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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -
Part 3: Critical current measurement —

DC critical current of Ag-sheathed Bi-2212
and Bi-2223 oxide superconductors
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.

Annexes A and B are for information only.

The committee has decided that the contents of this publication will remain unchanged until

2005. At this date, the publication will be

e reconfirmed;

e withdrawn;

« replaced by a revised edition, or
¢ amended.

A bilingual version of this standard may be issued at a later date.
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INTRODUCTION

In 1986 J.G. Bednorz and K.A. Mueller discovered that some Perovskite type Cu-containing
oxides show superconductivity at temperatures far above those which metallic
superconductors have shown. Since then, extensive R & D work on high-temperature oxide
superconductors has been and is being made worldwide, and its application to high-field
magnet machines, low-loss power transmission, electronics and many other technologies is in
progress [1].1

Fabrication technology is essential to the application of high-temperature oxide
superconductors. Among high-temperature oxide superconductors developed so far,
BiSrCaCu oxide (Bi-2212 and Bi-2223) superconductors have been the mqst successful at
being fabricated into wires and tapes of practical length and superc perties.
These dqonductors can be wound into a magnet to generate a magne al tesla
[2]. It h@as also been shown that Bi-2212 and Bi-2223 conductors ca hise the
limit of magnetic field generation by a superconducting magnet [3].

In summer 1993, VAMAS-TWAL16 started working on the t iti cunrents in

Bi-oxidg superconductors. In September 1997, the TWALG ~ VAMAS
guideline) on the critical current measurement method Bi-2223
oxide slyiperconductors. This pre-standardization wo pase for

the IEC|standard, described in the present document, . Critica method
of Ag-sheathed Bi-2212 and Bi-2223 oxide superco

The test method covered in this Internati a ate and
agreealjle technical base to those engine ' Huctivity
technolggy.

The critjcal current of coRposite/supexcs i - i-oxi ductors
depend$ on many vari S & ¢ 0“to be considered in both the tes:[:ng and
the application of the itioAs such as magnetic field, temperafure and

agnetic field are determined by the pprticular
e/determined by the particular conductor |through
ritical cyrrent criterion may be determined by the pprticular

relative | orientation
applicatjon. Th
certain ;

olerances.
applicat]

irregulafiti

1 The numbers in brackets refer to the bibliography.
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SUPERCONDUCTIVITY —

Part 3: Critical current measurement —
DC critical current of Ag-sheathed Bi-2212
and Bi-2223 oxide superconductors

1 Scope

This part of IEC 61788 covers a test method for the determination of the d.c. critical current of
short ang—stratght-Ag—orAgeatoy-sheathedB2212—and-Bi-2223—oxide—superconduciors that
have a monolithic structure and a shape of round wire or flat or square j mono-
or multicores of oxides.

This megthod is intended for use with superconductors that haw ss than
500 A gnd n-values larger than 5. The test is carried out Wlt external
magnetic fields. In the test of the tape specimen in magne ields are
parallel|or perpendicular to the tape surface. The test speti a liquid
helium bath or a liquid nitrogen bath during testing. De i (S tesg that are
allowed|for routine tests and other specific restriction's ae_gi i

Substantial parts of the test method cawered j similar
to, thosp for Nb;Sn composite superéondiictd y found
for oxide superconductors may be cla in bcific to
oxide cgmposite superconductors, inclyding m 3 resence
of weak]links, cryogen gas bubble for atiop~aging degragation, magnetic flux flow anfl creep,
large amisotropy, hysteresis i ' p agnetic field sweep, etc. The|second
group i$ due to the sho peciv dsed in the standard. A critical| current
measurgément on such jg : ily pick)up different voltage signals due to|thermal
electromotive force, industi y gise, current redistribution, specimern motion

relative [to the holder,
from a |current @:
tolerande against thg

bubbles

itages may be present due to the short glistance
~NShort specimen length may reduce meghanical
ample, by promoting the formation of cryopen gas

2 No
The foll cuments contain provisions which, through reference in this text,
constitu this part of IEC 61788. For dated references, subsequent

amendnpents o, © isions of, any of these publications do not apply However, p

applying

hrties to
bility of
undated

references, the Iatest edltlon of the normative document referred to applles Members of IEC

and ISO maintain registers of currently valid International Standards.

IEC 60050-815:2000, International Electrotechnical Vocabulary (IEV) — Part 815:
conductivity

Super-

IEC 61788-2:1999, Superconductivity — Part 2: Critical current measurement — DC critical

current of Nb3Sn composite superconductors
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3 Terminology

For the purpose of this standard, the definitions given in IEC 60050-815 and the following
definitions apply.

3.1

critical current (/)

current at which a specified electric field strength (electric field) criterion (E.) or resistivity
criterion (p.) is reached in the specimen at a certain value of a static applied magnetic field at
a specified temperature either in a liquid helium bath or a liquid nitrogen bath at a constant
pressurg—For—eithe orp-—thers is a corresponding voltage criterion—th for a specified

sample |ength.

3.2

Bi-2212|and Bi-2223 oxide superconductors are defined in the llows:
Bi-2212} Bi,Sr,CaCu,0, ( x = ~ 8),

Bi-2223} (Bi,Pb),Sr,Ca,Cus;0, ( x = ~10).

4 Requirements

The crit nt (/) to
the sup section
of the gpecimen. The curpe i nt (U-/)
charactg¢ristic generated &hd

The target precision of ided by
the avefage of t ritix Lirement
at 0 T apd near

The usp of a hsfer correction is excluded from this test method.
Furthermore, | gignature is pronounced in the measurement, then the
measur ad invalid.

It is the e user of this standard to consult and establish appropriate safety
and hed o determine the applicability of regulatory limitations prior| to use.
Specifig statements are given below.

Hazardd_exist in this type of measurement \/pry Iargp direct currents with very low oltages

do not necessarily provide a direct personal hazard, but accidental shorting of the current
leads with another conductor, such as tools or transfer lines, can release significant amounts
of energy and cause arcs or burns. It is imperative to isolate and protect current leads from
shorting. Also the energy stored in the superconducting magnets commonly used for the
background magnetic field can cause similar large current and/or voltage pulses or deposit a
large amount of thermal energy in the cryogenic systems causing rapid boil-off or even
explosive conditions. The use of cryogenic liquids is essential to cool the superconductors,
which allows the transition into the superconducting state. Direct contact of skin with cold
liquid transfer lines, storage dewars or apparatus components can cause immediate freezing,
as can direct contact with a spilled cryogen. It is imperative that safety precautions for
handling cryogenic liquids be observed.
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5 Apparatus

5.1 Measurement holder material

The measurement holder shall be made from an insulating material or from a conductive non-
ferromagnetic material that is either covered or not covered with an insulating layer.

The critical current may inevitably depend on the measurement holder material due to the
strain induced by the differential thermal contraction between the specimen and the
measurement holder.

The total strain induced in the specimen at the measuring temperature imized to
be within +0,1 %. If there is an excess strain due to the differential the/m ign of the
specimgn and the holder, the critical current shall be noted to be defefmined uh excess
strain sfate by identification of the holder material.

Suitablg measurement holder materials are recommended in AM.1. may be
used.

When af conductive material is used without an insifati 3 through
the holder shall be less than 1 % of the total cufrent v is at |/

Cc
(see 8.5).

5.2 Megasurement holder constructio

The holder shall have a flat surface on(which_a stal ecimen can be placed.

The cufrent contact shafl be\rigi 2 measurement holder to avoigl stress
concentration in the rggi ; i the holder and the current contdct. It is
importapt to have no d e mounting surfaces of the current ¢gontacts

and the mountin@z

6 Sp¢

6.1 Red

Reactio
which i
specimg S
examingtion-of. defor
be excqeded” Temp
exceed thase limits

be carried out according to the manufacturer's spedification
emperature, period and atmosphere, oxygen partial pfessure,
ming rates, specimen protection method against mechanicgl strain,
ation and surface condition of specimen and error limits which must not
rature variations within the furnace shall be controlled such ap not to

Reaction heat treatment can be skipped when it has already been carried out by the
manufacturer.

6.2 Specimen mounting for measurement

After the reaction heat treatment, the ends of the specimen shall be trimmed to suit the
measurement holder.

The specimen shall be mounted to the flat surface of the holder and both ends shall be
soldered to the current contact blocks (see A.6 for solder material).


https://iecnorm.com/api/?name=591b81298dd732ec2e41140d602c2104

-8- 61788-3 © IEC:2000(E)

For the test in magnetic fields, a low-temperature adhesive (such as epoxy) shall be used to
bond the specimen to the measurement holder to reduce specimen motion against the Lorentz
force.

The bond shall be strong enough to keep the specimen in place against the Lorentz force, in
the case where the applied magnetic field is perpendicular to the specimen surface.

The length of a specimen to be measured shall be defined as follows:

Li=2%xL,+L+2%x[325xW (1)
Ly, L, Lg=W (2)
where
L is[the distance between the voltage taps;

L, is|the length of a specimen to be measured;
Ly is|the length of the soldered part of the current contact;
Ly is|the distance from a current contact to a voltage tap;

For a specimen with a large current-carrying capacity, irger for
a meas ; transfer
voltage

In the ¢ ’ s¢ifen axis and the magnetic field
shall be

In the ¢ that the
angle b S X . In one
option, the magnetic fi [ ictar to the specimen surface, the angle deviation
being within £7°. i becimen
surface] the r@; i

The volfage taps and the
specimgn width.

All sold mage to

the spe

The dis
voltage [tap separatia

the voltage taps, L, shall be measured to an accuracy of 5 [%. This
shall be greater than the specimen width.

7 Measurement procedure

For testing, the specimen and the holder shall be mounted in a test cryostat consisting of a
liquid helium or nitrogen dewar, a magnet (when necessary) and a support structure.

The specimen shall be immersed in cryogen for the data acquisition phase. The specimen
may be cooled slowly in cryogen vapour, or inserted slowly into the cryogen bath, or, in the
case of cooling to the 4,2 K range, first slowly immersed in liquid nitrogen and then liquid
helium. The specimen shall be cooled from room temperature to liquid helium (or liquid
nitrogen) temperature over a time period of at least 5 min.
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Between each measuring temperature and each magnetic-field angle, the specimen shall be
cooled in zero field, from a temperature above the critical temperature down to the measuring
temperature, and then the field angle with respect to the conductor cross-section shall be
fixed while the field is still zero. This procedural step can only be omitted if one of the
following two conditions is met: only zero field measurements will be made with monotonically
decreasing temperatures or the specimen has a demonstrated magnetic hysteresis of less
than 2 % for the magnetic fields to be measured (see annex B).

The temperature of the cryogen bath shall be measured during each determination of /..

Unless a quench protection circuit or resistive shunt is used to protect the specimen from

damagp the Qpprimpn current shall be kppt low pnnugh so that the Qpprimﬂn does not enter
the normal state.

When uging the constant sweep rate method, the current sweep ra an 2 I,
per minpte.

When u S rent set
points 4 ng>reach current get point
shall befless than 1 % of /..

The re pasured
beforehpnd. The magnet current shall

If the mpgnetic field is parallel to the surfe Sf c ement holder, the relative dlirection
of the ¢ i the Lorentz force which pughes the
specimen against the surface of the m der/ In the case of the applied npagnetic
field pefpendicular to the r i relative
to the field is possible, to the
measurgment holder wi

Record the U-/ u@u ith asihg A Current and at monotonically increasing magnetic
fields (see annex BY.

The bas at zero
current 1 1. for
the con

8 Pre

8.1 Crifical current

The critical current shall be determined from a voltage-current characteristic measured with a
four-terminal technique.

The current source shall provide a d.c. current having a maximum periodic and random
deviation of less than +2 % at /., within the bandwidth 10 Hz to 10 MHz.

A four-terminal standard resistor, with an accuracy of at least 0,5 %, shall be used to
determine the specimen current.

A recorder and the necessary preamplifiers, filters or voltmeters, or a combination thereof,
shall be used to record the U-I characteristic. The resulting record shall allow the
determination of U, to a precision of 10 % and the corresponding current to an accuracy of
1 % and with a precision of 1 %.
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8.2 Temperature

A cryostat shall provide the necessary environment for measuring /. and the specimen shall
be measured while immersed in liquid helium or liquid nitrogen. The liquid temperature shall
be reported to an accuracy of +0,1 K, measured by means of a pressure sensor or an
appropriate temperature sensor.

The difference between the specimen temperature and the bath temperature shall be
minimized.

To convert the pressure observed in the cryostat into a temperature value, the phase diagram
of helium_or nitrogen shall be used. The pressure measurement shall be accurate enough to
obtain the required accuracy of the temperature measurement.

8.3 Magnetic field

A magngtic system shall provide the magnetic field to an acc ision of
0,5 %.

The mapnetic field shall have a uniformity better tha i of the specimen
between the voltage taps.

The ma 1 %.
For crit magnetic field, the residual magnetic
field in @& superconducting magnet shalj/be miniize

8.4 Spd

The suq ation of
the spe . The specimen support is adequate if |t allows
addition a precision of 2 %.

8.5 Sp¢

If ares
the curr

ection circuit is used in parallel with the specimen, then
all be less than 1 % of the total current at /..

9 Cal

9.1 Crif

The critical current I, shall be determined Dy USiNg an electric field criterion E; or a resistivity
criterion p. where the total cross-sectional area S of the composite superconductor is
preferred for the estimation of the resistivity (see figures 1 and 2).

In the case of the electric field criterion, two values of /. shall be determined at criteria of
100 puV/m and 500 pV/m. In the other case, two values of /. shall be determined at either of
the resistivity criteria of 2 x 10713 Qm and 10-12 Qm.

When it is difficult to measure the /. properly at a criterion of 500 uv/m, an E criterion of less
than 500 pV/m must be substituted. Otherwise, measurements using the resistivity criterion
are recommended.
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The /. shall be determined as the current corresponding to the point on the U-/ curve where
the voltage is U, measured relative to the baseline voltage (see figures 1 and 2):
U.=LE, (3)
where
U. is the voltage criterion in microvolts (uV);
L is the voltage tap separation in meters (m);
E. is the electric field criterion in microvolts/meter (uV/m),
or, when using a resistivity criterion:
Upg= I, p. L/S (4)

where U, I. and p; are the corresponding voltage, current and resisy thelintefrsecting

point off a straight line with the U-I curve as shown in figure 1, | cross-
sectional area in square meters.

A straight line shall be drawn from the baseline voltage to th Q| ta b I (see
figures [L and 2). A finite slope of this line may be due to gurr : d/or locall sample
damage. A valid determination of /. requires that the \ less than 0,3 U/,
where U, and /. are determined at a criterion of 100 ]

9.2 n-vplue (optional)

The n-vialue shall be calculated as th 3 U versus log I in the region

where the I/, is determined.

The ranpe of the criteria us

10 Tegt report

10.1 Identific

The tes

a) name of theunanu
b) claskif]

c) lot
d) raw

e) shape and area of the cross-section of the wire, number of cores, diameter of cores,
vquTne fractions of cores to Ag or Ag alloy sheath, and other components in the wife

f) manufacturing process technique.

10.2 Report of I, values

The [, values, along with their corresponding criteria, and n-values (optional) shall be
reported.

10.3 Report of test conditions
The following test conditions shall be reported:

a) test magnetic field strength, and orientation, uniformity and accuracy of field;
b) testtemperature and accuracy of temperature;
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c) length between voltage taps and total specimen length;

d) the shortest distance from a current contact to a voltage tap;

e) soldered length of the current contacts;

61788-3 © IEC:2000(E)

f) the specimen bonding method, including identification of the bonding material;

g) Lorentz force direction;

h) sample history with magnetic field sweep;

i) sample history with temperature variation;

j) sample history with current sweep and hold.

NOTE T

Voltage (arbitrary umnits)

Voltage (arbitrary units)

—_—

o

U=LE,

IEQ 2436/2000

above.

Current transfer line

d.c. current (arbitrary units)

IEC 2437/2000

NOTE The application of the electric field and resistivity criteria to determine the critical current on a U-/
characteristic with a current transfer component exhibited as a linear region at low current is shown above.

Figure 2 — U-I characteristic with a current transfer component
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Annex A
(informative)

Additional information relating to clauses 1to 9

A.1 Scope

There are a large number of variables that have a significant effect on the measured value of
critical current in Ag-sheathed Bi-2212 and Bi-2223 oxide superconductorwires and tapes.

Howevelr, significant portions of the test method covered in this standard are conmpmon or
similar fo those for Nb,Sn composite superconductors (IEC 61788-2). pf these
variabl will be addressed in this informative annex. For those are not
mentioned here, refer to IEC 61788-2.

The realson for the restrictions in this test method is to obtaj ign in the
final deflinitive phase of long conductor qualification.

This standard assumes that measurements are madg either ihh Wim or liquid njitrogen.
However o ade in liquid| helium,
then the i ang liquid hydrogen, because
the heg [V E \other cryogens. Thus, this
standar i

Cryoge i i i i y n) are used at temperatures near
boiling i e test site. The use of cryggens at
tempers ) i are not
covered

A2 T¢

The statements def 3 Pkl i i i initiong in the
context G ninology
docume]

A.3 RE

The d.c ant intended to be determined by the present method is the maximum
direct electricycur below which a superconductor can be regarded as resistancetless, at
least fof practical purposes at a given temperature and magnetic field.

In this test method, a measurement holder is prepared.

The minimum total length of the tape specimen is five times the tape width (W), which
represents the sum of the following:

— the soldered length of current contacts (2 W);

- the distance between current and voltage contacts (2 W);

- the minimum voltage tap separation (1 W).
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The target precision of the method described in this standard is defined by the results of an
interlaboratory comparison. Results from the previous VAMAS interlaboratory comparisons
(the regional and the general intercomparisons) were used in this test method to formulate the
tolerances of the many variables that affect the precision of critical current measurements.
The target precision, for an interlaboratory comparison, is a coefficient of variation (standard
deviation divided by the average of critical current determination) that is less than 5 % for the
measurement at 0 T and near 4,2 K or 77 K.

It is expected that the specimen mounting and the specimen cooling procedures in this test
method may be one of the most significant contributors to the overall uncertainty of the critical
current measurement.

|I’]theC e—o6 2 Hne-te hara iti Taala 1 a dhetre-to-the
standarg can be used as a set of general gwdelmes W|th an ant|C|pated

The tesf method for determining the /. values of Ag-sheathed Bi-o§ | 3
and tapes excluded from the present test method may be address

In the cpse of measurements made in liquid hydrogen, additiqng
required since hydrogen leakage into air can result in accide

A.4 Apparatus

A.4.1 Measurement holder materia
In this method, the specimen strain is CQ a minimdm (less than 0,1 %). A 0,1 %
thermal contraction may result in no i tation at 0 T and near 4,2 K pr 77 K.

One sig i efmal contraction rates between the
measurément holder and g liquid helium or nitrogen tempefrature.

Based o¢n the typical

suggested for thexmes
preparefd qualifi

Recomn

NG in table A.1, the following mateffials are
rial. For alternate holder materials, a ¢arefully
the routine tests.

hended hotte

- fibrdg
- cerd
- Adg/A

The lea ; $timated
by making measuremients under test conditions with and without a specimen on theg holder.
The mdasurement of the voltage drop from current contact to current contact wijthout a
specimen and under test conditions can be used to estimate the resistance of the leakage
path including contact resistance. Then, measurement of the voltage drop from current
contact to current contact with a specimen and under test conditions can be used to estimate
leakage current.

A.4.2 Measurement holder construction

An example of a measurement holder is shown in figure A.1. Typically, the current contacts
are made from copper blocks, and the thickness of the contact should be determined so that
there will be no difference in level between the specimen and the contact surfaces; the
contact blocks need to be rigidly affixed to the holder.
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A.5 Specimen preparation
A.5.1 Specimen mounting for measurement

Extreme care must be taken in trimming and mounting the specimen after the reaction so as
not to damage the specimen.

Specimen motion can damage the specimen and result in a premature quench (irreversible
thermal runaway), voltage noise and ultimately a reduction in the repeatability of critical
current.

It is regommended—thatatow-temperature—adhestve—stch—as—epoxy,beaSedto—segure the
specimgn to the holder.

A roughl and clean surface on the measurement holder and a clea ;ecimen
is needed for strong specimen bonding.

The lowrtemperature adhesive should be resistant to solder

The low-temperature adhesive should be a thin layg e holder
surface

After the low-temperature adhesive is e holder
with a pfessure that does not damage

The digtance between the voltage taps j pen the
soldered leads, irrespective~of the sizes, of

A6 M

The sp of the
backgrgund magnet’| veliun voltage
leads bgtween roop ¥

To reduce thefn b ads are
used which i vide an
isothernp&l enWron ted that
the join{sSNar coryge i

As soldering nratex berature
are prefecable, although usual Pb-60 % Sn and Pb-70 % Sn are also applicable.

The specimen cooling rate may affect the measured critical current. The strength of the bond
between the specimen and its holder changes during the cooling process when differential
thermal contraction between the specimen and the holder is also occurring. This may result in
disabling the low-temperature adhesive.

Oxygen impurities can cause boiling temperature variation of liquid nitrogen in the test
cryostat if it is not tightly sealed.

If the system noise is significant compared to the prescribed value of voltage, it is desirable to
decrease the sweep rate to less than 0,4 //min in order to allow more time for data averaging.
In this case, care should be taken to increase the heat capacity and/or cooling surface of the
current contacts enough to suppress the influence of heat generation due to the longer time
required for the measurement. It should be noted that the step and hold current method
allows for averaging data which can be appropriately distributed along the U-/ characteristic.
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Ramping the specimen current can induce a positive or negative voltage on the voltage taps
with time. This source of interfering voltage during the ramp can be identified by its
proportional dependence on ramp rate. If this voltage is significant compared to U, then
decrease the ramp rate, decrease the area of the loop formed by the voltage taps and the
specimen between them, or else use the step-and-hold current method.

Faster current ramp rates can be used for the step and hold current method if the
measurement system proves to yield consistent results with the specified ramp rate of
10 /J/min. It is possible to obtain consistent results with ramp rates as high as 500 A/s on a
conductor with critical current from 10 A to 200 A.

Specimg i i i i i ' mopnted to
the sup agnetic
field.

The baseline voltage may include thermoelectric, off-set, grouna 3 nN-mode
voltages. It is assumed that these voltages remain relatively gonsts g _time it fakes to
record ¢ach U-/ characteristic. Small changes in thermoel 3 can be
approximately removed by measuring the baseline voltage b > 't -/ curve
measurgément and assuming a linear change with time, S yg) in\the béseline voltage is
significgnt compared to U,, then corrective action to/the expetime [ i ould be
taken.

For critical current measurements at<ero ‘ icNi i agnetic
field in| a superconducting magnet ' Z[e of a
superconducting magnet shall be avoide¢: ements

near liqyid nitrogen temperature.

A.7 Pfecision and

An optipnal method for part SSESSI isi 'q critical
current measur ‘ Stam [ (figure
A.2) originally deye 3 < 8 Boulder,
Coloradjp, USA.

A8 C

A.8.1

For son 8 e non-Ag (or non-Ag alloy) cross-sectional area is used in the
resistivity criterion an be determined by using a graphical analysing method.

A larger—separationm betweenm current and—vottage conmections —may  peTecessary if a
significant current transfer component exists relative to the criteria.
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A.8.2 n-value

The superconductor's U-/ characteristic can usually be approximated by the empirical power-
law equation:
U= Uy(/lg)" (A1)
where
U is the specimen voltage in microvolts (uV);
Uy is areference voltage in microvolts (uV),
/ is the specimen current in amperes (A);

ly is gTeference TurTENt T amperes (A)-

The n-vplue (no units) reflects the general shape of the curve.

Tablg A.1 — Thermal expansion data of Bi-oxide superc n d selected mategrials
er | € anS|o
%o
Material \/ Te era
@Q 10 4

Bi-2223 1st cool-down 17 -0,20 -0,20 -0,20
Compositp tape® 2nd cool-gow -0,23 -0,27 -0,27 -0,27
Silver® -0,301 -0,360 -0,374 -0,375| -0,375
OFHC Copper :> -0,252 -0,288 -0,295 -0,295
Annealed
G10, warp® -0,09 -0,13 -0,175 -0,205 -0,215 -0,220| -0,225
G10, norm 0 -0,28 -0,428 -0,54 -0,62 -0,64 -0,65 | -0,655
Stainless[steel 0 -0,111 -0,173 -0,23 -0,262 -0,265 -0,265| -0,265
AIS| SUSB16°
Stainless [steel 0 -0,11 -0,172 -0,23 -0,261 -0,264 -0,264| 0,264
AIS| SUS304°

NOTE Thermal expansions are referred to zero at 273 K.

® 0. Yamada, et al., Cryogenics, vol. 38, No. 4 (1998) 397.
b Properties of Materials at Low Temperature (Phase 1), edited by V.J. Johnson, Pergamon Press (1961).
° Handbook on Materials for Superconducting Machinery, NBS (1974, 1976).

¢ A.F. Clark, et al., IEEE Trans. on Magnetics, MAG-17 (1981) 2 316.
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Figure A.2 — lllustration of superconductor simulator circuit
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Annex B
(informative)

Magnetic hysteresis of the critical current of high-temperature
oxide superconductors

B.1 Magnetic hysteresis

measure
monotonically increasing fields. The /. measured at zero mag

sweep, [can be lower than the initial /|, measured at zero field
hysteresis of some multifilamentary Bi-2212 conductors ca

agnetic

5 % to 10 % at low magnetic fields and as low as 2 % a

hysteresgis of the /; is due to weak links in a high-tepiperat and can
be remd i ifica

B.2 Se

The se bgquence
during t i
solenoid magnet, to the
operatir]g temperature and the e of the
tape) af rrent or
I is reached.

In a tygical /.

small, this is simplifig ield are
ramped] i \ onically

increasi

The po9
not a re
in gene

a) the gpecimen
tempergdture;

b) the desired field angle with respect to the conductor cross-section is fixed;
c) the /; can be measured at various, monotonically increasing magnetic fields.

fields is
N. Thus,

goled in zero field, from a temperature above T, down to the megasuring

If I. data at other field angles is needed, the specimen must be heated to a temperature

above T. and the above sequence repeated.
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B.3 Reduction of magnetic hysteresis

The effects of magnetic hysteresis can be reduced by ramping the magnet to a lower or zero
field and then back up to the test field. Using this technique, acceptably low hysteresis can be
demonstrated on Bi-2223 conductors for the higher magnetic fields (for example 4 T at 4,2 K).
If this can be demonstrated on a given conductor, then the step of warming and cooling in
zero field can be omitted.

The effect of hysteresis on /. may depend on many factors such as: material processing,
magnetic field strength, field angle, temperature, criteria, and extent of field sweep. As these
materials evolve, the magnitude of the hysteresis effects may be reduced.

B.4 Mlagnetic field angle dependence

Similar magnetic hysteresis of the /; has been observed in magnetc- 'e angle depgndence
measuréments on tape spemmens The I, at a given Jaewc-fi

multifilamentary Bi-2223 conductors can be as much as 50 % N Wi measured
with an i i i ing \al yagnetic-field component
(field pHq [ : asweep. direction that results
in an ing¢ 3 i , angle sweeps result

in fairly ¢ int that was arrived at with
the relg i ndence
measurg¢ ever, if
significg Hifferent
for some
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