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Alternating current loss in a cylinder with power-law current-voltage
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The transport ac l0s9 in a superconducting cylinder of radiaswith a power-law current-voltage
characteristi€=EJ/JJ" as a function of current amplitudg, is numerically calculated for a set

of given values of, J., and frequency atn=5, 10, 20, and 30. After deriving a scaling law and
defining a critical frequency,, the results can be converted and interpolated to those for any values
of a, J;, f, and 5=n=<30. The “power-law"Q(l,,,) atf=f is a better alternative of the critical-state
Q(l,), used not only for describing the featuresQ,,, f) of high-temperature superconductors but
also for planningQ measurements and their interpretation2@5 American Institute of Physics
[DOI: 10.1063/1.1947912

Soon after Bean assumed in the critical-st&®) model  magnetic scaling law for any given sample with E(J).*°
a constant critical current densily to calculate the magnetic For cylindrical samples, Brandt's magnetic scaling law
property of a hard superconducting cylin(’jeI;ondon re-  waorks for any given cylinder with a fixed radiasbut not for
ported his derivation on the transport ac loss of a hard supee general cylinder with a variabke and therefore, his result
conducting cylinder based on the same assumptiBor a  cannot be simply used for a cylinder in the transport case.
long cylinder of radiusa, London gave the relation between Thus, there has been an inconsistancy in the experimental
the lossQ per cycle per unit length and the amplitude of thestudy of HTS tapes; theit-V curves are measured to be

transport ac current, as roughly of a PL type with a finiten and anl; determined by
oL . . the criterion Eq.(4), but their ac loss is compared with Eq.

q=2-ip)in+2(1 =ipn(l =iy, (D) (1) that is derived from the CS model assumig0 when
13/< 3. In the present work, we will derive a transport

a=2mQluel?, in=Il4/lc, (2)  scaling law for the cylinder with PLE(J), so that—

accompanied by a set of numerically calculated results—the

above mentioned relation is quantitatively obtained and may

be conveniently used in the ac loss research of HTS tapes.
We consider a currenit(t)=1,,sin 2xft carrying super-

conducting cylinder of radiua and infinite length along the

z axis. Disregarding the lower critical field, the constitutive

laws of the superconducting material are

where | .= ma?], is the critical current. The validity of this
formula was later extended by Norris to an elliptical bar with
arbitrary values of semiaxesand b.2 In recent researches of
high-temperature superconduct®r'S9, it has been shown
that the measureq versusi, curves of Bi-2223/Ag tapes is
roughly consistent with Eq(1),*~ which means that the CS
model is basically valid for such tapes. Howevé&r,should
be measuring time dependent owing to the flux creep mecha- B=yu,H, J=0o(J)E, (5)
nism of the actual CS. In the case of HTSs, the collective . )

flux creep leads to a roughly power-I&®L) current-voltage  Where the conductivity is derived from E() as

(1-V) characteristi€*° o(J) = (JJEQ)[IJI" . (6)

E = (E//Jo)|I13" 13, (3) Q can be obtained by solving a boundary and initial
value problem of differential equation, which is derived as

which is often shown in four-point measurements of HTSS0110ws Together with the Maxwell equations

In Eq. (3), J; is routinely defined as thé at whichE equals
a critical value aB(r,t)/ot=—=V X E(r,1), (7)

E.=10% V/m. (4) Jr)=V XH(r,t), (8)

With this PLE(J), Q becomes a function of notonly,  and using vector potentiah defined byB=V XA and
Je, anda, such as in Eq(1), but alson and frequencyf. In y.A=0, we obtain
order to know the relation among these quantities, scaling )
laws have been studied by Rhyner and Sykudgial ***for VEA(r,Y) = poo dA(r b/dt. (9)

essential parameters for long superconductors with a finitg,(r t) has a nonzera componentA(r,t) only, and wherr
cross section are not considered, their results are hardly usegiqt are normalized as

by experimentalists. On the other hand, Brandt has stated a
p=rla, 7=2=xft, (10

¥E|ectronic mail: chen@maxwell.uab.es Egs.(6) and(9) lead to
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TABLE I. g of a cylinder ofa=0.5 mm and.=60 A as a function of,,, and
n, numerically calculated from E¢3) at f=5 Hz.

im n=5 10 20 30
0.1 0.001368  0.000785  0.000546  0.000 474
0.1667  0.00563 0.003 51 0.002 57 0.002 27
0.333 0.0399 0.0279 0.0217 0.019 63
0.5 0.1302 0.0987 0.0801 0.0733
0.667 0.308 0.255 0.215 0.1988
0.833 0.599 0.559 0.500 0.470

0.95 0.898 0.885 0.860 0.841

1.0 1.065 1.090 1.101 1.102

1.05 1.268 1.391 1.632 3.06

1.1 1.517 1.858 2.97

1.2 2.19 3.68

1.3 3.19 7.82
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Equation(11) should be solved under the boundary condi-

tion, which is obtained from the Ampere law, tie defini-
tion, and Eq.(5), and the initial condition

3 Alp,7)
ap molc

p=1

imsSinT
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A(p,0
Alp.O _ o
Mol ¢

(12)

After t is increased from O tn periods so that the sym-
metric periodical magnetization condition becomes staiple,

may be calculated as

_ 27

(m+1)/f a
qg=—> dtJ
Mol ¢ J 0

1 2
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dp,

(13)

where Egs.(3), (5), and (8), and the definition ofA have

been used.

From these equations, we see that under the stabiliz

current-sinusoidal condition and a fixed A(p, 7)/ ul. as a
function ofi(7)=1(7)/l. is determined by.f only. A scaling
law can be stated as follows. If the valuelgf is multiplied
by a constantC, the value of the resultai&(p, 7)/ ol Will
be multiplied byCY"Y, so that the values af andi, will
be multiplied byC?™b and CY("V| respectively. With the

help of the scaling law, any functional transport ac loss of th

superconducting cylinder may be obtained from the numeri

cal results for a set of well chosen cases. Brandt proposed §vV€nn. wWe o

e

€
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FIG. 1. (a) For a superconducting cylinder of radias 0.5 mm and critical
currentl =60 A with E=E_J/J |" characteristic oh=5, 10, 20, and 30, the
normalized transport ac loss as a function of normalized current amplitude,
q(iy), numerically calculated &=5 Hz. (b) (i) curves scaled from(i )

to critical frequencyf.. (c) and (d) q(i,, curves forn=20 and 10 aff/f,
=0.1, 1, and 10. The dashed lines are the CS limit- ) calculated from

Eq. (1). Arrows indicate the direction of increasimgor f.

t&ut for the sake of clarity, we will fix the sample and tem-
perature so thdt, andn are chosen as fixed parameters.
We first define a critical frequencf; at which the PL
g(in,=1)=1 occurs, so that any given corresponds to a
unique and criticaly(iy,), q'(i,,), which may be unambigu-
ously compared with Eq.1). The above numerical calcula-
tion is made atl.=60 A and f=5 Hz, and the resultant
g(in,=1)>1 for all values ofn, as seen from Table | and Fig.
1(a). In order to meet the condition cnf(i:nz 1)=1 at any
btainq*(i:n) curve from the numerically calcu-

very efficient numerical technique to calculate magnetidatedq(im) atf=5 Hz using the scaling law,
properties from the PLE(J),”° which was later used by
Yazawaet al*® and Rhynel* for calculating transport prop-
erties. Following the procedure described in Ref. 13, we calso thatf is obtained and approximately expressed by
culate accuratelywith 200 elements and:2 10° time step$
Q as a function ofl,,, andn for arbitrarily fixeda=0.5 mm,
=60 A, andf=5 Hz. The resultan as a function of ,, for
n=5, 10, 20, and 30 are given in Table | and plotted in Fig.that all PL curves cross over é,;:q*:l so that they can be
1(a). With these data and the scaling law, we may give dif-reasonably compared with the CS curve. Whéﬁ: 1,d

ferent functions by choosing different variable parametersincreases with decreasing and the low i, limit of

in=imC""Y, g =qC?"Y, f.=Cf, (14)

[fc=315+11.8 (AHz,5<n=<30). (15)

Theq'(i,,) curves all f=If. are plotted in Fig. (b). We see
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FIG. 2. (a) For a Bi-2223/Ag tape, th&(l) curve measured at 77 K with

current increasing rate 2 A/min, compared with the calculated one for an

equivalent cylinder wittE=EJ/J¢|"® andl,=18.2 A.(b) q(i,,) measured at

Appl. Phys. Lett. 86, 252504 (2005)

2(b) for f=14, 45, 135, and 405 Hz. Thi is calculated
using Eq.(15) to be 22 Hz. Using the scaling E¢l4), the
four q(i,, curves for different values of are converted to
q'(i,) at f;=22 Hz, as plotted in Fig.(2). We see that the
original systematid dependent(i,,) curves become almost
overlappedq*(i;]) curves wheni:n< 1.5. Some systematic
difference among the fOLq*(i:n) curves may come from the
departure of the measurétil) relation from the ideaE(l)
function calculated from the PE(J) with n=7.3, as shown
by the dashed line in Fig.(4). The decrease off’ with
increasingf ati:n> 1.5 may be related to the loss occuring in
the normal metal Ag in the shéff. The q at i:n<1 to be
lower than that calculated from the RE(J) and the CSq
calculated from Eq(1) may come from a field dependedy
which is not considered in the derivation of E4) and the
PL model presented abov@&Without going into more detail
in the discussion, we can already see from this example that,
in terms ofq’ (i) rather than Eq(1), deeper qualitative and
guantitative study on the ac loss of HTS tapes becomes pos-
sible.

In conclusion, we have derived a scaling law for the
transport ac los€ per cycle per unit length of a supercon-
ducting cylinder with a PLE(J) characteristiE=E_J/J |".
After numerical calculation o for some chosen cases, this
scaling law enables us to obtafp as different functions of
current amplitude,, frequencyf, critical currentl., cylinder
radiusa, andn. We have defined a critical frequency for
any given cylinder and temperature with fixeédand n so
that the normalizedQ as a function of the normalized
Im, q(iy), measured at any value 6fmay be converted to a
critical ' (ir,) function atf. and compared with the theoret-

77 K and f=15, 45, 135, and 405 Hz. The dashed line is the CS limitical one calculated from the measurigdandn, leading to a

calculated from Eq(1). (¢) q*(i;n) scaled from the measuregli,,,) to f.
=22 Hz. The dashed-dotted line is the E’*ILi:n) for n=7.3 calculated using
Egs. (14) and (15 and the data interpolated from Table I. The solid-line
arrows in(b) and(c) indicate the direction of increasirfy

dlgq'/dlgi-, agrees well withy" o i;]?’_y(“”), as previously

predicted by Sykulskiet al’? for infinite slabs. Wheni,,

>1, the CSq suddenly increases to very high values,

whereas the Plg'(i,) curve turns up continuously whep,
passes unity and it turns more rapidly with increasing

deeper insight into the nature of the loss mechanism. Not
containing sample size, the scaling law may be formally used
for any given HTS tape and coated conductor.
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