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Abstract—We have investigated the trapped field properties of a
GdBaCuO disk bulk during single- and double- pulsed field mag-
netization (PFM) using a split-type coil for various pulse sequences
for the first time. It is well known that the multi-PFM technique
using a solenoid-type coil and the single-PFM technique using a
split-type coil are effective to enhance the trapped field due to a
lower temperature rise. However, it was found, in this work, that
the trapped field by double-PFM using the split-type coil was not
enhanced in spite of lower temperature rise. We analyzed the
magnetizing process using two parameters, the “magnetic flux
penetration ratio”, Rin, and the “magnetic flux residual ratio”, Rout,
for various pulse sequences for the split-type and solenoid-type
coils. The Rin value was decreased by the double-PFM for both
coils, and the Rout value was improved only by the double-PFM us-
ing the solenoid-type coil. As a result, the trapped field for single-
PFM using the split-type coil, which has a higher Rin, reduced after
the double-PFM due to a decrease of Rin and no enhancement of
Rout. These results are in clear contrast to those using the solenoid-

type coil.

Index Terms—Bulk high-temperature superconductors, multi-
pulse application, pulsed field magnetization, REBaCuO bulk,
split-type coil, trapped field magnets

I. INTRODUCTION

EBaCuO (RE: rare earth element or Y) superconducting

bulks have been used as a trapped field magnet (TFM)
that can provide a magnetic field of several Tesla for engineer-
ing applications such as rotating machines [1], magnetic sepa-
ration [2], and a magnetic drug delivery system [3]. The
pulsed field magnetization (PFM) technique is a magnetizing
method for superconducting bulks with a compact, mobile and
inexpensive setup, compared to field-cooled magnetization
(FCM). However, the trapped field by PFM is generally much
lower than that by FCM because of a large temperature rise
associated with the rapid and dynamical motion of magnetic
flux [4]. The PFM technique consists of an ascending (flux
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penetration) phase on the order of milliseconds and then a de-
scending (flux flow) phase. To enhance the trapped field by
PFM, a large amount of flux penetration and a small amount
of flux flow should be achieved. There have been several ap-
proaches to enhance the trapped field by PFM using the sole-
noid-type coil. Multi-pulsed field magnetization techniques,
which involve iteratively applying pulsed fields, are effective,
such as the successive pulse application (SPA) [5] and the
multi-pulse technique with step-wise cooling (MPSC) [6]. The
multi-PFM technique achieves a reduction in flux flow from
lowering the flux pinning and viscous losses due to the already
trapped magnetic flux after the 1% magnetic pulse [7]. Using a
modified MPSC (MMPSC) technique, a record-high trapped
field of 5.20 T was achieved using a solenoid-type coil with a
45 mm GdBaCuO disk bulk at 30 K [8]. Similarly, there have
been reports to enhance the trapped field by PFM using a split-
type coil with an iron yoke [9], in which the flux intrudes by a
flux jump with reduced flux flow. The cooling of the bulk for
the split-type coil is faster than that for the solenoid-type coil
because the bulk is cooled from the periphery along the ab-
plane, which has higher thermal conductivity than the c-axis
[9]. However, multi-pulse effects using the split-type coil have
not yet been reported.

In this study, we investigated the trapped field properties of
a GdBaCuO disk bulk during single- and double-PFM using
the split-type coil for various sequences. To understand the
double-pulse effect, we compared the trapped field properties
to those using the solenoid-type coil.

Il. EXPERIMENTAL SETUP

A GdBaCuO superconducting disk bulk of 41 mm in di-
ameter and 12 mm in thickness was grown using the top-
seeded melt-growth (TSMG) process at the University of
Cambridge [10]. Fig. 1 shows the schematic view of the exper-
imental setup for the PFM. The split-type coil (72 mm in inner
diameter (1.D.), 124 mm in outer diameter (O.D.), and 35 mm
in height (H)) and the solenoid-type coil (99 mm I.D., 121 mm
O.D. and 50 mm H) are used as magnetizing coils. The bulk
was fastened in a brass sample holder using a thin indium
sheet and was cooled from the periphery along the ab-plane. A
pair of permendur yokes (60 mm diameter and 65 mm H) was
inserted in the bores of the split-type coil [9]. For the solenoid-
type coil, the same bulk was mounted in a stainless steel ring
17.5 mm in width and cooled from the bottom surface along
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the c-axis of the bulk, where a soft iron yoke (60 mm in diam-
eter and 20 mm in H) is installed underneath the bulk [4].
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Fig. 1. Schematic view of the experimental setup for the PFM experiments
using (a) the split-type coil and (b) the solenoid-type coil.

Fig. 2 shows the time sequences of the operating tempera-
ture settings used in this study. For the single-pulse applica-
tion, shown in Figs. 2(a) and 2(b), the bulk was cooled to Ts; =
65 or 25 K, and a single-magnetic pulse with a rise time of 18
ms (split-type coil) or 13 ms (solenoid-type coil), Bex1, ranging
from 3 to 6 T was applied to the bulk. For the double-pulse
application, shown Figs. 2(c) and 2(d), the 1% pulse of Bex1 = 3
T was applied at Ts; = 65 K for all cases. In the 2" stage, the
bulk was cooled to Ts, = 65 or 25 K and the 2™ pulse, Bexz,
ranging from 3 to 6 T was applied to the bulk. The magnetic
pulse and temperature sequences for each magnetizing coil are
named as follows.

1. Single pulse using split-type coil: S-sp(Ts1)

2. Double pulse using split-type coil: D-sp(Ts1, Ts2)

3. Single pulse using solenoid-type coil: S-sol(Ts1)

4. Double pulse using solenoid-type coil: D-sol(Ts1, Ts2)

During the PFM process, the time evolution of the magnetic
field, B(t), at the center of the bulk surface was measured us-
ing a Hall sensor (F. W. Bell, BHT921). B(t) at 300 ms is de-
fined as the trapped field, B. The time evolution of the tem-
perature, T(t), was measured by a CERNOX™ thermometer
on the side surface of the brass holder for the split-type coil
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Fig. 2. Time sequences of the operating temperature settings used in this study
for (a) 65 K single pulse, (b) 25 K single pulse, (c) 65 K - 65 K double pulse
and (d) 65 K - 25 K double pulse.

and on the side surface of stainless steel ring for the solenoid-
type coil.

I1l. RESULTS

Fig. 3(a) shows the applied pulsed field (Bex) dependence
of the trapped field, B, at the center of the bulk surface using
the split-type coil for various sequences. Here, the applied
field, at which the B; value begins to increase, is defined as the
rise field, By. The B value for S-sp(65 K) increases from B, =
3.06 T by the flux jump and the highest B; value of 2.79 T was
achieved at Bex = 3.76 T. The B: value for S-sp(25 K) in-
creased from B, = 4.17 T and a highest B: of 3.96 T was
achieved at Bexs = 5.43 T. These rapid increases in Bt above B,
result from flux jumps [11], [12] (or so-called giant flux leaps
(GFLs) in other works [13]), which are a characteristic behav-
ior when using the split-type coil. The rise field, By, increased
and the trapped field, B, was usually enhanced when lowering
the operating temperature during single-PFM [14]. These re-
sults were also obtained for the 2" pulse application of the D-
sp(65 K, 65 K) and D-sp(65 K, 25 K). It should be noted that
the rise field, By, of the 2" pulse application increased, but the
maximum B; value was not enhanced, compared to that of sin-
gle-pulse application.

On the other hand, for the solenoid-type coil, as shown in
Fig. 3(b), the B: value for S-sol(65 K) increases monotonically
with increasing Bex. When Bey is 4.0 T, the B value for D-
sol(65 K, 65 K) is higher than that for S-sol(65 K), which in-
dicates that the flux jump also occurs for the double-PFM.
These results are similar to that for S-sol(25 K) and D-sol(65
K, 25 K). These results support the previous reports, in which
the multi-PFM using the solenoid-type coil enhances the
trapped field [8], [15].

Fig. 4(a) shows the maximum temperature rise, ATmax, dur-
ing PFM, as a function of the applied pulsed field (Bex), for
each sequence using the split-type coil. ATmax increased with
increasing Bex for all cases. The ATmax value of the double-
PFM is lower than that of the single-PFM, which results from
lowering the flux pinning and viscous losses due to the already
trapped magnetic flux after the 1% magnetic pulse application
[71, [15]. The ATmax value using the solenoid-type coil, shown
in Fig. 4(b), is larger than that using the split-type coil, be-
cause the bulk is cooled via the c-axis (solenoid-type coil) of
lower thermal conductivity, rather than the ab-plane (split-
type coil) [9].

Figs. 5(a) and 5(b) show the time evolutions of the applied
field, Bex(t), and trapped field, B(t), at the center of the bulk
surface for S-sp(25 K) for Bexs = 4.17 T and S-sol(25 K) for
Bex1 = 4.14 T, respectively. In Fig. 5(a), the magnetic flux
doesn’t intrude into the center of the bulk for the split-type
coil. In Fig. 5(b), for the solenoid-type coil, B(t) takes a peak
value of Bi, = 2.13 T, which is defined as the maximum pene-
tration field, and then decreases to a final small B value due to
a large flux flow.

Figs. 5(c) and 5(d) show similar plots for S-sp(25 K) for
Bex1 = 4.89 T and D-sp(65 K, 25 K) for Bexo = 4.99 T, respec-
tively. In Fig. 5(c), with increasing Bex1, compared to Fig. 5(a),
the magnetic flux intruded rapidly via a flux jump and the B(t)
reached Bi, = 4.67 T. After that, B(t) gradually decreased to B
= 3.40 T, where the flux flow, defined as AB (= Bin - By), was



1.27 T. For D-sp(65 K, 25 K), shown in Fig. 5(d), after the 1%
pulse of Bexs = 3 T was applied at 65 K, the magnetic flux also
intruded the bulk center suddenly via a flux jump and then
flow out of the bulk to the final value, B:. The Bi, and B; values
were slightly smaller than those for S-sp(25 K) as shown in
Fig. 5(c) at a nearly identical applied field. The final B; reduc-
tion mainly results from the decrease in Bi, for the double-
PFM.

Figs. 5(e) and 5(f) show similar plots for S-sol(25 K) for
Bex1 = 5.56 T and D-sol(65 K, 25 K) for Bex, = 5.57 T. When
Bexa IS increased, as shown in Fig. 5(e), the Bi, and B; values
increase, compared to those in Fig. 5(b). For D-sol(65 K, 25
K) in Fig. 5(f), after the 1%t pulse of Bexa = 3 T was applied at
65 K, the Bi, value was smaller than that for S-sol(25 K). This
result is consistent with that obtained using the split-type coil.
The B: value for D-sol(65 K, 25 K) was also higher than that
for S-sol(25 K). This is in contrast with the double-pulse effect
using the split-type coil. The enhancement of the final B
mainly results from the decrease in the flux flow (AB) for the
double-PFM.

@ ' " split] [o) Solenoid
—@—S-sp(65 K) —8—S-50I(65 K)
4 H-e-D-sp(65 K, 65 K) F|-<-D-s0l(65 K, 65 K)
8- S-5p(25 K) = S-501(25 K)
-R-D-sp(65 K, 25 K) -4=-D-s0l(65 K, 25 K)
~ i
e
_2f
m
1t
0OF
2 3 5 62 3 5 6

4 4
B, (M B, (M
Fig. 3. Applied pulsed field (Bex) dependence of the trapped field, By, at the
center of the bulk surface using (a) the split-type coil and (b) the solenoid-type
coil for various sequences. The applied field, at which the B; value begins to
increase, is defined as the rise field, B,.
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Fig. 4. Maximum temperature rise, 4 Tmax, during PFM, as a function of
applied pulsed field (Bex), for each sequence using (a) the split-type coil and
(b) the solenoid-type coil.
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IV. DISCUSSION

Using the experimental results, we now discuss the double-
pulse effect during PFM using the split-type coil, compared
with single-PFM and the solenoid-type coil. Fig. 6 shows the
applied field (Bex) dependence of the “magnetic flux
penetration ratio”, Ri, using the split-type and solenoid-type
coils during single- and double-PFM. Here, Ri, is defined as
Bin/Bex. Rin = 1.0 corresponds to an ideal flux penetration
during FCM using the Bean model [16]. The Ri, value of S-sp
increases rapidly and takes a maximum of higher than 0.9 ~
0.95 by the assistance of a flux jump. There is a temperature
rise due to rapid movement of magnetic flux with flux jump,
shown in Fig. 4(a). The Ri, value for D-sp is nearly equal to or
slightly smaller than that for S-sp because of the existence of a
trapped flux after the 1t pulse. Using the solenoid-type coil,
Rin gradually increases with increasing Bex due to the absence
of flux jumps and is smaller than that for the split-type coil.
Similarly to the split-type coil, Rin for D-sol is smaller than
that for S-sol. The double-PFM by both magnetizing coils
results in a decreased Rin value, because it is more difficult for



the flux to penetrate the bulk due to the existence of the flux
trapped from the 1% pulse [15].

Fig. 7(a) shows the “magnetic flux residual ratio”, Rou, US-
ing the split-type and solenoid-type coils during single- and
double-PFM, as a function of Bi,. Here, Ro. is defined as Bi/Bin,
which is the ratio of the trapped field, B;, to the maximum
penetration field, Bin. The Ry Value increases concomitantly
with increasing Bex using the split-type coil, and becomes a
maximum. And then the Roy value decreases with a further in-
crease in Bex, which indicates that the flux flow, AB, becomes
large due to the large temperature rise [17]. The maximum
value of Royt is not enhanced by double-PFM using split-type
coil. The Biy for D-sp(65 K, 25 K) is smaller than that for S-
sp(25 K) when the maximum Roy is achieved. The tempera-
ture rise of ATmax = 10.8 K (D-sp(65 K, 25 K)) and ATmax =
15.0 K (S-sp(25 K)) was measured at the maximum Roy for
each PFM, as shown in Fig. 4(a). These results suggest that
Rout does not strongly depend on temperature rise. The reduc-
tion of the trapped field after the 2" pulse using the split-type
coil can be mainly explained by the reduction of both Ri, and
Rout. On the other hand, for the solenoid-type coil, the Rou val-
ue for D-sol(65 K, 25 K) is larger than that for S-sol(25 K) at
Bin higher than 3.11 T, which is a different result when using
the split-type coil, although the Ri, value is small. The trapped
field enhancement after the 2" pulse using the solenoid-type
coil, as shown in Fig. 3, can be mainly explained by the en-
hancement of Rouy.

Fig. 7(b) shows applied field (Bex) dependence of Rin x Rout
using the split-type and solenoid-type coils during single- and
double-PFM. The Rin x Rout Value is equivalent to the magnetic
flux trapping ratio (Bv/Bex), Which was rewritten from Figs.
3(a) and 3(b). The higher Rin x Rout value approaches an ideal
PFM process. The Rin x Rout Values for D-sp(65 K, 25 K) are
smaller than those for S-sp(25 K) in spite of a low temperature
rise, because of the decrease of Rin and/or Rouw. On the other
hand, for the solenoid-type coil, the Rin x Rou value for D-
sol(65 K, 25 K) increases for higher Bex, compared to that for
S-s0l(25 K) because of the enhanced Roy: value.
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Fig. 6. Applied field (Be) dependence of the magnetic flux penetration ratio,
Rin, using the split-type and solenoid-type coils at 25 and 65 K to 25 K during
single- and double-PFM.
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V. CONCLUSION

We have experimentally investigated the trapped field prop-
erties of a GdBaCuO disk bulk during single and double
pulsed-field magnetization (PFM) using a split-type coil for
various sequences for the first time. The important results and
conclusion obtained in this study are summarized as follows.

1. The trapped field by double-PFM using the split-type coil
was not enhanced in this study, although a lower tempera-
ture rise was achieved. These results are in clear contrast
with those of the multi-PFM technique using a solenoid-
type coil.

2. The magnetizing process was analyzed using the parame-
ters of “magnetic flux penetration ratio”, Rin, and “magnet-
ic flux residual ratio”, Royt, fOr various sequences using the
split-type and solenoid-type coils. The double-PFM by
both coils resulted in a decreased Rin value because of the
already trapped flux after the 1% pulse. For the solenoid-
type coil, the Rou Value was enhanced by the double-PFM
due to the lower temperature rise. The trapped field during
single-PFM using the split-type coil, which exhibits a high
Rin, was decreased by the double-pulse application due to
the decrease of R, and no enhancement of Rout.
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