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Evaluation of current distribution in bulk superconductors
magnetized by pulsed-ﬁelds
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Abstract
For theoretical clariﬁcation of mechanism of a pulsed-ﬁeld magnetization (PFM) and development of more eﬃcient PFM method, we
carried out a detailed computer simulation in consideration of the diﬀerence in the superconducting characteristics between the growth
sector boundary (GSB) and the growth sector region (GSR) parts of the material. The superconducting current was deﬁned in each part
and the magnetic ﬁeld induced by the local current was calculated. The entire magnetic ﬁeld distribution was obtained by adding individual distributions. The experiment with a Sm123 bulk superconductor was performed and it was conﬁrmed that the calculated distribution reproduces the experimental one.
 2007 Elsevier B.V. All rights reserved.
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1. Introduction
According to the recent improvement in the performance of high-Tc REBaCuO (RE = Y, Sm, Gd, etc.) bulk
superconductors, a high trapped ﬁeld exceeding 17 T has
been achieved [1]. A superconducting bulk magnet, in
which a bulk superconductor is magnetized and used like
a permanent magnet, is attracting much attention as one
of the applications of bulk materials, because it can generate stronger magnetic ﬁeld than that of permanent magnets
or iron-cored electromagnets. Thus, various industrial
applications such as magnetic separation and magnetron
spattering are considered [2–5]. In the magnetization, a
pulsed-ﬁeld magnetization (PFM) method is an important
technique for various industrial applications, because a
bulk can be magnetized with a simple and relatively cheap
apparatus in a short time. However, there is a problem that
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the strength of trapped ﬁeld (BT) is less than a half of that
magnetized by a ﬁeld cooled method (FC) at low temperature below about 50 K. The IMRA (iteratively magnetizing
pulsed-ﬁeld operation with reducing amplitudes) method
[6,7], MPSC (multi-pulse technique combined with a stepwise cooling) method [8] and MMPSC (modiﬁed MPSC)
method [9] are developed recently aiming at improvement
) and BPFM
of over 5 T is achieved with
of BT in PFM (BPFM
T
T
the MMPSC method. These are magnetizing methods in
which several pulsed-ﬁelds are applied with changing the
strength of magnetic ﬁelds and cooled down temperature
based on the idea of controlling heat generation of the bulk
during the magnetization. The heat generation inﬂuences a
critical current density Jc, and thus, the resulted BT also
changes [10,11]. Moreover, it is known that there is a diﬀerence in Jc characteristics between a growth sector boundary
(GSB) part and a growth sector region (GSR) part in the
same material, and the characteristics of the former are
more excellent than that of the latter. In the FC magnetization, the diﬀerence between two parts hardly inﬂuences the
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performance of the trapped ﬁeld because, in this case, heat
generation is mostly caused by the ﬂux ﬂow during the
decreasing exciting ﬁeld which is very slow in FC method,
and thus the temperature rise is very small. In the PFM, on
the other hand, heat generation originates mainly from ﬂux
jump and it is diﬀerent locally according to the Jc
characteristics.
This paper presents a detailed computer simulation taking into the consideration of the diﬀerence in the Jc characteristics between GSB and GSR parts for the purpose
of theoretical clariﬁcation of magnetizing mechanism and
development of more eﬃcient magnetizing method. Firstly,
a Sm123 bulk superconductor is magnetized by PFM with
changing the magnitude of applied peak ﬁeld from 3.10 to
5.42 T. Temperature and trapped ﬁeld at the bulk surface
are monitored during the magnetization, and the trapped
ﬁeld distribution of 3.5 mm above the surface is scanned
after the magnetization. The FC magnetization with varying temperature of the material was also performed. Next,
the maximum temperature is obtained from the experimental data of the PFM, and the Jc at that temperature is calculated by using the trapped ﬁeld-versus-temperature data
of the FC assuming that a critical current ﬂows to the
entire sample. Here, the current density of GSB and
GSR parts is deﬁned, respectively based on the obtained
Jc. Then, changing each current density, the magnetic ﬁeld
distribution is simulated and compared with the experimental distribution map. From these procedures, the validity of the simulation is veriﬁed from the agreement
between experimental and numerical results when the
pulsed-ﬁeld of diﬀerent magnitude is applied to a bulk
superconductor.
2. Experimental
2.1. Experimental detail
Using a melt-processed Sm123 bulk superconductor, a
temperature rise and a trapped ﬁeld distribution in the
FC and the PFM are measured. The bulk material is a
highly c-axis oriented crystal and consists of SmBa2Cu3Oy
(Sm123), Sm2BaCuO5 (Sm211) with the molar ratio of
1.0:0.3, 0.5 wt.% Pt powder and 1.5 wt.% Ag2O addition
(Dowa Mining Co., Ltd.). The sample size is 45 mm in
diameter and 18 mm in thickness, and it is impregnated
by epoxy resin reinforced by glass ﬁber. The epoxy resin
on the upper and lower sides of the bulk was removed in
order to establish the thermal contact to the thermocouples
and to measure the precise temperature and to reduce a
thermal contact resistance to the cold head. The bulk is
set on a copper base connected to a cold head of GM
refrigerator (AISIN SEIKI CO., LTD, GR301). Five Teflon-coated chromel-constantan thermocouples (T1–T5) of
76 lm in diameter are adhered on the surface of bulk
superconductor using the GE7031 varnish. T1 is put on
the center of the bulk. T2–T3 and T4–T5 are arranged in
the radial direction of GSR and GSB, respectively as
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shown in the insets of Fig. 2. A Hall sensor (F.W. Bell,
BHT-921) is set near T1 to monitor a magnetic ﬂux density
of trapped ﬁeld as shown also in the insets. A superinsulation is wound around the bulk superconductor and they are
covered with a vacuum vessel.
In the FC magnetization, a static ﬁeld of 5 T is applied
by a 10 T superconducting magnet at the higher temperature than a critical one, Tc, and the bulk is cooled down
to a prescribed temperature (40, 50, 60 and 70 K at the
cold stage). Then, the magnetic ﬁeld is reduced to zero
with a sweep rate of 5.06 mT/s. The temperature and
magnetic ﬁeld are measured every 8 s. In the PFM, after
the bulk is cooled down to 40 K at the cold stage,
pulsed-ﬁeld of 3.10, 3.83, 4.64 and 5.42 T with a rising
time of 10 ms is applied by using a copper coil cooled
at liquid nitrogen temperature and a pulse generator with
a condenser bank of 60 mF. The temperature and magnetic ﬁeld are monitored about 7 times per second. After
each magnetization, the trapped ﬁeld distribution of parallel direction to the bulk axis is measured by scanning an
axial type Hall sensor (F.W. Bell, BHA-921) above the
vacuum vessel, in which the gap between the bulk surface
and the sensor is 3.5 mm.
2.2. Experimental results
Fig. 1 shows the temperature dependence of trapped
ﬁeld. The horizontal and vertical axes indicate the maximum temperature at T1 and the maximum z-direction ﬁeld
measured 3.5 mm above the bulk surface, respectively. The
relationship in the FC magnetization is also presented. The
temperature increases monotonously with the applied ﬁeld.
On the other hand, the trapped maximum ﬁeld increases
with the applied pulsed-ﬁeld from l0H = 3.10 to 4.64 T,
but, thereafter it decreases along the FC line which indicates the upper limit of trapped ﬁeld for each temperature.

Fig. 1. The temperature dependence of the trapped ﬁeld for the various
applied pulsed-ﬁelds. The horizontal and vertical axes indicate the
maximum temperature at T1 and the maximum z-direction ﬂux density
in the horizontal plane 3.5 mm above the bulk surface, respectively. The
relationship for the FC magnetization is also presented.
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These results suggest that a high applied ﬁeld causes high
temperature rise, and thus, a trapped ﬁeld is reduced due
to the decrease in Jc.
Fig. 2 shows the time response of normalized temperature rise of T1–T5 for pulsed-ﬁeld of (a) l0H = 3.83 T
and (b) l0H = 4.64 T, respectively. For the case of
l0H = 3.83 T, the temperature of GSR part (T2, T3) rises
faster than that of GSB part (T4, T5) and it means that
magnetic ﬂux enters in the bulk through the GSR part.
For the case of l0H = 4.64 T, on the other hand, the temperature rises up at the same time at all the points and it is
considered that magnetic ﬂux enters in the bulk from the
whole periphery.
Fig. 3 illustrates the trapped ﬁeld distribution measured
3.5 mm above the bulk surface for applied pulsed-ﬁeld of
(a) l0H = 3.83 T and (b) l0H = 4.64 T, respectively. In
Fig. 3a, the distribution map draws a diamond shape and
one can see that a lot of magnetic ﬂux is trapped in the
GSR part. In Fig. 3b, the map is quadrangle and one can
see that the trapped ﬂux of GSB part is more than that
of GSR. From the results of Figs. 2 and 3, in the case of
l0H = 3.83 T, an applied ﬁeld is too small to invade into

Fig. 3. Trapped ﬁeld distributions in the horizontal plane 3.5 mm above
the bulk surface for the applied pulsed-ﬁeld of (a) l0H = 3.83 T and (b)
l0H = 4.64 T, respectively (Section 2.2).

the GSB part where Jc is higher. In the case of
l0H = 4.64 T, on the other hand, magnetic ﬂux can enter
into the GSB part, but ﬂux creep occurs because of a
decline in Jc caused by large heat generation in GSR part,
and then, trapped ﬁeld decreases.
3. Simulation

Fig. 2. The time responses of normalized temperature rise at T1–T5 for
the applied pulsed-ﬁeld of (a) l0H = 3.83 T and (b) l0H = 4.64 T,
respectively.

In the simulations of magnetization, an axisymmetric
model has been usually used. In order to verify the magnetizing mechanism in detail, it is necessary to discuss the
GSB and the GSR parts separately because the Jc characteristics are diﬀerent between each area. This paper
attempts to estimate each Jc in two parts by using experimental data and to simulate the magnetic ﬁeld distribution.
In the paper, though the pinning characteristics during the
magnetization are not considered, they are evaluated as
distribution of Jc after the magnetization.
An analytical procedure is explained in the applied ﬁeld
of 3.83 T. A maximum temperature of Tmax = 57.5 K is

K. Yokoyama et al. / Physica C 463–465 (2007) 410–414

obtained from the experimental data. The Jc at 57.5 K can
be calculated by using the trapped ﬁeld-versus-temperature
data of the FC magnetization is shown in Fig. 1. Assuming
that critical current ﬂows to the whole material, the following expressions for the Jc and the magnetic ﬁeld density B
at an arbitrary position are obtained:
)
B ¼ rot A
;
ð1Þ
1
r2 A ¼ J c
l0
where A and l0 are the vector potential and the magnetic
permeability of the vacuum, respectively. Now, ﬂux density
at the center axis of the bulk 3.5 mm above the surface is
mm
¼ 1:56 T in Fig. 3a, and therefore, the critical curB3:5
T
rent density is Jc = 5.18 · 108 A/m2 from Eq. (1). Next,
the current density in GSB and GSR parts is deﬁned as
JGSB and JGSR, respectively, based on the above Jc. The
sample is evenly divided into eight regions, each four regions of GSB and GSR. Assuming the current loops in
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each part, the magnetic ﬁeld induced by JGSB and JGSR is
calculated by use of the Biot–Savart law. The entire magnetic ﬁeld distribution is obtained by adding individual distributions. After comparing the obtained distribution with
the experimental one shown in Fig. 3a, JGSB and JGSR are
updated and the magnetic distribution is calculated again.
Fig. 4a shows the simulation result when JGSR/JGSB = 0.3.
The simulation in l0H = 4.64 T is performed as well. The
mm
¼ 1:60 T from Fig. 3b, and the
Tmax = 65.7 K and B3:5
T
critical current density is Jc = 5.89 · 108 A/m2. Fig. 4b
illustrates the simulation result when JGSR/JGSB = 1.5.
The numerical results shown in Fig. 4 reproduce the experimental results shown in Fig. 3 well, and thus, the validity
of the proposed method is conﬁrmed.
4. Conclusions
We proposed a detailed simulation method which took
into account the diﬀerence in the Jc characteristic between
GSB and GSR parts. A Sm123 bulk superconductor was
magnetized by the PFM as varying the magnitude of
applied ﬁeld and trapped ﬁeld distribution was measured.
The magnetic ﬂux density of the GSR part was higher than
that of GSB part for the pulsed-ﬁeld of l0H = 3.83 T, but
the relation was opposite for the case of l0H = 4.64 T. It
was conﬁrmed that the diﬀerence of Jc inﬂuenced the performance of trapped ﬁeld. Next, the numerical analysis
was performed based on the experiment data. The current
density in GSB and GSR parts was separately evaluated
and the magnetic ﬁeld distribution was calculated. The
numerical calculation results of trapped ﬁeld distribution
were corresponding to the experimental one, and therefore,
it was conﬁrmed to be able to analyze the current distribution in detail by the proposed method. We will carry out
the magnetizing simulation on the IMRA, MPSC and
MMPSC methods hereafter, and furthermore, there is a
possibility that a better magnetizing method can be
proposed.
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Fig. 4. Results of numerical calculation for magnetic ﬁeld distributions in
the horizontal plane 3.5 mm above the bulk surface for the applied pulsedﬁeld of (a) l0H = 3.83 T and (b) l0H = 4.64 T, respectively.
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