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Abstract—One of the potential applications of ring-shaped, single 
grain RE-Ba-Cu-O bulk superconductors is in desktop magnetic 
resonance imaging (MRI) and nuclear magnetic resonance (NMR) 
systems as an alternative to conventional permanent magnets. The 
higher magnetic field available from magnetized bulk supercon-
ductors could significantly improve the performance of such sys-
tems, as well as reduce their size and increase portability.  The 
pulsed field magnetization (PFM) method provides a fast, compact 
and cost-effective method for magnetizing these materials as 
trapped field magnets. However, bulk superconducting rings are 
very susceptible to thermomagnetic instabilities during the PFM 
process, and thus, to date, the reported trapped fields in ring bulks 
magnetized by PFM are less than 0.35 T at the centre of single 
rings.   

In this work, we demonstrate that the trapped field in a super-
conducting ring bulk can be enhanced significantly by optimizing 
the waveform of the magnetizing pulse used in the PFM method.  
This optimization can be achieved easily by using an Insulated 
Gate Bipolar Transistor as a fast-switching device with a control-
lable switching frequency in the pulse-generating electric circuit. 
Our findings represent a key step forward in utilizing bulk, single-
grain superconducting rings magnetized by PFM in portable mag-
net systems.  
 

Index Terms— High-temperature superconductivity, bulk su-
perconductors, bulk superconducting rings, trapped field mag-
nets, pulsed field magnetization, waveform control 

I.  INTRODUCTION 

TUDIES have been conducted to explore the possibility of 
exploiting the high field trapping capability of RE-Ba-Cu-

O (where RE = rare earth or Y) bulk superconducting rings as 
an alternative to conventional permanent magnets in desktop 
NMR and MRI systems to significantly improve their perfor-
mance, as well as reduce their size and increase portability. 
Some success has already been demonstrated using RE-Ba-
Cu-O bulk superconducting rings magnetized by the field-
cooled (FC) magnetization method [1, 2, 3]. For the FC meth-
od, large and expensive superconducting magnets and long 
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magnetization times (e.g., hours) are required. Alternatively, 
the pulsed field magnetization (PFM) method provides a fast, 
compact and cost-effective mean of magnetizing RE-Ba-Cu-O 
bulk superconducting discs with high trapped fields [4, 5]. 
However, the final trapped fields obtained by PFM are gener-
ally lower than those obtained using the FC method due to 
heating during the PFM process associated with the rapid 
movement of magnetic flux [6]. The heating issue is more se-
rious for bulk superconducting rings. The heat capacity of 
bulk superconducting rings is smaller than that of the discs 
with the same outer diameter because of the missing material 
in the bore. Magnetic flux penetrates into a ring bulk super-
conductor during the PFM process from both the inner and 
outer edges of the sample [7, 8], which may also lead to higher 
heating when these flux fronts meet [9], in comparison with 
disc-shaped superconductors of the same outer diameter. As a 
result, bulk superconducting rings are more susceptible to 
thermomagnetic instabilities during the PFM process, making 
it very challenging to magnetize samples of this geometry to 
high trapped fields. Thus, in the literature to date, reported 
trapped fields in bulk superconducting rings magnetized by 
PFM are less than 0.35 T at the centre of a single ring bulk 
compared to those magnetized by FC [10, 11, 12, 13]. 

The trapped field in a superconducting RE-Ba-Cu-O disc 
bulk can be enhanced by controlling the waveform of the 
magnetizing pulse used in the PFM method [14]. The wave-
form of the magnetizing pulses can be modified by changing 
the values of the capacitance, inductance or resistance of the 
pulse-generating circuit [15]. Alternatively, Hirano et al. [13] 
increased the rise time of the magnetizing pulses by inserting 
copper plates into a stack of ring-shaped MgB2 bulk supercon-
ductors. In a different approach, Ida et al. [14, 16] used the 
waveform control pulse magnetization (WCPM) method to 
modify the waveform of the magnetizing pulses. In this 
WCPM method, an Insulated Gate Bipolar Transistor (IGBT) 
was used, which acts as a high-speed switch. The waveform of 
the magnetizing pulse is modified by changing the switching 
frequency of the IGBT. 

In this work, we have employed the WCPM method (with-
out feedback) to perform single-pulse measurements on a sin-
gle-grain Ag-containing Gd-Ba-Cu-O ring bulk superconduc-
tor. The measurements were performed at temperatures down 
to 70 K using magnetizing pulses with different waveforms, 
with the rise time and the full-width-half-maximum of the 
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magnetizing pulses varied from 25 to 116 ms and 62 to 245 
ms, respectively. 
 

II. EXPERIMENTAL DETAILS 

A. Sample Details 

The sample studied in this work is a single-grain, annular 
bulk Ag-containing Gd-Ba-Cu-O superconductor, fabricated 
by the top seeded melt-growth technique (TSMG) using the 
buffer-seed technique [17]. The ring was grown as such, rather 
than being machined post-growth: the single crystal structure 
was achieved using a flat circular buffer pellet placed on top 
of the whole ring, on which the seed crystal was placed. After 
growth the buffer was removed. The outer diameter, inner di-
ameter and the height of the ring bulk in its final, as-fabricated 
form were 30.8 mm, 12.5 mm and 11.9 mm, respectively. A 
photograph of the sample is shown in Figure 1. 

B. Pulsed Field Magnetization System 

The PFM system can generate a pulsed magnetic field with 
a peak value up to 5 T. The pulsed field is generated by dis-
charging a capacitor bank (max. voltage 350 V) through a 
copper-wound solenoid or split coil. A schematic diagram of 
the electric circuit is shown in Figure 1. The IGBT in the cir-
cuit serves as a fast-switching device to control how the cur-
rent flows through the excitation coil when the capacitor is 
discharging. The IGBT is closed when the gate voltage is in 
the high state and open when the gate voltage is in the low 
state. Therefore, the shape of the output magnetic pulses can 
be changed by controlling the duty cycle (DutyC) and the fre-
quency of the gate voltage to the IGBT. When the DutyC and 
frequency of the gate voltage to the IGBT is equal to 75% and 
1 Hz then the function of the IGBT is equivalent to a simple 
on-and-off switch in the circuit and we refer to this as the 
IGBT’s default state for these settings. The output magnetic 
pulses at 110 K with a charging voltage of 187 V are shown in 

Figure 2 when different duty cycles and frequencies of the 
gate voltage were applied. The rise time and the full-width-
half-maximum (FWHM) of the magnetizing pulses could be 
modified from 25 to 116 ms and 62 to 245 ms, respectively. 
Hereafter, we refer to the peak value of the magnetizing pulse 
as the ‘applied field’ for simplicity. 

C. Single-Pulse PFM and Field-Cooling Measurements 

All the single-pulse PFM measurements were performed us-
ing a portable PFM system developed by the Cambridge Bulk 
Superconductivity Group based on a previously reported sys-
tem for magnetizing disc bulks [5]. The new system uses a 
Sunpower CryoTel GT cryocooler to provide larger cooling 
power. Moreover, either a solenoid or split coil can be used for 
the PFM measurement in the new system. To measure the 
magnetic field, a linear array of three Hall sensors were 
mounted in a copper housing, slotted to mitigate any effects 
from eddy currents induced during the pulse. These sensors 
are transverse Hall sensors with a sensitivity of 11 to 28 
mV/kG when an applied current of 1 mA is used. The distance 
between two adjacent Hall sensors was 3 mm. The copper 
housing was then inserted into the bore of the ring bulk such 
that the Hall sensors were positioned along the crystallograph-
ic c-axis of the sample. One Hall sensor was at the centre of 
the bore and the other two were 3 mm above and below the 
centre. The copper housing also provided additional cooling to 
the inner surface of the sample. The sample was first cooled 
down from the normal state to the superconducting state then a 
pulsed field was applied to it. Measurements of the trapped 
field inside the bore of the sample were taken every 0.5 ms for 
the first 10 seconds after applying each magnetic pulse and the 
sampling rate dropped to 100 ms per data point for the rest of 
the measurement. The values of trapped field presented in this 
paper are the values recorded at 15 seconds after applying 
each pulsed field. Hereafter, we refer to the trapped field at the 

 
Fig. 1. (Left) A schematic diagram of the pulse generating circuit. (Upper
right) A drawing of the copper housing on which the three Hall sensors were
mounted. (Lower right) A photograph of the Ag-containing Gd-Ba-Cu-O ring
bulk superconductor studied in this work. 
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Fig. 2. Applied field versus time at 110 K. The charging voltage was kept
the same at 187 V. The rise time of the pulses are 25 ms (75% DutyC and 1 
Hz SF), 44 ms (50% DutyC and 300 Hz SF), 69 ms (25% DutyC and 300 Hz 
SF) and 96 ms (12% DutyC and 300 Hz SF). 
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centre of the ring bore as the ‘trapped field’ in short when the 
PFM data are discussed. 

For the FC measurements, the sample was cooled from 
room temperature to 77 K, in an applied field of 1.5 T from a 
copper electromagnet, using a liquid nitrogen bath. The ap-
plied field was then removed and the trapped field profiles at 
1.5 mm above the top and bottom surfaces of the sample were 
measured using a rotating array of 18 Hall sensors. A 
handheld gaussmeter was also used to probe the maximum 
trapped field inside the bore of the sample. 

III. RESULTS AND DISCUSSION 

As shown in Figure 3 the FC measurements at 77 K show 
that the trapped field of the sample was quite uniform in the 
region above the bore of the sample, and the trapped field on 
the top and bottom surfaces was largely the same, indicating a 
well-grown, high-quality sample. The maximum trapped field 
was measured to be 0.65 T inside the bore of the sample. 

At 77 K the maximum trapped field obtained by single-
pulse PFM when the IGBT was in its default state was 0.58 T 
which is already 89% of the FC value (0.65 T). The trapped 
field increased further to 0.61 T or 94% of the FC value using 
a 12% DutyC and 300 Hz switching frequency (SF). When the 
IGBT was in the default state, the ring bulk achieved the high-
est trapped field using the single-pulse PFM method at 73 K. 

 In order to better understand the effect of the waveform of 
the magnetizing pulse on the final trapped field, we performed 
more extensive single-pulse PFM measurements on our sam-
ple at 73 K. In Figure 4, we plot the trapped field of the sam-
ple against the charging voltage applied to the capacitor bank 

at 73 K for different waveforms of the applied magnetizing 
pulses. When the IGBT was in the default state the maximum 
trapped field was 0.60 T. The value of the maximum trapped 
field increased to 0.76 T using a 25% DutyC and 300 Hz SF. 
At the same time the charging voltage was increased from 187 
to 250 V to achieve the same peak applied field value (2.4 T). 
It can be clearly seen in Figure 5 that the wider magnetizing 
pulse led to a higher trapped field for the same applied field. 
This also indicates that the enhancement of the trapped field 
required higher input energy to the capacitor bank. The in-
crease in maximum trapped field saturated as the width of the 
magnetizing pulse increased further. It might suggest 0.76 T is 
very close to the maximum field the sample could trap at 73 
K. 

At lower temperatures a higher applied field is needed to 
push flux into a bulk superconductor because of the higher 
critical current density, which leads to larger heating in the 
bulk during PFM. Therefore, the maximum trapped field in a 
bulk sample sometimes does not increase, and can even de-

 
Fig. 3. The trapped field distribution of the sample at 77 K using the FC
method. Data were taken at 1.5 mm above the top surface (top) and the bottom
surface (bottom) of the sample. 
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Fig. 5. Trapped field versus applied field at 73 K. Magnetizing pulses with
different waveforms were applied. The rise time of the pulses varied from 25
ms (75% DutyC and 1 Hz SF) to 116 ms (12% DutyC and 450 Hz SF). 
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Fig. 4. Trapped field versus charging voltage at 73 K using magnetizing
pulses with different waveforms. The rise time of the pulses varied from 25
ms (75% DutyC and 1 Hz SF) to 116 ms (12% DutyC and 450 Hz SF). 
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crease, as the temperature is lowered. As shown in Figure 6, 
the maximum trapped field of the sample decreased from 0.60 
to 0.48 T as the temperature was lowered from 73 to 70 K 
when the IGBT was in the default state. However, the maxi-
mum trapped field was enhanced by 58% to 0.76 T by apply-
ing the optimum magnetizing pulse using a 25% DutyC and 
300 Hz SF. 
 

In Figure 7 we plot the time dependence of the trapped field 
in the ring bulk at 73 K after applying magnetizing pulses with 
different rise times. When the IGBT was in the default state 
only a small amount of flux could penetrate into the sample 
for an applied field of 2.40 T. More flux could be forced to 
penetrate into the sample by increasing the applied field, but 
this would also increase the amount of heating and might trig-
ger a flux jump, leading to a lower final trapped field (and 
possibly a negative trapped field if the circulating magnetizing 
current is broken) [18, 19]. As shown in Figure 7, when the 
IGBT was in the default state for an applied field of 2.44 T, 
the peak field in the bore of the sample was 2.23 T, which is 
very close to the applied field, suggesting there was very little 
shielding current in the bulk superconducting ring. This shows 
that the sample was almost driven to the normal state and the 
final trapped field was reduced significantly by increasing the 
applied field a mere 40 mT from 2.40 to 2.44 T. The longer 
rise time of the magnetizing pulse also allows more flux to 
penetrate into the sample because of the longer duration of the 
peak-field region of the pulse. It can be seen in Figure 7 that 
for wider pulses more flux could penetrate into the sample, 
without causing a flux jump, and the final trapped fields were 
enhanced. In [15], Fujishiro et al. suggested that a magnetiz-
ing pulse with a longer rise time reduces the flux propagation 
velocity in a RE-Ba-Cu-O bulk during the PFM process, and 
hence, lowers heating in the bulk due to the viscous loss. This 
is likely the reason why the wider pulses allow more flux to 
penetrate into the sample, while reducing heating and leading 
to a higher trapped field. 

IV. CONCLUSION 

We have performed FC and PFM measurements on a sin-
gle-grain Ag-containing Gd-Ba-Cu-O ring bulk superconduc-
tor at temperatures down to 70 K using a portable magnetizing 
system. The magnetic field distribution of the sample obtained 
by the FC method at 77 K was quite uniform in the region 
above the bore and the maximum trapped field was 0.65 T in-
side the bore. For the PFM measurements, various magnetiz-
ing pulses were applied, with different waveforms generated 
using an IGBT with controllable switching frequency. With 
the optimum magnetizing pulses, the trapped fields in the 
sample were largely increased: i) the trapped field at 77 K was 
increased to 94% of the FC value using a 12% DutyC and 300 
Hz SF; ii) at 73 K the trapped field of 0.76 T was achieved us-
ing a 25% DutyC and 300 Hz SF. As far as the authors’ 
knowledge, this is the highest trapped field reported for a RE-
Ba-Cu-O ring bulk superconductor using PFM to date; iii) at 
70 K, the trapped field was increased by 58% using a 25% Du-
tyC and 300 Hz SF. Our findings indicate that, in addition to 
enhancing the trapped field, the thermomagnetic stability of 
the PFM process can be greatly improved by modifying and 
controlling the waveform of the magnetizing pulses. 

DATA STATEMENT 

Data related to this publication are available at the Universi-
ty of Cambridge data repository 
(https://doi.org/10.17863/CAM.75432). 
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