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Abstract

We have investigated, both experimentally and numerically, the trapped field characteristics of a
standard Y-Ba-Cu-O bulk of 30 mm in diameter and 14 mm in thickness magnetized by pulsed field
magnetization (PFM) using a split coil, in which three kinds of iron yoke are inserted in the bore of
the coil: soft iron with a flat surface, soft iron with a taper, and permendur (50Fe+50Co alloy) with
a flat surface. The highest trapped field, Btmax, 0Of 2.93 T was achieved at 40 K in the case of the
permendur yoke, which was slightly higher than that obtained for the flat soft iron or the tapered
soft iron yokes, and was much higher than 2.20 T in the case without the yoke. The insertion effect
of the yoke on the trapped field characteristics was also investigated using numerical simulations.
The results suggest that the saturation magnetic flux density, By, Of the yoke acts to reduce the flux
flow due to its hysteretic magnetization curve and the higher electrical conductivity, o, of the yoke
material also acts to suppress the flux increase rate. A flux jump (or flux leap) can be reproduced in
the ascending stage of PFM using numerical simulation, using an assumption of relatively high J(T,
B) characteristics. The insertion effect of the yoke with high Bsy and o is discussed to enhance the
final trapped field from both electromagnetic and thermal points of view.
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1. Introduction
RE-Ba-Cu-O (RE: rare earth element or Y) bulk superconductors have promising potential to be

used as a strong trapped field magnet (TFM), which can trap a magnetic field of several Tesla
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because of their high critical current density, J. [1, 2]. This property can be exploited in practical
applications, such as magnetic separation, magnetic drug delivery systems and sputtering cathodes
for thin film growth [3-5]. The field cooling magnetization (FCM) technique, which needs a large
and expensive experimental setup using a superconducting coil magnet, is commonly used for
fundamental measurements on bulk superconductors to give the best indication of the capability of
the sample as a TFM. A record-high trapped field of 17.6 T has been achieved in a stack of two
Gd-Ba-Cu-O bulks at 26 K by FCM [6]. Pulsed field magnetization (PFM) has been also applied as
a practical magnetizing method for high TFMs because of its inexpensive and mobile setup, unlike
FCM. However, a significant challenge to enhance the trapped field by PFM is the reduction of
large temperature rise caused by the dynamical magnetic flux motion, especially at low
temperatures, in which the magnetic flux quickly moves in the bulk on the order of milliseconds
[7-10]. Using a multi-pulse technique, named a modified multi-pulse technique with stepwise
cooling (MMPSC), we successfully achieved a highest trapped field of 520 T on a 45 mm
Gd-Ba-Cu-O disk bulk at 30 K, which is a record-high trapped field by PFM to date [11].

In recent years, a ferromagnetic yoke has been inserted in the magnetizing fixture to increase the
trapped magnetic field [12, 13], in which permendur (50Fe+50Co alloy) and soft iron were used
experimentally as a yoke material. We have also achieved a trapped field of over 3 T at 40 K on
Gd-Ba-Cu-O disk bulk by PFM, employing a split coil with a pair of soft iron yokes [14], in which
a symmetric trapped field profile can be also realized [15]. In addition, for the MgB, bulk, we
achieved over 1 T at 13 K by PFM without any flux jumps on a high-J. MgB, disk bulk using the
split coil with soft iron yoke, which is a record-high trapped field by PFM for the MgB, bulk to date
[16]. Numerical simulation is a powerful tool to consider the obtained experimental results during
PFM, and to understand the flux dynamics using electromagnetic and thermal equations. Several
studies using the numerical simulation have been reported for PFM [17-23]. We have previously
confirmed the advantage of the insertion of a soft iron yoke with a flat surface in the split coil
numerically, and compared this to the case without the yoke [14, 15].

However, there is no systematic investigation yet on the effects of varying the electromagnetic
properties and the shape of the yokes on the trapped field characteristics, both experimentally and
numerically, to enhance the trapped field by the PFM technique. In this paper, we investigate the
trapped field characteristics of a Y-Ba-Cu-O bulk magnetized by PFM using a split coil, in which
three kinds of iron yokes were inserted in the bore of the coil: a conventional soft iron with a flat
surface, soft iron with a taper and a permendur with a flat surface. The effects of the material and
the shape of yokes are discussed from electromagnetic and thermal points of view.

2. Experimental Setup

A typical Y-Ba-Cu-O bulk superconductor of 30 mm in diameter and 14 mm in thickness, which
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was fabricated by the top-seeded, melt-growth (TSMG) method in Cambridge [24], was mounted in
a copper holder and was connected to the cold stage of a Gifford McMahon (GM) cycle helium
refrigerator. A schematic view of apparatus is shown in Fig. 1(a). A split coil, which was cooled
using liquid nitrogen, was placed outside the vacuum chamber, and the bulk disk was magnetized
using the condenser bank (60 mF) between the two coils of the split coil. Three kinds of iron yokes,
as shown in Fig. 1(b), were inserted in the bores of the split coil: soft iron with a flat surface, soft
iron with a taper and permendur with a flat surface. The each yoke were placed at a distance of 5
mm from the bulk top or bottom surface. Figure 2 presents the initial magnetization curve of the
soft iron and permendur at 300 K measured by a SQUID magnetometer under an applied field, Bapp,
of up to 6 T. The saturation magnetic flux density, Bs,;, was determined to be 1.90 T for the soft iron
and 2.13 T for the permendur at B¢ > 1.0 T, respectively. Pulsed applied fields, Bex, 0f amplitudes
ranging from 2.24 to 5.67 T were applied individually to the bulk, cooled to an initial temperature
of either Ty = 65 or 40 K. The PFM experiments were performed for four cases of the yoke: (i)
without any yoke, (ii) with soft iron, (iii) with tapered soft iron and (iv) with permendur. The time
evolution of the local field, By(t), at the center of the bulk surface was measured during PFM by
using the Hall sensor adhered on the center of the bulk and a digital oscilloscope. By(t) at t = 300 ms
was referred to as a final trapped field, B, after allowing sufficient time to relax the flux flow. The
time evolution of the temperature, T(t), was measured by a CERNOX™ thermometer on the side
surface of the sample holder. After the magnetic pulse, the split coil was removed and the trapped
field profile was mapped on the outer surface of the vacuum chamber, which is 2 mm above the
bulk surface, by scanning an axial-type Hall sensor, with a pitch of 1 mm, using an x-y stage
controller. The relationship between B at the center of the bulk surface and the coil current flowing
through a shunt resistor was calibrated for each yoke at 100 K above the transition temperature of
the bulk. Figure 3 shows the time evolution of the local field, B(t), normalized by those maxima, By,
measured at the center of the bulk surface at 100 K for the split coil with and without the several
types of yokes. The rise time, z, at which the magnetic pulse takes a maximum value, was 18 ms for
the case without any yoke, and 23 ms for three cases with a yoke. The presence of the yoke delayed
the pulsed field during the ascending stage due to the induced eddy current and the descending
stage due to its hysteretic magnetization. Note that the eddy current heating, which comes from the
copper holder, was approximately 1.5 K when applying the pulsed field of 4 T at 100 K whether the

yoke was present or not.
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Fig. 1. (a) Experimental setup around the disk bulk for PFM using a split coil. (b) The shape of the
yoke pair with a flat surface for the soft iron and the permendur (left) and with a taper for the

soft iron (right). The dimensions of the magnetizing coil and two types of yoke are also
shown.
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Fig. 2. Initial magnetization curves of the soft iron and the permendur at 300 K under an applied
magnetic field, Bapp.
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Fig. 3. Time evolution of the local field, B(t), normalized by those maxima, B, measured at the
center of the bulk surface at 100 K for the split coil with and without the several types of
yokes. The ramp and decay rates of the magnetic pulse were delayed by the yoke insertion.



3. Experimental Results

In this section, we present the typical behavior of the magnetic flux and the influence of the
magnetic properties and geometries of the yoke on the trapped field characteristics. Figure 4
presents the experimental results for the final trapped field, B+, at the center of the bulk surface, as a
function of the applied field, Bey, using the split coil without a yoke and with the three types of
yokes at 65 K and 40 K. A critical applied pulsed field is necessary for the full penetration of the
magnetic flux into the bulk center. At 65 K, as shown in Fig. 4(a), Bt started to increase at Bex = 2.5
~ 3.0 T and abruptly increased with increasing Bey in all cases. A characteristic behavior, which is
so-called flux jumps (or leaps), has been reported for a high-J. bulk sample during PFM [25, 26],
where the magnetic flux suddenly intruded towards the center of the bulk. We abbreviate the
optimum applied field as Bex , at which the bulk achieved the maximum trapped field, Brmax. Higher
Brmax and higher Bex* were obtained for the cases with a yoke, compared to without any yoke.
Obvious differences appeared more obviously at 40 K as shown in Fig. 4(b) due to the difference in
the magnetic flux motion and temperature rise between these four cases. The highest trapped field
of Brmax=2.93 T was achieved for the permendur yoke at 40 K, which was higher than that without
any yoke and any other cases (flat or tapered soft iron). Note that the maximum trapped field
decreased to 2.73 T after removing the split coil with the yoke for the measurement of the trapped
field profile. There were no significant differences in the trapped field based on the magnetic
properties of the yoke material between the soft iron and permendur. The Brmax Value for the tapered
soft iron yoke was smaller than that for the soft iron yoke with a flat surface. Although the tapered
soft iron yoke was expected to concentrate the magnetic flux towards the center of the sample, there
is no significant effect to enhance the trapped field.
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Fig. 4. Experimental results of the final trapped field, B+, at the center of the bulk surface, as a
function of the applied field, Bey, using the split coil without any yoke and with the three types
of yokes at (a) 65 K and (b) 40 K.

Figure 5 shows the trapped field profiles, Br(2 mm), measured at 2 mm above the bulk surface at
40 K before full magnetization under applying the pulsed field of B < 4.0 T, and after full
magnetization under applying the pulsed field of Bex > 4.2 T using the split coil (a) without any
yoke and (b) with soft iron of flat surface, (c) with tapered soft iron and (d) with permendur of flat
surface. Before the full magnetization for all cases of (al) - (d1), the trapped field profiles were of a
convex shape, showing that the magnetic flux was mainly trapped at the grain sector boundaries
(GSBs) due to the inhomogeneous J. distribution in the bulk, typically observed with TSMG-grown,
bulk Y-Ba-Cu-O samples [7]. On the other hand, for the cases of (a2) - (d2) at Bex > 4.2 T, the
trapped field profiles exhibited a conical shape. The difference in the trapped field between the
cases without any yoke (a2) and with a yoke (b2 - d2) remained significant, even at 2 mm above the
bulk surface, although the magnitude of magnetic field is severely decreased and broadened with
increasing distance from the bulk surface. The magnetic flux density in the case of the soft iron (b2)
and permendur (d2) was twice as high as that obtained in the case without any yoke (a2). It is clear

that a higher trapped field with a conical profile can be obtained in the cases with a flat yoke (b2
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and d2), compared to the tapered soft iron (c2).
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Fig. 5. Trapped field profiles, Br(2 mm) measured at 2 mm above the bulk surface at T, = 40 K
below full magnetization after applying Bex < 4.0 T (upper panels), using the split coil without
any yoke (al) and with three types of yoke: soft iron with a flat surface (b1), soft iron with a
taper (c1) and permendur with a flat surface (d1). The results above full magnetization, after
applying Bex > 4.2 T using the split coil without any yoke (a2) and with three types of yoke:
soft iron (b2), tapered soft iron (c2) and permendur (d2), are also shown in the lower panels.

Figure 6 shows the time dependence of the local field, By(t), at the center of the bulk surface
after applying the pulsed field of Bx = 4.0 T at 65 K (upper panels), and Bex = 5.4 T at 40 K
(bottom panels), using the split coil (a) without any yoke and with three types of yoke: (b) soft iron
with a flat surface, (c) tapered soft iron and (d) permendur with a flat surface. The applied pulsed
field, B(t), is also shown in each figure. For the case without any yoke at 65 K, as shown in (al),
the magnetic flux did not penetrate early in the ascending stage of PFM due to the shielding effect
of the bulk, and then abruptly starts to intrude into the bulk, where a flux jump occurred at t = 10
ms. The magnetic flux behaved in the same way, regardless of whether the yoke was present or not.
The flux jump was observed for all the cases, at 65 K and 40 K in the ascending stage of the pulse.
Another effect of the yoke insertion can be also seen in the descending stage. The downward arrow
shown in Fig. 6 presents the flux flow caused by the dynamic movement of the magnetic flux
associated with the Lorentz force and the temperature rise. For the case without any yoke at 65 K
(al), the magnetic field decreased significantly with increasing time. However, for the cases with a
yoke ((b1) - (d1)) at 65 K, the magnetic field still remained and was trapped with minimal flux flow,
even after the whole process of magnetization (t > 300 ms) [15]. The contribution of the yoke
insertion during PFM exists mainly in the descending stage. Moreover, for the cases with a yoke



((b2) - (d2)) at 40 K, the maximum By(t) value was fairly smaller than the maximum Be(t), which is
contrast to the cases at 65 K. These results suggest that there is still some room left for further
enhancement of the trapped field.
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Fig. 6. Time dependence of the field, By(t), at the center of the bulk surface after applying the
pulsed field of Bex = 4.0 T at 65 K (upper panels), and Bex = 5.4 T at 40 K (lower panels),
using the split coil (a) without any yoke and with three types of yoke: (b) flat soft iron, (c)
tapered soft iron and (d) flat permendur.

Considering the flux increase rate is effective to compare the magnetic flux behavior [28]. Figure
7 shows the time dependence of the flux increase rate, Rg, after applying Bex = 4.0 T at 65 K,
which is defined by dBy(t)/dt in Figs. 6(al) ~ (d1). The Rr value abruptly increased and took a
maximum value at the same time as the occurrence of the flux jump during the ascending stage.
Generally, the maximum Rg value increases with the increase in Bex because a larger amount of
magnetic flux must intrude into the bulk within a finite time with a constant ramp rate of the pulse.
The maximum Rg values for any cases with a yoke were reduced, and these maxima were also
delayed, compared to those of the case without any yoke, showing that the yoke acted to suppress
the dynamical motion of the magnetic flux. The Rrmax Value for the case without any yoke is larger
than that with a yoke because there is no disturbance of flux motion from the yoke.

The heat generation during PFM is caused by the pinning loss and viscous flow loss due to the
dynamical magnetic flux motion [29]. Figure 8 shows the maximum temperature rise, AT, measured
on the side of the sample holder, as a function of the applied field, Bey, for the cases with and
without a yoke at 65 K and 40 K. AT increased monotonically with increasing Be, Which is in
contrast to the final trapped field shown in Fig. 4. The AT behavior is related with the R behavior
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shown in Fig. 7; the AT and R values in the case without any yoke are larger than those in the cases
with a yoke. In the cases of the yoke insertion, the AT values for the tapered soft iron yoke are
smaller than those for the permendur at higher Bex. This reduction of the heat generation in the case

of the soft iron yoke also contributes to the enhancement of the trapped field.
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Fig. 7. Time dependence of the flux increase rate, R, at the center of the bulk surface after applying
ex = 4.0 T at 65 K for all cases: with and without the three types of yoke. Rg was calculated

from dBy(t)/dt in Figs. 6(al) ~ (d1).
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Fig. 8. Maximum temperature rise, AT, measured on the side of the sample holder, as a function of
the applied field, Bey, using the split coil without any yoke and with the three types of yoke at
65 K and 40 K.

4. Numerical Modelling
In this section, the yoke insertion effect was considered in detail using numerical simulations, for

which the typical behavior of the magnetic flux dynamics, such as a flux jump in the ascending
stage, is reproduced, and a ferromagnetic yoke is confirmed to have a positive effect on the
enhancement of the trapped field. Based on our experimental setup for PFM, as shown in Fig. 1, we
constructed two-dimensional models using the finite element method (FEM) with a 1.0 mm mesh in

size in the bulk. A schematic view of the modelling geometry is shown in Fig. 9 for (a) without any
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yoke, (b) soft iron and permendur with a flat surface and (c) soft iron with a taper. The physical
phenomena during PFM are described by electromagnetic and thermal equations, which were
referred from refs. [30, 31]. Commercial software, Photo-Eddy, combined with Photo-Thermo
(Photon Ltd, Japan), was adopted for the analysis, which was carried out using a standard personal
computer. The simulation procedure and the parameters used were described elsewhere in detail
[32]. A modified power-n law (n = 20), described in refs. [33, 34], was used to represent the
non-linear E-J characteristic of the bulk. The temperature and magnetic field dependence of critical
current density, Jo(T, B), was described as

2
T B
J (T,B)=asl-| — — 1
o (1] ,

where T (= 92 K) is the critical temperature of the superconducting bulk. The bulk sample with the

N | w

same dimensions as those used in the experiment was set to the sample holder and was cooled from
the periphery to either T = 65 K or 40 K before applying the pulsed field. The J(T, B)
characteristics used in the simulation are shown in Fig. 10. In this simulation, the magnetic field
dependence of J. was described using the Kim model with By = 0.04, and a constant « value of 1.5
x 10" A/m? which is higher than that of an ordinary Y-Ba-Cu-O bulk, was supposed in order to
reproduce the flux jump in the ascending stage of the PFM process. Note that we have previously
reproduced the flux jumps during PFM using numerical simulations, in which the J(T, B) was input
directly using the experimentally measured J.(T, B) characteristics of a small sample and the
interpolation method [35]. In the thermal model, the temperature-independent anisotropic thermal
conductivities k. = 20 Wm™K™ in the ab-plane and x. = 4 Wm™K™ along the c-axis were assumed
for the bulk.

The electromagnetic properties of the yokes were represented by a saturation magnetic flux
density, Bsy, and an electrical conductivity, . Bsy for the two yoke materials (soft iron and
permendur) was input using the magnetization curves shown in Fig. 2. A constant o value of 2.5 x
10® S/m was assumed to match the ramp rate of the experimentally applied magnetic pulse. The
time dependence of the applied field, Be(t), was approximated as

t t
Bex (t) = Bex —EXp (1__) ) (2)
T T

where the pulse rise time, 7, is 18 ms. Figure 11 shows the results of the simulation of the time
evolution of the normalized applied fields at the center of the bulk surface at T = 100 K for the split
coil with and without the different types of yokes. In the figure, the dashed line shows the case with
a yoke by a paramagnetic metal such as aluminum or copper, instead of soft iron (or permendur), in
which a small delay in Be(t) can be seen, compared to the case without any yoke due to the induced

eddy currents. Hence, o acts to delay the rise time of the pulse because the yoke suppresses the
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magnetic field by induced eddy currents within it. For the cases of the soft iron yokes and
permendur yoke, Bsy largely acted to delay the sweep of the descending stage of the pulse due to its
hysteresis magnetization. These results for the magnetic pulse obtained by simulation show a good

agreement with the experimental results in Fig. 3.
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Fig. 9. Schematic view of the modelling framework for PFM using a split coil, (a) without any yoke,
(b) with soft iron and permendur with a flat surface and (c) with soft iron with a taper. The
dimensions of the magnetizing fixture and the bulk are the same as the experimental setup
shown in Fig. 1.
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Fig. 10. The magnetic field dependence of critical current density, J;, at 65 K and 40 K, represented
by a Kim model.
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Fig. 11. Time evolution of the local field, B(t), normalized by those maxima, B, at the center of the
bulk surface for the split coil with and without the different yokes.

5. Results of Numerical Simulation

Similar results to those presented in the experimental results are shown in this section. Figure 12
shows the results of the numerical simulation of the final trapped field, B+, at the center of the bulk
surface, as a function of the applied field, Bey, using the split coil without and with the three types of
yoke at 65 K and 40 K. The maximum trapped field, Brmax, for the cases with yoke was improved
by 0.6 T at 65 K and 0.8 T at 40 K, respectively, compared to the case without any yoke. However,
there were no significant differences in the Brmax and Bex for the different yoke materials (soft iron
or permendur) and different geometries (flat or taper). At 65 K, Bt started to increase after applying
Bex = 2.5 ~ 3.0 T, and drastically increased with only a slight increase in By, relating to the flux
jumps observed in the case of without yoke. The results of the simulation show a good agreement
with the experimental results, particularly at 65 K (shown in Fig. 4). At Ts = 40 K, the Bt vs. B
curves are independent of the three types of yoke, but are larger than that for the case without any
yoke. These results roughly reproduce the experimental ones in Fig. 4, in which the Bt vs. B
curves slightly change depending on the three types yokes from the experiments in Fig. 2. The
difference may result from that the estimated J.(B) characteristics are different with those of
realistic ones, as well as ignoring any inhomogeneity in J. around the ab-plane, which necessitates a
3D model [7].

A: Magnetic flux behavior

The results of the numerical analysis enable more detailed considerations about the magnetic
flux behavior inside the bulk. First, the magnetic flux dynamics during PFM are presented for the
case without any yoke. Figure 13 shows the time dependence of the local field, By(t), on the top
surface of the bulk at positions r = 0 mm (center), 7 mm (middle) and 14 mm (edge) from the bulk
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center, after applying Bex = 4 - 5 T using the split coil without any yoke at 40 K. The local field,
By(t), at r = 14 mm near the bulk periphery essentially follows the applied field, Be(t), indicating
that the magnetic flux intrudes into the bulk from its outside. Before full magnetization for By of
(a) 4.00 T and (b) 4.30 T, both of which were smaller than Be, =5 T, a flux jump occurred from the
edge to the middle position, but the amplitude of Bex and the corresponding flux jump was not
enough for full penetration. The flux jump assisted the magnetic flux intrusion towards the center of
the bulk with slightly increasing Bex after full penetration, e.g., Bex = 4.50 T, as shown in (c). This
typical behavior of flux jumps or leaps, agrees well with our previous work using high J.(T, B)
characteristics based on experimental results [35].

4 simulation
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Fig. 12. Numerical simulation results of the final trapped field, By, at the center of the bulk surface,
as a function of the applied field, Bey, using the split coil without any yoke and with the three
types of yoke at Ts = 65 K and 40 K.
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Fig. 13. Time dependence of the local fields, By(t), on the top surface of the bulk at positions of r =
0 mm (center), 7 mm (middle) and 14 mm (edge) from the bulk center, after applying Bey of
(@) 4.00T, (b)4.30 T, (c) 450 T and (d) 5.00 T using the split coil without any yoke at 40 K.
Flux jumps assist the magnetic flux intrusion towards the center of the bulk with increasing
Bex-
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Figure 14 shows typical examples of the cross-sections of the trapped field profile in the bulk
when a flux jump was confirmed at each point, after applying Bex = 5.0 T at 40 K using the split coil
without any yoke, as shown in Fig. 14(d). The enlarged figure of Fig. 14(d) is shown again, in
which the magnetic flux jumped twice at the middle and the center of the bulk. The bulk
superconductor hinders the intrusion of the magnetic flux due to the shielding current, flowing
within its capability of J; below T.. Hence, the magnetic flux suddenly intruded into the bulk and a
first flux jump occurred between t = 8 ms and 10 ms. At t = 8 ms, the gradient of magnetic flux
became steep around r = 14 mm and then flux was intrudes into the bulk towards the middle of the
bulk, overcoming the strong pinning force. The second small flux jump occurred between 13 ms
and 14 ms near the center, at which the similar flux concentration can be seen around r = 7 mm and
then was relaxed. In this way, the behavior of the magnetic flux related to the flux jump can be also
confirmed in the cross section of the bulk using the numerical simulation. We are continuing to
research the flux jump phenomenon during PFM, which requires some careful consideration due to
the instabilities in the numerical model during such jumps. The jumps are related to the specific
heat, and rate of change of J. with respect to temperature (which can rise rapidly as the pulse is
increasing) and/or magnetic field (depending on whether or not a Bean, Kim or other model is used).
Qualitatively the model reproduces the flux jumps we observe experimentally, but improvements
can and will be made quantitatively in the future.

Yy Yy
10 ms
T i I
7 ] . ] Isimu!ation
—=—r=0
of @ w2l
—=—r=14 mm
5L -
E 4 L _7 ----- r
Q3L 13 ms 14 ms

2 7

i wlo yoke ] =
1 Ts =40 K [

. 13ms g _g007 (M
o/ - 0

0 10 20 30 '

t(ms) SEEEN
|
-7 ¥ r
0 15 0 15

Fig. 14. Cross-section of the trapped field profile in the bulk, when flux jumps occurred at a time of
t =8, 10, 13 and 14 ms, after applying Bex = 5.0 T at 40 K using the split coil without any
yoke (Right panels). The enlarged figure of Fig. 13(d) is shown in the left panel again.

B: Yoke insertion effect

Figure 15 shows the time dependence of the local field on the top surface of the bulk at each
14



position of r = 0 mm (center), 7 mm (middle) and 14 mm (edge) from the bulk center, after
applying the same applied field, Bex = 3.50 T at 65 K (upper panels) and Bex = 5.50 T at 40 K (lower
panels), using the split coil (a) without any yoke and with the three types of yoke: (b) soft iron, (c)
soft iron with a taper and (d) permendur. The magnetic flux suddenly intruded into the bulk, where
a flux jump occurs in the bulk in the ascending stage at around 10 ms in all cases (al) - (d1) at 65 K
and (a2) - (d2) at 40 K. For the cases without any yoke shown in (al) and (a2), the magnetic flux
decreased with increasing time in the descending stage. However, for the cases with a yoke (b1) -
(d1) or (b2) - (d2), the magnetic flux still remained trapped with minimal flux flow, even after the
whole process of magnetization, in which the ferromagnetic yoke acts to reduce the flux flow. This
behavior of the magnetic flux qualitatively agrees with the experimental results shown in Fig. 6.
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7 . . i simulation I . . i simulation | . : i simulation : s . simulation
ol (al) | 1D bt (el i | 1 tdn .
—=—14mm | —=—14mm | r —=—14mm | B —=—14 mm
V1 8 B,=3507T{ | L 11 F 11t
Vg
8 o e T I
| @3l 111 7 | e o ___._ 11 L
SN 10 i . I il
| [£] I I
1 i | 110
o5 | et 20 20 80 80 1nnI 0 T | &
20 40 60 80 100
I t (ms) I t (ms) I
-T 7- _________ simulation _: __________ simulation il- TTTTTTmTmTm T simulation -:- simulation
—— —=—0mn N ! T— T T L p—
o (@2) —omn ' (b2) = (c2) o (d2) et
) — 14 mm | ] —=—14 mm | I —— 14 mm | r —=—14 mm
[ N . - E + E L : - L :
M N ' bt A
] 4t T AR 4 l L e l L ] I L
< E
= s 1 : g k : L ] : L
w - 9
S 11t 111 111
1 11 11 f 1
0 20 40 60 80 100 | | 0 20 40 60 80 100 | 0 20 40 60 80 100
t(ms) 1 t(ms) 1 t(ms)

Fig. 15. Time dependence of the local field on the top surface of the bulk at each position r =0 mm
(center), 7 mm (middle) and 14 mm (edge) from the bulk center, after applying Bex = 3.50 T at
65 K (upper panels) using the split coil (al) without any yoke and with the three types of yoke,
(b1) soft iron, (cl) tapered soft iron and (d1) permendur, and after applying Bex = 5.50 T at 40
K (lower panels), using the split coil (a2) without any yoke and with the three types of yoke,
(b2) soft iron, (c2) tapered soft iron and (d2) permendur.

Figure 16 shows the time dependence of the flux increase rate, R, after applying the pulsed field,
Bex = 5.5 T at 40 K. These figures, which were calculated from Figs. 15(a2) ~ (d2), show similar
plots to those shown in Fig. 7. The maximum Rg value for any case with a yoke was fairly smaller
than without any yoke because the magnetic flux gradually intruded in several stages with small
flux jumps, showing that the yoke acted to suppress the dynamical motion of the magnetic flux.

This positive effect of the yoke resulted from its electrical conductivity, , which acted to delay the
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flux movement in the bulk by induced eddy currents, flowing within the yoke.

Figure 17 shows the maximum temperature rise, AT, estimated on the edge of the bulk, as a
function of the applied field, Be, for the split coil at 65 K and 40 K. The magnitude of AT was
decreased by the insertion of iron yoke, which was the same manner of the magnitude of Rg shown
in Fig. 17. The reduction of AT was relatively small, compared to the experimental results in Fig. 8,
because the small By value of 0.04 in a Kim model, which seriously suppresses the J. value under
the magnetic field, reduces the temperature rise, even though the « value is higher than the present
bulk in Eq. (1).

The effect of the yoke insertion on the PFM results can be related to the electrical properties of
the bulk superconductor, and the saturation magnetic flux density, Bsy, and electrical conductivity,
o, of the yoke material. Bsy acts to reduce the flux flow in the descending stage, and o acts to
suppress R and reduces the heat generated in the bulk, because of eddy currents flowing in the
yoke that opposes the magnetization. Hence, a yoke with higher Bgy and o is desirable to improve
the final trapped field by PFM from both electromagnetic and thermal points of view.
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Fig. 16. Time dependence of the flux increase rate, Rg, at the center of the bulk surface after
applying Bex = 5.5 T at 40 K, for all cases with and without the three types of yoke. Rg was
calculated from dBy(t)/dt in Figs. 15(a2) ~ (d2).
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Fig. 17. Maximum temperature rise, AT, extracted from the edge of the bulk, as a function of the
applied field, Bey, for the split coil at 65 K and 40 K.

5. Summary
We have investigated both experimentally and numerically the trapped field characteristics of a

standard Y-Ba-Cu-O bulk magnetized by PFM using a split coil with three kinds of iron yokes
inserted in the bores of coil. The important results and conclusions obtained from this study are
summarized as follows.

(1) A higher saturation magnetic flux density, Bs:, Of the yoke material was effective to reduce
flux flow in the descending stage of the pulsed field. A maximum trapped field of 2.93 T at 40
K was achieved on the center of the bulk surface using the split coil with the permendur yoke
with a flat surface. The difference in the trapped field between the soft iron and permendur is
reasonably small because the B, Value is not significantly different.

(2) A higher and conical trapped field can be achieved in the case of soft iron with a flat surface.
In the case of soft iron with a taper, the trapped field was expected to be enhanced because of
the concentration of the magnetic flux. However, the maximum trapped field was lower than
that for a flat surface. The magnetic flux cannot concentrate at the center of the coil because
the applied field is higher than B, and thus the tapered shape is ineffective in this respect.

(3) The results of the numerical simulation qualitatively reproduced the experimental results, such
as the applied field dependence of the trapped field. The typical behavior of the magnetic flux,
such as a flux jump, can be also reproduced by an assumption of J.(B) characteristics based on
a Kim model and a higher J. value under zero magnetic field, compared to the measured one.

(4) The effect of the yoke insertion was also simulated using a realistic saturation magnetic flux
density, Bsa, and electrical conductivity, o, of the yoke materials. The contribution of the yoke
on the PFM results is more influential during the descending stage of the pulse. B, Of the yoke
material acts to reduce flux flow, such that the magnetic flux still remains trapped with
minimal flux flow, even after the whole process of magnetization. A large o value of the yoke
material also acts to reduce the flux increase rate, Rg, of the flux intruding the bulk because of
eddy currents that flow in the yoke that oppose the magnetization. This reduces the
temperature rise, AT, in the bulk, which improves the final trapped field.
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