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in-large-areasuperconductingfilms—
FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
| national electrotechnical committees (IEC National Committees). The object of IEC is to promote interna
-operation on all questions concerning standardization in the electrical and electronicAfields. To this en
addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
ublicly Available Specifications (PAS) and Guides (hereafter referred to as AEC Publication(s)”).

eparation is entrusted to technical committees; any IEC National Committee interested in the subject deal
ay participate in this preparatory work. International, governmental and non-governmental organizations lig
th the IEC also participate in this preparation. IEC collaborates closely with the International Organizatid
andardization (ISO) in accordance with conditions determined by agreementbetween the two organizatid

he formal decisions or agreements of IEC on technical matters expresS, as nearly as possible, an interna
nsensus of opinion on the relevant subjects since each technicak eommittee has representation fro
terested IEC National Committees.

C Publications have the form of recommendations for interhdational use and are accepted by IEC Na
pbmmittees in that sense. While all reasonable efforts are.‘made to ensure that the technical content o
Liblications is accurate, IEC cannot be held responsible’ for the way in which they are used or fo
isinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Publicg
hnsparently to the maximum extent possible in theiraational and regional publications. Any divergence bet
hy IEC Publication and the corresponding natiof@al or regional publication shall be clearly indicated in the |

C itself does not provide any attestation ,ofsConformity. Independent certification bodies provide confg
Esessment services and, in some areas,‘decess to IEC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

| users should ensure that they haye‘the latest edition of this publication.

p liability shall attach to IEC grlits directors, employees, servants or agents including individual expert
embers of its technical committees and IEC National Committees for any personal injury, property damal
her damage of any nature Whatsoever, whether direct or indirect, or for costs (including legal fees
penses arising out of ‘the” publication, use of, or reliance upon, this IEC Publication or any othe
Liblications.

tention is drawn to the Normative references cited in this publication. Use of the referenced publicatid
dispensable for'the correct application of this publication.

tention is dfawn to the possibility that some of the elements of this IEC Publication may be the subject of p

rédline version of the official IEC Standard allows the user to identify the changes mag
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IEC 61788-17 has been prepared by IEC technical committee 90: Superconductivity. It is an

Inter

national Standard.

This second edition cancels and replaces the first edition published in 2013. This edition
constitutes a technical revision.

This edition includes the following a significant technical change with respect to the previous
edition:

a) A simple method to calculate theoretical coil coefficient k is described in 6.2.1.

The|text of this International Standard is based on the following documents:

FDIS Report on voting

90/462/FDIS 90/464/RVD

Full information on the voting for the approval of this International Standard*can be found in the
repgrt on voting indicated in the above table.
Thel|language used for the development of this International Standard is English.
This| document was drafted in accordance with ISO/IEC Djrectives, Part 2, and developgd in
accqrdance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, availgble
at www.iec.ch/members_experts/refdocs. The main daecument types developed by IEC| are
desgribed in greater detail at www.iec.ch/standardsdev/publications.
A list of all the parts of the IEC 61788 series, published under the general title Superconduclivity,
can pe found on the IEC website.
The|committee has decided that the coptents of this document will remain unchanged unti| the
stabjlity date indicated on the IEC website under "http://webstore.iec.ch” in the data relatgd to
the $pecific document. At this date{the document will be
e rleconfirmed,
e withdrawn,
e replaced by a revijsed edition, or
e 3mended.
IMPORTANT — The 'colour inside' logo on the cover page of this publication indicates that it
contains colours which are considered to be useful for the correct understanding of|its

cor

tents—Usersshoutdtherefore primt this documentusimgacotour primter:
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INTRODUCTION

Over thirty years after their discovery in 1986, high-temperature superconductors are now
finding their way into products and technologies that will revolutionize information transmission,
transportation, and energy. Among them, high-temperature superconducting (HTS) microwave
filters, which exploit the extremely low surface resistance of superconductors, have already
been commercialized. They have two major advantages over conventional non-superconducting
filters, namely: low insertion loss (low noise characteristics) and high frequency selectivity
(sharp cut) [1]1. These advantages enable a reduced number of base stations, improved speech
guality, more efficient use of frequency bandwidths, and reduced unnecessary radio wave noise.

Large-area superconducting thin films have been developed for use in microwave deviced [2].
They are also-used considered for use in emerging superconducting power devices).slch as
resistive-type superconducting fault-current limiters (SFCLs) [3] [4] [5], superconducting fault
detgctors used for superconductor-triggered fault current limiters [6] [7] and persistent-cufrent
switthes used for persistent-current HTS magnets [8] [9]. The critical current‘density J. is|one

of the key parameters that describe the quality of large-area HTS films.,Nondestructive| AC
inductive methods are widely used to measure J. and its distribution for targe-area HTS films

[10]|[11] [12] [13], among which the method utilizing third-harmonic yvoltages Uzcos(3wt +|0) is

the most popular [10] [11], where w, t and & denote the angular.frequency, time, and initial
phase, respectively. However, these conventional methods are not accurate because they have
not ¢onsidered the electric-field E criterion of the J, measurement [14] [15] and sometimes|use

an inappropriate criterion to determine the threshold current.l,, from which J. is calculated [16].
A conventional method can obtain J. values that differ fromthe accurate values by 10 % to 20 %

[15]] It is thus-nreeessary important to establish standard test methods to precisely measurg the
loca] critical current density and its distribution, te_which all involved in the HTS filter inddstry
can |refer for quality control of the HTS films. Background knowledge on the inductive J.

mealsurements of HTS thin films is summarized in Annex A.

In these inductive methods, AC magnetic fields are generated with AC currents Iycoswt|in a
sma]l coil mounted just above the film,*and J. is calculated from the threshold coil current I;;,,

at which full penetration of the magnetic field to the film is achieved [17]. For the indugtive
method using third-harmonic voltages U, U; is measured as a function of Iy, and the I, is

detgrmined as the coil currently at which Uj starts to emerge. The induced electric fields|E in
the gsuperconducting film at 15 = l;,, which are proportional to the frequency f of the AC curfent,

can |be estimated by-atsimple Bean model [14]. A standard method has been proposed to
predisely measure d.-with an electric-field criterion by detecting U5 and obtaining the n-vialue

(index of the power-law E-J characteristics) by measuring |, precisely at various frequercies
[14]([15] [18]<[*9]. This method not only obtains precise J. values, but also facilitates| the

deteglction of degraded parts in inhomogeneous specimens, because the decline of n-valye is
more—refadrkable noticeable than the decrease of J. in such parts [15]. It is noted that|this

standard method is excellent for assessmg homogenelty in large-area HTS films, althougr the
relevamnt Parameter 10r UESIgﬂlﬂg TTIICTOWave UeviCes 15 1ot ‘JC' butthe surface resistance. For

application of large-area superconducting thin films to SFCLs, knowledge on J. distribution is
vital, because J; distribution significantly affects quench distribution in SFCLs during faults.

The International Electrotechnical Commission (IEC) draws attention to the fact that it is claimed
that compliance with this document may involve the use of a patent—econcerning—the

determination—ofthe—E-J—characteristics—byinductiveJ —measurements—as—a—function—of
frequency,—given—in—theIntroduction,—Clause-1,Clause 4—and-5.1. IEC takes no position

concerning the evidence, validity, and scope of this patent right.

1 Numbers in square brackets refer to the Bibliography.
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The holder of this patent right has assured IEC that s/he is willing to negotiate licences-free-of
charge under reasonable and non-discriminatory terms and conditions with applicants
throughout the world. In this respect, the statement of the holder of this patent right is registered
with IEC. Information may be obtained from the patent database available at
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Name- of holder of patent right:
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SUPERCONDUCTIVITY -
Part 17: Electronic characteristic measurements —

Local critical current density and its distribution
in large-area superconducting films

1 Secona
o

This|part of IEC 61788-desecribes specifies the measurements of the local critical curréntdensity
(Jc) [and its distribution in large-area high-temperature superconducting (HTS)Milms by an

inductive method using third-harmonic voltages. The most important considerdation for prdcise
measurements is to determine J. at liquid nitrogen temperatures by an elgctric-field critgrion

and | obtain current-voltage characteristics from its frequency dependence. Although |t is
posgible to measure J; in applied DC magnetic fields [20] [21], the scopé of this documept is

limited to the measurement without DC magnetic fields.

This|technique intrinsically measures the critical sheet current that is the product of J. and the
film khickness d. The range and measurement resolution forJ:.d of HTS films are as follows.

— J.d: from 200 A/m to 32 kA/m (based on results, notdimitation).

— Measurement resolution: 100 A/m (based on results, not limitation).

2 Normative references

The[following documents are referred to_inthe text in such a way that some or all of their content
congtitutes requirements of this document. For dated references, only the edition cited applies.
For |undated references, the latest edition of the referenced document (including [any
amendments) applies.

™~
(0}
(]
D
g
&
T
-~
»
P
3
&
oD
D
2

IEC60050-815, Irternational Electrotechnical Vocabulary — Part 815: Superconductivity
(avallable at <httpv//www.electropedia.org>)

3 [Terms-and definitions

For 1
some of which are repeated here for convenience.

pply,

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1
critical current

|
C
maximum direct current that can be regarded as flowing without resistance practically



http://www.electropedia.org/
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Note 1 to entry: 1_is a function of magnetic field strength, temperature and strain.

[SOURCE: IEC 60050-815:20002015, 815-8312-01]

3.2

critical current criterion

I, criterion

criterion to determine the critical current, I, based on the electric field strength, E, or the
resistivity, p

Note [T To entry: E = IU0 pgV/m of E = I0U pV/m IS Oiten used as electric field criterion, and p = 10 M or

p =1p 13 Q- mis often used as resistivity criterion.{(“E-=10-\/m-or E=100-\V/m" inthe currenteditionis mistaken
and-ig scheduled to be corrected in the second edition).

[SOURCE: IEC 60050-815:20002015, 815-90312-02]

3.3
critical current density
‘]C
elecfric current density at the critical current using either the c¢ross-section of the whole
conductor (overall) or of the non-stabilizer part of the conductor ifithere is a stabilizer

Note |l to entry: The overall current density is called engineering current\density (symbol: J,).

[SOURCE: IEC 60050-815:20002015, 815-6312-03]

3.4
trangport critical current density

Jet
criti¢al current density obtained by a resistivity or a voltage measurement

[SOURCE: IEC 60050-815:20002015,.815-0312-04]

3.5

n-velue
<sua;terconduct0r> exponent-obtained in a specific range of electric field strength or resistivity
wheh the voltage/current’U (1) curve is approximated by the equation U o« I"

[SOURCE: IEC 60050-815:20002015, 815-6312-10]

4 Requirements

The|critical current density J. is one of the most fundamental parameters that describe the
quality of large-area HTS films. In this document, J. and its distribution are measured non-
destructively via an inductive method by detecting third-harmonic voltages Uscos(3wt + 6). A

small coil, which is used both to generate AC magnetic fields and detect third-harmonic voltages,
is mounted just above the HTS film and used to scan the measuring area. To measure J.

precisely with an electric-field criterion, the threshold coil currents ly;,, at which Ug starts to

emerge, are measured repeatedly at different frequencies and the E-J characteristics are
determined from their frequency dependencies.

The target relative combined standard uncertainty in the method used to determine the absolute
value of J. is less than 10 %. However, the target uncertainty is less than 5 % for the purpose

of evaluating the homogeneity of J.. distribution in large-area superconducting thin films.


https://iecnorm.com/api/?name=70d32257abd6cef3940427a963cf5f69

IEC 61788-17:2021 RLV © IEC 2021 -11 -

5 Apparatus

5.1 Measurement equipment

Figure 1 shows a schematic diagram of a typical electric circuit used for the third-harmonic
voltage measurements. This circuit is comprised of a signal generator, power amplifier, digital
multimeter (DMM) to measure the coil current, band-ejection filter to reduce the fundamental
wave signals and lock-in amplifier to measure the third-harmonic signals. It involves the single-
coil approach in which the coil is used to generate an AC magnetic field and detect the inductive
voltage. This method can also be applied to double-sided superconducting thin films without
hindrance with no obstacles. In the methods proposed here, however, there is an additional
system to reduce harmonic noise voltages generated from the signal generator and the power
amplifier [14]. In an example of Figure 1, a cancel coil of specification being the same aqg the
sample coil is used for cancelling. The sample coil is mounted just above the supercondugting
film,| and a superconducting film with a J.d sufficiently larger than that of the sample film is

placed below the cancel coil to adjust its inductance to that of the sample cell.)Note that the
inductance of the sample coil decreases by 20 % to 30 % due to the supercanddcting shielding
currgnt when it is mounted on a superconducting film. Both coils and supereonducting filmg are
immersed in liquid nitrogen (a broken line in Figure 1). Other optional‘measurement systems
are flescribed in Annex B.

NOTE In this circuit, coil currents of about 0,1 A (RMS) and power source yoltages of > 6 V (RMS) are needed to
meagure the superconducting film of J d = 10 kA/m while using coil 1 or 2/of-Table 2. A precision power amplifiers

suehfas NF-HSA401L; with sufficiently high power is-recessary used tocsupply such large currents and voltages.

Signal generator

/\/ £ 0,2-20 kHz

Lock-in
amplifier

Non inductive
shunt (~ 1 Q) |DMM

]
A

e N _ |

. Sample Cancel |

| coil coil | i
I B Ll Us
| |

|

|

|| Personal
— || computer
N Sample film Large J_d film |

IEC

NOTE The broken line surrounds elements immersed in liquid nitrogen.

Figure 1 — Diagram for an electric circuit used
for inductive J. measurement of HTS films
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5.2 Components for inductive measurements
5.2.1 Coils

Currently available large-area HTS films are deposited on areas as large as about 25 cm in
diameter, while films about 5 cm in diameter are commercially used to prepare microwave
filters [22]. Larger YBa,Cu30-, (YBCO) films, about 10 cm in diameter and 2,7 cm x 20 cm, were

used to fabricate fault current limiter modules [3] [4] [5]. For the J. measurements of such films,

the appropriate outer diameter of the sample coils ranges from 2 mm to 5 mm. The requirement
for the sample coil is to generate as high a magnetic field as possible at the upper surface of
the superconducting film, for which flat coil geometry is suitable. Typical specifications are as

foIIo[:/s.
a) Inner winding diameter D,: 0,9 mm, outer diameter D,: 4,2 mm, height h: 1,0 mm¢ 400 turns
of a 50 ym diameter copper wire.

b) 4: 0,8 mm, Dy: 2,2 mm, h: 1,0 mm, 200 turns of a 50 um diameter copperywire.

5.2.2 Spacer film

Typically, a polyimide film with a thickness of 50 um to 125 ym is used to protect the HTS films.
The|coil has generally some protection layer below the coil winding; which also insulateq the
thin film from Joule heat in the coil. The typical thickness is 100 ym to 150 ym, and the cojl-to-
film distance Z, is kept to be 200 ym.

5.2.8 Mechanism for the set-up of the coil

To maintain a prescribed value for the spacing Z, between the bottom of the coil winding|and

the {ilm surface, the sample coil should be pressed to the film with sufficient pressure, typigally
excgeding about 0,2 MPa [18]. Techniques te achieve this are to use a weight or sprind, as
shown in Figure 2. The system schematically shown in the figure left is used to scan a yide
areg of the film. Before the U; measurement the coil is initially—meved raised up to spme

distance, moved laterally to the target\goésition, and then-meved lowered down and pressedd to
the film. An appropriate pressure should be determined so that too high pressure doeq not
damfage the bobbin, coil, HTS thin*\film or the substrate. It is reported that the YBCO deposited
on bjaxially-textured pure Ni subpstrate was degraded by transverse compressive stress of apout
20 MIPa [23].
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Figure 2 — lllustration showing techniques to press the sample coil to HTS films
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5.2.4 Calibration wafer

A calibration wafer is used to determine the experimental coil coefficient k' described in
Clause 6. It is made by using a homogeneous large-area (typically about 5 cm diameter) YBCO
thin film. It consists of bridges for transport measurement and an inductive measurement area
(Figure 3). Typical dimensions of the transport bridges are 20 ym to 70 pm wide and 1 mm to
2 mm long, which were prepared either by UV photolithography technique or by laser
etching [24]. In the transport bridge area shown in Figure 3, a transport current can be passed
from current terminal 1 to another current terminal 3 through the bridge "a". In this case,
terminals 2 and 12 are used as voltage terminals. Similarly, a transport current can be passed
from current terminal 1 to another current terminal (5, 7, 9 or 11) through the bridge "b", "c", "d"
or "g T tins Tase, termmiats 456, 8 or 10 a2 are usedas vottage termiats:

Inductive measurement area

Transport bridges (a, b, ¢, d, e)

456789

IEC

Figure 3 — Example of a calibration wWafer used to determine the coil coefficient

6 Measurement procedure

6.1 General

The|procedures used to determine the experimental coil coefficient k' and measure the J; of the
filmg under test are described as follows, with the meaning of k’ expressed in Clause A.5.

6.2 | Determination of the experimental coil coefficient
6.2.1 Calcutation of the theoretical coil coefficient k

Calqulate_the theoretical coil coefficient k = J.d/l, from

k=Fp, (1)

where F,, is the maximum of F(r) that is a function of r, the distance from the central axis of the
coil whose inner diameter is Dy, outer diameter is D, and height is h (Figure 4). The coil-factor
function F(r) = —2H,(r, t)/lgcoswt = 2Hy/1, is obtained by

N (R 2x z, r'zcosd
F(r)= dr'| do| “dz : (2)
2nS J-Rl J.o z, (22 +ré4r? - 2rr’COSt9)3/2
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where-N-is-the-rumberofwindirgs S={R,—R yh-isthe cross-sectionalarea R, =B, 2isthe
m%adms—Rz—Dg#}Mmammdm—emw%}%—me—ee#mﬂm—d%ee—mm%g—Z}

H.(r, t) is the radial component of the magnetic field generated by the sample coil at a upper
surface of the superconducting film, N is the number of turns in the sample coil, R; = D1/2 is
the inner radius, R, = D,/2 is the outer radius of the coil, S = (R, — Rq)h is the cross-secti
area, Z, is the coil-to-film distance, and Z, = Z; + h [17]. The explanation of Equations (1) and
(2) is given in Clause A.3.

onal

A sirlnple method to obtain k is as follows. é
a) Calculate the magnetic-field amplitude Hy(r) = H,(r, t = 0) as a function of r at posjition

b)

d)

Figure 5). .

-

Obtain the (local) maximum value of Hy(r) when r is changed near r szl + Ry)/2.
The maximum value of Hy(r) should have a unit of A/m, then th doubled value divide

i.e. from the shielding current flowing in the superco cting film) cancels out
gerpendicular component H,, and the parallel compone ; doubles. The image coil

its magnetic field generation are shown by the broken g\es in Figure 5.

—F

ttp://lwww.sc.kyushu-u.ac.jp/~ kapkawa/Javascr? Id_and_potential-e.html
the calculation of this site is based on a

Distribution of Solenoid Coil by Computer"

For the calculation of coil magnetic fields, a fr@web site may be used; for exanjple,

Below the coil with a distance Z; when a current of I = 1 mA is passed in@sample coil

d by

Iy (=1 mA) becomes k (unit: 1/mm). Note that the magnetic fi rising from the imag€g coil

the
and

r entitled "Calculation of Magnetic Field

<
Sonle examples of the theoretical coil coeff%i\ent k for typical sample coils are shown in Talle 1

with|the specifications.

¥
O
) \l~
c}\"

2 This information is given for the convenience of users of this document and does not constitute an endorsement

by IEC.
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The imageycQtl and its magnetic field generation are shown by the broken line.

Figure 5 — Illustration of the sample coil and its magnetic field generation
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Table 1 — Specifications and theoretical coil coefficients k of sample coils

D, D, h Turns k r atFF(r) =
m
mm mm mm 1/mm mm
Al 0,8 2,2 1,0 200 62,9 0,74
A2 0,9 2,9 1,0 300 92,2 0,95
A3 1,0 3,6 1,0 400 117,4 1,15
A4 1,0 4,3 1,0 500 135,2 1,35
A5 1,0 4,9 1,0 600 151,5 1,52
A6 1,0 3,6 1,5 600 136,0 1,17
Bl 1,0 4,3 1,0 150 34,4 1,35
B2 1,0 5,4 1,0 200 41,9 1,64
B3 1,0 6,5 1,0 250 47,9 1,98
B4 1,0 7,6 1,0 300 52,6 2,31
B5 1,5 5,4 1,5 300 51,5 1,68
Coils Al to A6 are made of 50-ym-diameter copper wires (60il-to-film distance
Z, = 0,2 mm), and coils B1 to B5 are made of 100-um-diamétey copper wires (coil-
to-film distance Z;, = 0,33 mm).

Measure the E-J characteristics of the transport bridges of the calibration wafer by a f
probe method, and obtain the power-law E-J\Characteristics,

E, = Ag x IN.

Repeat the measurement for at least three different bridges. Three sets of data (n = 20
23,8) measured for three bridges are shown in the upper (high-E) part of Figure 6.

Measure U, in the inductive measurement area of the calibration wafer as a function o
¢oil current with three or four frequencies, and obtain the experimental I, using a cons
inductance criterion; namely, U, =2#L, Us/fly, = 2nL . The criterion L. should be as s

as possibleswithin the range with sufficiently large signal-to-noise (S/N) ratios, in ords
use the sithple Equation (4) for the electric-field calculation (7.1 c) and Clause C.2)
) . N

b xamplesoi-the-measurementis-shown-inFigure 6-with-2gk =2 uQesec-

Repeat the measurement for at least three different points of the film.

our-

©)

5to

the
ant-
mall

br o
AR

4 Calculation of the E-J characteristics from frequency-dependent I, data

Calculate J.4 (= kl;,/d) and the average E induced in the superconducting film at the full

penetration threshold (when J. = J.q) by

Eavgu, = 2,080 fd%J, = 2,04p0kfdly, E = 204458623 = 2,04 kidhy,

from the obtained I, at each frequency using the theoretical coefficient k calculated in 6
The derivation of Equation (4) is described in Clause A.4.

Obtain the E-J characteristics, and the electric fields E; induced in the superconducting
can be approximated as

4)

2.1,

film
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E; = Agi xJ",

()

rom the relation between-£,,, E, 4.y, and J¢o, and plot them in the same figure where the

transport E-J characteristics data were plotted. Broken lines in Figure 6 show three sets of
data measured at different points of the film. Transport data and U, inductive data do not

yet match at this stage.

6.2.5 Determination of the k’ from J;, and J.q values for an appropriate E

a) Choose an appropriate electric field that is within (or near to) both the transport E-J curves

and the inductive E-J curves, such as 200 yV/m in Figure 6

b) /

NOTIE

\t this electric field, calculate both the transport critical current densities J; and
hductive Jg values from Equation (3) and Equation (5), respectively.

petermine the experimental coil coefficient k' by k' = (J./J;g)k, where J; and,J.q indi

re plotted against-&,, ,=2:04xgkfethy, Euqy, =2,04u0kfdly,, the E-J characteristics fron
), measurement match the transport data well (Figure 6).

B A
=
=0t b N 3
E  YBCO/CeO,/Al,O,, 300 nm % E
E (CalbWF5A3 & TH052Au) ]
1072 3
E 773K 0T 3
r " transport i
107 \ 5
E "CalbVWFSA3" 7
F THO052Au 1
I 120 kHz " oy 1
10—4 g_ //, //// _§
i 5 kHz ff ]
10 L U, inductive /< // |
3 1 kHz ¢ 3
i / CaIbWF5A3 ]
= 0,2 kHz O/g/; I ]
10 E E-J obtained using ¥ E-J obtained using & 3
2% 10" 3x 100 4 %100
J (A/m?)
IEC

Broke#lines show three sets of data measured at different points of the film.

the

cate

he average values of obtained J., and J g values, respectively. If the J,‘(Zk'l;,/d) values

the

Figure 6 — E-J characteristics measured by a transport method

and the Uz mductive method
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6.3 | Measurement of J. in sample films

a) Measure Us with two, three or four frequencies in sample films, and obtain I, with the same
griterion L, as used in 6.2.3.

b) Wse the obtained experimental coil:Coefficient k' to calculate J. (= k'ly,/d) at each frequency,
gnd obtain the relation betweemJ, and-E,, E, 4y, (= 2,04ppkfdly,) using k because of the

underestimation as mentioned-in 7.1 c). An example of the E-J characteristics is also shown
in Figure 6, measured ferasample film (THO52Au, solid symbols) with n-values (36,0|and
40,4) exceeding those.of-the calibration wafer (n = 28,0 to 28,6).
c) Krom the obtained&sJ characteristics, calculate the J; value with an appropriate elegtric-

field criterion, such’as E. = 100 uVv/m.
d) Measurementiwith three or four frequencies is beneficial to check the validity of| the

rmeasurement and sample by checking the power-law E-J characteristics. Measurement|with
two frequencies can be used for routine samples in the interests of time.

6.4 | Measurement of J. with only one frequency

As mentioned in Clause 1 and Clause 3,3 is-a-function-of-electricfield—and it is recommended
to determine J, with a constant electric-field criterion using a multi-frequency approach through

procedures described in 6.2 and 6.3, because a supercurrent flowing in a superconductor is a
function of electric field. However, one frequency measurement is sometimes desired for
simplicity and inexpensiveness. In this case, the J. values are determined with variable electric-

field criteria as specified in the following procedures.

a) Calculate the theoretical coil coefficient k as described in 6.2.1.

b) Obtain the E-J characteristics of the transport bridges of the calibration wafer (Equation (3))
through the procedures of 6.2.2.
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c) Measure U; in the inductive measurement area of the calibration wafer as a function of the
coil current with one frequency, and obtain the experimental I, using a constant-inductance
criterion; namely, U5/fly = 2zL.. The criterion L, should be as small as possible within the

range with sufficiently large S/N ratios, in order to use the simple Equation (4) in 6.2.4 for
the electric-field calculation. Calculate J., (= kly,/d) and the average E induced in the

superconducting film at the full penetration threshold by Equation (4). Repeat the
measurement for at least three different points of the film, and obtain average J.q and E, 4.,

d) Using the transport E-J characteristics of Equation (3), calculate J, for the average Eavg-u,

@btained in c).
e) Determine the experimental coil coefficient k" by k' = (J./J;g)k.
f) Measure U; with the same frequency in sample films, and obtain I, with the same critgrion

I, as used in c). Calculate J. (= k'l;;,/d) using the obtained experimental eoil Coefficient k'.
Calculate aIso—an Eavg-u, with Equation (4), and this value should be accompanied by ¢ach

J. value.

6.5 | Examples of the theoretical and experimental coil coefficients

Sonle examples of the theoretical and experimental coil coefficients (k and k’) for typical sample
coil§ are shown in Table 2 with the specifications and, reeommended criteria for the Iy,

a 50 um-diameter self-bondinapnolvurethane enameledxound-copperwindinawire and cdils 2
aoYp-atameter—SseH-seRaihgpoyuretiahie-eameiearoudRa-coppewWheihg-whe,ahRacghsS—=
andi3-arewound-with-a 50 uwm-diameter—polvuretiané enameled-round-copper-winding\ire

p-cHaeter—poetydretiane—enamereafrodna-copper—whahg\yre-
Coilg 1 and 2 are wound with a 50 ym diameter, galyurethane enamelled round copper winding

wire} and coil 3 is wound with a 50 ym diametéty self-bonding polyurethane enamelled rqund
copper winding wire. Measured resistancesat’77,3 K and calculated self-inductances when a
supgrconducting film is placed below the, cail are also shown. The coil-to-film distance 7, is

fixed at 0,2 mm. The images of coils 1.and 3 are shown in Figure 7, and the coil-factor func;lions
F(r)|for the three coils show that the, peak magnetic field occurs near the mean coil radius
(Figlire 8).

Table 2 — Specifications and coil coefficients of typical sample coils

B, B, h Furns k k- UBI—ﬂO R E
mm am ety Heam mm uQssec Q mh
1 09 42 Lo 4ea Loc el 2 AL [
2 106 36 10 e L el 2 = e
D, D, h Turns k k' U,/fl, R L
mm mm mm 1/mm 1/mm puQ-s Q mH
1 0,8 2,2 1,0 200 62,9 47,0 0,6 1,6 0,028
2 1,0 3,6 1,0 400 117,4 89,1 2 3,4 0,163
3 0,9 4,2 1,0 400 106,6 82,2 2 4,1 0,165
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Figure 7 — lllustration of coils 1 and 3 in Table 2
EA
£
S gy Lo k
oy Coil 2 / <« &
100 | /! N
/ \
/ \
/ \
/ \ Coil 3
Ol
/I -\‘""— - k‘\
/' '/ \\ \\
50 - ll'/ \ AN
/ \ N
4 Coil1 '\ .
'\, Sl
[ \‘\ \\‘~~
0 ! [ = e e >
0 1 2 3 4
r (mm)
IEC
Figure 8 — The coil-fattor function F(r) = 2Hy/l, calculated for the three coils
Uncertainty inthe test method
Major-sources of systematic effects that affect the U; measurement
most significant systematic effect on the U; measurement is due to the deviation of the
to-film distance Z, from the prescribed value. Because the measured value J.d in|this
nigue is directly proportional to the magnetic field at the upper surface of the

superconducting film, the deviation of the spacing Z, directly affects the measurement. The key

o

) | in A c

a) Inadequate pressing of the coil to the film

rigins of the uncertainty are listed in a) to c) below.-Nete-that-the-general-conceptof-the

As the measurement is performed in liquid nitrogen, the polyimide film placed above the
HTS thin film becomes brittle and liquid nitrogen may enter the space between the polyimide
and HTS films. Thus, sufficient pressure is-nrecessary needed to keep the polyimide film flat
and avoid the deviation of Z;. An experiment has shown that the required pressure is about
0,2 MPa [18]. Here it is to be noted that thermal contraction of polyimide films at the liquid
nitrogen temperature is less than-0,002x{(300—77)~0;45% 0,008 x (300 — 77) = 1,78 %,
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b)

c)

7.2

coe
coe

Beciuse the magnetic field arising\from the coil depends on the coil-to-film distance Z,, thg coil

which leads to negligible values of-0;2-pm-te-0.6-pm 0,9 um to 4,5 um compared with the
total coil-to-film distance (about 200 um) [26].

Ice layer formed between the coil and polyimide film

The liquid nitrogen inevitably contains powder-like ice. If the sample coil is moved to scan
the large-area HTS film area for an extended period, an ice layer is often formed between
the polyimide film and the sample coil, which increases the coil-to-film distance Z; from the

prescribed value. As shown later in 7.2, this effect reduces coil coefficients (k and k'), and
the use of uncorrected k'’ results in an overestimate in J.. Special care should be taken to
keep the measurement environment as dry as possible. If the measurement system is set
an open (ambient) environment, the J, values measured after an extended period of time

[

hecome sometimes greater than those measured before, and the overestimation wap as
lprrge as 6 % when measured after one hour. If the measurement system is set-in almnost
q
I

losed environment and the ambient humidity is kept less than about 5 %, such effect of ice
hyers can be avoided. We can check this effect by confirming reproducibility, If the same
J. values are obtained after an extended period, it proves that there is negligible effeft of
ice layers. These two systematic effects (a) and b)) are not considered\in the estimate of
the uncertainty in the experimental coil coefficient k’ in 7.3 and Clause*C.1, because they
g¢an be eliminated by careful measurements.

WUnderestimation of the induced electric field E by a simple Bean\model
The calculation of average induced electric fields—an Eavgus in the superconducting|film

ia Equation (4) is sufficiently accurate provided the magnetic-field penetration below the
ottom of the film can be neglected. However, considerable magnetic fields penetrate bglow
he film when the experimental threshold current I{y is determined and detectable Ug has
merged. It was pointed out that the rapid magnetic-field penetration below the fillm at
b = I, may cause a considerable increaseyof the induced electric field and that| the
E calculated by Equation (4) might be signifieantly underestimated [27]. However, seyeral

xperimental results have shown that theZrelative standard uncertainty from this effeft is
sually less than 5 %. The detail is des¢ribed in Clause C.2.

c O M =~

Effect of deviation from the pregscribed value in the coil-to-film distance

icient also depends on_.Z;; Figure 9 shows the Z; dependence of the theoretical| coil
icient k calculated from_Equations (1) and (2). The theoretical coil coefficient k normalized

by k¢ is plotted as the function of Z,, where kg is the theoretical coil coefficient for Z; = 0,2 mm.
Dimensions of coils 15~2,"and 3 are listed in Table 2. The relative effect of deviation on k of coil

13

is about 2,6 %, ,when Z; = 0,2 mm + 0,02 mm. Provided the deviation of Z, is gmall

(e.g] = 20 %), the.-deviated experimental coil coefficient k' is proportional to k. Spme

exp
esti

grimental fesults that support this are described in Clause C.3. Therefore, use Figure|9 to
mate the.systematic effect on k', if the deviated distance can be reasonably estimated.

Thelefiect of the coil inclination to the superconducting film was theoretically investigated [28].

It w
coil

Ao Poind thh ot 1 thaooratioal aoil Ao ffini ot 1 A raacaocannrosioaataliy 7 074 gl o PN |e
asroorroa oo e e oTeTtIe T COUTT COCTTTCTC T I I Ot T e O S C S TP PTOATT IOt Ty 1 ovvitCTr crrc-Satl p

(Dy = 1,0 mm, D, = 3,6 mm, h =1 mm) is inclined 4 % and the distance between the coil

and the superconducting thin film is increased.
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Figure 9 — The coil-to-film distance Z; dependenge
of the theoretical coil coefficient k

Uncertainty in the experimental coil coefficient and thg obtained J,

e the proposed method uses a standard sample (the:calibration wafer) to determine
rimental coil coefficient k' that directly affects the measured J; values, the uncertainty

arge-area thin film used in the calibration waferis an important source of such uncert
experimental coil coefficient k' is calculated byk’ = (J./J.g)k at an appropriate electric

e J. is the critical current density measured by the transport method and J.g = K

sured by the inductive method (6.2.5). —An—e*ampi&ef—th&ea%aﬂmq—ef—the—aﬂeenm

the coil 1 /Tahln 1) wWac shown in racult
WaS St

e of the key factors affecting the uncertainty in_the) measurement, and the homogenea:[y of

the
in k'

inty.
jeld,
lin/d
el

is

o=
of )
3(T
x 1(

2,4 mm~1 (2,93 %). It has been demonstrated that the uncertainty in the transport J., domin

the

The

(Equ
eval

Typé¢-Bncertainties, Type A uncertalnty inJe, or|g|nat|ng from the experlmental uncertain

the ¢
The

= LI Ay Festht

(k) =2.4-mm (2,93 %) An.eXample of the evaluation of the uncertainty in k' for thej
hble 2) is shown in Clause ©4t. The resultis k' = (J;/J.0)k = {(2,587 8 x 1010 A/m?)/(3,3

10 A/m2)} x 106,6 mm& #'82,2 mm~1 with the combined standard uncertainty in ug(

ombined standardyuncertainty in k'.

uncertaintysariginating from the underestimation ofﬁlé‘.jwr Eavg-u, by a simple Bean m

Jauw%%mémmw

coil
55 6
1) =

ates

ation (4))yis evaluated in Clause C.2. The relative standard uncertainty (Type H
Latedto*be ug = 6 6//3% = 3,8 % for a typical specimen with n = 25. In contrast to t

CTEC C 3 1€
uncertainty in k' and that from the underestimation ofJéavg Eavg-u, dominate the comb

ined

standard uncertainty in the absolute value of J., and the relative combined standard uncertainty
was 4,7 % for a typical DyBa,Cuz;0; (DyBCO) sample film (Clause C.5). This is well below the
target value of 10 %. Note that for the purpose of evaluating the homogeneity of J. distribution

in large-area superconducting thin films, the uncertainty in k' does not contribute to
uncertainty in J. distribution, provided the same sample coil is used. Therefore, the relative

stan

dard uncertainty should be less than the target uncertainty of 5 %.

the
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Effects of the film edge

Figure 8 shows that substantial magnetic fields exist, even outside the coil area, which induce
shielding currents in the superconducting film. Therefore, the coil-must needs to be apart from
the film edge for the precise measurement. The original paper by Claassen et al. recommended
that the outer diameter of the coil should be less than half of the film width to neglect the edge
effect [10]. However, recent numerical calculation with the finite element method indicated that
correct measurements can be made when the film width is as small as 6 mm for a coil with an
outer diameter of 5 mm and for Z; = 0,2 mm [29]. The experimental results described in

Clause C.6 have shown that precise measurements can be made for either of coils 2 or 3
(Table 2) when the outside of the coil is more than 0,3 mm apart from the film edge. With the

unce
mor
are

7.5

Mois
supe

rtainty of 0,1 mm to 0,2 mm In the coil setting iIn mind, the outside of the coil shoul
e than 0,5 mm apart from the film edge when coils with an outer diameter of 2 mm,t6-5
sed.

Specimen protection

ture and water sometimes react with the Ba atoms in the YBCO ifilm and cause
rconducting properties to deteriorate. If YBCO films are still used forf some purpose

the measurement, they should be warmed up in a moisture-free environment, e.g. a vacuu

He d
A th
meal

8.1
The

a) f
b) d

d) ¢

8.2

The
indid
meal
HTS

in organic coating, with thickness less than several micrometres, does not affect
surements and can subsequently be removed; thus it can’be’/used for protection.

Test report

Identification of test specimen
test specimen shall be identified, if possible; by the following:

ame of the manufacturer of the specimeén;
lassification;

bt number;

hemical composition of the-thin film and substrate;
hickness and roughness_of the thin film;
hanufacturing process technique.

Report of J{values

J. values<shall be reported with the electric-field criterion, E. If possible, the n-values

es of the/power-law E-J characteristics, shall be reported together. It is known that
surement of n-values facilitates the detection of degraded segments within a large-
film,[15].

H be
mm

the
hfter
m or

as to avoid degradation. Some protection measure can also be provided for the specimgns.

the

the

the
area

8.3
The

a) t

Report of test conditions
following test conditions shall be reported:

emperature (atmospheric pressure, or the pressure of liquid nitrogen);

b) DC magnetic fields (if applied);

c) t

est frequencies;

d) possible effects of the ice layer;

e) specifications of the sample coil;

fy t

hickness of the spacer film.
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Annex A
(informative)

Additional information relating to Clauses 1to 8

A.1 Comments on other methods for measuring the local J. of large-area HTS
films

There are several AC inductive methods for the nondestructive measurement of local J_ of large-

ared superconducting thin films [10] [11] [12] [13] [17], in which some detect third-harmlonic
voltages Uzcos(3wt + ) [10] [11] [17] and others use only the fundamental voltage [12]J13]. In

these inductive methods, AC magnetic fields are generated with AC currents ljcosetin a small
coil mounted just above the film, and J. is calculated from the threshold coil currenil,, at which
full penetration of the AC magnetic field to the film is achieved [14]. When 1< l4,, the magnetic

field below the film is completely shielded, and the superconducting film is'regarded as a mjirror
image coil reflected through the upper surface of the film, carrying the. Same current but in the
opposite direction. The response of the superconducting film to lycoSat is linear and no third-

harmonic voltage is induced in the coil.

For |the case of the Uj; inductive method, U; starts to.emerge at Iy = Iy, when| the

supgrconducting shielding current reaches the critical clirrent and its response becomes
nonlinear [17]. In the other methods that use only the fundamental voltage, to detect| the
bregkdown of complete shielding when the critical current is reached, penetrated AC magmetic
fields are detected by a pickup coil mounted just below the film [12] or a change of muytual
inductance of two adjacent coils is measured [13]In all these inductive J. measurements| the

schgme is common in that the AC magnetic field 2Hycoswt at the upper surface of the film is
measured at the full penetration threshold.» We obtain J. because the amplitude of thg full
pengtration field 2H, equals J.d [17]. Theselectric field E induced in the superconductor cah be

calculated with the same Equation (4)-[14], and a similar procedure to that described in Clause 6
can pe used for the precise measufement.

Another inductive magnetie-‘'method using Hall probe arrays has been commercialized to
meagsure local J. of long coated conductors [30] [31]. In this method magnetic field profileg are
meajsured in applied DE&.magnetic field, and the corresponding current distribution is calculgted.
This| method can also_be applied to rectangular large-area HTS films having widths less than
sev@gral centimetres,/and has better spatial resolution over AC inductive methods using gmall
coily.

A.2| Reguirements

As thethird=harmomic vottagesare proportiomat to the measuring frequerncy; tigher frequericies
are desirable to obtain a better S/N ratio. However, there is a limitation due to the frequency
range of the measuring equipment (lock-in amplifier and/or filter) and to excessive signal
voltages induced in the sample coil when a large J.d film is measured. It is recommended to

use a frequency from 1 kHz to 20 kHz for a film with small J.d (< 1 kA/m), and a frequency from
0,2 kHz to 8 kHz for a film with large J.d (=2 20 kA/m). Measurements over a wide frequency

range are desirable to obtain the current-voltage characteristics in a wide electric-field range.
For the general purpose of the J. measurement, however, one order of frequency range is

sufficient to obtain the n-value and measure J. precisely.
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In this document, the measurement temperature is limited to liquid nitrogen temperatures,
namely 77,35 K at 1 013 hPa and 65,80 K at 200 hPa, because a refrigerant is needed to cool
the sample coil that generates Joule heat. When measuring at variable temperatures in a gas
atmosphere, further investigations are necessary.

The Uj inductive method is applicable not only to large-area HTS films deposited on insulating

substrates (sapphire, MgO, etc.), but also to coated conductors with metallic substrates.
However, if the coated conductors have thick metallic protective layers (Ag or Cu) and their
thickness exceeds about 10 ym, certain measures are needed to avoid the skin effect. One
technique involves limiting measuring frequencies to a sufficiently low extent (e.g. about 8 kHz).

A.3| Theory of the third-harmonic voltage generation

Herge we present the response of a superconducting film to a current-carrying coil moupted
aboye the film (Figure A.1) [17]. A superconducting film of thickness d, infinitely,extended in the
Xy plane, is situated at -d <z < 0, where the upper surface is at z = 0 in the xy plane and the
lowgr surface is at z = —d. A drive coil is axially symmetric with respect to\the z-axis, and the
coil pccupies the area of Ry <r <R, and Z; <z < Z, in the cylindrical-coordinate (r, 8, z).[The

coil fonsists of a wire of-winding-rumberN N turns, which carries a sinusoidal drive current(l 4(t)
= lp|coswt along the 8 direction. Responding to the magnetic field produced by the coil{ the
shie|ding current flows in the superconducting film. The sheet gurrent Kq (i.e. the current density

integrated over the thickness, —d < z < 0) in the superconducting film plays crucial roles in the
resplonse of the film, and |Kg| cannot exceed its critical yalue, J.d.

The|response of the superconducting film is detected by measuring the voltage U(t) induced in
the ¢oil, and U(t) is generally expressed as the Fourier series,

u@)= ZUncos(anHn) ) Al)
n=1

Thefundamental voltage U, is primarily determined by the coil impedance. The even harmonics,
U, fpr even n, is generally"much smaller than the odd harmonics, U, for odd n. The third-
harmonic voltage, U, (is.the key, because U, directly reflects the nonlinear respgnse
(i.e.[information on J«d) 0f the superconducting film.

The|coil producesian axially symmetric magnetic field, and its radial component H, at the upper
surface of thessuperconducting film (z = 0) is obtained by

H, (r,t)=-Hycoswt =—(I, / 2)F(r)coswt . A.2)

The coil-factor function F(r) is determined by the configuration of the coil as

N (R 2n Z, r'’zcosé
F(r)= dr’| do| dz , (A.3)
ZnSJ.Rl J.o . (22+r2+1r?-2rr'cos)®?

where S = (R, — Ry)(Z, = Z,) is the cross-sectional area of the coil. The F(r) generally has a
maximum F,, > 0 at r = r,, [where r, is roughly close to (R, + R,)/2], and F(0) = F(w) = 0.
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When 0 < Iy < Iy, the magnetic field arising from the coil does not penetrate below the film

(z < =d). In such cases, the magnetic field distribution above the film (z > 0) is simply obtained
by the mirror-image technique. The magnetic field arising from the image coil (i.e. from the
shielding current flowing in the superconducting film) cancels out the perpendicular component
H,, and the parallel component H, doubles. The sheet current Kg in the superconducting film is

therefore obtained by Kg (r, t) = 2H,(r, t) = —1F(r) coswt. Because of the linear response of the
superconducting film for 0 < 1, < I;;,, the voltage induced in the coil contains no harmonics.

Note that the amplitude of the sheet current density, |Kg| = 2|H,| = I5F(r) < I3F,,, cannot exceed
the critical value, J.d, when 0 < I, < |... The threshold current 1., is determined such that
|Kgl E 1gF, reaches J.d when Iy = I;,, and is obtained by

lip = Jed /Fp, = Jodlk, A.4)
whefe the (theoretical) coil coefficient is obtained by k = F,,.

Whgn I > I, the magnetic field penetrates below the superconducting’film, and the nonlinear
resplonse of Kg yields the generation of the harmonic voltages in the coil.

z
‘fjg
AT T2
-7 R,
-1z [ > 2
\/\ 2 I < 2 N "’
N
\\ I \\ J " h
~_ |
S P R
Z K >
v \\ (% /
| ~ - OQ 2HO = P r
: = x - - =
| > -
EC
kFigure A.1 — lllustration of the sample coil and

the magnetic field during measurement

A.4| Calculation of the induced electric fields

Here¢, wé approximate the average E induced in the superconducting film at the full penetration
threshold, 1, = I, using the Bean model [14]. This approximation assumes a semi—inf|inite

superconductor below the xy-plane (z<0), and the film Is regarded as part of this
superconductor (-d <z < 0). When a sinusoidal magnetic field H,; = 2Hycoswt (2Hy = J.d) is

applied parallel to the x-direction at the surface of the superconductor, the induced E has only
the y-component Ey(z), and Ey(z < —-d) is zero because the magnetic fluxes just reach the lower

surface of the film (z = —-d). The Ey(z) is calculated by integrating —uq(dH,/dt) from z = —d to z,
yielding Ey(z) = —pgwdHgsinwt(1l - coswt + 2z/d). The time-dependent surface electric field,
|Ey(z = 0)|, peaks at ot =2x/3, and then, max|Ey(O)| = (3«/§/4) uowdHy. Because max|Ey(z)|

peaks at z = 0 (the upper surface of the film) and is zero at z = —=d (the lower surface of the film),
the volume average of max|Ey(z)| is estimated to be half of max|Ey(O)|,

E g = (33 ) pigfelHg=2,04 451623 =2,041okfell-
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Eagu, = (3v31/4) o fidHy =~ 2.04uq fu2J, = 2.040hfily, (A5)

For typical parameters of the measurement, f =1 kHz, d = 250 nm, and J, = 1010 A/m2, the
calculated E is about 2 pV/m.

A.5 Theoretical coil coefficient k and experimental coil coefficient k’

Here, the basic concept concerning the theoretical coil coefficient k =J.d/l;, and the
experime tet - ' ' ' tret—When-the coil
current |y equals the threshold current I, the highest magnetic field below . the | coil
2Hg)max = Jcd, and the magnetic field just fully penetrates the film. Since 2H, 4 -can be
thegretically calculated, we can calculate the theoretical coil coefficient k = J.dfly,: Howgver,
the above "true I;," corresponds to the coil current at which infinitesimal U5 isrgenerated i the
coil.| Because it is impossible to detect Uy = O to obtain a "true ly,", we need an alternative
appfoach to obtain an "experimental l,;," and corresponding experimental coil coefficient k{.

taT—CoO O a O O3 Crd v OC pratet—vv

A.6| Scaling of the Us—I, curves and the constant-inductance criterion to
determine Iy,

For [convenience, the (experimental) threshold current, I;;, has been often determined by a

congtant-voltage criterion, e.g. U3/\/§ = 50 pV. Howeyer, the use of a constant-voltage critgrion
is pfoblematic. Theoretical analyses on the relationship between I, and U5 showed that there
is clear scaling behaviour Us/ly, = oG(lg/ly,), where G is a scaling function that is determjned
only| by the specifications of the sample cqil’ {11] [17]. This equation implies that the U vB. |,
curvies with various Iy, values-sheuld mugficollapse to one curve if they are normalized Witl lih-

Thelinset of Figure A.2 a) clearly shows'this scaling behaviour. As the third-harmonic resistance
Us/lh = oG(lp/1yn)/(1g/1y,), the Us/lg itself is already normalized (Figure A.2 b)), and it scales|with

the pcaled current ly/ly, (inset.of *Figure A.2 b)). Because the third-harmonic voltage U, is
progortional to Iy, the determination of I, by a constant-voltage criterion inherently causps a
systpmatic error; namely, the’J. of a sample with J.d larger (smaller) than the standard sample

is uhderestimated (overestimated) [16]. From the scaling behaviour observed in the third-
harmonic resistance U3/l (Figure A.2 b)), it is demonstrated that the I, should be determjned

by g constant-resistance criterion, such as Uj/lg =2 mQ. Furthermore, as the U3 values are

progortional to“‘the measuring frequency, a constant-inductance criterion, such| as
Us/flg = 2 u@s;y should be used if the U; measurements are performed with multiple

frequencies-{16] [32]. It is also to be noted that such scaling behaviour forms the basis of the
J.d Eeasurement, the procedure for which is described in 6.2 to 6.4 using a standard sarlnple

(calihration wafer)

Because a supercurrent flowing in a superconductor is a function of electric field, it is
recommended to determine J. with a constant electric-field criterion using a multi-frequency
approach through procedures described in 6.2 and 6.3. An example of the multi-frequency
measurement is shown in Figure A.3 with Us/flg = 2nL_ =2 uQ-s.
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Effects of reversible flux motion

The critical state model is frequently used for describing most electromagnetic properties of
superconductors. In the critical state model, however, the flux motion is assumed to be
completely irreversible. Therefore, if the displacement of flux lines is limited inside the pinning
potential, the flux motion includes reversible motion and predictions based on the critical state
model are not satisfied. For example, AC energy loss density in multifilamentary Nb-Ti wires
with very fine filaments plummets with decreasing filament diameter and deviates from the
prediction by the critical state model [33]. The imaginary parts of the AC susceptibility of a
superconductor are also predicted to be smaller than the prediction by the critical state

mod

el [34]. For the present measurement, it is reported that the critical current densi
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estimated at a higher magnetic field [35]. In Clause A.7, the effect of reversible flux_md
scribed.

n the thickness of the superconducting film is equal to or thinner than the Campbell's

ptration depth obtained by
, Ba, 12
AO B 27'[/,(0.](; '

fe a; is the fluxoid spacing, the reversible flux motion becomes significant. Therefore

t of the reversible flux motion is observed at high magnetic fields and/or high temperat
e J. becomes low. In the present measurement, thle magnetic field is limited to a very

Ciently smaller than the typical thin film thickness of 300 nm. However, 15’ becomes 44(
. = 10% A/m2, meaning the thin film thickness-must needs to exceed 880 nm. Thus,
er to estimate 4y’ from J. and confirm thatthe reversible flux motion is not significant ir
ent measurement, i.e. 15’ < d is satisfied. This estimation of 1y is also valid for cases w
DC magnetic field is applied perpendicular to the film surface, while the direction of thd

[36].
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due to the driving coil. 1y’ is estimated to be 149'wm for J, = 1010 A/m2, B = 0,01 T, and is
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DC magnetic fields differ. In this case, Ay’ is known to be estimated from the DC magnetic
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Annex B
(informative)

Optional measurement systems

Overview

021

As mentioned in 5.1, an appropriate system to reduce the harmonic noise voltages generated
from the signal generator and the power amplifier is necessary for precise U; measurements.

In the proposed standard method in 5.1 (Figure 1), an additional cancel coil of the\s

speq

compensate for harmonic noise voltages. Although such use of the cancel coil with alargg

film
of a
As 1
impég
resig
77,3

by the superconducting shielding current is about 1/3; in this case) the noise for U,
to be reduced to less than 20 %. If the harmonic naise-voltages are less frequehcy-

likel

depg¢ndent, the effect of the noise for U; is significant at\lower frequencies, because
threshold current |, should be determined withOa constant-inductance crite
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and
coil,
with
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and

The
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the
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ification as the sample coil, which is placed on a large J.d superconducting film, is usg

s the most recommended method to compensate for the harmonic noise voltages, the
cancel coil without a superconducting film is also effective to reduce the npise for U,

he noise for Uj originating from the power source is proportional ‘to ‘the sample

dance, this method is effective if the inductive reactance of theyeoil is less than
tance. For example, in a typical coil, e.g. coil-Ne—21 3 of Table,2((6.5), the resistang

= Uy/flg = const. (6.2.3 and 6.4). Therefore,(noise cancelling without a large
elling are shown in Clause B.2.

her technique to compensate for the harmonic noise voltages is to use variable resista
variable inductance coils that can emulate the self-inductance and resistance of the sa
as shown in Figure B.1 [18] [19]. :Adpair of coils L, and L,,, are placed near to each g

the same axis, and their inductances are adjusted to be equal to L. The inductances
7, of the cancel circuit are;ddjusted to the impedance Z, of the sample coil.

third measure of the'noise reduction is to use two coils: a drive coil and another deteg
lvound around the former, as shown in Figure B.2. The AC magnetic field is generated
irive coil, and theé third-harmonic voltage induced in the detection coil is measured. Ag

5 eliminated: This method is effective for a small drive coil whose resistance exceeds

K is similar to the reactance at 3f = 3 kHz, and the reduction of.its self-inductance ca:l:sed

ame

dto
J.d
use
37].
coil
the
e at
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the

rion,
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rconducting film can be used as a simpler method. Some examples of harmonic njoise

ces

ple
ther

and

tances Ry, and Ry, are connected to the sample coil in series, and both impedances Z,

tion
with
the

ent does not-flow in the detection coil, the contribution from the resistance to the nois¢ for

the

Cctive redactance. Its major advantage is the simpler circuit compared with the methods using
a cancel coil.
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Figure B.1 — Schematic diagram for the variable-RL-can¢el circuit

£0,2-20 kHz

Lock-in
amplifier

Sample film

IEC

Figure B.2 =\Diagram for an electrical circuit used for the two-coil method

B.2| Harmonic noises arising from the power source and their reduction

Figure B.3)shows an example of harmonic noise voltages (f: 0,2 kHz to 20 kHz) generated from
a prcrsron signal generator with harmonic d|stort|on ratlo Iess than 0O, 1 % and a preC|S|on power

resistor of 10 Q It is seen that the n0|se is not frequency dependent when the current is less
than 80 mA, which means that this noise affects the measurement more at lower frequencies
because the third-harmonic voltage is proportional to the frequency. Figure B.4 shows the effect
of the noise reduction in the U; measurement with the circuit of Figure 1 having a cancel coil

with a superconducting film. The signal "A" was measured without using a cancel coil by short-
circuiting B to the ground. The amplitude of "A" initially increases due to the noise, which is
equal to the signal "B", slightly decreases and then rapidly increases due to the third-harmonic
voltage originating from the nonlinear superconducting response. The slight decrease of U, is
due to the phase difference between the signal from the superconducting current and the noise
[17]. It is seen that the noise is effectively cancelled by the measurement of the "A minus 2B"
signal in Figure 1.
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Figure B.3 — Harmonic noises arising from the power source
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Figure B.4 — Noise reduction using a cancel coil with a superconducting film

The harmonic noise voltages were measured for coil-Ne—21 3 in Table 2 without any noise
reduction system, when a superconducting film with large J.d was placed below the coil to mimic

the measurement without generating any U; signal from the superconducting current. Because
the threshold current I, is determined by a constant-inductance criterion, such as U,/fl; =2
puQ-s, they are plotted in the normalized form, U,/fly (Figure B.5). It emerges that the use of
such a small criterion as 2znL; = U;/fly = 2 pQ-s is not feasible due to significant systematic
noise. Such large noise voltages are effectively reduced using a cancel coil with a
superconducting film, which enables the use of small criterion like U,/fly = 2 uQ-s (Figure B.6).
Systematic noise was less than 0,05 yQ-s even when IO/\/E = 160 mA, which corresponds to
J.d = 18,6 kA/m. As mentioned in Clause B.1, a cancel coil without a superconducting film can

also be used for the noise reduction. Figure B.7 shows the noise voltages in a normalized form
for coil-Ne—21 3. The systematic noise level was about 0,1 uQ-s at 10 kHz or less, which is about
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5 % of the recommended criterion of 2 yQ-s. Typical noise voltages of the measurement with
the two-coil system (Figure B.2) were also measured, as shown in Figure B.8. The data were
taken with an inner drive coil (D; = 1,0 mm, D, = 2,8 mm, h = 1,0 mm, 200 turns) and an outer

pickup coil (D; = 3,0 mm, D, = 6,0 mm, h = 1,0 mm, 295 turns). The systematic noise level was
about 0,05 yQ-s at 10 kHz or less, which is about 5 % of an appropriate criterion of 1 yQ-s.
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Figure B.5 — Normalized harmonic noises.(U3/fly) arising from the power source
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using a cancel coil with a superconducting film
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Annex C
(informative)

Evaluation of the uncertainty

C.1 Evaluation of the uncertainty in the experimental coil coefficient

The experimental coil coefficient k' is calculated by k' = (J./J.g)k, where J.; is the critical current

density measured by using the transport method and J., = kl,,,/d measured by using

the

inductive method, both defined at an appropriate electric field (6.2.5). Typical example.da
Jet gnd Jg, both defined by E. = 200 puV/m criterion, are shown below, which were\use

detgrmine k’ for the coil-& 3 (Table 2).

Jet (1010 A/m?2) for five bridges: 2,578, 2,622, 2,561, 2,566, 2,612.

Mean X = 2,587 8, experimental standard deviation s = 0,027 59, standard uncertainty
s/\/; = 0,012 339, coefficient of variation-€0¥ c,, = s/ X = 0,000'7 (1,07 %).

Ua

Jeo [1010 A/m2) for eight points:—3; —3; —3; 3, —3- —3- —3-
34421 3,368 2, 3,344 8, 3,325 4, 3,363 1, 3,359 2, 3,369 65 3,360 4, 3,354 0.

Meah-—X =3, s=0; , A%ﬁ%lﬁl@&@%@@%%fﬁ%%@#
Meah X = 3,355 6, s = 0,014 54, u, = s/ JN.<20,005 141, ¢, = s/ X = 0,004 33 (0,433 %).

Thelabove standard uncertainties of Jgand J., (Type A measurements)-should is likely t

cauged from the variation in the critical current density of the YBCO thin film. The stan
deviption s and the contribution t0”u(k’) in J;; exceed those in J.o, probably because

varigtion of J.—sheuld is likely,*to be larger in small transport bridges (20 um x 1 mn

70 m x 1 mm) than in the (measurement area of the inductive method, a circle of diamet
3,9 mm [15]. Similar ¢, values for J. (1,82 %) and J.o (0,346 %) were observed in

measurement that ugses the RL-cancel circuit (Figure B.1) [19]. There are other factors
cauge the uncertainty,in J,; for example, the uncertainty in the bridge width, that of the trans

mealsurement, etc:'The uncertainty from such various causes is regarded here as that
Typg B measurements, and the standard uncertainty is calculated from the ¢, =5 % fof

trangport _eritical current measurement of Ag-sheathed Bi-2212 and Bi-2223 0
supgrcohductors [38]. Then, ug = 2,587 8 x 0,05/+/3 = 0,074 70 (1010 A/m2). From these

a of
d to

D be

Hard
the

n to
er =
the

that
port

rom
the

xide
data

we gansdraw the following uncertainty budget table (Table C.1), and we obtain the final re|

sult:

k=3 I g k=+2,5878/3,4437) - 109,4 =822 mm— =2 4mm—~

k' = (Joi/deo)k = (2,587 8/3,355 6) x 106,6 = (82,2 + 2,4) mm~1. The Type B uncertainty in J, is
seen to dominate the combined standard uncertainty. To promote better understanding of the

budget table, the formula of u (k') is shown in Equation (C.1):

Ue (K) = (KNe0)2Uale)? + (KNe0)2ug(de)? + (—kIgIe0D)2ua(Ug0)D) V2. (C.1)
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Table C.1 — Uncertainty budget table for the experimental coil coefficient k'

Factor Standard Type of Sensitivity coefficients Contribution to u.(k"),
uncertainty u(x;) measurement
(1010 A/m2) G lc,Ju(x,)
Jet 0,012 339 Type A 31,77 mm~1/(1010 A/m?) 0,392 mm™
Jet 0,074 70 Type B 31,77 mm~1/(1010 A/m?) 2,373 mm™
Jeo 0,005 273 1 Type A -23,87 mm~1/(101° A/m?) 0,126 mm™!
Combined standard uncertainty u (k') = (2{c,u(x,)}?)*/2 2,409 mm™L

C.2| Uncertainty in the calculation of induced electric fields

In this proposed method, the average E induced in the superconducting.film at the| full
pengtration is approximated using the Bean model (Equation (4) in 6.2.4). Although Equatign (4)
assymes that the magnetic field produced by the coil just reaches the)lower surface of the
supgrconducting film (i.e. 1y =l (theory)), the experimental I\ ebtained from thel Uj

measurements are more than 1,3 times larger than the theoretical(ly,” When I > 1, (theory)| the
mag|netic field penetrates below the superconducting film and,the induced electric field for|ly >
I, May exceed the theoretical value obtained by Equation (4).’The possibility of a large elegtric
field|for 15 > 1}, is posed in [27]: for simplicity, the response of a superconducting film to afline

currgnt has been analytically investigated. When a line\current flows in a linear wire aboye a
supgrconducting film, the threshold current is obtaingd’by Iy, = nJ.dy,y, where yj is the distance

between the linear wire and the superconducting:film. The amplitude of the electric field E ;o
induced in the superconducting film is roughly.estimated as [27]

Eine = V2 Ho Iy @/l = 1) = 4,441, f 3.dyo (Ig/ly, - 1) C.2)

for dlyy << ly/ly, — 1 << 1. The ratio-of Equation (C.2) to Equation (4) is estimated to be
EinetEavg =218y or-hpHy,—H=176;

Eline/Eavg—U3 = 2,18(y0/d)(lo/lth —1) ~170, (c.3)

whefe we used yo=Z; = 0,2 mm, d = 250 nm, and Iy/ly, = 1,1. This large value of E;,, aflises
from the fact that the electric field for Iy > I, is due to the penetration of magnetic|flux

pergendicular to the film. Note that the model of the line current in Ref. [27] is too simple to
simufate the realistic coll current.

Although the above theory for a line current predicts that induced electric fields can be almost
two orders of magnitude larger than those by the simple calculation using a Bean model
[Equation (4)], some experimental results have indicated that the underestimation by
Equation (4)-sheuld is likely to not be so large. For the E-J characteristics of YBCO samples,
the slight downward curvature in the wide-range log4(E) vs. logy(J) plots is well known. This

is a characteristic feature of the vortex-glass phase, in which the J dependent potential barrier
diverges at J — 0 as U(J)« J™* and the resistance becomes truly zero [39]. Such downward
curvature is clearly observed in Figure 6, and the n-values calculated for a lower (higher) E
range increase (fall). From the frequency-dependent U; measurement using Equation (4),

reasonable E-J characteristics and n-values were obtained for YBCO thin films, which match
the wide-range E-J characteristics obtained from transport and magnetization measurements
well [16] [40]. The perpendicular magnetic-field components are probably cancelled out by
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parallel currents, which prevents the emergence of such high electric fields. Provided the
inductance criterion for the Iy, determination is small enough, such as shown in Table 2, the

underestimation Of£a\+g Eavg-u, by Equation (4)-sheuld is likely to be at most five times. From

the power-law E-J characteristics E = E; x (J/J.)", we obtain

J=J, x (EIEHYN, (C.4)

where E; is the electric-field criterion to define J.. Note that J =J. when E = E. If the-E_, 4
E 0oy guation{4-Hsunrderestimated-five times—theactualvalueo houtd-be when
is| determined by the criterion-&,,4 Eaqu, = Ec. This leads to the deviation of J;, AJ. =|J; x
(511 - 1). Therefore, the relative deviations (AJ/I;) are calculated as 5,5 % (n 5 30), 6{6 %

(n =|25), and 8,4 % (n = 20). The relative standard uncertainty (Type B, in %) is-formulated as

Ug(Eqyg)=100(5HN—1)1+/3-
Ug (Eavgu, ) =100(5%" -1) /J§ C.5)

whigh becomes ug (E&vg Eavg—U3) = 6,6/ 3 = 3,8 % for a typical specimen with n = 25. For gther
n-vajues, ug = 3,2 % (n = 30), 4,8 % (n = 20), and 6,5%"(n = 15).

C.3|] Experimental results on the effect@f the deviation of the coil-to-film
distance

In 72, it is stated that the deviated expétimental coil coefficient k' is proportional to k, when the
coil-fo-film distance Z, deviates from the prescribed value but the deviation of Z; is small

(e.g] = 20 %). Some experimental‘results supported the estimate of k' based on the change of
k (Figure 9). When J. was measpred with coil 2 of Table 2, deviated Z;' = 0,175 mm but using

the Junchanged k' led to a J. value that is 94,5 % of the true J. measured with cofrect
Z, =|0,2 mm. Figure 9 redicts that the experimental coil coefficient k'(Z;’ = 0,175 mm) =
1,063k'(Z; = 0,2 mm);~and the experimental result matches the theoretical prediction yell.
A similar experiment)with very large Z,' = 0,3 mm led to 1,34 times larger J., which is slightly

larger than the prediction of Figure 9, 1/0,786 = 1,27. This is because the third-harmonic signal
also| decreases with Z,; even if the magnetic field is the same. This effect can be neglected

whep AZj<isssmall enough, which can be understood from the nonlinear relation of U; against

lo (Rigure-A.3 Figure-6).

C.4 Examples of the Type-A uncertainties of J. and n-values, originating from
the experimental uncertainty in the U; measurement

As was mentioned in Clauses C.1, C.2 and C.3, in the evaluation of the uncertainty in J ., Type-B

uncertainties, namely, the uncertainty in k' and that originating from underestimated E, are
generally large, typically > 2 %. In contrast, Type-A uncertainty in J., originating from the

experimental uncertainty in the electric U3 measurement, is much smaller. The examples below
exhibit repeated measurements of J, and n-values obtained from the frequency dependence of
the experimental I;;,, under the same conditions in a 250-nm-thick DyBCO thin film (Table C.2).

The data in a) were obtained with a frequency set of 0,5 kHz, 2 kHz, 10 kHz, and the data in b)
were obtained with a frequency set of 2 kHz, 8 kHz, 35 kHz. The statistics of the data are as
follows.
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a)

b)

Jo (1010 A/m2): Mean X =1,896, s=0,006254, up= s/JN =0,001978,
c, = s/X =0,003299 (0,33 %) and relative standard uncertainty is u,/X = 0,001 043
(0,10 %).

n: Mean X = 23,67, s=0,577 1, uy = s/yN = 0,1825, ¢, = s/X =0,024 38 (2,44 %) and
relative standard uncertainty is u, /X = 0,007 710 (0,77 %).

Jo (1010 A/m2): Mean X =1,904, s=0,004498, u,= s/JN =0,001422,
¢, = s/X =0,002 362 (0,24 %) and relative standard uncertainty is u,/X = 0,000 746 8
0,075 %).

: Mean X = 20,40, s = 0,419 4, u, = s/¥/N = 0,132 6, ¢, = s/X = 0,020 56 (2,06 %)|and
relative standard uncertainty is u, /X = 0,006 500 (0,65 %).

Thesge results indicate that the relative standard uncertainty in n-values (Type(AYis less fhan
1 %| and that Type-A uncertainty in J. is much smaller, not larger than 0,1%. Even ifl the

measurement is done only once, such Type-A uncertainties are small; namely, about 2 % for n
and fabout 0,3 % for J.. This Type-A uncertainty in the n-values directly becomes the uncertainty
in n[because the shift of the U5 vs. |5 curves, as shown in Figure 6,\is"theoretically predicted
for @ superconducting film having power-law E-J characteristicSscand not dependent on|any
pargmeters other than n [41]. Note that the n-value measured(at higher frequencies, namely,
for the higher E region, becomes smaller, reflecting the slightdownward curvature of the power-

law E-J characteristics, as seen in Figure 6 and explained iniClause C.2. However, the J. values
obtained are the same, 1,90 x 1010 A/m2, because both are defined by the same criterign of

E

Cc

={100 pVv/m.

Table C.2 — Examples of repeated measurements of J, and n-values

Medsurement a) Measured at 0,5 kHz, 2 kHZz; 10 kHz b) Measured at 2 kHz, 8 kHz, 35 kHZ
umber J, (1010 A/m?) n J_ (10 A/m?) n
1 1,901 23,51 1,912 19,61
2 1,902 23,35 1,907 20,30
3 1,900 23,53 1,909 20,00
4 1,903 22,77 1,906 20,35
5 1,902 23,09 1,906 19,89
6 1,894 23,76 1,897 20,98
7 1,889 24,51 1,901 20,45
8 1,888 24,41 1,901 20,71
9 1,893 23,43 1,903 20,65
120 1338 2429 1.901 2062

C.5 Evaluation of the uncertainty in the obtained J,

Typical example data of J. and n-values of a 250-nm-thick DyBCO sample film (2 cm x 2 cm),
defined by E. = 100 pV/m criterion, are shown below.

Je

(1010 A/m?2) (and n-value) for 16 different points: 2,404 (27,5), 2,395 (26,9), 2,396 (27,4),

2,409 (26,6), 2,455 (27,0), 2,432 (26,8), 2,421 (26,6), 2,450 (25,0), 2,423 (26,3), 2,440 (25,2),
2,448 (26,9), 2,481 (26,1), 2,455 (26,1), 2,456 (26,0), 2,450 (26,0), 2,452 (26,0).
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Mean X = 2,435 4, s = 0,025 025, uy = s//N = 0,006 256 3, ¢, = s/X = 0,010 3 (1,03 %).

The above J. data were obtained from the U; measurements using coil-% 3 of Table 2, whose

k' = (82,2 + 2,4) mm~1 (Clause C.2). The relative standard uncertainty originating from the
experimental uncertainty in the electric Uy measurement and the distribution of J. (Type A) is

ua(J;) = (0,006 256/2,435) x 100 = 0,257 %, which is much smaller than the relative standard
uncertainty in k', us(k’)/k’' = (2,409/82,2) x 100 = 2,93 %, and the uncertainty from that of Eavg
Eavg-u, » uB(Ea#g Eavg-U3) =6,39/4/3 =3,68 % (n = 26). Finally, the relative combined standard

uncprminty is

U = {ue(k)K}I2 + Ug(ELyg Eavgu, )2 + Ua(Q0)D)Y2 = (2,932 + 3,682 + 0,2572)12 = 4,71 %, C.6)

whigh is smaller than the target value of 10 %.

A round-robin test result using the same measuring coil and sample film)gbtained the folloying
J. and n-values [19].

Jc (3010 A/m2) (and n-value) for four different points: 2,287 (27,9), 2,291 (26,2), 2,189 (25,2),
2,222 (26,6).

Mean X = 2,2472,s= 0,050 082, up = s/~/N =0,025041, ¢, = s/X = 0,022 3 (2,23 %).

Thel|above J. data were obtained from the Ug.neasurement that uses the RL-cancel cifcuit
(Figpre B.1), in which a somewhat _large criterion for the I, determinafion,
2nL{ = Uy/flg = 10 uQ-s, was used due to the limited S/N ratio [19]. The relative deviation pf J.

was|(2,435 - 2,247)/2,435 = 0,077 2 =#,72 %. This exceeds the estimated relative combjned
standard uncertainty of 4,7 %, probably because the uncertainty from that of E, 4.3 exceeds

the gstimation in Clause C.2 duete’the large 2znL .. Still, the relative deviation is significantly
smaller than the target relativeccombined standard uncertainty of 10 %.

C.6| Experimental results that reveal the effect of the film edge

Theledge effect on.the third-harmonic J. measurements was investigated using a computer-
controlled coilscanning system [15]. A 10-mm-wide YBCO/CeO,/sapphire thin film [with
homogeneous)J. distribution was placed side by side between two sapphire substrates of

thickness-the same to the substrate of the YBCO film, and the coil was scanned as showh by
Lred
mm.
Correct J. values were obtained when the coil position was from -2,6 mm to +3,4 mm.
To eliminate the edge effect, the necessary distance from the edge is calculated to be
{10 - (2,6 + 3,4 + 3,6)}/2 = 0,2 mm. A similar experiment for coil-3 1 in Table 2 (2,2 mm outer
diameter) indicated that correct J. values were obtained when the coil position was
from -4,0 mm to +3,2 mm (Figure C.1 b)), which leads to the necessary distance of
{10 - (4,0 + 3,2 + 2,2)}/2 = 0,3 mm. The result showing an increased necessary distance for

coil-3 1 rather than coil 2 may be because a larger portion of magnetic fields exists in the outside
of the coil area in the case of the former.
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Figure C.1 — Effect of the coil position against.asuperconducting
thin film on the measured J_ ‘values
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FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
| national electrotechnical committees (IEC National Committees). The object of IEC is to promote interna
-operation on all questions concerning standardization in the electrical and electronicAfields. To this en
addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
ublicly Available Specifications (PAS) and Guides (hereafter referred to as AEC Publication(s)”).

eparation is entrusted to technical committees; any IEC National Committee interested in the subject deal
ay participate in this preparatory work. International, governmental and non-governmental organizations lig
th the IEC also participate in this preparation. IEC collaborates closely with the International Organizatid
andardization (ISO) in accordance with conditions determined by agreementbetween the two organizatid

he formal decisions or agreements of IEC on technical matters expresS, as nearly as possible, an interna
nsensus of opinion on the relevant subjects since each technicak eommittee has representation fro
terested IEC National Committees.

C Publications have the form of recommendations for interhdtional use and are accepted by IEC Na
pmmittees in that sense. While all reasonable efforts are.‘made to ensure that the technical content o
Liblications is accurate, IEC cannot be held responsible’ for the way in which they are used or fo
isinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Publicg
hnsparently to the maximum extent possible in theiraiational and regional publications. Any divergence bet
hy IEC Publication and the corresponding natiof@al or regional publication shall be clearly indicated in the |

C itself does not provide any attestation ,ofsConformity. Independent certification bodies provide confg
Esessment services and, in some areas,‘decess to IEC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

| users should ensure that they haye‘the latest edition of this publication.

p liability shall attach to IEC grlits directors, employees, servants or agents including individual expert
embers of its technical committees and IEC National Committees for any personal injury, property damal
her damage of any nature Whatsoever, whether direct or indirect, or for costs (including legal fees
penses arising out of ‘the” publication, use of, or reliance upon, this IEC Publication or any othe
Liblications.

tention is drawn to the Normative references cited in this publication. Use of the referenced publicatid
dispensable for'the correct application of this publication.

tention is dfawn to the possibility that some of the elements of this IEC Publication may be the subject of p

national Standard.
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This second edition cancels and replaces the first edition published in 2013. This edition
constitutes a technical revision.

This edition includes the following a significant technical change with respect to the previous

editi

on:

a) A simple method to calculate theoretical coil coefficient k is described in 6.2.1.
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INTRODUCTION

Over thirty years after their discovery in 1986, high-temperature superconductors are now
finding their way into products and technologies that will revolutionize information transmission,
transportation, and energy. Among them, high-temperature superconducting (HTS) microwave
filters, which exploit the extremely low surface resistance of superconductors, have already
been commercialized. They have two major advantages over conventional non-superconducting
filters, namely: low insertion loss (low noise characteristics) and high frequency selectivity
(sharp cut) [1]1. These advantages enable a reduced number of base stations, improved speech
guality, more efficient use of frequency bandwidths, and reduced unnecessary radio wave noise.

Large-area superconducting thin films have been developed for use in microwave deviced [2].
They are also considered for use in emerging superconducting power devices, such asxesistive-
type| superconducting fault-current limiters (SFCLs) [3] [4] [5], superconducting fault detegtors
used for superconductor-triggered fault current limiters [6] [7] and persistent-curtent swit¢hes
used for persistent-current HTS magnets [8] [9]. The critical current density Jis-one of thel key

pargmeters that describe the quality of large-area HTS films. Nondestructive, AC indug¢tive
methods are widely used to measure J. and its distribution for large-area HTS films [10]|[11]

[12]|[13], among which the method utilizing third-harmonic voltages d;Cos(3wt + 6) is the most

popudlar [10] [11], where w, t and 6 denote the angular frequency, time, and initial phase,
respectively. However, these conventional methods are not aecurate because they haveg not
congidered the electric-field E criterion of the J, measurement/[14] [15] and sometimes usg an

inappropriate criterion to determine the threshold current L from which J; is calculated [16]. A
conyentional method can obtain J. values that differ frafm the accurate values by 10 % to 40 %

It is thus important to establish standard testmethods to precisely measure the local
criti¢al current density and its distribution, to which%all involved in the HTS filter industry|can
for quality control of the HTS films. (Background knowledge on the inductive J

urements of HTS thin films is summarized in Annex A.

Cc

In these inductive methods, AC magnetic fields are generated with AC currents Iycoswt|in a
sma]l coil mounted just above the film,*and J. is calculated from the threshold coil current I;;,,

at which full penetration of the magnetic field to the film is achieved [17]. For the indugtive
method using third-harmonic voltages U, U; is measured as a function of Iy, and the I, is

detgrmined as the coil currently at which Uj starts to emerge. The induced electric fields|E in
the gsuperconducting film at 15 = l;,, which are proportional to the frequency f of the AC curfent,

can |be estimated by-atsimple Bean model [14]. A standard method has been proposed to
predisely measure d.-with an electric-field criterion by detecting U5 and obtaining the n-vialue

(index of the power-law E-J characteristics) by measuring |, precisely at various frequercies
[14]([15] [18]<[*9]. This method not only obtains precise J. values, but also facilitates| the

deteglction of degraded parts in inhomogeneous specimens, because the decline of n-valye is
more noticeable than the decrease of J. in such parts [15]. It is noted that this standard mefhod

is eqcellent for assessing homogeneity in large-area HTS films, although the relevant paranjeter
for gesigmmg Microwave devices 1S ot J;, but the surface Tesistance. For apptication of farge-

area superconducting thin films to SFCLs, knowledge on J. distribution is vital, because J;
distribution significantly affects quench distribution in SFCLs during faults.

The International Electrotechnical Commission (IEC) draws attention to the fact that it is claimed
that compliance with this document may involve the use of a patent. IEC takes no position
concerning the evidence, validity, and scope of this patent right.

1 Numbers in square brackets refer to the Bibliography.
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The holder of this patent right has assured IEC that s/he is willing to negotiate licences under
reasonable and non-discriminatory terms and conditions with applicants throughout the world.
In this respect, the statement of the holder of this patent right is registered with IEC. Information
may be obtained from the patent database available at http://patents.iec.ch.

Attention is drawn to the possibility that some of the elements of this document may be the
subject of patent rights other than those in the patent database. IEC shall not be held
responsible for identifying any or all such patent rights.



https://iecnorm.com/api/?name=70d32257abd6cef3940427a963cf5f69

1 Secona
copc

-8- IEC 61788-17:2021 © IEC 2021

SUPERCONDUCTIVITY -

Part 17: Electronic characteristic measurements —
Local critical current density and its distribution
in large-area superconducting films

This
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method using third-harmonic voltages. The most important consideration “for pre
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limit
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IEC

(avalilable at <http://www.electropedia.org>)

3

For

part of IEC 61788 specifies the measurements of the local critical current density-(J.)
istribution in large-area high-temperature superconducting (HTS) films by-an indu

surements is to determine J. at liquid nitrogen temperatures by an electric-field crite
obtain current-voltage characteristics from its frequency dependence. Although
ible to measure J; in applied DC magnetic fields [20] [21], the scopg of this docume
bd to the measurement without DC magnetic fields.

technique intrinsically measures the critical sheet current that is the product of J, and

cd: from 200 A/m to 32 kA/m (based on results, notdimitation).

leasurement resolution: 100 A/m (based on results, not limitation).
Normative references

following documents are referred to_inthe text in such a way that some or all of their cor

undated references, the latest edition of the referenced document (including
ndments) applies.

60050-815, International Electrotechnical Vocabulary — Part 815: Superconduct

Terms and definitions

thickness d. The range and measurement resolution for J.d" of HTS films are as follows.

and
ctive
cise
rion
it is
nt is

the

p

tent

titutes requirements of this document. For dated references, only the edition cited appllies.

any

ivity

the purposes of this document, the terms and definitions given in IEC 60050-815 apply,
somg of which are repeated here for convenience.

ISO

and |EC maintain tprminnlngir‘nl databases for use in standardization at the follo

ing

addresses:

o |
o |
3.1
criti
I

max

Note

EC Electropedia: available at http://www.electropedia.org/

SO Online browsing platform: available at http://www.iso.org/obp

cal current

imum direct current that can be regarded as flowing without resistance practically

1toentry: | is a function of magnetic field strength, temperature and strain.

[SOURCE: IEC 60050-815:2015, 815-12-01]
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3.2

critical current criterion

I criterion

criterion to determine the critical current, I, based on the electric field strength, E, or the
resistivity, p

Note 1 to entry: E = 10 uV/m or E = 100 pV/m is often used as electric field criterion, and p =104 Q- m or
p = 1013 Q- mis often used as resistivity criterion.

[SOURCE: IEC 60050-815:2015, 815-12-02]

3.3
critical current density
JC
elecfric current density at the critical current using either the cross-sectiop. of the whole
conductor (overall) or of the non-stabilizer part of the conductor if there is a stabilizer

Note |l to entry: The overall current density is called engineering current density (symbel J,).

[SOURCE: IEC 60050-815:2015, 815-12-03]

3.4
trangport critical current density

J
ct
criti¢al current density obtained by a resistivity or a veltage measurement

[SOURCE: IEC 60050-815:2015, 815-12-04]

3.5

n-value
<sua[11erconductor> exponent obtained-iftya specific range of electric field strength or resisfivity
wheh the voltage/current U (I) curve. iS approximated by the equation U oc |"

[SOURCE: IEC 60050-815:2015,815-12-10]

4 Requirements

The|critical current.density J. is one of the most fundamental parameters that describe the
quaIty of large-area HTS films. In this document, J. and its distribution are measured phon-
destructively.via an inductive method by detecting third-harmonic voltages Uscos(3wmt + §). A

small coil, which is used both to generate AC magnetic fields and detect third-harmonic voltages,
is mounted just above the HTS film and used to scan the measuring area. To measurne J;

precisely with an electric-tield criterion, the threshold coil currents Ith’ at which U3 starts to

emerge, are measured repeatedly at different frequencies and the E-J characteristics are
determined from their frequency dependencies.

The target relative combined standard uncertainty in the method used to determine the absolute
value of J. is less than 10 %. However, the target uncertainty is less than 5 % for the purpose

of evaluating the homogeneity of J.. distribution in large-area superconducting thin films.
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5 Apparatus

5.1 Measurement equipment

Figure 1 shows a schematic diagram of a typical electric circuit used for the third-harmonic
voltage measurements. This circuit is comprised of a signal generator, power amplifier, digital
multimeter (DMM) to measure the coil current, band-ejection filter to reduce the fundamental
wave signals and lock-in amplifier to measure the third-harmonic signals. It involves the single-
coil approach in which the coil is used to generate an AC magnetic field and detect the inductive
voltage. This method can also be applied to double-sided superconducting thin films with no
obstacles. In the methods proposed here, however, there is an additional system to reduce
harmonic noise voltages generated from the signal generator and the power amplifier [14]. In
an example of Figure 1, a cancel coil of specification being the same as the sample coil is'dised
for tancelling. The sample coil is mounted just above the superconducting fita1; and a
supgrconducting film with a J.d sufficiently larger than that of the sample film is-placed below

the gancel coil to adjust its inductance to that of the sample coil. Note that thedinductande of
the $ample coil decreases by 20 % to 30 % due to the superconducting shiglding current when
it is mounted on a superconducting film. Both coils and superconducting films are immersed in
liquid nitrogen (a broken line in Figure 1). Other optional measurement‘systems are descrjbed
in Apnex B.

NOTE In this circuit, coil currents of about 0,1 A (RMS) and power source yoltages of > 6 V (RMS) are needed to
meagure the superconducting film of J.d = 10 kA/m while using coil 1 or 2 of-Table 2. A precision power amplifier

with gufficiently high power is used to supply such large currents and voltages.

Signal generator

/\/ £ 0,2-20 kHz

Lock-in
amplifier
Out

A-2B

Non inductive
shunt (~ 1 Q) |DMM

]
A

A== |

! Sample Cancel |

| coil coil : )
I B Ll Us
| |

|

|

|| Personal
— || computer
) Sample film Large J_d film |

IEC

NOTE The broken line surrounds elements immersed in liquid nitrogen.

Figure 1 — Diagram for an electric circuit used
for inductive J. measurement of HTS films
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5.2 Components for inductive measurements
5.2.1 Coils

Currently available large-area HTS films are deposited on areas as large as about 25 cm in
diameter, while films about 5 cm in diameter are commercially used to prepare microwave
filters [22]. Larger YBa,Cu30-, (YBCO) films, about 10 cm in diameter and 2,7 cm x 20 cm, were

used to fabricate fault current limiter modules [3] [4] [5]. For the J. measurements of such films,

the appropriate outer diameter of the sample coils ranges from 2 mm to 5 mm. The requirement
for the sample coil is to generate as high a magnetic field as possible at the upper surface of
the superconducting film, for which flat coil geometry is suitable. Typical specifications are as

foIIo[:/s.
a) Inner winding diameter D,: 0,9 mm, outer diameter D,: 4,2 mm, height h: 1,0 mm¢ 400 turns
of a 50 ym diameter copper wire.

b) 4: 0,8 mm, Dy: 2,2 mm, h: 1,0 mm, 200 turns of a 50 um diameter copperywire.

5.2.2 Spacer film

Typically, a polyimide film with a thickness of 50 um to 125 ym is used to protect the HTS films.
The|coil has generally some protection layer below the coil winding; which also insulateq the
thin film from Joule heat in the coil. The typical thickness is 100 ym to 150 ym, and the cojl-to-
film distance Z, is kept to be 200 ym.

5.2.8 Mechanism for the set-up of the coil

To maintain a prescribed value for the spacing Z, between the bottom of the coil winding|and

the {ilm surface, the sample coil should be pressed to the film with sufficient pressure, typigally
excgeding about 0,2 MPa [18]. Techniques te achieve this are to use a weight or springd, as
shown in Figure 2. The system schematically shown in the figure left is used to scan a yide
areg of the film. Before the U; measurement the coil is initially raised up to some distance,

moved laterally to the target positiony<¢and then lowered down and pressed to the film| An
appiopriate pressure should be determined so that too high pressure does not damage¢ the
bobbin, coil, HTS thin film or the substrate. It is reported that the YBCO deposited on biaxijally-
textdired pure Ni substrate was degraded by transverse compressive stress of about 20 MPa
[23]

- - Weight

Z-move

X,Y-move J N
Liquid nitrogen
Bobbin Spring
(phosphor bronze)
o )
coitl 7 1L _ |- "=
/
/

Superconducting film Superconducting film Soil
(with a polyimide film) (with a polyimide film)

IEC

Figure 2 — lllustration showing techniques to press the sample coil to HTS films
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5.2.4 Calibration wafer

A calibration wafer is used to determine the experimental coil coefficient k' described in
Clause 6. It is made by using a homogeneous large-area (typically about 5 cm diameter) YBCO
thin film. It consists of bridges for transport measurement and an inductive measurement area
(Figure 3). Typical dimensions of the transport bridges are 20 ym to 70 pm wide and 1 mm to
2 mm long, which were prepared either by UV photolithography technique or by laser
etching [24]. In the transport bridge area shown in Figure 3, a transport current can be passed
from current terminal 1 to another current terminal 3 through the bridge "a". In this case,
terminals 2 and 12 are used as voltage terminals. Similarly, a transport current can be passed
from current terminal 1 to another current terminal (5, 7, 9 or 11) through the bridge "b", "c", "d"
or "ghmtinsTase, termmimats 456, 8 or 10, a2 are usedas vottage termmiats:

Inductive measurement area

Transport bridges (a, b, ¢, d, e)

456789

IEC

Figure 3 — Example of a calibration wWafer used to determine the coil coefficient

6 Measurement procedure

6.1 General

The|procedures used to determine the experimental coil coefficient k' and measure the J; of the
filmg under test are described as follows, with the meaning of k’ expressed in Clause A.5.

6.2 | Determination of the experimental coil coefficient
6.2.1 Calculation of the theoretical coil coefficient k

Calqulate_the theoretical coil coefficient k = J.d/l, from

k=Fp, (1)

where F,, is the maximum of F(r) that is a function of r, the distance from the central axis of the
coil whose inner diameter is D4, outer diameter is D, and height is h (Figure 4). The coil-factor
function F(r) = —2H,(r, t)/lgcoswt = 2Hy/1, is obtained by

R 2n Z !
Fr)=—_ zdr’J dof " dz—— ricose — @)
2zS 0 Z, (z°+r°+r'“-2rr'cosh)
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where H,(r, t) is the radial component of the magnetic field generated by the sample coil at a
upper surface of the superconducting film, N is the number of turns in the sample coil, Ry = D4/2
is the inner radius, R, = D,/2 is the outer radius of the coil, S = (R, — R;)h is the cross-sectional
area, Z4 is the coil-to-film distance, and Z, = Z; + h [17]. The explanation of Equations (1) and
(2) is given in Clause A.3.

A simple method to obtain k is as follows.

a) Calculate the magnetic-field amplitude Hy(r) = H,(r, t = 0) as a function of r at a position
below the coil with a distance Z, when a current of I, = 1 mA is passed in the sample coil
Figure 5).

b) Obtain the (local) maximum value of Hy(r) when r is changed near r = (R; + R,)/2,

c) The maximum value of Hy(r) should have a unit of A/m, then the doubled value'divided by
llh (= 1 mA) becomes k (unit: 1/mm). Note that the magnetic field arising from-the imagg coil
i.e. from the shielding current flowing in the superconducting film), cancels out| the
perpendicular component H,, and the parallel component H, doubless The image coil{and
its magnetic field generation are shown by the broken lines in Figure 5.

d) Kor the calculation of coil magnetic fields, a free web site¢may be used; for exanjple,

ttp://lwww.sc.kyushu-u.ac.jp/~kajikawal/javascript/field_and potential-e.html
the calculation of this site is based on a paper entitled’ *Calculation of Magnetic Field
Distribution of Solenoid Coil by Computer" [25].2

= T

Sonle examples of the theoretical coil coefficient k fortypical sample coils are shown in Talple 1
with|the specifications.

IEC

Figure 4 — lllustration of the sample coil and the magnetic field during measurement

2 This information is given for the convenience of users of this document and does not constitute an endorsement
by IEC.


http://www.sc.kyushu-u.ac.jp/%7Ekajikawa/javascript/field_and_potential-e.html
https://iecnorm.com/api/?name=70d32257abd6cef3940427a963cf5f69

- 14 - IEC 61788-17:2021 © IEC 2021

A
R, R,
/, /
P N
h
>4
V4 > 7
S e VAR VANGE >
/F————ﬂ ‘ /|<—/>\:—
Film |\\//| \ I| /\//I
: 1t
surfaceI PR | ‘ | P |
s . N
bk — — — — o } bk — — — — 3
|

IEC

NOTE The image coil and its magnetic field generation are shown by the broken line.

Figure 5 — lllustration of the sample coil and its magnetic field generation

Table 1 — Specifications and theoretical coil coefficients k gf-sample coils

D, D, h Turns K ratFF(r) =
m
mm mm mm 1/mm mm
Al 0,8 2,2 1,0 200 62,9 0,74
A2 0,9 2,9 1,0 300 92,2 0,95
A3 1,0 3,6 1,0 400 117,4 1,15
Ad 1,0 4,3 1,0 500 135,2 1,35
A5 1,0 4,9 150 600 151,5 1,52
A6 1,0 3,6 1,5 600 136,0 1,17
B1 1,0 4,3 1,0 150 34,4 1,35
B2 1,0 5@ 1,0 200 41,9 1,67
B3 1,0 6,5 1,0 250 47,9 1,98
B4 1,0 7,6 1,0 300 52,6 2,31
B5 145 5,4 1,5 300 51,5 1,68
Coils Al (to)A6 are made of 50-um-diameter copper wires (coil-to-film distance
Z, =0,2 mm), and coils B1 to B5 are made of 100-uym-diameter copper wires (coil-
to-film\distance Z;, = 0,33 mm).

6.2.2 Transport measurements of bridges in the calibration wafer

e ne a eri . a ne 2 SP0 .ee:_n -' our-

probe method, and obtain the power-law E-J characteristics,
E; = Age x I (3)

b) Repeat the measurement for at least three different bridges. Three sets of data (n = 20,5 to
23,8) measured for three bridges are shown in the upper (high-E) part of Figure 6.
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6.2.3 Uz measurements of the calibration wafer

a)

b)

Measure U, in the inductive measurement area of the calibration wafer as a function of the
coil current with three or four frequencies, and obtain the experimental |, using a constant-
inductance criterion; namely, Us/fly, = 2nL.. The criterion L. should be as small as possible
within the range with sufficiently large signal-to-noise (S/N) ratios, in order to use the simple

Equation (4) for the electric-field calculation (7.1 ¢) and Clause C.2).
Repeat the measurement for at least three different points of the film.

6.2.4 Calculation of the E-J characteristics from frequency-dependent I, data

a)

b)

6.2.

a)

b)

c)

Calculate J4 (= kly,/d) and the average E induced in the superconducting film at_thg
genetration threshold (when J. = J.q) by

Eavg—U3 ~ 2104/10fd2*]c =2,04uokfdly, ,

from the obtained I, at each frequency using the theoretical coefficient'k.calculated in 6
The derivation of Equation (4) is described in Clause A.4.
(
d

Dbtain the E-J characteristics, and the electric fields E; induced'in'the superconducting
an be approximated as

B = Agi x J",
fom the relation between E, ., and J.o, and.plot them in the same figure where

ata measured at different points of the film.JTransport data and Us inductive data ddg

f
transport E-J characteristics data were plotteds Broken lines in Figure 6 show three se
Q
yet match at this stage.

b Determination of the k' from Jgpand J.o values for an appropriate E

Choose an appropriate electric field that is within (or near to) both the transport E-J cu
and the inductive E-J curves, such as 200 pV/m in Figure 6.

At this electric field, calculate both the transport critical current densities J and
inductive J.q values from _Equation (3) and Equation (5), respectively.

Determine the experimental coil coefficient k' by k' = (J./Jco)k, where J;; and J.q indi

qre plotted against E,q.y, =2,04x0kfdly,, the E-J characteristics from the U measurer
match the4ransport data well (Figure 6).

I
the average values’of obtained J and Jq values, respectively. If the J. (= k'l,/d) values

full

(4)

2.1.

film

(5)

the

ts of
not

rves

the

cate

nent
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NOTE

6.3

a) |
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b)

c) §

d) |
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Broken lines show three sets of data measured at different points‘efvthe film.

and the U; inductive method

Measurement of J. in sample films

riterion L. as used in 6.2.3.

0,4) exceeding those of the calibration wafer (n = 28,0 to 28,6).

eld criterion, such as E. = 100 pVv/m.

6.4

Measurement of J. with only one frequency

Figure 6 — E-J characteristics measured,by a transport method

leasure Uj with two, three or four frequéncies in sample films, and obtain I, with the s

se the obtained experimental coilicoefficient k' to calculate J. (= k'ly,/d) at each freque
Ind obtain the relation between J. and E,qy, (= 2,04ppkfdly,) using k because of

nderestimation as mentioged in 7.1 c). An example of the E-J characteristics is also sh
h Figure 6, measured forya sample film (THO052Au, solid symbols) with n-values (36,0

Ffrom the obtained"E-J characteristics, calculate the J; value with an appropriate eled

leasuremént with three or four frequencies is beneficial to check the validity of
heasurement and sample by checking the power-law E-J characteristics. Measurement
wo frequencies can be used for routine samples in the interests of time.

ame

ncy,
the

own
and

tric-

the
with

As mentioned in Clause 1 and Clause 3, it is recommended to determine J. with a constant
electric-field criterion using a multi-frequency approach through procedures described in 6.2
and 6.3, because a supercurrent flowing in a superconductor is a function of electric field.
However, one frequency measurement is sometimes desired for simplicity and inexpensiveness.
In this case, the J. values are determined with variable electric-field criteria as specified in the

following procedures.

a) Calculate the theoretical coil coefficient k as described in 6.2.1.

b) Obtain the E-J characteristics of the transport bridges of the calibration wafer (Equation (3))

t

hrough the procedures of 6.2.2.


https://iecnorm.com/api/?name=70d32257abd6cef3940427a963cf5f69

IEC 61788-17:2021 © IEC 2021 -17 -

c)

d)

e)

f)

6.5

Measure U, in the inductive measurement area of the calibration wafer as a function of the
coil current with one frequency, and obtain the experimental I, using a constant-inductance
criterion; namely, U5/fly = 2zL.. The criterion L, should be as small as possible within the

range with sufficiently large S/N ratios, in order to use the simple Equation (4) in 6.2.4 for
the electric-field calculation. Calculate J., (= kly,/d) and the average E induced in the

superconducting film at the full penetration threshold by Equation (4). Repeat the
measurement for at least three different points of the film, and obtain average J;g and E,,.y,

Using the transport E-J characteristics of Equation (3), calculate J for the average Eavg-u,
obtained in ¢).

betermine the experimental coil coefficient k" by k’ = (J./J;g)k.

Measure U, with the same frequency in sample films, and obtain I, with the same critgrion
I, as used in c). Calculate J. (= k'l;,/d) using the obtained experimental coil coefficielt k'.
Calculate also Ea\,g_U3 with Equation (4), and this value should be accompanied by ¢ach

J. value.

Examples of the theoretical and experimental coil coefficients

Some examples of the theoretical and experimental coil coefficients/(k and k’) for typical sample
coily are shown in Table 2 with the specifications and recemmended criteria for the Iy,

detgrmination, 2nL. = U,/fly. Note that the k' depends onithe criterion L.. Coils 1 and 2| are

woupd with a 50 ym diameter, polyurethane enamelled round copper winding wire, and cpil 3
is wpund with a 50 ym diameter, self-bonding polyurethane enamelled round copper winding
wiref Measured resistances at 77,3 K and calculated/sélf-inductances when a supercondugting

film

s placed below the coil are also shown. The ¢oil-to-film distance Z, is fixed at 0,2 mm.[The

images of coils 1 and 3 are shown in Figure 7,"and the coil-factor functions F(r) for the three

coild show that the peak magnetic field occursnear the mean coil radius (Figure 8).

Table 2 — Specifications and coil coefficients of typical sample coils

D, D, h Turns k k’ U,/fl, R L

mm mm mn 1/mm 1/mm uQ-s Q mH

0,8 2,2 1,0 200 62,9 47,0 0,6 1,6 0,028

1,0 3,6 1,0 400 117,4 89,1 2 3,4 0,143

0,9 472 1,0 400 106,6 82,2 2 4,1 0,195
D1 D

2

: Coil 1

n

Coil 3
IEC

Figure 7 — lllustration of coils 1 and 3 in Table 2
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»
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g F(r) (1/mm)
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Figure 8 — The coil-factor function F(r) = 2Hg/l, calculated forthe three coils

Uncertainty in the test method

Major sources of systematic effects that affect the U; measurement

The|most significant systematic effect on the U; measurement is due to the deviation of the
coil-fo-film distance Z; from the prescribed valuet/Because the measured value J.d in|this

techjnique is directly proportional to the magnetic field at the upper surface of|the
supgrconducting film, the deviation of the spacing Z, directly affects the measurement. The key

origins of the uncertainty are listed in a) to.¢) below.

a) Ipadequate pressing of the coil to the film

b)

s the measurement is performed in liquid nitrogen, the polyimide film placed above the
TS thin film becomes brittle and liquid nitrogen may enter the space between the polyimide
nd HTS films. Thus, sufficient pressure is needed to keep the polyimide film flat and avoid
the deviation of Z;. An,experiment has shown that the required pressure is apout

,2 MPa [18]. Here it i5.to be noted that thermal contraction of polyimide films at the liguid
itrogen temperatureis less than 0,008 x (300 — 77) = 1,78 %, which leads to negligible
alues of 0,9 ym-te-4,5 ym compared with the total coil-to-film distance (about 200 um) [26].

Ice layer formed between the coil and polyimide film

he liquig~nitrogen inevitably contains powder-like ice. If the sample coil is moved to $can
the large=area HTS film area for an extended period, an ice layer is often formed between
the polyimide film and the sample coil, which increases the coil-to-film distance Z, fronm the

rescribed value. As shown later in 7.2, this effect reduces coil coefficients (k and k’),|and
the use of uncorrecied k” resulis in an overestimate in J.. Special care should be taken to

keep the measurement environment as dry as possible. If the measurement system is set
in an open (ambient) environment, the J. values measured after an extended period of time

become sometimes greater than those measured before, and the overestimation was as
large as 6 % when measured after one hour. If the measurement system is set in almost
closed environment and the ambient humidity is kept less than about 5 %, such effect of ice
layers can be avoided. We can check this effect by confirming reproducibility. If the same
J. values are obtained after an extended period, it proves that there is negligible effect of

ice layers. These two systematic effects (a) and b)) are not considered in the estimate of

the uncertainty in the experimental coil coefficient k' in 7.3 and Clause C.1, because they
can be eliminated by careful measurements.
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c) Underestimation of the induced electric field E by a simple Bean model

The calculation of average induced electric fields E,,, in the superconducting film via

Equation (4) is sufficiently accurate provided the magnetic-field penetration below the
bottom of the film can be neglected. However, considerable magnetic fields penetrate below
the film when the experimental threshold current Iy, is determined and detectable Us has

emerged. It was pointed out that the rapid magnetic-field penetration below the film at
lp = l;, may cause a considerable increase of the induced electric field and that the

E calculated by Equation (4) might be significantly underestimated [27]. However, several
experimental results have shown that the relative standard uncertainty from this effect is

usually less than 5 %. The detail is described in Clause C.2.

7.2 | Effect of deviation from the prescribed value in the coil-to-film distance

Becquse the magnetic field arising from the coil depends on the coil-to-film distance.Z,, the
coefficient also depends on Z;. Figure 9 shows the Z, dependence of the th€oretical
coefficient k calculated from Equations (1) and (2). The theoretical coil coefficient k normal

coil
coil
ized

by k¢ is plotted as the function of Z,, where kg is the theoretical coil coefficient for Z; = 0,2 mm.

Dimensions of coils 1, 2, and 3 are listed in Table 2. The relative effect of deviation on
coil B is about 2,6 %, when Z; = 0,2 mm + 0,02 mm. Provided the\deviation of Z; is s

k of
mall

(e.g] = 20 %), the deviated experimental coil coefficient k' 'iS) proportional to k. Spme

experimental results that support this are described in Clause (C)3. Therefore, use Figure
estithate the systematic effect on k’, if the deviated distancecan be reasonably estimated.

The|effect of the coil inclination to the superconducting‘film was theoretically investigated

9 to

28].

It wgs found that the theoretical coil coefficient k decreases approximately 7 % when the sample

coil (D, = 1,0 mm, D, = 3,6 mm, h = 1 mm) is inclined 4 % and the distance between the
and the superconducting thin film is increased.

k(Z,)1 ky(Z, = 0,2 mm)

08 S

IEC

coil

Figure 9 — The coil-to-film distance Z; dependence
of the theoretical coil coefficient k
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7.3 Uncertainty in the experimental coil coefficient and the obtained J.

Since the proposed method uses a standard sample (the calibration wafer) to determine the
experimental coil coefficient k' that directly affects the measured J. values, the uncertainty in k'

is one of the key factors affecting the uncertainty in the measurement, and the homogeneity of
the large-area thin film used in the calibration wafer is an important source of such uncertainty.
The experimental coil coefficient k" is calculated by k’ = (J./J.g)k at an appropriate electric field,

where J is the critical current density measured by the transport method and J;y = kl,/d

measured by the inductive method (6.2.5). An example of the evaluation of the uncertainty in k’
for the coil 3 (Table 2) is shown in Clause C.1. The result is k' = (J;/J.p)k = {(2,587 8 x

1019ATM2)(3,355 6 x 1010 ATm2)} x 106,6 mm L = 82,2 mm Tt with the combined stanfard
uncgrtainty in uc(k’) = 2,4 mm~1 (2,93 %). It has been demonstrated that the uncertainty ir| the
trangport J,; dominates the combined standard uncertainty in k'.

The|uncertainty originating from the underestimation of E,,4,, by a sinmple Bean mpdel

(Equation (4)) is evaluated in Clause C.2. The relative standard uncertainty (Type B) is
evalpated to be ug = 6,6//3 % = 3,8 % for a typical specimen with n =425. In contrast to t&llese
Typ¢-B uncertainties, Type-A uncertainty in J;, originating from the experimental uncertainty in
the glectric U; measurement, is much smaller, typically about 0,3(%, as shown in Clause [C.4.
The|uncertainty in k' and that from the underestimation of E;,,,, dominate the combjned

standard uncertainty in the absolute value of J., and the relative combined standard uncertainty
was|4,7 % for a typical DyBa,Cuz;0; (DyBCO) sample film(Clause C.5). This is well below the
target value of 10 %. Note that for the purpose of eyaluating the homogeneity of J. distribgtion

in large-area superconducting thin films, the uncertainty in k' does not contribute to| the
uncertainty in J. distribution, provided the samessample coil is used. Therefore, the relative

standard uncertainty should be less than the.target uncertainty of 5 %.

7.4 | Effects of the film edge

Figure 8 shows that substantial magnetic fields exist, even outside the coil area, which inguce
shiel]ding currents in the supereaonducting film. Therefore, the coil needs to be apart from the
film jedge for the precise measurement. The original paper by Claassen et al. recommended
that|the outer diameter of the)coil should be less than half of the film width to neglect the edge
effe¢t [10]. However, recent numerical calculation with the finite element method indicated|that
correct measurements.can be made when the film width is as small as 6 mm for a coil with an
outgr diameter of 5 mm and for Z; = 0,2 mm [29]. The experimental results described in

Clayse C.6 haveshown that precise measurements can be made for either of coils 2 pr 3
(Tahle 2) whenxthe outside of the coil is more than 0,3 mm apart from the film edge. With the
uncertainty,0f)0,1 mm to 0,2 mm in the coil setting in mind, the outside of the coil shoull be
more¢ thams0;5 mm apart from the film edge when coils with an outer diameter of 2 mm to 5/mm
are ysed-

7.5 Specimen protection

Moisture and water sometimes react with the Ba atoms in the YBCO film and cause the
superconducting properties to deteriorate. If YBCO films are still used for some purpose after
the measurement, they should be warmed up in a moisture-free environment, e.g. a vacuum or
He gas to avoid degradation. Some protection measure can also be provided for the specimens.
A thin organic coating, with thickness less than several micrometres, does not affect the
measurements and can subsequently be removed; thus it can be used for protection.
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8 Testreport

8.1

The

Identification of test specimen

test specimen shall be identified, if possible, by the following:

a) name of the manufacturer of the specimen;

b) classification;

c) lot number;

d)

hemical compaosition of the thin film and substrate;

e) t
f) o

8.2

The
indid
meal
HTS

8.3
The
a) t
b) [
c) t
d) o
e) S
f) t

hickness and roughness of the thin film;
hanufacturing process technique.

Report of J. values

J. values shall be reported with the electric-field criterion, E. If possible; the n-values

es of the power-law E-J characteristics, shall be reported togethéry It is known that
surement of n-values facilitates the detection of degraded segments within a large-
film [15].

Report of test conditions
following test conditions shall be reported:

emperature (atmospheric pressure, or the pressure of liquid nitrogen);
DC magnetic fields (if applied);

est frequencies;

ossible effects of the ice layer;

pecifications of the sample coil;

hickness of the spacer film.

the

the
area
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Annex A
(informative)

Additional information relating to Clauses 1to 8

A.1 Comments on other methods for measuring the local J. of large-area HTS
films

There are several AC inductive methods for the nondestructive measurement of local J_ of large-

ared superconducting thin films [10] [11] [12] [13] [17], in which some detect third-harmlonic
voltages Uzcos(3wt + ) [10] [11] [17] and others use only the fundamental voltage [12]J13]. In

these inductive methods, AC magnetic fields are generated with AC currents ljcosetin a small
coil mounted just above the film, and J. is calculated from the threshold coil currenil,, at which
full penetration of the AC magnetic field to the film is achieved [14]. When 1< l4,, the magnetic

field lbelow the film is completely shielded, and the superconducting film is'regarded as a mjirror
image coil reflected through the upper surface of the film, carrying the. Same current but in the
opposite direction. The response of the superconducting film to lycoSat is linear and no third-

harmonic voltage is induced in the coil.

For |the case of the Uj; inductive method, U; starts to.emerge at Iy = Iy, when| the

supgrconducting shielding current reaches the critical clirrent and its response becomes
nonlinear [17]. In the other methods that use only the fundamental voltage, to detect| the
bregkdown of complete shielding when the critical current is reached, penetrated AC magmnetic
fields are detected by a pickup coil mounted just Below the film [12] or a change of mytual
inductance of two adjacent coils is measured [13]:In all these inductive J. measurements| the

schgme is common in that the AC magnetic field 2Hycoswt at the upper surface of the film is
measured at the full penetration threshold.» We obtain J. because the amplitude of thg full
pengtration field 2H, equals J.d [17]. Theselectric field E induced in the superconductor cah be

calculated with the same Equation (4)-[14], and a similar procedure to that described in Clause 6
can pe used for the precise measufement.

Another inductive magnetie-‘'method using Hall probe arrays has been commercialized to
meagsure local J. of long coated conductors [30] [31]. In this method magnetic field profileg are
meajsured in applied DE&.magnetic field, and the corresponding current distribution is calculgted.
This| method can also_be applied to rectangular large-area HTS films having widths less than
sevgral centimetres,/and has better spatial resolution over AC inductive methods using gmall
coily.

A.2| Reguirements

As thethird=harmomic vottagesare proportiomat to the measuring frequerncy; tigher frequericies
are desirable to obtain a better S/N ratio. However, there is a limitation due to the frequency
range of the measuring equipment (lock-in amplifier and/or filter) and to excessive signal
voltages induced in the sample coil when a large J.d film is measured. It is recommended to

use a frequency from 1 kHz to 20 kHz for a film with small J.d (< 1 kA/m), and a frequency from
0,2 kHz to 8 kHz for a film with large J.d (=2 20 kA/m). Measurements over a wide frequency

range are desirable to obtain the current-voltage characteristics in a wide electric-field range.
For the general purpose of the J. measurement, however, one order of frequency range is

sufficient to obtain the n-value and measure J. precisely.
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In this document, the measurement temperature is limited to liquid nitrogen temperatures,
namely 77,35 K at 1 013 hPa and 65,80 K at 200 hPa, because a refrigerant is needed to cool
the sample coil that generates Joule heat. When measuring at variable temperatures in a gas
atmosphere, further investigations are necessary.

The Uj inductive method is applicable not only to large-area HTS films deposited on insulating

substrates (sapphire, MgO, etc.), but also to coated conductors with metallic substrates.
However, if the coated conductors have thick metallic protective layers (Ag or Cu) and their
thickness exceeds about 10 ym, certain measures are needed to avoid the skin effect. One
technique involves limiting measuring frequencies to a sufficiently low extent (e.g. about 8 kHz).

A.3| Theory of the third-harmonic voltage generation

Herge we present the response of a superconducting film to a current-carrying coil moupted
aboye the film (Figure A.1) [17]. A superconducting film of thickness d, infinitely,extended in the
Xy plane, is situated at -d < z < 0, where the upper surface is at z = 0 in the Xy plane and the
lowgr surface is at z = —d. A drive coil is axially symmetric with respect to\the z-axis, and the
coil pccupies the area of Ry <r <R, and Z; <z < Z, in the cylindrical-coordinate (r, 8, z).[The

coil ponsists of a wire of N turns, which carries a sinusoidal drive current I4(t) = I coswt along

the P direction. Responding to the magnetic field produced by_th®e coil, the shielding cufrent
flows in the superconducting film. The sheet current Ky (i.e. the.current density integrated pver

the thickness, —d < z < 0) in the superconducting film plays.cri€ial roles in the response of the
film,|and |Kg| cannot exceed its critical value, J.d.

The|response of the superconducting film is detectéd by measuring the voltage U(t) induced in
the ¢oil, and U(t) is generally expressed as the Fourier series,

u(t) = ZUncos(na)HHn) . A.l)
n=1

Theffundamental voltage U, is primarily determined by the coil impedance. The even harmofics,
U, fpr even n, is generally-much smaller than the odd harmonics, U, for odd n. The third-
harmonic voltage, U,, is the key, because U, directly reflects the nonlinear respgnse
(i.e.linformation on J,d):of the superconducting film.

The|coil producesian axially symmetric magnetic field, and its radial component H, at the upper
surface of thelsuperconducting film (z = 0) is obtained by

H, (r,t) =-Hycoswt =—(I, / 2)F(r)coswt . A.2)

The coil-factor function F(r) is determined by the configuration of the coil as

F(r)=

R 2 z -
N f Zdr'J. "de 2 4z — ricose . (A.3)
2nS IR 0 Z,  (z°+r°+r'"-2rr'cosé)

where S = (R, — Ry)(Z, — Z;) is the cross-sectional area of the coil. The F(r) generally has a
maximum F,, > 0 atr = r,, [where r, is roughly close to (R; + R,)/2], and F(0) = F(x) = 0.
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When 0 < Iy < Iy, the magnetic field arising from the coil does not penetrate below the film

(z < =d). In such cases, the magnetic field distribution above the film (z > 0) is simply obtained
by the mirror-image technique. The magnetic field arising from the image coil (i.e. from the
shielding current flowing in the superconducting film) cancels out the perpendicular component
H,, and the parallel component H, doubles. The sheet current Kg in the superconducting film is

therefore obtained by Kg (r, t) = 2H,(r, t) = —1F(r) coswt. Because of the linear response of the
superconducting film for 0 < 1, < I;;,, the voltage induced in the coil contains no harmonics.

Note that the amplitude of the sheet current density, |Kg| = 2|H,| = I5F(r) < I3F,,, cannot exceed
the critical value, J.d, when 0 < l5 < ... The threshold current 1., is determined such that
|Kgl E 1gF, reaches J.d when Iy = I;,, and is obtained by

lip = Jed /Fp, = Jodlk, A.4)
whefe the (theoretical) coil coefficient is obtained by k = F,,.

Whgn I > I, the magnetic field penetrates below the superconducting’film, and the nonlinear
resplonse of Kg yields the generation of the harmonic voltages in the coil.

z
‘fjg
AT T2
-7 R,
-1z [ > 2
\/\ 2 I < 2 N "’
N
\\ I \\ J " h
~_ |
S P R
Z K >
v \\ (% /
| ~ - OQ 2HO = P r
: = x - - =
| > -
EC
kFigure A.1 — lllustration of the sample coil and

the magnetic field during measurement

A.4| Calculation of the induced electric fields

Here¢, wé approximate the average E induced in the superconducting film at the full penetration
threshold, 1, = I, using the Bean model [14]. This approximation assumes a semi—inf|inite

superconductor below the xy-plane (z<0), and the film Is regarded as part of this
superconductor (-d <z < 0). When a sinusoidal magnetic field H,; = 2Hycoswt (2Hy = J.d) is

applied parallel to the x-direction at the surface of the superconductor, the induced E has only
the y-component Ey(z), and Ey(z < —-d) is zero because the magnetic fluxes just reach the lower

surface of the film (z = —-d). The Ey(z) is calculated by integrating —uq(dH,/dt) from z = —d to z,
yielding Ey(z) = —pgwdHgsinwt(1l - coswt + 2z/d). The time-dependent surface electric field,
|Ey(z = 0)|, peaks at ot = 2a/3, and then, max|Ey(O)| = (3\/5/4) uowdHg. Because max|Ey(z)|

peaks at z = 0 (the upper surface of the film) and is zero at z = —d (the lower surface of the film),
the volume average of max|Ey(z)| is estimated to be half of max|Ey(O)|,

Eavgu, = (3V37/4) o fidHy ~ 2,040 fd*J, = 2,040kt (A5)
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For typical parameters of the measurement, f =1 kHz, d = 250 nm, and J, = 1010 A/m2, the
calculated E is about 2 pVv/m.

A.5 Theoretical coil coefficient k and experimental coil coefficient k’

Here, the basic concept concerning the theoretical coil coefficient k =J.d/l;,, and the
experimental coefficient k' for the case of the U; inductive method is explained. When the coil
current |y equals the threshold current I, the highest magnetic field below the coil
2Hp max = Jcd, and the magnetic field just fully penetrates the film. Since 2Hg, ., can be
thectetically calculated, we can calculate the theoretical coil coefficient k = J.d/l;;,. However,
the above "true Iy," corresponds to the coil current at which infinitesimal U3 is generated in) the
coil.| Because it is impossible to detect U3 = 0 to obtain a "true Iy,", we need an_alternative
appfoach to obtain an "experimental l;," and corresponding experimental coil coefficient k{.

A.6| Scaling of the Us—I, curves and the constant-inductance criterion to
determine Iy,

For [convenience, the (experimental) threshold current I, has jbeen often determined by a

congtant-voltage criterion, e.g. U3/J§ = 50 yV. However, the'use of a constant-voltage critgrion
is pfoblematic. Theoretical analyses on the relationship between I, and U3 showed that there
is clpar scaling behaviour Uj/ly, = @G(lg/ly,), where Gs a scaling function that is determjned
only| by the specifications of the sample coil [11] [17]. This equation implies that the Uj vE. |,
curves with various I, values must collapse to.one curve if they are normalized with 1,.|The

inset of Figure A.2 a) clearly shows this scaling behaviour. As the third-harmonic resistance
Us/lh = oG(lp/lin)/(1o/1y), the Ug/l itself is already normalized (Figure A.2 b)), and it scales with

the pcaled current ly/ly, (inset of Figure*A.2 b)). Because the third-harmonic voltage U, is
progortional to ly,, the determination.@f 1;;, by a constant-voltage criterion inherently causps a
systpmatic error; namely, the J. ok@sample with J.d larger (smaller) than the standard sample

is uhderestimated (overestimated) [16]. From the scaling behaviour observed in the third-
harmonic resistance Uj/l; (Figure A.2 b)), it is demonstrated that the I, should be determjned

by g constant-resistance criterion, such as Us/lg = 2 mQ. Furthermore, as the U5 values are

progortional to the-Smeasuring frequency, a constant-inductance criterion, such| as
Us/flg =2 uQ-s, should be used if the U; measurements are performed with multiple

frequencies [16] [32]. It is also to be noted that such scaling behaviour forms the basis of the
J.d Eeasurement, the procedure for which is described in 6.2 to 6.4 using a standard sample

(calipration, wafer).

Because a supercurrent flowing in a
recommended—to—determine Ao
approach through procedures described in 6.2 and 6.3. An example of the multi-frequency
measurement is shown in Figure A.3 with Us/fly = 2zl = 2 uQ-s.

superconductor is a function of electric field, |t is
ehstahRt—ete i teld Hertor—usHra—a—raeHH egency
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