and electromagnetic 

undulators [18]. 

 

In-situ pulsed field magnetization (PFM), which is cost-effective and flexible in application and 

design compared with quasi-static field cooling (FC) and zero field cooling (ZFC) techniques, 

would be required to exploit the significance of bulk HTS magnets. However, the critical state 

model [19] predicts that efficient PFM is not feasible due to the extremely high external 

magnetic field that is required for magnetic flux to penetrate the pre-cooled superconductor 

mailto:dz286@shu.edu.cn
mailto:jhd25@cam.ac.uk


fully and the heat produced by the rapid flux motion during the magnetization. 

 

Itoh and Yanagi et al. investigated thermally assisted flux motion during the PFM process and 

observed flux jumps, described as “a sudden penetration and rapid motion” of magnetic flux 

[20]. They later achieved 3.6 T in a 36 mm diameter SmBCO-Ag sample following an IMRA 

(iteratively magnetizing pulsed field operation with reducing amplitudes) PFM procedure [21]. 

Fujishiro et al. reported the highest trapped field to date of 5.2 T (from an applied field of 6.7 

T) in a 45 mm GdBCO-Ag sample [22], and suggested that an “M-shaped” field distribution, 

obtained from an initial pulse that partially magnetizes the sample, was critical for obtaining 

such a high trapped field. However, this result has not been reproduced even under very similar 

conditions [22] and better samples [23]. Weinstein et al. recently reported a trapped field of 2 

T at 77 K and 4.54 T (deduced from 3.2 T measured 0.7 mm above the sample surface) at 49.1 

K in an uranium-doped and irradiated YBCO sample using PFM, and, more importantly, the 

magnetization efficiency (defined as the ratio between the peak trapped field and applied field, 

BT/Ba) was close to 100% [24,25].  

 

Previous reports indicate that a flux jump is an essential condition for obtaining such high 

trapped fields. We have simulated flux jumps numerically during the PFM process [26] and 

have extended the classical criterion for a flux jump to occur [27]. Exploiting this phenomenon, 

we obtained BT of 4.1 T measured at the surface and 5.3 T measured in-between a stack of two 

GdBCO-Ag samples of diameter 30 mm. Generally speaking, according to the typical Jc(B, T) 

characteristics of bulk HTS materials, the critical current density (Jc) and hence the induced 

shielding current decrease during the ascending period of the pulsed field. An avalanche-like 

flux jump occurs when the reduction in shielding ability exceeds the increment of Ba, and 

terminates when a critical state is re-established at the field penetration front. This indicates 

that a flux jump is prone to occur in a strong pinning scenario.In this paper, we report the PFM 

of a relatively larger GdBCO-Ag bulk sample than has been achieved previously [27] and an 

optimised magnetization strategy with a two-step multi-pulse process to routinely achieve a 
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Experimental details 

In the experiment, a 36 mm diameter GdBCO-Ag sample, as shown in figure 1(a), was selected 

from a batch of melt textured samples prepared using the standard top-seeded melt growth 

process [28]. Its peak trapped field, magnetized by FC at liquid nitrogen temperature, was 1.2 

T. Our state-of-the-art processing technique is able to maintain performance to a sample 

diameter of over 50 mm [29]. 

 



 

Figure 1. (a) The 36 mm diameter GdBCO-Ag sample under investigation, mounted in a copper 

holder. (b) Measured magnetic flux density at the centre of the magnetization coil with a 

discharging voltage of 200 V. The inset shows the dependence of the peak magnetic field of this 

coil on the charging voltage. (c) copper-wound magnetization coil.  

 

The sample was mounted in a copper holder and cooled conductively using a cryocooler. The 

temperature was measured using a temperature sensor (Lakeshore Cernox-AA) inserted just 

beneath the sample in the copper holder. The magnetic field was measured in real time by Hall 

sensors (Lakeshore model HGT-2101) placed on the surface of the sample with a distance of 

2.5 mm between each sensor. The data were recorded initially with a high frequency of 2 kHz 

for 10 seconds to observe the flux variation during the PFM process, and later with a low 

frequency of 1 Hz for 15 minutes to allow for sufficient flux creep relaxation.     

 

The pulsed magnetic field was generated in a copper-wound solenoid coil [figure 1(c)] with a 

flux density proportional to the coil current, and hence proportional to the charging voltage of 

the capacitor bank. The inset of figure 1(b) shows the pulsed field generated when the charging 

voltage is 200 V and the dependence of the peak, central magnetic field of the coil on the 

charging voltage. The rise time of the applied field is around 25 ms and decreases to zero in 

approximately 500 ms. 

 

Results and Discussion 

Our previous work showed that, at any particular operating temperature, there exists a critical 

magnitude of magnetic field to trigger a flux jump, and here we define this value as Bj. This 

value of Bj showed very good consistency in repeated experiments, and was found to be 

insensitive to the geometry of the sample. However, it is different for YBCO, GdBCO and 

SmBCO samples due to their different intrinsic flux pinning properties [30,31], and varies with 

the time duration of the pulse and structure of the magnetization coils (solenoid coil, split coils 

[32,33] and coils with and without iron yoke etc. [34]).  

 

Single-pulse PFM experiments were carried out initially in this study. Figure 2 shows the 

trapped field data at 70 K and 30 K measured 15 minutes after the PFM process to allow for 

sufficient flux creep relaxation. Significantly, the peak flux density on the central surface of the 

sample was as high as 4.4 T at 30 K when the applied field was only 4.6 T.  



 

Figure 2. Trapped field profiles at the surface of the bulk GdBCO-Ag sample measured 15 

minutes after the PFM process at operating temperatures of (a) 70 K and (b) 30 K. The measured 

results have been extended using the symmetry of the sample (dashed lines). 

 

Figure 3 shows the dynamic variation of the measured magnetic flux density for different pulsed 

fields at 30 K. Flux jumps can be observed clearly when Ba exceeds Bj (4.37 T at 30 K), as 

shown in figure 3 (a) and (b), in contrast to figure 3(c) where the penetration of magnetic flux 

follows critical state-like behavior. The flux jumps led to an avalanche-like penetration of the 

magnetic flux until a critical state was re-established at the penetration front, and hence a peak 

value of trapped field very close to the magnitude of the applied field can be obtained. The 

magnetic flux density at the centre of the surface of the sample increased above Ba immediately 

after the flux jump, as shown in figure 3(a), indicating that the magnetic flux fronts “jumped” 

deeply to the centre of the sample. Further increasing Ba to 5.06 T advanced the initiation of the 

flux jump by a few milliseconds. A critical state was re-established at a relatively outer location 

of the sample, resulting in an M-shaped trapped field distribution, rather than a conical 

distribution. It is worth mentioning that the flux creep at the centre of the sample [shown on a 

logarithmic time scale after the break in figure 3(a)] is negligible after the flux jump. In some 

cases, the central flux density increases due to the redistribution of the magnetic flux over the 

sample during this period.    



 

Figure 3. Variation of magnetic flux density measured at the centre of the sample surface at 30 

K when the applied pulsed field was (a) 4.6 T, (b) 5.06 T and (c) 4.14 T. A logarithmic time 

scale is used after the break on the abscissa axis in (a) to illustrate the relaxation of flux creep.  

 

Similar measurements have been repeated at various temperatures, and the dependence of the 

peak trapped field on the applied field is summarized in figure 4(a), where Bj for each operating 

temperature can also be determined. The peaks in the respective trapped field profiles were 

recorded for each measurement. These peaks are observed at positions not coinciding with the 

centre of the sample at temperatures below 60 K indicating that the magnetic flux front did not 

reach the centre of the bulk superconductor in these measurements. 

 

The maximum temperature rise (ΔT) of the copper sample holder is summarized in figure 4(b). 

These observed values of ΔT, which indicate the entire heat generated in the interior of the 

sample, increase with decreasing operating temperature given that the heat capacity of the 

material is smaller at a lower temperature. Therefore, further reducing the temperature to 25 K 

did not improve the trapped field, and an optimal operating temperature exists at around 30 K. 

On the other hand, the rise in temperature increases linearly with increasing applied field. The 

occurrence of flux jumps did not affect the observed linearity in ΔT. This indicates that the 

avalanche-like penetration of flux does not obviously produce heat, which is critical for 

achieving a high magnetization efficiency.         



 

Figure 4. (a) Dependence of the peak trapped field measured on the surface of the sample, and 

(b) the maximum temperature rise of the copper holder on the magnitude of applied field at 

each operating temperature. Bj at each temperature is noted by black arrows.  

 

A two-step multi-PFM method was used to further enhance the trapped field [35]. The basic 

concept is to pre-arrange flux at the periphery of the sample via pre-magnetization at a higher 

temperature, thus reducing the heat generated during the ascending period of the following 

pulse at a lower temperature. The maximum peak trapped field of 4.8 T, as shown in figure 5(a), 

was achieved when a first pulse of 2.99 T was applied at 70 K followed by a second pulse of 

5.29 T at 30 K. This peak trapped field of 4.8 T was re-produced in repeated tests with the same 

conditions and was found to be thermally stable after a long-period decay measurement. 

However, any change made to these conditions, such as operating temperatures for the first and 

second pulse or the magnitude(s) of the applied fields, were found to reduce the peak trapped 

field.  

 

The first pulse of 2.99 T was slightly smaller than the Bj at 70 K which partially magnetized 

the sample at the periphery where heat was generated [36]. The effect of this two-step method 

can be evidently found in figure 4(b) where the temperature rise for single- and multi-pulse 

PFM at 30 K (red open and solid circles) was compared. It allows the applied field to be 

increased further to 5.29 T at 30 K. The flux jump, as shown in figure 5(b), occurs when Ba 

approaches its peak value and the penetration front is close to the centre of the sample, resulting 

in a considerably higher trapped field. 



 

Figure 5. (a) Trapped field profiles achieved via a two-step PFM method with temperature 

combinations of 70 K + 30 K and 60 K + 30 K measured 15 minutes after the PFM process. (b) 

Variation of magnetic flux density on the sample surface when Ba = 5.29 T was applied at 30 K 

following an initial pulse of 2.99 T at 70 K. 

 

Conclusions 

We have investigated the optimum conditions for pulsed field magnetization of single grain 

bulk superconductors. Based on our understanding of the flux jump phenomenon, we achieved 

a peak trapped field of 4.4 T at 30 K from an applied field of 4.6 T using single-pulse PFM 

process and 4.8 T at 30 K from Ba = 5.29 T using a two-step multi-pulse PFM process. The 

magnetization efficiency was 95% and 90%, respectively. This robust two-step PFM method, 

which can be summarised as performing the 1st pulse slightly lower than the Bj value at a higher 

temperature and the 2nd pulse higher than Bj at a lower temperature, is considered a universal 

approach for achieving high trapped fields for practical applications.  
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