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Magnetization losses in multifilament coated superconductors
G. A. Levina! and P. N. Barnes
Air Force Research Laboratory, Propulsion Directorate, 1950 Fifth Street, Bldg. 450,
Wright-Patterson Air Force Base, Ohio 45433

N. Amemiya, S. Kasai, K. Yoda, and Z. Jiang
Faculty of Engineering, Yokohama National University, 79-5 Tokiwadai, Hodogaya,
Yokohama 240-8501, Japan
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We report the results of a study of the magnetization losses in experimental multifilament, as well
as controlsuniformd coated superconductors exposed to time-varying magnetic fields of various
frequencies. Both the hysteresis loss, proportional to the sweep rate of the applied magnetic field,
and the coupling loss, proportional to the square of the sweep rate, have been observed. A scaling
is found that allows us to quantify each of these contributions and extrapolate the results of the
experiment beyond the envelope of accessible field amplitude and frequency. The combined loss in
the multifilament conductor is reduced by about 90% in comparison with the uniform conductor at
full field penetration at a sweep rate as high as 3 T/s. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1861955g
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Coated superconductors are currently produced by
positing a 1–2mm thin film of Y1Ba2Cu3O6+x sYBCOd on a
100-mm-thick buffered metal substrate in the form of a t
tape. The superconducting film is subsequently covere
protective silver layer.1 The width of the developed coat
conductors is 1 cm, with plans to reduce it to 4 mm. W
such a wide superconducting tape is exposed to a trans
time-varying magnetic field, a large amount of hea
generated.2,3

A significant reduction of magnetization losses in coa
conductors is a prerequisite for their use in ac power a
cations, such as transformers, generators, and motors
also important for such a modification to be compatible w
current techniques of manufacturing the coated conduc
Carr and Oberly4 have proposed that magnetization los
can be reduced if the superconducting layer is divided
many parallel superconducting stripes segregated by n
perconducting resistive barriers and the tape is twisted.
et al.5 have demonstrated the validity of this approach
small samples of YBCO films deposited on LaAlO3 single-
crystal substrate. However, because of the small size o
samples and insulating substrate, coupling losses due t
rents induced between the superconducting stripes2 could not
be detected.

Here we report the results of the magnetization loss m
surements in actual multifilamentary YBCO-coated con
tors. Two 1310 cm samples of YBCO-coated conduct
were subjected to a magnetic field normal to the wide fac
the tape and varying at different frequenciesf in the range
11–170 Hz with the magnetic induction amplitudeB up to 70
mT. The longer samples and measurements at severa
quencies enabled us to study both hysteresis and cou
losses.6 We found a scaling that allows to separate and q
tify the contributions of the two types of losses. The m
sured magnetization losses are compared with theoretic
timates and some of the implications of our findings for

ad
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prospects of coated superconductors for power applica
are discussed.

The samples were cut from a longer tape of YBC
coated conductor with Hastelloy substrate provided by
perPower, Inc.7 The multifilamentary sample was made
dividing the uniform YBCO layer into 20 stripes by la
ablation.5,8 Grooves less than 50mm wide separating the s
perconducting stripes were cut through the silver prote
layer, YBCO, and buffer layers, and extended 5–10mm into
the substrate. In the groove area, the aforementioned ma
was evaporated. The electrical connection between
YBCO layer and the substrate is predominantly provide
Hastelloy that was melted and splashed across the wa
the groove during ablation.8

The losses were measured using a linked pick-up co
described in Refs. 6 and 9. The entire system was cool
liquid nitrogen. A sample was placed inside the bore of a
dipole magnet that generated a magnetic field whose
quency was varied from 11.3 to 171.0 Hz.

In Fig. 1, the losses in the uniform sample at diffe
frequencies are shown. For comparison, we use the ana
result for the hysteresis loss:10

FIG. 1. sColor onlined Energy loss in the uniform sample per unit leng
per cyclesQ/ fd at five different frequencies, from 11.3 to 171 Hz, plotted
amplitude of the applied magnetic field. The inset shows the bulk av

critical current obtained from the loss data by inverting Eq.s1d.

© 2005 American Institute of Physics9-1
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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        2
Qh < JcW
2sB − Bcdf, B @ Bc. s1d

HereQh is the hysteresis power loss per unit length,Jc is the
critical current per unit width, andW is the width of the
sample. Bc=m0Jc ln 4/p and m0=4p310−7 H/m is the
magnetic permeability of vacuum.

Rather surprisingly, the energy loss per cycledecrease
with increasing frequency in contradiction to an ear
report.11 However, additional measurements on other
form samples confirm a 15%–20% decrease of the per
loss over a decade of frequency in the range shown in F
A discussion of the possible explanations of this phen
enon is beyond the scope of this letter and is not crucia
our main results. Inverting Eq.s1d within its range of appli
cability we obtained the critical currentIcsB, fd=JcW shown
in the inset. The value ofIc obtained from ac losses is t
bulk average and is always greater than the transport cr
current which is limited by the weakest section of the c
ductor. Unfortunately, the transport current could not be
producibly measured in the uniform sample because it
accidentally destroyed during the measurement. The m
facturer provided the self-field value ofIc=132 A for that
particular section of the tape.

In a multifilamentary sample, the hysteresis loss is
portional to the width of an individual stripe:4,5,12

Qh
st = IcWnsB − Bc8df . s2d

HereWn is the width of the stripe andIc is the total critica
current. In our sample the distance between the centers
neighboring grooves is 0.5 mm, while the width of the
perconducting stripesWn<0.45 mm.

Figure 2sad shows the loss per cycle at five frequenc
in the multifilament sample. The lossesincreasewith fre-
quency, while the field dependence, which is essentially
ear at the lowest frequency, acquires a clear curvatu
higher frequencies. The loss that has quadratic depen
on the sweep rateBf is the coupling loss.2 The eddy curren
losses in the silver layer and substrate are negligible be
the silver cap layer is striated along with the YBCO la
The average electric field directed perpendicular to
stripes,E',BfL. HereL is the length of the sample or, in
long twisted conductor, half of the twist pitch. The power
unit length dissipated as the result of the current pas

4

FIG. 2. sColor onlined sad The energy loss per cyclesQ/ fd in the 20-filame
L;Q/ IcBf in mm vs sweep rate. The plot includes all the data fromsad. T
Ic=110 A. The straight line is an approximate linear fit corresponding t
losses are equal to hysteresis loss.
through the metal connecting the stripes is
Downloaded 05 Jan 2007 to 134.131.125.49. Redistribution subject to AIP
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st , r−1uE'u2dnW= 2

sBfLd2

r
dnW. s3d

Heredn is the thickness of the normal metal layersmostly the
substrated and r is the effective resistivity. The combin
magnetization loss can be defined as follows:

Q = Qh
st + Qn

st ; LIcBf . s4d

Here L is the power loss per unit length, per unit of
critical current, per unit of the sweep rate. It has the dim
sionality of length. Comparison with Eqs.s2d and s3d sug-
gests that in the limitB@Bc8,

L = l1 + l2Bf , s5d

where

l1 < Wn, l2 = 2
L2

rIc
dnW. s6d

Thus, these two parameters are independent of the swee
and characterize the conductor itself. One of them d
mines the hysteresis loss and the other the coupling3

Moreover,L can be a more objective criterion of how s
cessful the striation is in reducing the net loss than is
value of the loss itself, since it accounts for the reductio
the critical current by striation.

The scaling defined by Eq.s5d is demonstrated in Fi
2sbd. It shows the same data as in Fig. 2sad, but presented a
L versus sweep rate. The transport critical currenIc
=110 A was measured directly in this sample.6 The linear fit
shown by the solid line allows us to determinel1
=0.52 mm andl2=0.155 mm s/T. Equations5d can also b
rewritten as

L = l1S1 +
Bf

R D, R =
l1

l2
=

1

2

Wn

W

rIc

dnL
2 . s7d

HereR is thebreak-even sweep rateat which the couplin
loss is equal to the hysteresis loss. For our sampleR
<3.3 T/s.

Resistivity in the direction perpendicular to the groo
is that of the Hastelloy substrate,r<130 mV cm. Using Eq
s7d we can estimate the break-even rateR. Taking Wn
<0.5 mm,W=10 mm, L=10 cm, the experimental value6

of the sheet resistancer /dn<13 mV, andIc=110A, we ob-

mple, plotted vs amplitude of the applied magnetic field.sbd The specific los
ss data were normalized by a constant value of measured transport
rossed lines in the center indicate the break-even point, where the co

        
nt sa
he lo
o Eq.s5d. C
tain
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        3
R <
Wn

2W

rIc

dnL
2 < 3.6 T/s. s8d

This is not a bad agreement with the experimental values3.3
T/sd, considering that Eq.s7d is practically an order-o
magnitude estimate.

In Fig. 3, the losses for striated and uniform samples
presented together. The data for the uniform sample are
malized to the field and frequency dependent critical cur
shown in the inset to Fig. 1. Given the small coupling los
in the uniform sample,L<Ws1−Bc/Bd with Bc,10 mT.
Note that this is a conservative comparison because
losses in the uniform sample were normalized by the
average critical current, which is always greater than
transport critical current we have used to normalize loss
the multifilament sample.

An objective criterion of the effectiveness of striation
reducing losses at full field penetration is the ratioL /W. As
Figs. 2sbd and 3 demonstrate, it extrapolates to appr
mately 5% in the limit of low sweep rate and increase
10% at the break-even rate. Since the coefficientsR andl1
are known, we can extrapolate the value of loss outsid
tested range of parameters. The striation will lose its e
tiveness, in comparison with the uniform sample, at
sweep rate about 60 T/s when the extrapolatedLsBfd
=10 mm.

Let us consider the implications of these results for
prospects of coated superconductors in ac power ap
tions. The specifications for future conductors will likely
defined by three criteria: the level of acceptable power
per unit lengthsQgoald at an operating sweep ratesB'fd0, and
the critical currentIc sB' is the normal to the face of the ta
component of the magnetic inductiond. According to Eq.s4d,
these parameters determine the value of

L =
Qgoal

IcsB'fd0
. s9d

In the optimally designed conductor, under most circ
stances, the hysteresis loss should be approximately eq
the coupling loss at the operating rate, which means

R < sB'fd0. s10d

Conditionss9d and s10d determine the required intrinsic p
rametersl1 andl2:

l1 <
L

, l2 <
l1 . s11d

FIG. 3. sColor onlined The data for uniform and 20-filament samples
shown together. The plot includes the data from Fig. 1 presentedL
=Q/ IcBf and from Fig. 2sbd. For the uniform sample we have used
values of the critical current shown in the inset to Fig. 1.
2 sB'fd0
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As an example, consider a fairly ambitious goal
achieving the level of loss per meter length per amp of c
cal currentQgoal/ Ic=1 mW/Am at an operating sweep r
sB'fd0=10 T/s. These conditions demandL=0.1 mm and
correspondingly, the hysteresis lengthl1<50 mm. In com-
parison to the sample used here, this is a tenfold increa
the number density of stripes—from 20 to 200 stripes
The coupling constantl2 has to be reduced to
310−3 mm s/T, which is about 30 times smaller than
experimental value.

If we take Eq.s6d at face value, the main parameter t
can be substantially changed is the average resistivity o
normal metal. To increase the effective resistivity by m
than an order of magnitude over that of Hastelloy will pr
ably require a nonmetallic, insulating medium between
stripes and an unbroken insulating buffer between YB
and metal substrate. The protective layersAg or Cud has to
be striated as well, as done in our sample.

In summary, we have tested a multifilament desig
YBCO-coated conductor that at sweep rate,3 T/s allows
reduction of magnetization loss by an order of magnitud
comparison with the uniform sample at full field penetrat
The analysis presented here shows that even though m
magnets available for such experiments can achieve
sweep rate of only a few T/s, the scaling shown in Fig.sbd
can determine the intrinsic characteristics of a tested con
tor sl1 andRd and can predict what the losses will be w
outside the envelope of accessible values of the field a
tude B and frequencyf. This type of tests can guide t
development of conductor designs needed to help reduc
magnetization losses by another one or two orders of
nitude in order to allow the implementation of coated su
conductors in demanding ac power applications.
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