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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

Part 23: Residual resistance ratio measurement —
Residual resistance ratio of cavity-grade Nb superconductors

FOREWORD

consensus of opinion on the relevant subjects since eac
interested IEC National Committees.

6) All users should

7) No liability shall a mployees, servants or agents including individual experts and
members of its tec ational Committees for any personal injury, property damage or
other damage of/any n ,)whether direct or indirect, or for costs (including legal fees) and
expenses arising\out\of i use of, or reliance upon, this IEC Publication or any other IEC

rights. IEC shall ot be held responsible for identifying any or all such patent rights.

This redline version 9f the official IEC Standard allows the user to identify the changes made to
the previous edition IEC 61788-23:2018. A vertical bar appears in the margin wherever a change
has been made. Additions are in green text, deletions are in strikethrough red text.
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IEC 61788-23 has been prepared by IEC technical committee 90: Superconductivity. It is an
International Standard.

This second edition cancels and replaces the first edition published in 2018. This edition
constitutes a technical revision.

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

a) The scope of this standard was modified to restrict the range of residual resistance ratio to
that encountered by providers of material for superconducting radio-frequency cavities.

b) The references to technical material were updated and corrected.

The text of this International Standard is based on the following docum

FDIS Report on votir}g\
90/478/FDIS 90/482/RV§

This document was drafted in accordan ives, Part 2, and developed in
accordance with ISO/IEC Directives, Pa Directives, IEC Supplement, available

at www.iec.ch/members_experts/refdocs. m'n dochment types developed by IEC are

andardsdevigublications.

e replacedth\b

e amended.

IMPORTANT - The 'color inside' logo on the cover page of this publication indicates that it
contains colors which are considered to be useful for the correct understanding of its contents.
Users should therefore print this document using a color printer.
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INTRODUCTION

High-purity niobium is the chief material used to make superconducting radio-frequency cavities.
Similar grades of niobium may be used in the manufacture of superconducting wire.
Procurement of raw materials and quality assurance of delivered products often use the residual
resistance ratio (RRR) to specify or assess the purity of a metal. RRR is defined for non-
superconducting metals as the ratio of electrical resistance measured at room temperature
(293 K) to the resistance measured for the same specimen at low temperature (~4,2 K). The
low-temperature value is often called the residual resistance. Higher purity is associated with
higher values of RRR.

Niobium presents special problems due to its transformation to a superconducting state at ~9 K,
so DC electrical resistance is effectively zero below this temperature.
would then yield an infinite value for RRR. This document describes a tg

design of current conta

These aspects d@;

ermal gradients over long specimen lengths.
similar wire standards.

Other test method étermine RRR. Some methods use a measurement at
a temperature other igh resistance value. Some methods use extrapolations
at 4,2 Kin the abse Mmagnetic field for the low resistance value. Other methods

use an appli ) ic fie O, suppress superconductivity at 4,2 K. A comparison between
this docupne me\othextest methods is presented in Annex A.-ltshould-be-noted Note

apply this docuent or the appropriate corrections listed in Annex A according to the test
method used.

Whenever possible, this test method should be transferred to vendors and collaborators who
also perform RRR measurements. To promote consistency, the results of inter-laboratory
comparisons are described in Clause C.2.
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SUPERCONDUCTIVITY -

Part 23: Residual resistance ratio measurement —
Residual resistance ratio of cavity-grade Nb superconductors

1 Scope

This part of IEC 61788 addresses a test method for the determination of the residual resistance
ratio (RRR), rgrrpr, Of cavity-grade niobium. This method is intended for high urlty niobium

2 Normative references

The following documents are referred to in the textin g
constitutes requirements of this document. For da
For undated references, the latest ¢
amendments) applies.

IEC 60050-815, International Electrote
(available at: www.electropedia.org)

3 Terms and definiti

For the purpose
following apply.

ISO and IEC maij
addresses:

e |ECE]
e |SO

3.1
residual resistance
RRR

"RRR
ratio of resistance at room temperature to the resistance just above the superconducting
transition

/IRRR = R1/ Ry (1)

where

Ry is the resistance at 293 K;

R, s the resistance just above the superconducting transition, at ~10 K.
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Note 1 to entry: In this document, the room temp g de d\as 20 °C = 293 K, and rzrg is obtained as
follows: Figure 1 shows schemati g e data and the graphical procedure used to
determine the value of R,.In slope is extrapolated upward in resistance, as shown
by line (a), and the regionpof minj slo e at teeraturs above the transition temperature is extrapolated
downward in temperature, g ing i ion of these extrapolations at point A determines the

value of R, as weII@e

Note 2 to entry: The va sition value defined in [1] 1, and should not be confused with the

value defined at the ition/ called Tc* in [2].

superconductingtransition. The/user of this document should be alert for such differences in definition.
4 Principle

The 4-point DC electrical resistance technique shall be performed both at room temperature
and at cryogenic temperature. The test may be done either as a function of temperature or as
a function of time with increasing temperature.

The relative combined standard uncertainty of this method is 3 % with coverage factor 2.

Measurements shall have the following attributes.

a) Measuring current is sufficiently high to provide voltage signals of the order of 1 yV. For
electrical safety, maximum current density should never exceed 1 A mm~2.

1 Numbers in square brackets refer to the Bibliography.
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b) Contact resistance for current leads is sufficiently low to avoid excessive heating of the
sample. Typical cryogenic measurement conditions require power dissipation at contacts to
be less than 1 mW.

c) Sample sizes-shall-be are sufficiently large to minimize effects from cutting and handling
damage. Typical samples are 1 mm to 3 mm in cross-section dimension and > 5 mm?2 in
cross-sectional area.

d) Sample length-shall-be is at least 10 times and not more than 25 times the width or diameter.

Annex A discusses considerations for sample dimensions and measuring current.

5 Measurement apparatus

5.1 Mandrel or base plate

The base plate should have a clean and smootk st e fini ere should be no burrs, ridges,
seams, or other asperities that may affect the . High-purity niobium specimens are
soft and are susceptible to indentation, by and such indentations may alter the

The mandrel or base plate shall suppart the entire’length and width of the specimen. Mandrel
kending strain of more than 0,2 % on the sample.

or base plate geometr

A thermometer aciu ate is Relpful but not required. The mandrel or base plate may
3 ermometer directly against the body of the mandrel or

base plate and né est specimen.

5.2 Cryostat and support of mandrel or base plate

The apparatus shall make provisions for mechanical support of the mandrel or base plate. In
addition, such support shall provide electrical leads to carry currents for samples and
thermometers, and measure their voltages. For Ry and R, measurements, the support shall

permit current to flow through only the sample, so that the entire resulting voltage measured is
only that generated by the sample.

The support structure shall permit measurement of both R; and R, without dismounting or
remounting the test specimen. Measurement of R, shall require the use of a cryostat, which
shall, moreover, integrate with the support.
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The cryostat shall include a liquid helium reservoir at the bottom of a substantial vertical column.
A support structure shall accommodate the raising and lowering of the sample into or out of the
helium bath. In addition, anchoring of the sample position, either when immersed in liquid helium
or suspended above the surface of the liquid at an arbitrary height, shall be provided. Such
suspension permits the equilibration of temperature during measurement and slow increase of
temperature with height above the helium bath. Alternatively, immersion of the sample into the
bath followed by reduction of the bath level via boil-off or pressurized transfer can also be used
to vary temperature.

A heater may be employed to warm the mandrel or base plate.-Care-should-be-takento-distribute
The heater should be distributed along the mandrel and-aveid excessive power settings should
be avoided. For instance, a point source of 1 W heat input operating at the centre of a 1 cm?
mandrel upon which a 5 cm sample is mounted could produce thermal gra s of 2,5 K along
the sample if the thermal conductivity is 100 W m=1 K1,

may can inadvertently contribute to the residual resist
special protocols shall be observed wk arin
c S ibhe. D O

purity niobium. Speci ' . i -should shall be protected and immobilized

against a support’piece i ) ations to de-burr samples-should-be-done-with
arootearcte sh t or otherwise damage the sample. Light sanding

with fine paper is ohg

ircular bars with uniform cross-section. Long sides of the
isting or curvature shall be avoided to ensure that bending or
gst specimen during mounting to the mandrel or base plate.
or a U shape are acceptable provided that the entire curvature can

The specimen shalkbe clean and have no trace of residues from cutting fluids or any other
surface contaminants. Degreasing with solvents, followed by ultrasonic cleaning using a mild
water-based detergent, followed by rinsing with distilled or ultra-pure water, then drying in air,
is preferred for cleaning residues. Chemical etching to clean the surface poses a risk of
introducing contaminants, especially hydrogen and oxygen, and should be avoided. Gentle
mechanical polishing of the regions where voltage taps and current leads attach is usually
sufficient to remove surface oxides. Coating these regions with indium foil or another metal, for
example by evaporation or sputtering, is an acceptable method to protect polished contacts
provided-care-is-takento-aveid that coating the entire specimen is avoided.

The test specimen shall be a single piece and shall not include any joints or splices.

A mechanical method shall be used to affix the test specimen to the mandrel or base plate.

Specialecare-shallbetaken-during-the Installation and instrumentation of the specimen-to-ensure
that-there-is-no shall not apply excessive force, bending strain, tensile strain, or torsion-applied

to the specimen.
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The test specimen shall be instrumented with current contacts near each end of the specimen
and a pair of voltage contacts over the central portion between the current contacts (i.e. a
4-point measurement technique). The voltage contacts shall be separated from the current
contacts by a distance no smaller than the largest dimension (width, thickness, or diameter)
perpendicular to the specimen length.

7 Data acquisition and analysis

71 Data acquisition hardware

Modern power supplies can be computer controlled and come with a variety of features that
permit remote control of the current output. Use of such power supplies is notrequired but could

periods for voltage 5|gnals to settle and be filtered.

Some power supplies incorporate an internal shunt to reg . If such a
power supply is used, the internal shunt shall be calibrated QA
and voltage measurement.

induced voltages can i
average voltage signal

to understand how.volt
especially nanod".
which-may can reh 21y

voltage U; shall be récorded together with /; and 7. The resistance shall be determined by

Ry = %[1 ~0,0037 (7;-293)] @)

with T; in units of kelvin. The coefficient 0,003 7 reflects the experimentally observed rate of
change of resistance with temperature given in [7] over the interval 273 K to 300 K.

7.3 Residual resistance (R,) just above the superconducting transition

The measurement of R, shall be made with the sample still mounted on the mandrel or base
plate for the measurement of R.
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The specimen shall be placed in a cryostat as specified in 5.2. The specimen shall be slowly
lowered into a liquid helium bath and cooled to liquid helium temperature. While a vigorous boil-
off of liquid helium will accompany the initial cool down, removal of heat from the mandrel,
especially if it is shielded, can require a time period of more than 5 min. Current may be applied,
and voltage may be monitored during this period, but no measurement shall be made until the
vigorous boil-off of liquid helium has subsided.

After the boil-off rate is suitable for measurements, a voltage measurement U, shall be
recorded while the sample is immersed in liquid helium. The sample-sheuld is likely to be in the
superconducting state under these conditions. Current I, shall then be applied per
requirements of Clause 4 and with considerations of Clause 5. Voltage readings Ug and Ug
shall be acquired for forward and reverse current polarity, respectively. Any ences between
Uy, Ug, and Uy shall be recorded.

state into the normal state occurs gradually. An apparatus that S 6 will permit
gradual warming of the specimen by raising the level of the ma

voltage U, shall be determined by

where it should b S
an average of t

determined from the

(4)

As the sample is W ed, values R shall be recorded as a function of-either the temperature T
determined by the thermometer attached to the mandrel or base plate;—erthe-time—+. Graphical
aids and data analysis software are acceptable tools for plotting the resistance versus
temperature curve-erresistance-versus-time-curve and performing extrapolations.

A resistance versus temperature curve shall thus be obtained as in Figure 1. The resistance
versus temperature curve shall be continuously recorded until a temperature of at least 15 K is
reached. The resistance versus temperature curve shall be analysed by drawing a line through
the region of steepest slope near the midpoint of the resistance rise, line (a) on Figure 1, and
extrapolating this line sufficiently above the value of R recorded at 15 K. A second line shall be
drawn through the region of the resistance versus temperature curve above the transition,
line (b) in Figure 1, and this line shall be extrapolated to sufficiently lower temperature such
that it intersects with line (a). The intersection is labelled as point A in Figure 1. The value of
resistance R, corresponding to intersection point A shall be recorded, along with the value of

temperature TC* corresponding to intersection point A.
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