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2yhe National Bureau of Standards' was established by an act of Congress on March 3, 1901. The
Bureau's overall goal is to strengthen and advance the nation's science and technology and facilitate

their effective application for public benefit. To this end, the Bureau conducts research and provides: (1) a

basis for the nation's physical measurement system, (2) scientific and technological services for industry and
government, (3) a technical basis for equity in trade, and (4) technical services to promote public safety.

The Bureau's technical work is performed by the National Measurement Laboratory, the National

Engineering Laboratory, the Institute for Computer Sciences and Technology, and the Center for Materials

"Science.

The National Measurement Laboratory

Provides the national systern of physical and chemical measurement;

coordinates the system with measurement systems of other nations and
furnishes essentiaJ services leading to accurate and uniform physical and

chemical measurement throughout the Nation's scientific community, in-

dustry, and commerce; provides advisory and research services to other

Government agencies; conducts physical and chemical research; develops,

produces, and distributes Standard Reference 'Materials; and provides

calibration services. The Laboratory consists of the following centers:

Basic Standards^

Radiation Research

Chemical Physics

Analytical Chemistry

The National Engineering Laboratory

Provides technology and technical services to the public and private sectors to

address national needs and to solve national problems; conducts research in

engineering and applied science in support of these efforts; builds and main-

tains competence in the necessary disciplines required to carry out this

research and technical service; develops engineering data and measurement
capabilities; provides engineering measurement traceability services; develops

test methods and proposes engineering standards and code changes; develops

and proposes new engineering practices; and develops and improves

mechanisms to transfer results of its research to the ultimate user. The
Laboratory consists of the following centers:

Applied Mathematics
Electronics and Electrical

Engineering'

Manufacturing Engineering

Building Technology
Fire Research

Chemical Engineering'^

Tne Institute for Computer Sciences and Technology

Conducts research and provides scientific and technical services to aid

Federal agencies in the selection, acquisition, application, and use of com-
puter technology to improve effectiveness and economy in Government
operations in accordance with Public Law 89-306 (40 U.S.C. 759), relevant

Executive Orders, and other directives; carries out this mission by managing
the Federal Information Processing Standards Program, developing Federal

ADP standards guidelines, and managing Federal participation in ADP
voluntary standardization activities; provides scientific and technological ad-

visory services and assistance to Federal agencies; and provides the technical

foundation for computer-related policies of the Federal Government. The In-

stitute consists of the following centers:

Programming Science and
Technology
Computer Systems

Engineering

The Center for Materials Science

Conducts research and provides measurements, data, standards, reference

materials, quantitative understanding and other technical information funda-

mental to the processing, structure, properties and performance of materials;

addresses the scientific basis for new advanced materials technologies; plans

research around cross-country scientific themes such as nondestructive

evaluation and phase diagram development; oversees Bureau-wide technical

programs in nuclear reactor radiation research and nondestructive evalua-

tion; and broadly disseminates generic technical information resulting from
its programs. The Center consists of the following Divisions:

Inorganic Materials

Fracture and Deformation"

Polymers
Metallurgy

Reactor Radiation

'Headquarters and Laboratories at Gaithersburg, MD, unless otherwise noted; mailing address

Gaithersburg, MD 20899.

^Some divisions within the center are located at Boulder, CO 80303.

^Located at Boulder, CO, with some elements at Gaithersburg, MD.
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PREFACE

Standard Reference Materials (SRM's) as defined by the National Bureau of Standards are "well-

characterized materials, produced in quantity, that calibrate a measurement system to assure

compatibility of measurement in the Nation." SRM's are widely used as primary standards in many

diverse fields of science, industry, and technology, both within the United States and throughout

the world. For many of the Nation's scientists and technologists it is of more than passing interest

to know the measurements obtained and methods used by the analytical community when analyzing SRM's.

An NBS series of papers, of which this publication is a member, called the NHS Special Publication -

260 Series is reserved for this purpose.

This 260 Series is dedicated to the dissemination of elemental concentration data for NBS biological,
geological, and environmental SRM's. More information will be found in this 260 than is generally
found in NBS Certificate of Analysis. This 260 enables the user of these SRM's to assess the
validity of data not available in the Certificate of Analysis. We hope that this 260 will provide
sufficient additional information so that new applications of these SRM's may be sought and found.

Inquiries concerning the technical content of this compilation should be directed to the authors.
Other questions concerned with the availability, delivery, price of specific SRM's should be addressed
to:

Office of Standard Reference Materials
National Bureau of Standards
Gaithersburg, MD 20899

Stanley D. Rasberry, Chief
Office of Standard Reference Materials
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ABSTRACT

This report reviews the selection and certification by NBS of a Standard Reference Material (SRM)

for the measurement of superconducting critical current. Procedures for preparing and measuring five

candidate conductors are described. Evaluation criteria are discussed by which one of the five

conductors was selected for the critical current SRM. The designated superconducting wire, SRM 1457,

has been subdivided and wound onto 500 spools for distribution. Certified critical current measure-

ments were made on a sample of these spools. Material variability, or inhomogeneity, along the whole

wire is Included in a statistical model based on the dependence of critical current on temperature and

electric field. Critical currents for SRM 1457 are certified at magnetic fields of 2, 4, 6, and 8 T

for temperatures from 3.90 to 4.24 K and electric field criteria from 0.05 to 0.2 yV/cm. Statistical

tolerance limits and estimated systematic errors are combined to give an overall uncertainty in the

certified values. The total uncertainty is no greater than 2.57 percent of the reported critical

current at any of the four magnetic fields.

Key words: Critical current; electric field criteria; Inhomogeneity; magnetic field; NbTl; standard

reference material; statistical model; statistical tolerance Interval; superconductor;

temperature; uncertainty.

DISCLAIMER

An effort was made to avoid the identification of commercial products by the manufacturer's name

or label, but in some cases these products might be indirectly identified by their particular proper-

ties. In no Instance does this identification Imply endorsement by the National Bureau of Standards,

nor does it imply that the particular products or equipment are necessarily the best available for

that purpose.

The criteria used to select the conductor to be the SRM were developed only for this application.

This conductor might not be the best for any other application and, in fact, it might not be the best

for this application, due to the limitation of the preliminary screening. The possible problems which

eliminated candidate conductors might not be present throughout the conductors or they might not

adversely affect other applications.
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CRITICAL CURRENT MEASUREMENTS ON AN NbTi SUPERCONDUCTING WIRE STANDARD REFERENCE MATERIAL*

L. F. Goodrich, D. F. Vecchia, E. S. Pittman, J. W. Ekin, and A, F. Clark

1 . INTRODUCTION

The National Bureau of Standards is producing a standard reference material (SRM) for the measure-

ment of the superconducting critical current (I ) . This SRM and the recently adopted American Society
^ t

for Testing and Materials (ASTM) critical current standard test method [1] will aid both the commerce

and technology of superconductors through the promotion of more uniform measurements. The SRM will

serve as a means for interlaboratory comparison that will further advance the consensus and evolution

of the new test method. The general use and philosophy of an SRM are given elsewhere [2].

To perform well as an SRM, the conductor chosen should be as homogeneous a composite as possible.

Filamentary niobium-titanium (NbTi) superconductors with a copper matrix were purchased from the

inventories of each of the United States wire manufacturers. Each was selected by the manufacturer as

a good candidate for an SRM. Each candidate conductor was provided in a continuous length. NbTi was

chosen rather than niobium-tin because the I^ of the NbTi is much less strain dependent and the

conductor homogeneity is considered to be better. Preliminary screening measurements were performed

on each conductor to determine the short- and long-range spatial variations in the critical current.

The choice of the SRM was based primarily on these data.

The conductor selected for the critical current SRM was wound onto 500 distribution spools, each

with "^1.1 m of wire. Measurements on a sample of the spools were used to determine the likely outcome

of measuring the I^ of any random spool. The uncertainty in certified values applies when the user

makes one I^ measurement, on one spool, at one of the given magnetic fields (2, 4, 6, and 8 T) , at any

temperature from 3.90 to 4.24 K, and using any electric field criterion from 0.05 to 0.2 yV/cm.

A description of the I^ measurement procedure is presented. Sample handling and mounting are

described. A number of acquisition and analysis variables were identified and their effect on the

precision and accuracy of the critical current measurement determined. The chosen SRM was tested for

uniformity and the effect of several measurement variables was determined. Data on the variations in

the I along the length of the conductor are given.

*Work supported in part by the NBS Office of Standard Reference Materials and the Department of

Energy.

^A copy of the separate standard test method can be obtained by writing to ASTM Customer Service, 1916

Race Street, Philadelphia, Pennsylvania 19103, or calling (215) 299-5585 [TWX: 710-670-1037].
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2 . EXPERIMENT

The only significant change from the common instrumentation [3] used to measure I was the
c

addition of a digital processing oscilloscope. This allowed automation of the data analysis and

achievement of higher precision in the processing of the voltage-current (V-I) curves than that

achieved by using an analog X-Y recorder alone. A number of acquisition and analysis variables were

Identified and their effect on the precision and accuracy of the critical current measurement deter-

mined. A correction for the magnetic field profile was made to I^ measured on adjacent voltage taps.

The hydrostatic head and stratification of the liquid helium bath were also measured and the correct

liquid helium vapor pressure used for the temperature determination.

2. 1 Sample Preparation

The principal sample geometry used was a helical coll with a pitch of about 2 turns per cm. The

coil mandrel diameter was 3.18 cm, so the sample bending diameter was approximately 3.23 cm. The coll

mandrel was made from a G-11 fIberglass-epoxy tube with a circumferential fiber direction (rolled

tube) so that the specimen and holder had similar thermal contraction characteristics. This choice of

sample geometry should not affect the value of I^ measured, according to a previous study [3], except

for the bending strain effect. There are many tradeoffs for each geometry (e.g., long straight, short

straight, hairpin, etc.), but the coll seemed the best for this type of testing. With the coll, a

number of segments of a given specimen could be measured to test the short-range variations. Also the

problems of negative voltage [4], magnetic field angle and field uniformity are fewer in this geometry,

The only major problem is the effect of bending strain, which is not well known and is hard to measure

for NbTi superconductors. A discussion of the effect of bending strain is given in Section 3.8.

Because the bending strain correction is not known exactly, the correction of the I^ data to the

unbent state was not made, but estimates of its effect are given.

The sample was prepared for mounting by unreeling a length just over one meter and taping it to a

flat surface. A phenol/methylene chloride wire stripping compound was applied to the ends of the

sample and to the locations of the voltage taps. The specimen holder was coated with a slow drying

varnish. After removal of the insulation, one end was hooked to a tenslonal wire fixed to the sample

holder. The sample wire was then coiled around the upper copper current contact of the mandrel and

onto the epoxy-glass fixture that had a spiral groove machined into Its surface to retain the 'wire in

proper orientation. Tension was maintained on the wire by pulling It tangentlally outward as it was

threaded into this groove. At the other end of the epoxy-glass mandrel the v/ire was colled around the

lower copper current contact and hooked to another tenslonal wire fixed at this end. Sufficient

tension was maintained with these wires so that the specimen does not move while the underlying

varnish was drying. After the varnish was dry, solder was flowed liberally on both copper current

contacts, wetting the ends of the specimen wire (not previously tinned) and fixing it permanently in

place. Voltage taps, spaced approximately 2 cm apart, were then soldered In place, and the spacing

measured with a ruler. All connecting tap wires are then taped to the mandrel. Finally, with one

ampere flowing through the specimen, the voltage drop across each set of taps was measured and logged.

This was used to confirm the lack of anomalies in tap placement and connection. The solder used for

the current contacts and the voltage taps was a tin-lead eutectlc alloy (Sn63%, Pb37%) with resin flux

(meets Federal Specification QQ-S-571). Other tin-lead solders (Sn-60Pb and Sn-50Pb) have been used

in other experiments without detrimental effects.
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2.2 Measurement Technique

A description of some of the details of the instrumentation follows here. A more complete

description of the measurement parameters is given elsewhere [3]. A block diagram of the electrical

system is shown in figure 1. The magnet is a superconducting, 9 T, 3.8 cm bore solenoid. The sample

current battery power supply, standard resistor and vapor-cooled leads have the capacity to deliver

600 A into the sample. The quench detector can reset the ramp generator, and thus shut down the

sample current, within 1 ms of detection of the normal state (quench). A chopper-type, analog

nanovoltmeter with an amplified analog output was used as the first stage in the sample voltage

amplifier circuit. The active, low-pass filter was used to attenuate the low frequency beating of the

harmonics of the chopper frequency and the line frequency noise. An X-Y recorder was used to monitor

the voltage-current (V-I) curves and to create a hard copy of the data. The voltage and current

signals were further amplified and fed into simultaneous channels of a digital processing oscilloscope.

The critical current was determined from these V-I curves. The digital processing oscilloscope

allowed automation of the data analysis and higher precision processing than an X-Y recorder alone.

Pressure in the helium dewar was measured with an absolute pressure gauge (Bourdon tube type) . The

pressure control was obtained with a Cartesian manostat. A vacuum pump was connected to the manostat

output for operation below atmospheric pressure.

Differential

amplifier

Differential

amplifier

Digital

processing

oscilloscope

Sample

current

power

supply

Standard

resistor

X-Y

recorder

Active

low-pass
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generator
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Sample

Digital
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Figure 1. A schematic of the electrical systems for the I^ measurement.



a. Temperature dependence

The temperature dependence of Is Included In the statistical model to allow the user to

measure at any temperature, T, (helium vapor pressure) within the given range. The approximate

empirical relationship at constant magnetic field Is linear [3],

I = mT + b. (1)
c

This equation becomes

= m(T - T^*). (2)

with T^* defined as the temperature at which is zero (the critical temperature for a given magnetic

field). Using the expression at a reference temperature, T^, and an associated I^, to substitute for

m, the equation becomes

T * (3)

This equation is used later in the statistical analysis.

The critical current was measured at three temperatures: 3.90, 4.07, and 4.24 K. The values

used for the statistical analysis were: 3.8990, 4.06995, and 4.24273 K; however, in the text they are

rounded to three significant digits. This range of temperatures was chosen to cover the expected

range of operating temperatures. Most of the measurements were made at the center temperature. The

temperature dependence was determined using all of the measurements. Because of the high currents

Involved, the measurement Is best conducted in a constant temperature bath of liquid helium. The

easiest way to keep a bath at constant temperature is with a pressure controlling manostat. A ther-

mometer could be used to determine the temperature of each 1^ measurement, but the complication of

magnetic field effects on the thermometer calibration makes this undesirable. So the sample tempera-

ture was determined by measuring the helium vapor pressure and using a convenient temperature scale,

the 1958 'He vapor pressure scale. A comparison of this temperature scale with others is given

elsewhere [5,6].

b. Pressure effects

There is an experimental difficulty in making measurements above atmospheric pressure because of

the natural stratification of the liquid helium. This results when warmer, less dense, higher vapor

pressure liquid helium is on top of cooler, more dense, lower vapor pressure liquid. The higher two

temperatures, 4.07 and 4.24 K, required pressurizing above ambient at the testing site. It would take

several hours for conductive and convectlve mixing to return the helium bath to thermal equilibrium

from a stratified state. A heater on the bottom of the helium dewar was used to warm the liquid and

bring the whole bath to equilibrium at a pressure about 1333 Pa (10 mmHg) above the desired pressure,

at which point the heater was turned off. After a settling time of a few minutes, the controlled

pressure was reduced to the desired pressure. The liquid temperature was monitored with three carbon
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resistance thermometers at various levels In the liquid to observe the response to these pressure

changes. The bath responds without stratification as the pressure Is reduced, but up and down varia-

tions In the pressure can still result In uncertainties In the temperature. Variations In pressure

occur because ramping the magnet and sample current changes the liquid helium boll-off rate causing

the dewar ullage pressure to change slightly. Typical pressure changes were less than 267 Pa (2 mmHg)

with a temperature change at the sample of less than 3 mK.

Other effects In a liquid helium bath are the hydrostatic head effect [7] and the possible mag-

netlc-fleld-lnduced hydrostatic head effect [8]. The latter. If It Is present, Is negligible In this

experiment. The hydrostatic head of the liquid helium column was observed by measuring the tempera-

ture as a function of depth Into the liquid with a carbon thermometer on the end of an adjustable

depth probe. This experiment also verified that the technique used to counteract the stratification

worked. A temperature gradient was observed only near the surface of the liquid and It was smaller

than calculated, probably because of conductive and convectlve mixing [7]. For a helium depth of

about 59 cm, the total temperature change was only 2.3 mK, whereas the calculated value was 8.8 mK.

The temperature gradient near the surface appeared to be reduced when the liquid level was close to

the top of the superconducting magnet. This was probably due to the Increased conduction and convec-

tion 4n that region of the dewar. One of the carbon resistors was located out of the high magnetic

field region at the bottom of the dewar so that the magnetic field had little effect on It. This

resistor was monitored throughout each data run and these measurements confirmed the observations of

the temperature profile experiment.

c . Voltage-Current curve

Voltage versus current data were generated for each magnetic field (2, 4, 6, and 8 T) and for

each pair of voltage taps. In practice, voltage versus time and current versus time curves were

recorded. The voltage tap leads were continuous from the sample to the Input cord of the nanovolt-

meter. The junction between the voltage tap leads and the nanovoltmeter Input leads was maintained

Isothermal by putting small bags of lead shot under and on top of the junction. The amplified signal

(gain of 100,000) was then passed through an active low-pass filter and an Instrument amplifier which

provided an additional gain of 10 as well as being balanced to single-ended conversion to match the

Input of the digital processing and storage oscilloscope. The output from the 1000 A, 100 mV current-

sensing resistor (current shunt) was connected directly to an Instrument amplifier with a gain of 100

that was then fed into the other channel of the oscilloscope. The oscilloscope trace was manually

triggered and began to store 2048 data points at 100 ms per point (data frame of 204.7 s) . The scope

was allowed to run for about 30 seconds while the sample current was zero in order to acquire baseline

information. After switching from one pair of voltage taps to another, the voltage baseline was

monitored until the thermoelectric voltage reach equilibrium. The current supply was then ramped up

at a rate sufficient to reach about 80% of the critical current in about 30 seconds. At this point

the ramp rate was reduced by a factor of 10. The ramp continued until just short of the thermal

runaway current at which point the ramp was reversed. The current continued to ramp downwards until

the current supply output reached zero. The scope was then allowed to acquire baseline data for

another 30 seconds. Data acquisition was then halted and field, voltage tap, other information and

both 2048 point digital records of current and voltage were written to a floppy disk for later analysis
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The dependence of on electric field criterion, E^, Is Included in the statistical model to

allow the user to measure at any criterion within a given range. It was also used in the analysis

of the V-I curves. The electric field was defined as the measured voltage divided by the separation

of the voltage tap pair. The approximate empirical relationship at constant magnetic field is

E^ = a l/. (4)

where a is a proportionality constant and the power n is typically 40 to 60, depending on the magnetic

field and the sample [3], Using a reference electric field, E^, and an associated 1^, the equation

becomes

E 1/n
I, = 1, (^) . (5)

r

This equation is used later in the statistical analysis.

The stored digital records of current and voltage were analyzed to determine the critical current

at various criteria for both increasing and decreasing current. The current channel data were scaled

in amperes and the voltage channel data was changed to electric field and scaled in microvolts/cm.

The average value of the initial baseline of both records was determined and used to zero any constant

amplifier offset and thermoelectric voltage. The change in the baseline of the voltage record was

assumed to be a linear drift and this first order correction was later added to the level of electric

field criteria. A typical value for the thermoelectric correction was 2 nV/cm. In order to make a

first order correction to the electric field induced on the voltage taps due to the time rate of

change of current (dl/dt correction), the electric field and the dl/dt were measured for the fast ramp

region of the waveforms and the proportionality constant determined. This assumed that the electric

field in this low current region was only that induced, which was a good assumption for this geometry.

With this proportionality constant and the dl/dt in the critical current region of the waveform, a

dl/dt correction to the level of the electric field criteria could be made. A typical value for the

dl/dt correction was 2 nV/cm. The section of the electric field waveform around I^ was then separated

and the logarithm of the electric field was taken. The logarithm changes the shape of the electric

field versus time from a curve, to more of a linear relationship. This was due to the approximate

power law relationship between electric field and current, and the approximately constant dl/dt. With

the approximately linear waveforms, straight line fitting of segments could be performed, which can

smooth the noise and interpolate between the digital points of the waveform. To determine I^ using

the digitized waveforms, the point nearest to a given electric field level, with corrections, was

found and a certain number of points on each side of this one were included in a linear fit. From

this fit, the time at which the electric field was equal to the set point was determined. Then by

fitting the simultaneous section of the current waveform, the corresponding current was determined.

These steps were performed for the chosen set of electric field criteria on both the increasing and

decreasing current portions of the waveforms.

2.3 Raw Data Acquisition and Analysis

A number of acquisition and analysis variables were identified and their effect on the precision

and accuracy of the critical current measurement determined. The acquisition variables considered
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were: current ramp rate, digital sampling rate, and voltage filtering and amplification. The analy-

sis variables considered were: corrections for the inductive voltage and changes in thermoelectric

voltage, and type and extent of curve fitting. Some of these variables were mentioned above but will

be discussed again in this context.

a. Current ramp

One important variable is the current ramp rate. It effects the critical current determination

and many other acquisition and analysis variables. The of interest is the steady state value but,

in practice, it is determined with a relatively slow ramp. There are tradeoffs on both ends of the

ramp rate. For the fast rates the response of the voltmeter and filtering limit the accuracy of I^.

At the slow end, the time necessary for the measurement limits the number of measurements that can be

made In a day. A combination of a fast rate for the low current and a slow ramp near I^ was chosen,

as it combines some of the advantages of each. For the low current, the voltage was not of much

interest since it was mostly due to dl/dt for this geometry and was fairly constant with current. At

the ramp rate change, at approximately 80% of I^, the voltage returned to very close to zero; it had

only a small offset due to the dl/dt. With this slow finishing ramp rate, many points were digitized

in the region of I^. A typical final rate was equivalent to 1^/150 A/s and the fast rate was ten

times that.

The effect of current ramp rate on the I^ determination was studied. Two questions were addressed,

what limitation does the equipment have and was there any fundamental dependence of I^ on the ramp

rate for a reasonable range of ramp rates. This was studied by measuring I^, for both the increasing
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Figure 2. Typical dependence of I^ on ramp rate and voltage filter setting (2.55 and 5.00 Hz),

For £ given symbol, the higher I is the up value (open symbol).
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and decreasing current portions (up and down I^) of the V-I curve, as a function of ramp rate and

active filter setting. Typical data are presented on figure 2. The "up" is indicated by an open

symbol and the "down" I^, a lower value, by a solid symbol. Similar data were obtained for all five

candidate conductors, at other magnetic fields, and at other electric field criteria. Each point on

this figure is the average of five observations. The range of the observations for each point was

less than 0.2%. The normal rate for this field was 1.25 A/s or zero to in 152 s. The approximate

range of ramp rates was from one-half to ten times the normal rate. A reasonable method of removing

the effect of the filtering and response of the voltmeter is to average the up and down values

which gives the same for all rates to within ±0.1%. Therefore, if has a dependence on ramp rate

it is less than 0.1% for this range of ramp rates once the filtering and response time have been

removed. For all of the magnetic fields, the finishing ramp rate was equivalent to, from zero to I
c

in about 150 s. The suggested limits on the ramp rate for the SRM are from one-half to five times

this rate with the filtering and response time correction.

b . Other acquisition variables

The rest of the acquisition variables were more easily determined. The normal digital sample

rate was 100 ms per point, which gave a comfortable window for each observation. For the ramp rate

dependence study, the sampling rate was changed with the same 1, 2, 5 sequence as the ramp rate. The

voltage filtering used was the 2.25 Hz setting of the active filter which gave smooth curves that were

easy to find voltage levels on. The choice of gain on the voltage and current channels was based on

the residual noise of the differential amplifiers. The analog to digital converters were biased so

that the maximum dynamic range of 12 binary bits (4096) was used.

c. Raw data analysis

In the analysis of the digital V-I curves, the effects of the corrections and variables on the

precision and accuracy of the I^ determination were considered. The typical size of both the induc-

tive voltage and the thermoelectric voltage corrections to the electric field criteria, was 2 nV/cm.

These correctx^as were relatively small and thus had little effect on the precision and accuracy,

except in the ramp rate study where the inductive voltage corrections were significant. In that case,

the correction clearly improved the accuracy of the measurement. Because the logarithm of E was not

perfectly linear with time, there was concern as to when Increasing the number of points in the linear

fit would start to increase the precision at the expense of accuracy. In order to study this, a set

of five repeat observations on the same tap, in the same field, were analyzed with a different number

of points in the fit. Typical results are shown on figure 3. Similar results were obtained at other

electric field criteria, other ramp rates and other magnetic fields. Notice that as the number of

points Increases, the range of scatter in the data decreases to an acceptable level of precision. At

the same time, the average value does not change significantly with the number of points, indicating

that accuracy is not sacrificed to gain this precision. The 35 point fit (17 points on each side of

the electric field level) was used in all of the rest of the analysis. A disadvantage of extending

the fit more is that at some point below the lowest electric field criterion, the voltage can get very

close to zero. This changes the scale of the logarithm of E and the dynamic range of the digital

waveform is not efficiently used. Also, it starts to limit the highest electric field criterion that

can be analyzed because the current is conservatively turned around before therms 1 runaw - Only

certain nuT.il)T;r^ or ,jc"!nt3 in the fit were considered because oi tri' px.-s^nCo ^-t i:he cji.ill -
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Figure 3. Typical dependence of on the number of points in the curve fit,

low frequency beating of the nanovoltmeter chopper and the line frequency noise which is strobed by

the digital sampling rate. These numbers were determined to keep close to an integer multiple of this

beat frequency in the fit and to keep it centered around the electric field level.

3. CALIBRATIONS AND CORRECTIONS

The calibration of the Instruments used to measure voltage, current, magnetic field, pressure,

and length was performed. The estimated limits to systematic errors (inaccuracies) and random errors

(precision limits) are given in table 1. The random errors are Included in the measured variation in

the critical current and for this reason were separated from the systematic errors. The error in each

of the critical current variables is expressed in terms of the resultant percentage error in the

critical current at each of the magnetic fields. These errors were estimated using the known depen-

dence of the critical current on each of the variables. The periodic and random deviation (PAED) of

the current and magnetic field (called out in the ASTM specification) are not included because the

sample current source was a battery power supply and the magnet was used in the persistent mode, so

these are both zero in this experiment. The sum and the root-mean-square are given at the bottom of

the table for each magnetic field. The components of error for each variable were added and the

root-mean-square of the variable errors was used for the total systematic error.

The philosophy followed was to correct to an ideal state, rather than to give the results under

the arbitrary testing conditions. The only exception to this was the bending strain of the samples.

That correction was not made because of the large uncertainty in the effect. The correction of the

response time of the voltmeter, hydrostatic head, etc., caused a number of small corrections to the I
c
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data. Many of these small effects are present In any measurement, but would not be exactly the same

as they are in this case. The corrections considered are listed below and the uncertainty of each

correction was Included In the estimated systematic error of the relevant variable.

3.1 Current

The systematic and random errors of the current shunt and the shunt voltage Input channel (signal

conditioner, amplifier and analog-to-dlgltal converter) are directly reflected as errors In I . The
c

gain of the Input channel was checked four times throughout the course of the 1^ measurements with a

calibrated voltage source. The total systematic error In 1 was taken as the sum of the estimated

calibration uncertainties of the shunt (Including the temperature dependence), the Input channel gain,

and the voltage source. The random error was due to the sum of the Input channel noise, variations In

shunt temperature, and thermoelectric voltages.

3.2 Electric Field

Errors In the electric field are relatively large because the voltages are small and the separa-

tion of the voltage taps Is hard to measure, but Is relatively Insensitive to errors In E. For

example, a 5% change In E would only change by about 0.12% for a magnetic field of 8 T. The errors

In E will affect by different amounts at different magnetic fields because of the shape changes In

the V-I curve. The voltage Input channel was checked four times throughout the course of the I
c

measurements with a calibrated voltage source, just as the shunt voltage Input channel was. As stated

earlier, the Inductive and thermoelectric voltage corrections were small, typically 2 nV/cm, so the

systematic and random error of these corrections are negligible. The measured with Increasing

current was averaged with measured with decreasing current at a given electric field criterion In

order to correct for the response time of the voltmeter and filter. The estimated Inaccuracy of this

correction was Included In the systematic error of E. Other systematic errors were the estimated

Table 1. Estimated limits to systematic and Random Errors Expressed as Percent
Error In at Magnetic Fields of 2, 4, 6, and 8 T.

Systematic error (%) Random error (%)

Variable 2 T 4 T 6 T 8 T 2 T 4 T 6 T 8 T

Current 0.10 0.10 0.10 0.10 0.05 0.05 0.05 0.05

Electric field 0.08 0.08 0.08 0.10 0.05 0.05 0.06 0.07

Magnetic field 0.17 0.20 0.34 0.74 0.04 0.05 0.05 0.08

Temperature 0.03 0.04 0.05 0.09 0.1© 0.12 0.16 0.27

Magnetic field 0.02 0.03 0.05 0.10 0.01 0.01 0.01 0.01

profile

Magnetic field 0,10 0.10 0.10 0.10 0.01 0.01 0.01 0.01

angle

Tensile strain 0.04 0.05 0.06 0.08 0.01 0.01 0.02 0.02

£A 0.54 0.60 0.78 1.31 0.27 0.30 0.36 0.51

.^E(A^) 0.24 0.27 0.39 0.78 0.13 0.15 0.19 0.30
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calibration uncertainties of the voltage input channel, the voltage source, and the ruler used to

measure the voltage tap separation. The random error was due to the sum of the input channel noise,

sample motion, and random error in the length measurement.

The range of electric field criteria obtained was restricted on the low end by noise, thermoelec-

tric and inductive voltages; and on the high end by the reversal of the V-I curve and the requirements

of the curve fitting routine. Under these conditions, the lowest criterion was 0.05 uV/cm that was

measured in both increasing and decreasing current. The value of at 0.02 yV/cm was measured for

increasing current only because the inductive voltage would occasionally limit the fitting routine.

The current was conservatively reversed before thermal runaway occurred to reduce the flux-flow

heating in the sample and to avoid occasional quenches. This created censored holes in the data set

at 0.5 uV/cm, especially at the higher magnetic fields. So the certified range of electrical field

was from 0.05 to 0.2 yV/cm with Informational values at 0.02 and 0.5 yV/cm. This is consistent with

the trend toward the use of criteria lower than the 1 yV/cm suggested for NbTl [1],

The voltage tap separation of approximately 2 cm was chosen because it was considered to be close

to the shortest length that would be measured and, thus, would give a representative maximum variation

in I^. For lengths larger than 2 cm, the variation in is expected to be less. For lengths shorter

than 2 cm, the variation in may be more.

3.3 Magnetic Field

The largest systematic error in is due to uncertainty in calibration of the magnetic field.

The magnetic field of the superconducting background magnet was measured with a rotating coll gauss-

meter calibrated with a standard magnet. The temperature coefficient of the probe was small enough

that the slight cooling of the probe in the dewar was insignificant. Along with the current-central

field relationship of the magnet, the axial profile measurements and some off-axis measurements were

made. The off-axis measurements were used to determine the calibration for the off-axis

sample position. A small correction was made to the data for the magnetic field created by the

current in the sample coil itself. This effect was determined by measuring for both sample current

directions at each magnetic field and it was only significant at the lowest applied field, 2 T. The

estimated systematic error of these corrections was included in the systematic error in the magnetic

field variable. Other sources of systematic error were the standard magnet calibration, and the

accuracy of the rotating coll gaussmeter (linearity). The constant percent uncertainty caused the

systematic error to Increase with magnetic field. The sources of random error were from setting the

magnet current, thermoelectric voltage, and a very slight decay of magnet current with time resulting

from a finite resistance in the persistent mode.

3. A Temperature

The largest random error was in the temperature variable. This was due to the combination of

liquid helium stratification, pressure reading, and hydrostatic head variations. A correction was

made to the pressure reading assigned to each measurement to account for the hydrostatic head.

This correction was based on the recorded value of the carbon resistor for each I measurement. The
c

correction was always quite small, typically less than 3 mK and even less for the higher magnetic

field measurements which were made at the end of the data run. The temperature of each measurement
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was not exactly at the desired value because of the hydrostatic head or changing control pressure, so

the value of was adjusted to this constant temperature using the known temperature dependence.

This adjustment was small; its value at the highest field was typically only 0.1%. The systematic

error of the temperature variable was due to the uncertainty in the hydrostatic head correction,

pressure meter calibration, and the magnetic field induced hydrostatic head.

The thermal runaway (quench) of all five candidate conductors occurred at relatively low electric

fields of about 1 to 2 pV/cm (the lower value at the higher magnetic fields). This fact limited the

range of electric fields that could be measured. Sample motion can cause early or low runaway and can

also falsely trip the quench detector. So, alternate sample mounting techniques were investigated.

It was observed that coating the coil mandrel with petroleum jelly (petrolatum, which holds the sample

at 4 K) or varnish, did not significantly change the thermal runaway level, nor did it change I^.

This indicated that sample motion was not a problem. Another experiment was performed on a number of

specimens to determine if thermal runaway occurs or if the quench detector was giving tripping falsely.

This was accomplished with fast acquisition of the sample voltage from three sections of the sample

simultaneously using three of the four digital processing oscilloscope channels and using the fourth

channel to monitor and trigger on the current signal. A thermal runaway voltage was observed to

initiate in different places for each specimen, but it was not observed to be adjacent to a current

contact. The slight heating at the current contacts (10 cm long) and the resulting temperature

profile along the conductor will lower I^ at the sample ends relative to the central region. Appar-

ently this effect is more than compensated for by the increase in I^ at the sample ends due to the

magnetic field profile. A weak link will cause an apparent early thermal runaway if it is not in the

region being measured. The length in high, perpendicular magnetic field (the active length), was

about 1 m for the coil specimen holder used here. A small change in results in a large change in

the electric field. For example a 0.5% change in I^ changes the electric field by about 30%. For a

sample geometry with a shorter active length, a higher electric field runaway might be observed

because of a possible smaller variation in the local I^.

3.5 Magnetic Field Profile

The profile of the magnetic field caused the measurements on different voltage taps to give

slightly different values for I^. The value of I^ was corrected to a single magnetic field using the

measured profile and the magnetic field dependence of I^. The uncertainty in the profile measurement

was used to estimate the systematic error of this correction. Variation in the sample voltage tap

placement and cryostat position accounted for the random error associated with this variable.

3.6 Magnetic Field Angle

The known dependence of I^ on the angle of the magnetic field was used to correct I^ to the

orthogonal value. The systematic error of this variable was taken as the uncertainty of this correc-

tion. The possible variation in angle determined the random error.

3.7 Tensile Strain

The measured dependence of on tensile strain was used to make a correction to for the esti-

mated winding tension of the sample mounting. The uncertainty of this correction and the uncertainty
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The estimated variation in winding tension determined the random error. The experiment was

designed such that the Lorentz force was directed into the specimen holder thus eliminated hoop stress

due to the applied magnetic field.

3.8 Bending Strain

Bending the sample into a coll can degrade the critical current of the conductor. The critical

current results reported here were obtained for a bend diameter of 3.23 cm (coil mandrel diameter of

3.18 cm). If the SRM is measured with a bend diameter other than 3.23 cm, the results may be slightly

different. For a bend diameter from infinity (straight) to about 2 cm, the certified I^ values can be

used only if the total uncertainty is Increased by an additional amount:

g|i - (^)2|. (6)

Here G is 1,1% at 2 T, 1.2% at 4 T, 1.3% at 6 T, and 1.5% at 8 T.

Equation (6) is obtained as follows. It has been shown experimentally that the bending strain

degradation of I^ relative to its maximum (strain-free) value I^^ is given approximately by [9]:

^^c/^cm>bending = ^ " f^' <7)

sample to bending strain. Thus, the difference between the bend effect at a bend diameter of 3.23 cm

and an arbitrary bend diameter d is given by eq (6) with:

G = a(3.23)"^. (8)

The values of G listed above are upper limits on the bending strain effect. G could not be

directly measured because values of a are small and difficult to measure at large bending diameters

such as are being considered here. So an upper limit for a (and G) was obtained from measurements of

(I /I ) . . T
obtained on the SRM material when it was subjected to uniaxial strain rather than

c cm uniaxial
bending strain.

Values of (I /I ), were calculated from (I /I ) . . , using the following equation
c cm bending c cm uniaxial * » m

applicable to a circular conductor [9]:

assumed to be equal for both

tensile and compressive strain, and is the peak bending strain in the outermost filaments. When a

conductor is bent into an arc, the superconducting material on the outside of the bend is placed in

tension while that on the inside of the bend is placed in compression. Assuming no yielding, the
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material at the center of the conductor along the so-called "neutral axis" is not strained. The

further a superconducting filament is from the neutral axis, the greater the bending strain it experi-

ences. For a bend diameter of 3.23 cm (used to obtain the data reported here) and a SRM filament

region diameter of 0.042 cm, the maximum bending strain, which occurs in the filaments nearest the

surface of the conductor, is e„ = 1.3%. G is obtained simply by evaluating eq (9) at this value of e_
Js D

and then using eqs (7) and (8).

Values of (I /I ) ^ ^ , used in eq (9) were measured on three specimens of the SRM material,
c cm uniaxial m v / t-

In these measurements Ij,/^^.^ was determined to a precision of approximately 0.4%. The uniaxial strain

degradation at 7 T is shown for three specimens in figure 4. It is seen that the effect of uniaxial

strain on the SRM material falls within the shaded range of I^ degradation for a number of NbTi

conductors having widely varying filament diameters and copper-to-superconductor ratios [10].

The uniaxial strain degradation increases with increasing magnetic field. Thus, the same relative

increases with field would be expected for bending strain. Values of I /I are shown in figure 5 at
c cm

different magnetic fields for one of the specimens. As seen in figure 7, I /I for a uniaxial strain
c cm

of 1.3% is about 94.5% at 7 T, and increases to 96% at IT. The field-dependent upper limits on

bending strain degradation listed at the end of the first paragraph of this section were calculated by

substituting these measured values for (I /I ) , , , into eq (9).^ c cm uniaxial ^

In eq (9) two major assumptions are made. First, it is assumed that differential yielding of the

conductor material does not shift the neutral axis from the center of the conductor. Second, it is

assumed that the conductor maintains a circular shape and there is no accommodative yielding of the

0.71 I I I I I I I I I I I I I I I I I I I

0 12 3

Uniaxial Strain (^^^o)

Figure 4. Uniaxial strain degradation of I^ for three SRM specimens at 7 T. The shaded

region is the range of I^ degradation for a number of NbTi conductors.
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Uniaxial Strain (^^o)

Figure 5. Uniaxial strain degradation of for a SRM specimen at different magnetic fields.

soft copper matrix. In practice, both of these effects occur, but we believe that the second effect

dominates (although no experimental evidence for this has been obtained yet) . This would make the

bending strain degradation calculated from eq (9) an upper limit for the actual room temperature

bending degradation In I^.

Bending strain effect measurements on two specimens support the theoretical upper limit to the

value, eq (6), added to the overall uncertainty of the certified critical current. One of the speci-

mens was measured straight (very large d) and the other with a bend diameter of 1.60 cm (approximately

one-half the certified bend diameter). The upper limit for the uncertainty from bending determined

from eq (6) is G for the straight specimen and 3.08 G for the bent specimen. In order to consider the

conditions that could apply, the following variables are defined:

A - the absolute value of the difference between the measured critical current of the bent

specimen and the certified value.

X - the absolute value of the worst-case limit to the estimated random error of the critical

current measurement on the bent specimen (the sum of the random error terms in Table 1)

.

t

'

W - the absolute value of the estimated uncertainty limit of a single measurement due to material

variability (see section 7.2).
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Z = the absolute value of the added uncertainty due to the bending strain effect, using the

theoretical expression eq (6) , for specimens measured with bend diameters other than the bend

diameter that the certification was based on.

Each variable is defined as an absolute value and in units of percent. The systematic error term does

not enter for measurements made with the same apparatus. A very restrictive condition that can put an

experimental upper limit on the effect of a certain bend is,

A + X + W < Z. (10)

Notice that this condition assumes the estimated upper limit to the material variability (worst-case

variability) and thus need not be met by all measurements. If met by a single measurement, however,

it supports the theoretical upper limit, providing the effect is well behaved (monotonic) over the

range of bend diameters. This restrictive condition was satisfied by the 1 . 60-cm-diameter specimen at

all four magnetic fields. This suggests that the theoretical limit may be conservative for bend

diameters between 3.23 cm and 1.60 cm. The measurements on the straight specimen did not satisfy

eq (10) because the inhomogeneity of the critical current was large compared to the expected bending

effect; however, they were within the total uncertainty. These results give experimental support to

the use of the theoretical upper limits to the bending strain effect and the allowed range of bend

diameters.

3.9 Time

The time rate of change of the current, the ramp rate, may have an effect on the value of I^. As

stated in 2,3, the dependence was less than 0.1% for the range of ramp rates studied after the filter-

ing and response time of the voltmeter are accounted for. The estimated systematic and random errors

of this correction were included in the electric field variable. The suggested limits on the ramp

rate are from zero to I^ in a time of from 300 s to 30 s, if the effect of the filtering and response

time can be determined.

Mechanically and thermally cycling a specimen many times can change I^. Mechanical cycling of a

specimen by unmounting and remounting on a specimen holder is not recommended. The solder interfaces

can concentrate the stress of handling, which will lower I^ in regions of the conductor. The possible

effects of mechanical cycling were not tested because it would be difficult to test all of the contin-

gencies, therefore the certification is not valid if the specimen is mechanically cycled. Similarly,

thermal cycling is not recommended. It can introduce cumulative strain damage through static or

dynamic (due to different cooling rates) differential thermal contraction if the elastic strain limit

is exceeded. For this work, the magnet and helium dewar were pre-cooled with liquid nitrogen (76 K)

,

then the liquid nitrogen was removed and the sample cryostat Inserted. Thus, the cooling of the

sample to liquid nitrogen temperature took place more slowly (with the gas heat exchange) than for an

Immersion into liquid nitrogen or liquid helium. With the sample cryostat in place, the liquid helium

transfer slowly cooled the sample to 4 K. In a separate test, one specimen was measured, thermally

cycled, and measured again. This specimen was cooled from room temperature to 4 K and the first

measurements were taken. Subsequently, it was cycled three times from 4 K to approximately 70 K and

then back to 4 K. It was also cycled once from 4 K to room temperature and back to 4 K where the

specimen was measured again. The accumulative effect of this was less than a 0.2% change in I and it
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wasn't statistically significant compared to variations observed on repeat observations during a given

run. The cumulative effect of thermal cycling is expected to be small, but this SRM cannot be certi-

fied beyond one thermal cycle. The certification cannot cover all thermal cycling possibilities.

4. PRELIMINARY SAMPLE SCREENING

The selection, from the five candidate conductors for the SRM, was based on the best balance of

properties for use as an SRM. The chosen conductor may not be the best for any other application. A

brief preliminary screening was designed to test two properties, the long-range (spool-to-spool) and

the short-range (tap-to-tap) homogeneity of I^. Two other key properties were availability of an

adequate length and a usable copper-to-superconductor ratio. These four properties were sufficient to

determine which conductor was chosen as the SRM.

4. 1 Homogeneity and Other Key Properties

The homogeneity of I^ for each candidate was determined by measuring two specimens, located 5 and

50 meters from the end of the shipping spool. These two specimens are referred to in this section as

the 5 m specimen and the 50 meter specimen respectively; their actual lengths were the same. Five

pairs of voltage taps were placed on each specimen. Each pair of voltage taps spanned 2 cm and the

centers of adjacent pairs were about 10 cm apart. Due to limitation of running time, all five pairs

were measured only at 4 T. Several repeat measurements were made on one pair at the other magnetic

fields. The results of this limited preliminary screening indicated homogeneity problems with two of

the candidates and thus they were eliminated.

In no case were the above mentioned problems identifiable with a given or measured physical

parameter. The particular parameters for each sample will not be identified. Only the values will be

listed here, nonrespectively , for completeness. The wire diameters were: 0.40, 0.51, 0.51, 0.51, and

0.64 mm. The number of superconducting filaments were: 54, 54, 60, 126, and 180. The approximate

superconducting filament diameters were: 23, 26, 34, 42, and 50 ym. The copper-to-superconductor

ratios were: 1.4, 1.6, 1.8, 1.9, and 2.0 to 1.

The results of the tests of short and long range homogeneity for all five conductors are summar-

ized in figures 6 and 7. Figure 6 is a plot of the percentage difference between I^ of the two speci-

mens for each sample at various magnetic fields. Notice that the differences for each sample are

about the same for the magnetic fields measured. Sample 4 had a large shift in I^ (approximately

3.9%). Another specimen from this spool, 150 m into the spool, was then measured. The I^ of this

specimen had decreased another 1.1% from the value of the 50 m specimen (approximately 5.0% from the

5m specimen). Lengths of wire adjacent to each of these specimens were tested to determine the mass

of superconductor per unit length (nitric acid was used to remove the copper). The change from the

5 m specimens was 3.5% less for the 50 m specimen and 4.6% less for the 150 m specimen. The estimated

uncertainty of this measurement was ±0.5%. The cross-sectional area changed by less than 0,5%. These

j

measurements indicate that the change in I^ is due to a changing superconductor fraction. This may

have been due only to an end effect, but this trend did not look good, so sample 4 was eliminated.

Figure 7 is a plot of the percentage difference between the measured I^ on the center voltage pair of

taps and that of the other four pairs of taps for both the 5 and 50 m specimen of each sample. I^

values determined for each tap pair has been corrected to account for the expected effect of the
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Figure 6. The percentage change In I between the 5 and 50 m
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Figure 7. Short-range homogeneity of the 5 and 50 m specimens of each sample.

The 50 m data are shifted slightly to the right and the 5 m data to

the left over the sample number. Plotted are the percentage differ-

ences between the measured on the center voltage tap and that of

the other four taps (at 4 T)

.

18



magnetic field profile. Notice that sample 5 seems to have substantially larger variations in this

parameter and, for this reason, was eliminated.

The other two key properties were then used to select one conductor to be the SEM. One of the

remaining candidates was eliminated because the length delivered was considered to be too short (less

than 400 m) and an adjacent spool could not be obtained. One of the two candidates left had the

lowest copper-to-superconductor ratio (1.4:1). It was eliminated even though the low ratio did not

seem to adversely affect the I^ determination, but it could affect the usage of the SRM throughout the

many kinds of testing anticipated for it.

4.2 SRM Spools

The SRM was manually unwound from the shipping spool, with a minimum bend diameter of about 12 cm

onto distribution (take-up) spools with a core diameter of 8.7 cm. The shipping spool was mounted on

a dowel wrapped with a fluorocarbon tape to minimize friction-caused tension. The distribution spool

was mounted on a dowel in a fixture and a handle attached. The wire from the shipping spool was then

pulled straight out and the end threaded into the distribution spool and affixed to a pin mounted on

the handle. Eight turns were wound on the spool in a single layer corresponding to approximately

2.2 m of wire. Tension was applied by the operator's left hand while winding was done at a fairly

uniform rate with the hand crank. As each spool was completed, a padded clip was used to retain the

wire end, the wire was clipped and manually twisted to the end affixed to the pin. Each spool was

then inspected, numbered, and any marks or stains noted. Upon further visual inspection, all of the

marks or stains were only in the wire insulation, thus they should not have an effect on I^. Special

consideration was given to avoiding the introduction of any bending or twisting to the wire beyond

what already existed on the shipping spool. One operator perfomed these operations on the entire set

of samples, resulting in uniformity of handling of the set. Our qualifying tests were then performed

on selected spools from this set.

Each SRM specimen was wound on a spool and packaged to protect its certification. The specimen

should be carefully handled and stored to protect it against physical damage (such as excessive

bending, scraping, and other deformation). Any excessive physical damage will invalidate the certifi-

cation. On each spool, the twisted wire ends and an additional 2 cm on each end of the spool core

should be discarded. These sections of the wire are not certified. The bending of the wire on the

spool (peak bending strain of about 0.48%) is expected to be insignificant.

5. SAMPLE SPECIMENS AND MEASUREMENTS

Nine specimens were selected from the 500 spools of wire designated as SRM 1457. To assure that

potential systematic trends in critical current could be detected, the nine sample spools were selected

at nearly equal distances along the whole length of wire, including the spools at each end.

5.1 Range of Certified Values

SRM 1457 has been certified at each of four magnetic field strengths (2, 4, 6, and 8 T) over a

range of temperatures from 3.90 to 4.24 K and a range of electric field criteria from 0.05 to 0.2 yV/cm.

19



The statistical analysis leading to the certification is based on measurements at 36 distinct combina-

tions of the three factors affecting critical current:

Magnetic Field (H) : 2, 4, 6, 8 T;

Temperature (T) : 3.90, 4.07, 4. 2A K;

Electric Field Criterion (E) : 0.05, 0.10, 0.20 yV/cm.

Each of the nine sample spools were tested at 4.07 K for the 12 combinations of H and E. The 24

remaining configurations of the three factors, corresponding to 3.90 and 4.24 K, were tested on three

of the sample specimens. The interpolation of certified values to cover the continuous range of T and

E is based on a statistical model (discussed below) which has been constructed from the empirical

relationship (see Section 2.2) for critical current, I^, at a given magnetic field:

T - T 1/n

^c = ' T * - T J •
<11>

c r r

where T is a known reference temperature, E is a known reference electric field, and T * is the
r r c

unknown critical temperature at the selected magnetic field. Thus, if there are no errors, is the

critical current at (T^, E^) for a given H and eq (11) could be used to compute for other combina-

tions (T, E).

5.2 Measurement Procedure

The critical current data were obtained by placing three pairs of voltage taps on each specimen.

The length of wire measured by each tap pair was about 2 cm and the centers of adjacent pairs were

separated by about 20 cm. For a given magnetic field and temperature, digital voltage and current

records acquired on each tap were analyzed to measure the critical current at various electric field

criteria for both increasing and decreasing current. This procedure actually provides two values,

I^(up) and I^(down), corresponding to increasing or decreasing current, respectively. However, the

basic critical current measurements that were analyzed to certify SRM 1457 were defined to be the

average:

I (up) +1 (down)
I = 5-^

. (12)

Two repeat determinations of on each tap pair were obtained, producing a total of six measurements

on a given spool (3 taps x 2 determinations) for each allowable level of (H, T, E)

.

5.3 Variation with Distance

Figures 8a-8d illustrate the critical current measurements, and variability, for the nine speci-

mens of SRM 1457 when (T, E) = (4.07 K, 0.2 yV/cm) and H - 2, 4, 6, and 8 T. Both individual measure-

ments and sample means are plotted in the figures. Figures 8a-8d adequately represent the general

pattern of spool-to-spool variability which was observed at other levels (T, E) . In particular, it
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Figure 8a. Critical current measurements at 2 T, 4.07 K, and 0.2 yV/cm!
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Figure 8b. Critical current measurements at A T, 4.07 K, and 0.2 yV/cm:

(+) and average (a) versus distance along wire.

21



131

130.5

130

129.5

'
1 1 1 ' 1 1 1 • 1 ' 1

'

i +

_ +

t t̂ a
+

+
+

+ +

^ +
9 +

-

ffl + +

+

- + -

+

1 1.. , 1 . I.I.—I L.,,,1 .1.1.1.1.
26 75 125 175 225 275 325 375 425 475

Spool

8c. Critical current measurements at 6 T, 4.07 K, and 0.2 yV/cm
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Figure 8d. Critical current measurements at 8 T, 4.07 K, and 0.2 yV/cm:

(+) and average (o) versus distance along wire.
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was concluded that there is no obvious trend in critical current along the length of wire — distances

being in one-to-one correspondence with assigned spool numbers.

Since no simple trend was detected, but the figures revealed substantial long- and short-range

variations in critical current, it was decided that the 500 spools of SRM 1457 could not be assumed to

have identical critical currents. Instead, the spool-to-spool and tap-to-tap variations in critical

current illustrated by the figures have been Incorporated into the statistical analysis for certifica-

tion of SRM 1457 as randomly distributed offsets relative to the mean critical current of the 500

spools. The variations of these offsets have been associated with the long- and short-range material

variability of the wire, and estimates of these variations are used in the certification to provide

quantitative measures of inhomogeneity in the critical current SRM.

5.4 Variation with Magnetic Field

Typical variations of critical current with magnetic field are illustrated in figures 9a-9c. At

each magnetic field, the measurements are expressed as a percentage of the average critical current.

Each point is one of two determinations of for each tap pair on each spool that was measured.

Notice in the figures that variability of the measurements apparently depends on magnetic field, even

if expressed as a percent of I .

1.015

0.985

Figure 9a. Critical current measurements at 3.90 K and 0.2 yV/cm;

(I^/average I^) versus magnetic field.



1.015

0.985

Figure 9b. Critical current measurements at 4.07 K and 0.2 yV/cm:

(I /average I ) versus magnetic field.

1.015

0.985

Figure 9c. Critical current measurements at 4.24 K and 0.2 yV/cm;

(I^/average I^) versus magnetic field.
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5.5 Variation with Temperature

Figures lOa-lOd illustrate the variation of critical current with temperature at 2, 4, 6, and

8 T, respectively. The plots show that the observed relationship of critical current with temperature

is consistent with the straight line predicted by the functional model in eq (11).

5.6 Variation with Electric Field

Figures lla-lld illustrate the variation of critical current with electric field criteria at 2,

4, 6, and 8 T, respectively. Because of the form of the functional model in eq (11), both the sample

data and electric field criteria were transformed to a logarithmic scale for the plots. Thus, the

straight line dependence observed in the figures is consistent with the functional model.

5.7 Dependence on Electric Field and Temperature

The average critical current versus electric field criterion, with curves for each temperature,

are shown in figures 12a-12d. The figures appear to confirm the curved, or exponential, relationship

of critical current to electric field criteria at each fixed temperature. We also notice that rela-

tive differences between temperature averages are nearly fixed from one electric field criteria to

another. In other words, the effects of temperature and electric field on critical current appear to

be reasonably additive on the logarithmic scale.
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Figure 12a. Dependence of on temperature and electric field at 2 T; points
plotted are sample means of the natural logarithm of I

c*
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5.8 Dependence on Magnetic Field and Temperature

Plots of average critical current versus magnetic field are shown In figures 13a-13c. Since the

data at each .magnetic field have been analyzed separately for certification, the behavior Illustrated

by the graphs has no bearing on subsequent statistical analysis. The graphs are Included merely to

describe the empirical dependence of critical current on magnetic field.

5.9 Dependence on Magnetic Field and Electric Field

Figures 14a-I4c Illustrates the dependence of critical current on magnetic field, with separate

curves for each electric field criterion. The graphs are Included for completeness and have no

bearing on the statistical analysis.

6. ASSUMPTIONS AND STATISTICAL MODELS

The critical current data were first transformed to a logarithmic scale for three reasons. One

reason Is that the shape of the V-I curve suggests that critical current measurements may be nearly

summable on a logarithmic scale. Secondly, empirical evidence that random measurement errors, and

hence variation, are proportional to critical current suggests that the logarithmic data are more

likely to satisfy underlying assuTsptlons of the statistical methods. Finally, logarithmic transfor-

mation of temperature and electric field corrections in eq (11) allows us to express the statistical
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Figure 13a. Dependence of on temperature and magnetic field at

0.05 yV/cm; points plotted are sample means.
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Figure 13b. Dependence of on temperature and magnetic field at

0.10 yV/cm; points plotted are sample means.
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Figure 13c. Dependence of on temperature and magnetic field at

0.20 yV/cm; points plotted are sample means.
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Figure 14a. Dependence of on electric field and magnetic field at

3.90 K; points plotted are sample means.
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model in a simple linear form. Therefore, all quantities of Interest were estimated on the logar-

ithmic scale, and then results on that scale have been converted to the original units of measurement.

6. 1 Description of General Statistical Model

All of the critical current data at a given magnetic field were Incorporated Into a common

statistical model derived from the approximate relationship of to temperature (T) and electric

field (E) , and based on the observation that individual spools and/or taps exhibit unpredictable,

random differences from the average critical current of all spools. Thus, each measurement can be

considered to be a composite of the empirical relationship in eq (11) and the random effects of

material inhomogenelty . In terms of the natural logarithm of critical current, each measurement at a

given magnetic field can be thought of as the sum of six components:

^ljk(^£' V = V ^"[1 * tVt4-] - -'^nif] . . L^(^^ . e^^^^^. (13)

electric field criterion, then an explanation of terms in the model is given by:

Y, , (T , E ) is the natural logarithm of I for the k*"^ repeat determination on the j^^ tap on the
Ij K. Jo m c

1 spool when the temperature is set at T and the electric field criteria is E ;

is a correction to if T^^^ i- T^;

is a correction to p if E 9* E ;
r m r*

is a random (long-range) inhomogenelty of the 1^^ spool, corresponding to distance

along the wire; the D's are assumed to have average value zero and standard

Lj^^j is the random (short-range) inhomogenelty, corresponding to the location of the j^^

tap on the 1^^ spool; the L's are assumed to have average value zero and standard

e^j, „ is the random error in the measurement Y. (T„, E ); the e's are assumed to have
ijk£m ijk £ m

average value zero and standard deviation o.

6.2 Approximation of Temperature Dependence

To facilitate the estimation of the unknown quantities, the temperature correction term, which is

a nonlinear function of T^*, has been approximated using the Taylor series relation:

£n X = (x - 1) - Js (x - + Remainder, 0 < x < 2. (14)
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If the reference temperature is selected near the center of the range 3.90 to 4.24 K, then it is

reasonable to disregard terms in the expansion higher than second order for values of T * which can be
c

expected at magnetic fields from 2 to 8 T.

6.3 Statistical Model for Sample Data

Incorporating the approximation for the temperature correction into the model and substituting

the reference values (T^, E^) = (4.07 K, 0.2 yV/cm) , which were selected for the statistical analysis,

we can write:

V = »^ ^ - V ^ h^'-^' -V * S - \ - . e^.^^^ (15)

where,

e = (T * - 4.07)"^
1 c

32 = -0.5(T^* - 4.07)"^ (16)

and 3^ ~ " ^•

For each set of data at 2, 4, 6, or 8 T, estimates of y, a^, a^, and a were computed using

the statistical software package BMDP [11]. The data were fit by a maximum likelihood procedure

described in the program BMDP3V. The statistical analysis also provides estimated standard errors of

the fitted values, which were used to determine uncertainty bounds on both the certified critical

current and the estimates of T^* and n derived from eq (16).

7. STATISTICAL ANALYSIS AND CERTIFICATION

7.1 Material Inhomogeneity

An important question for certification is whether all the available spools for this SRM can be

treated as identical. The components of variance associated with the long- and short-range material

variability of the wire provide a quantitative measure of inhomogeneity in the critical current SRM,

so estimates of each type of variation were obtained. The estimated standard deviations, expressed as

a percentage error in the critical current at each of the magnetic fields, are given in table 2. The

table illustrates that long-range inhomogeneity is more evident at 2 T and decreases with increasing

magnetic field. Estimates of standard deviations of repeat determinations of critical current, and

the total standard deviation of a single measurement on a randomly selected spool are also given in

table 2.

Because the critical current measurements revealed substantial long- and short-range variation,

the uncertainty statement for the reported critical current at each magnetic field is a statistical

tolerance interval. This statistical procedure allows for the observed variation in critical current

by estimating limits for the critical current of individual spools, rather than limits on the overall

average critical current of all spools .
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Table 2. Estimated Long- and Short-Range Inhomogenelty Expressed in Percent Error in I .

Magnetic
Field
(T)

Spool-to—Spool
Std. Dev. (a^)

u

Taps within
Spools

Std. Dev. (o^)

Total
Inhomogenelty

^ ^'^'^

Repeat
Determination
Std. Dev. (a)

Total
Std. Dev. ,

2 0.46% 0.35% 0.57% 0.08% 0.58%

4 0.33 0.29 0.44 0.09 0.45

6 0.22 0.27 0.35 0.09 0.36

8 0.16 0.27 0.31 0.15 0.35

7.2 Tolerance Limits for Critical Current

Tolerance limits for the distribution of critical currents for a length of wire of about 2 cm

have been estimated from the sample data by the formula:

exp[Y(T. E) ± K(ap2 + o^^^ + ^^zfy ^
. (17)

where

Y(T, E) = u + 3^(4.07 - T) + 62(4. 07 - T)^ + $^ £n(E/0.2).

A circumflex (") denotes computed estimates of the various quantities. The constant K is usually

taken from tables, such as in Weissberg and Beatty [12]. The value of K depends on four quantities:

(1) N: the effective number of observations for Y;

(2) f: the degrees of freedom associated with (o^^ + a^^ + 0^);

(3) P: the proportion of critical current values to be included in the limits; and,

(4) v: the probability level associated with the tolerance Interval.

The tolerance limits for SRM 1457 are approximate because exact values of N and f are not known for the

model in eq (15). Instead, N was estimated from the data as the integer part of [(o^* + + c*)/

Estimated Variance of Y(T, E) ] , and f was estimated using Satterthwaite's procedure [13]. It is

important to note that, in general, the tolerance limits depend on the temperature and electric field

criteria because N, and hence K, depend on the estimated variance of Y(T, E) . However, for the

observed levels of inhomogenelty of SRM 1457, the tolerance limits, when expressed in percent error in

I^, do not change for temperatures from 3.90 to 4.24 K and electric field criteria from 0.05 to

0.2 yV/cm.

7.3 Certified Critical Current at 4.2 K and 0.2 yV/cm

The estimated superconducting critical currents at 4.2 K for an electric field criterion 0.2 pV/cm

for a tap spacing of 2 cm are given in table 3. The uncertainty of the reported value. Ignoring

systematic errors, is the statistical tolerance Interval constructed such that it should cover 99% of

critical current determinations with probability 0.95. The tolerance limits in table 3 are expressed
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Table 3. Critical Current at 4.2 K and 0.2 uV/cm.

L*rXLXCal Tol6rdnc6 Systematic
Field Current Uncertainty Limits Error
(T) (A) (%) (%) (%)

2.000 293. 30t 2.57 2.33 0.24

A. 000 187.38 2.01 1.74 0.27

6.000 124.72 1.71 1.32 0.39

8.000 69.72 1.97 1.19 0.78

Extra digits are provided for accurate extrapolation.

in terms of the resultant percentage error at each magnetic field and apply to a single measurement on

any given spool for a length of wire of about 2 cm. Uncertainties for wire lengths greater than 2 cm

are expected to be less than those in table 3. The estimated systematic error and the tolerance limit

are summed to give the total uncertainty and are all expressed as percent error in I^.

7.4 Temperature and Electric Field Corrections

Certified critical currents for temperatures (T) between 3.90 and 4.24 K and electric field

criteria (E) between 0.05 and 0.2 uV/cm are computed from values in table 3 using the equation:

I^(T,E) = 1^(4.2,0.2) • (exp[A(4.2-T) + B(4.2-T)2]) • [E/0.2]^ , (18)

where 1^(4.2,0.2) is the tabulated value and A = - O.26B2. B = and C = g^* Uncertainty in a

critical current computed this way is the same as in table 3. The peculiar form of A arises because

temperatures were centered about 4.07 K to estimate coefficients in eq (15), but it was decided to

report critical currents at 4.2 K on the certificate for the SRM.
*

The coefficients required in eq (18) are listed in table 4. Certified critical currents computed

by substituting the coefficients into eq (18) are given in table 5 for three electric field criteria

at temperatures from 3.90 to 4.24 K in 0.01 K increments.

Table 4. Coefficients for Temperatures and Electric Field Corrections.

Magnetic Field (T) A B C

2.000 0.218625 -0.04755 0.0172089

4.000 0.266361 -0.04682 0.0176600

6.000 0.369479 -0.10488 0.0194218

8.000 0.649242 -0.27906 0.0248311

38



Table 5. Critical Current at 0.05, O.IO, 0.20 uV/cm and 3.90, 3.91, .... 4.24 K.

Temperature
IK.;

Magnetic
Field
(T)

Electric

0.05

Field Criterion

0.10

(yV/cm)

0.20

Total
Uncertainty

« (%)

3.90 2 304.49 308. 15 311.84 2.57
4 197.23 199.66 202.11 2.01

6 134.36 136.18 138.03 1.71

8 79.82 81.20 82.61 1.97

3.91 2 303.91 307.56 311.25 2.57
4 196.76 199.18 201.63 2.01
6 133.95 135.77 137.61 1.71

8 79.43 80.81 82.21 1.97

3.92 2 303.33 306.97 310.66 2.57
4 196.28 198.70 201.15 2.01
6 133.54 135.35 137.18 1.71

8 79.04 80.41 81.81 1.97

3.93 2 302.75 306.38 310.06 2.57

4 195.81 198.22 200.67 2.01
6 133.12 134.93 136.75 1.71

8 78.65 80.02 81.41 1.97

3.94 2 302.16 305.79 309.46 ' 2.57
4 195.34 197.75 200.18 2.01

6 132.70 134.50 136.33 1.71

8 78.26 79.62 81.00 1.97

3.95 2 301.58 305.20 308.86 2.57
4 194.87 197.27 199.70 2.01
6 132.29 134.08 135.90 1.71

8 77.86 79.21 80.59 1.97

3.96 2 300.99 304.60 308.25 2.57
4 194.39 196.79 199.21 2.01
6 131.87 133.65 135.46 1.71

8 77.46 78.81 80.18 1.97

3.97 2 300.40 304.00 307.65 2.57

4 193.92 196.31 198.73 2.01

6 131.44 133.23 135.03 1.71

8 77.06 78.40 79.76 1.97

3.98 2 299.81 303.40 307.04 2.57

4 193.44 195.83 198.24 2.01

6 131.02 132.80 134.60 1.71

8 76.66 77.99 79.35 1.97

3.99 2 299.21 302.80 306.44 2.57

4 192.97 195.35 197.75 2.01

6 130.60 132.37 134.16 1.71

8 76.26 77.58 78.93 1.97

4.00 2 298.62 302.20 305.83 2.57

4 192.49 194.86 197.26 2.01

6 130.17 131.94 133.72 1.71

8 75.85 77.17 78.51 1.97

4.01 2 298.02 301.60 305.22 2.57

4 192.02 194.38 196.77 2.01

6 129.74 131.50 133.28 1.71

8 75.44 76.75 78.08 1.97

4.02 2 297.42 300.99 304.60 2.57

4 191.54 193.90 196.28 2.01

6 129.32 131.07 132.84 1.71

8 75.03 76.33 77.66 1.97
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Table 5 (Continued)

Temperature
(K)

Magnetic
Field
(T)

Electric

0.05

Field Criterion

0. 10

(pV/cm)

0.20

Total
Uncertainty

(%)

4.03 2 296.82 300.38 303.99 2.57
191 . 06 1 Q T /.I 195 . 79 2.01

6 128,89 130.63 132.40 1.71

8 74.62 75.91 77.23 1.97

4.04 2 296.22 299.77 303.37 2.57
4 1 aniyu. DO lyi. . y D 1 yj , jU 0 mZ . Ul

6 128.45 130.20 131.96 1.71

8 74.20 75.49 76.80 1.97

4.05 2 295.62 299.16 302.75 2.57
4 190. 10 192.44 194.81 2.01

6 128.02 129.76 131.52 1.71

8 73.79 75.07 76.37 1.97

4.06 2 295.01 298.55 302.13 2.57

4 1 QQ AO 10 1 QA i y'i . Ji 0 m
6 127.59 129.32 131.07 1.71

8 73.37 74.64 75.94 1.97

4.07 2 294.41 297.94 301.51 2.57
4 1 Q 1 1,1ly I ,H

1

1 Oil R1

6 127. 15 128.88 130.63 1.71

8 72.95 74.21 75.50 1.97

4.08 2 293.80 297.32 300.89 2.57

4 188 . 66 1 on QQ1 y\] . yo 101 T /.1 5 J

.

JH

6 126.72 128.44 130. 18 1.71

8 72.53 73.79 75.07 1.97

4.09 2 293.19 296.71 300.27 2.57

4 188 . 18 190. 50 10 0 a /. 9 mZ . Ul

6 126.28 127.99 129.73 1.71

8 72. 10 73.36 74.63 1.97

4.10 2 292.58 296.09 299.64 2.57

4 187.70 190.01 100 "XK z . ux

6 125.84 127.55 129.28 1.71

8 71.68 72.92 74, 19 1.97

4.11 2 291.96 295.47 299.01 2.57

4 187. 21 189. 52 19 1 . 85 2 . 01

6 125.41 127. 10 128.83 1.71

8 71.25 72.49 73.75 1.97

4.12 2 291.35 294.85 298.38 2.57

4 186. 73 189.03 191 . 36 0 mZ . Ul

6 124. 97 126.66 128.38 1.71

8 70.83 72.05 73.31 1.97

4.13 2 290.73 294.22 297.75 2.57

4 186 . 25 188. 54 1 on SA Z . Ul

124.52 126.21 127.92 1.71

8 70. 40 71.62 72.86 1,97

4.14 2 290.12 293.60 297.12 2.57

4 185.76 188.05 190.37 2.01

6 124.08 125.76 127.47 1.71

8 69.97 71.18 72.42 1.97

4.15 2 289.50 292.97 296.49 2.57

4 185.28 187.56 189.87 2.01

6 123.64 125.31 127.01 1.71

8 69.53 70.74 71.97 1.97
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Table 5 (Continued)

Temperature
(K)

Magnetic
Field
(T)

Electric

0.05

Field Criterion

0. 10

(yV/cm)

0.20

Total
Uncertainty

(%)

4. 16 2 288.88 292. 35 295.85 2.57
4 184. 79 187.07 189.37 2.01

5 123. 19 124.86 126.56 1.71

8 69.10 70.30 71.52 1.97

4. 17 2 288.26 291 . 72 295. 22 2.57
4 184. 31 186.58 188.88 2.01
6 122.75 124.41 126. 10 1.71
8 68.67 69.86 71.07 1.97

4. 18 2 287.64 291 .09 294.58 2.57
4 183.82 186.09 188.38 2.01
5 122. 30 123.96 125. 64 1.71
8 68.23 69.42 70.62 l!97

4. 19 2 287.01 290.46 293.94 2.57
4 183.34 185.59 187.88 2.01
6 121.85 123.51 125. 18 1.71
8 67.80 68.97 70.17 l!97

4.20 2 286. 39 289.82 293.30 2.57
4 182.85 185. 10 187. 38 2.01
6 121.41 123.05 124. 72 1.71
8 67.36 68.53 69^72 1.97

4.21 2 285. 76 289 . 19 292.66 2.57
4 182. 36 184.61 186.88 2.01
6 120.96 122.60 124.26 1.71

8 66.92 68.08 69.27 1.97

4.22 2 285. 13 288.55 292.01 2.57
4 181 . 87 184. 11 186.38 2.01
6 120.51 122. 14 123.80 1.71

8 66.48 67.64 68.81 1.97

4.23 2 284.50 287 . 92 291.37 2.57
4 181.39 183.62 185.88 2.01
6 120.06 121.68 123.33 1.71

8 66.04 67.19 68.36 1.97

4.24 2 283.87 287.28 290.72 2.57
4 180.90 183.12 185.38 2.01

6 119.61 121.23 122.87 1.71

8 65.60 66.74 67.90 1.97

7.5 Critical Temperature and Exponents

If gj, ^^'^ ^3 denote estimates of the parameters, and S(gj), S(^^) and SCP^) a" computed

standard errors of the estimates, then n and T^* can be estimated by the equations:

n = S(n) = 8(63) 763^

T * = T s(T *) = (w + w )
c 1 z

(19)
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where

- [S^ep/B^^]"^ and W2 - [16 S^62)/^2^r^

The solution for T^* is a weighted estimate, where the weights, w^ and W2, are Inverses of the esti-

mated variances for separate estimates of T^* obtained from and respectively. While all of

the formulas for standard deviations are approximate, each was derived using standard propagation of

error techniques [14]. Also, the expression for S(T^*) Is appropriate only If estimates of
gj^ and

are statistically Independent. The two estimates are approximately independent in the present analysis.

Estimates of T^* and n and their computed standard deviations are listed in table 6. Using the

values of T^* and n in table 5 and the critical current at 4.2 K and 0.2 yV/cm reported in table 3,

the values of critical current for a temperature (T) between 3.90 and 4.24 K and electric field

criteria (E) between 0.05 and 0.2 yV/cm could be computed from:

I^(T. E) = 1^(4.2, 0.2)[1 + T^jVo^ foT^^^" • <20)
c

However, critical currents computed this way will differ slightly from the certified values because

the temperature correction term above is not equivalent (even to second order terms) with the corre-

sponding term In eq (18). The numerical (or systematic) discrepancy between the two equations can be

as large as 0.2% at 8 T.

7.6 Additional Data Excluded from Certification

Additional measurements of critical current were made on the nine sample specimens at electric

field criteria 0.02 and 0.5 yV/cm. However, SRM 1457 has not been certified to the extended range of

electric field criteria because measurements at 0.02 yV/cm were made only for increasing current, and

some of the data at 0.5 yV/cm were censored when the ramp was reversed before this criterion was

reached

.

Table 6. Critical Temperature (T^*) and Exponent (ti).

T * Estimated Standard Estimated Standard
Magnetic Field c Deviation n Deviation

(T) (K) (K)

2.000 8.9182 0.0105 58.11 0.29

4.000 8.0041 0.0080 56.63 0.32

6.000 6.9922 0.0041 51.49 0.25

8.000 5.8040 0.0026 40.27 0.27

42



Table 7. Critical Currents at 0.02 uV/cm.

Tempera- Magnetic Sample Predicted Tolerance Number
ture Field Number Mean Value Limits Within
(K) (T) Observed (A) (A) (%) Limits (%)

3.89900 2 18 299.72 299.78 2.33 100

4 18 194.20 194.11 1.74 100
1 fi10 1 "io 9a

J. JZ . zo 1 JZ . KJH 1 . 32 100

g 18 78. 06 1.19 94

4.06995 2 54 290.38 289.80 2.33 100

4 54 186.58 186. 11 1.74 100

6 54 125.25 124.92 1.32 100

8 54 71.51 71.31 1.19 100

4.24273 2 18 279.14 279.26 2.33 100

4 18 177.79 177.87 1.74 100

6 18 117.50 117.38 1.32 100

8 18 64.01 64.01 1.19 100

The available critical current data at 0.02 and 0.5 yV/cm have been compared to values extrapo-

lated from eq (18) for information only. Tables 7 and 8 list the observed average critical current,

the critical current extrapolated from the certified values, and the percentage of measurements at

0.02 and 0.5 yV/cm that are within the range computed using tolerance limits which are valid between

0.05 and 0.2 yV/cm. Data at 0.5 yV/cm were included in table 8 only if critical currents were observed

for both increasing and decreasing current.

Figures 15a-15d illustrate the dependence of critical current on electric field criterion from

0.02 to 0.5 yV/cm. The values plotted are sample means of the logarithms of critical current measure-

ments on the sample specimens.

8. DISCUSSION

The observed variation in the critical current was probably due to inhomogeneity in the NbTi

alloy. This is suggested by the fact that the tolerance limit at 8 T is about half the value at 2 T.

This indicates that a number of sources of variation that would have no field dependence or a field

dependence in the opposite sense (i.e., a larger variation at 8 T than at 2 T) must not be present or

are only present at a minor level. The sources ruled out are variation in the following: specimen

handling, the upper critical field, the critical temperature, the amount of superconductor, and

filament size. The most likely source of the larger variation at 2 T is a variation in pinning

strength. A variation in pinning strength can be caused by variation in the following: heat treat-

ment, cold work, impurity density, and alloy concentration. Since the wire was supplied as a single

length (2.2 km) and the variations were observed to be short-range (20 cm) as well, a variation in

heat treatment or cold work is probably not the source. Inhomogeneity of the alloy impurities and Nb

concentration are the most likely sources of the observed variation in the critical current.

An effort was made to keep the use of this SRM as unrestricted as possible. The precautions

listed on the certificate together with the ASTM standard test method are sufficient for a valid user

measurement technique. Some deviations in testing technique from the certification based method are

accommodated by increasing the total uncertainty of the certified critical current. The deviations
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Table 8. Critical Currents at 0.5 pV/cm.

Tempera- Magnetic Sample Predicted Tolerance Number
ture Field Number Mean Value Limits Within
(K) (T) Observed (A) (A) (%) Limits (%)

3.89900 2 13 316.28 316.86 2.33 100

4 9 204. 91 205. 46 1. 74 100

g 12 140. 38 140. 55 1 . 32 100

3 3 84.07 84. 55 1. 19 100

4.06995 2 33 306.12 306.30 2.33 100

4 16 196.91 197.00 1.74 100

6 20 132.96 132.97 1.32 100

8 13 77.16 77.24 1.19 100

4.24273 2 18 295.19 295.16 2.33 100

4 8 187.88 188.27 1.74 100

6 10 125.05 124.95 1.32 100

8 6 69.80 69.34 1.19 100

that are allowed, and the ones that are not allowed, are identified in the precautions section of the

certificate. Two deviations that are allowed at some sacrifice to the uncertainty are rapid (immer-

sive) cooling of the specimen and measurements with different bend diameters. Another precaution is

that the certification is only valid for a voltage tap separation greater than or equal to 2 cm. This

restriction was a result of the short-range inhomogeneity of the SRM. The critical current of the

specimen is not certified beyond the first mounting, cool down, and measurement (the first mechanical

and thermal cycle)

.
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The effects of mechanical and thermal cycling of this SRM cannot be certified for every usage.

Examples of mechanical cycling contingencies that would have a cumulative effect are: solder inter-

faces concentrating the stress of handling; bending in a different orientation; and specimen fatigue.

Examples of thermal cycling contingencies that would have a cumulative effect are: the likely auto-

matic repotting of a specimen if petroleum jelly is used; the specimen working up or out of holder

grooves; and copper resistivity Increased by fatigue. Given the economic reality, a user may wish to

reuse a single specimen to perform routine tests. A user may choose to leave a specimen mounted on

the holder so that the mechanical cycling factor is minimized. It is conceivable that a user could

demonstrate that the particular system and technique employed does not have a cumulative thermal or

mechanical cycling effect. In this case, the specimen still has utility and could be used for routine

tests. Occasional checks could be performed as needed with a certified specimen. This practice is

not discouraged as long as it is clear that this usage cannot be certified.

Related documents and data are included as appendices for the purpose of additional information.

Appendix A is a list of the physical parameters of the conductor chosen for the SRM. Appendix B is a

copy of the SRM certificate. Appendix C is a copy of the SRM publicity sheet.

9. SUMMARY

This report reviews the selection and certification of a Standard Reference Material (SRM) for

the measurement of superconducting critical current. This SRM is intended to provide a means for

checking the performance of measurement systems used in the commerce and technology of superconductors.
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The critical current was measured using a 2 cm voltage tap separation on a coll specimen holder

with a 3.18 cm diameter (specimen bend diameter of about 3.23 cm) and a two turn per centimeter pitch

length. The general technique used to measure the critical current was the American Society for

Testing and Materials standard test method B7 14-82 [1]; however the variables were held to much

tighter limits In order to get a lower total uncertainty Including the sample Inhomogenelty. The

acquisition and analysis of the raw data was carefully developed to measure the critical current with

accuracy and precision. The limits to systematic and random errors of the principal variables that

effect the critical current (current, electric field, magnetic field, temperature and strain) were

estimated (see table 1). Other concomitant variables and effects considered In the development and

certification of this SRM were: voltage filtering and response time; current ramp rate; liquid helium

hydrostatic head and stratification; Inductive and thermoelectric voltage; magnetic field of the

specimen coll; and winding tension.

Preliminary screening measurements were performed on each of five candidate SRM samples. Two of

these conductors displayed short- or long-range inhomogenelty that made them seem unfit for use as an

SRM. One of the remaining conductors was eliminated becaused the length delivered was considered too

short. One of the two candidates left had the lowest copper-to-superconductor r^tio, so it was

eliminated in favor of the other. Further measurements and tests were made on the conductor chosen to

be the SRM.

The conductor designated as SRM 1457 was wound onto 500 distribution spools, each with approxi-

mately 2.2 m of wire. Nine of these spools were selected at nearly equal distances along the whole

length of wire, including the spools at each end. Critical current measurements on the sample spools

were obtained at 36 combinations of three factors affecting critical current: magnetic field, tempera-

ture, and electric field.

Although there were no obvious trends along the length of wire, substantial variation in critical

current was evident, especially at lower magnetic fields. These variations were associated with

material variability, or inhomogenelty, of the wire, and were incorporated into a statistical model

that was derived from an empirical equation for the dependence of critical current on temperature and

electric field at any given magnetic field.

SRM 1457 has been certified at magnetic fields 2, 4, 6, and 8 T for temperatures from 3.90 to

4.24 K and electric field criteria from 0.05 to 0.2 yV/cm. Because material variability could not be

ignored, the uncertainty in the certified values of critical current (excluding systematic errors) Is

a statistical tolerance interval. The resulting tolerance limits allow for inhomogenelty by estimat-

ing limits for the critical current of Individual spools, rather than limits on the average critical

current of all spools.

The statistical tolerance limits and estimated systemic error have been combined to give a total

uncertainty on the certified values. The final estimated uncertainties are no greater than 2.57% of

the reported critical current at any of the four magnetic fields.
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APPENDIX A

PHYSICAL PARAMETERS OF SRM

resin type Insulation

bare wire diameter of 0.51 mm

180 niobium-titanium filaments

filament diameter approximately 23 ym

1.8 to 1 copper-to-superconductor ratio

filament twist pitch approximately 0.79 twist/cm
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APPENDIX B

Certificate

Standard Reference Material 1457

Superconducting Critical Current - NbTl Wire

This Standard Reference Material (SRM) Is Intended to provide a means for checking the performance

of measurement systems used In superconductor technology. This SRM consists of 2.2 m of a multlfila-

mentary niobium titanium, copper stabilized superconducting wire wound in a single layer onto a spool

with a core diameter of 8.7 cm. Critical current (I^) for the SRM is certified over a range of

magnetic fields, temperatures, and electric field criteria.

Measurement Technique ; Adherence to the precautions given here, together with the American

Society for Testing and Materials (ASTM) standard test method B714-82 [I], are necessary and sufficient

for a valid certification. Measurements for certifying SRM 1457 were obtained on a coll of diameter

3.18 cm with a voltage tap separation of 2 cm. The critical current is defined as the average of the

values measured with Increasing and decreasing current.

Certified Critical Currents : The certified critical currents in amperes at 4.2 K for an electric

field criterion of 0.2 laV/cm are given in the table. At respective magnetic fields, critical currents

of this SRM can be calculated for temperatures from 3.90 to 4.24 K and electric field criteria from

0.05 to 0.2 pV/cm using:

I^(T, E) = 1^(4.2, 0.2) • {exp[A(4.2 - T) + B(4.2 - T)^]} • [E/0.2]*^

where 1^(4.2, 0.2) and the coefficients A, B, and C are given in the table. Critical currents for SRM

1457 were derived from an empirical equation for the dependence of critical current on temperature (T)

and electric field criterion (E) : Jln(I )=P.n(I )+A(T -T)+B(T ~T) ^+C?,n (E/E ). In this equation, <Ln(I )
c r r r r c

is the natural logarithm of the critical current and is the critical current at the reference

temperature, T^, and reference electric field criterion, E^. The axperimental data at each magnetic

field were fitted by a maximum likelihood procedure using a statistical model [2] that combines the

empirical expression above with terms that allow for material variability (inhomogeneity) among the

spools of wire.

Statistical design and data analysis were provided by D. F. Vecchla of the Statistical Engineering

Division. Measurements for certification of SRM 1457 were coordinated by L. F. Goodrich. The measure-

ments leading to the development and certification of SRM 1457 were performed by L. F. Goodrich, E. S.

Pittman, and A. F. Clark of the Electromagnetic TecVmology Division.

The technical support aspects involved in the preparation, certification, and Issuance of this Standard

Reference Material were coordinated through the Office of Standard Reference Materials by R. K. Klrby.

Washington, D.C. 20234

February 24, 1984
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Certified Value of Critical Current (I ) at 4.2 K and 0.2 yV/cm and
Coefficients for Temperature and Electric Field Extrapolation.

Magnetic
Field
(T)

Critical
Current

(A)

Total
Uncertainty

(%)

Coefficients for ExtrapolationABC
2,000 293.30* ±2.57 0.218625 -0.04755 0.0172089

4.000 187.38 ±2.01 0.266361 -0.04682 0.0176600

6.000 124.72 ±1.71 0.369479 -0.10488 0.0194218

8.000 69.72 ±1.97 0.649242 -0.27906 0.0248311

Extra digits are provided for accurate extrapolation.

Interpretation of Uncertainty : The uncertainty of a certified critical cu^-rent at each magnetic

field is the sum of an estimated systematic error and statistical tolerance limits computed from the

experimental data. The total uncertainty is expressed as percent error in and does not change for

extrapolated critical currents over the allowable range of temperature and electric field criteria.

The statistical tolerance limits were constructed so that they should include 99 percent of

critical current measurements with probability 0.95. The resulting tolerance interval (and total

uncertainty) is valid for a single measurement on any given spool that is made as directed on a coil

of diameter 3.18 cm with a voltage tap separation of 2 cm.

Precautions ;

1) This SRM should be carefully handled and stored to protect it against physical damage such as:

excessive bending, scraping, and other deformation. Any excessive physical damage will invali-

date the certification.

2) On each spool, the twisted wire ends and an additional 2 cm on each end of the spool core should

be discarded. These sections of the wire are not certified.

3) This certification is invalidated if this SRM Is mechanically cycled by demounting and remounting

on a specimen holder. Mechanical cycling can concentrate handling stress, which would lower

in the stressed regions of the conductor.

4) This certificate is based on a slow cooling of the specimen mounted on a G-U tube (circumferen-

tial fiber direction) by gas heat exchange with a liquid nitrogen precooled dewar [2]. For a

valid certification, the specimen must be measured on a suitable specimen holder [1]. The effect

of a rapid cooling by immersion into liquid nitrogen or liquid helium can change owing to

dynamic differential thermal contraction. For rapid (immersive) cooling, 0.25% must be added to

the total uncertainty even if a suitable specimen holder is used. It is conceivable that a user

could demonstrate that the particular system and technique employed does not have a cumulative

thermal or mechanical cycling effect. In this case, the specimen still has utility but, this SRM

can not be certified beyond one thermal cycle.
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5) This certification is only valid for a zero-to-I^ ramp time in the range of 30 to 300 seconds for

all magnetic fields [2], Also, the certification was based on the assumption that voltage

filtering and instrumentation response times contribute negligible error to the measured value of

I^. A nonnegligible effect can be removed by averaging the values measured with increasing

and decreasing current at a constant ramp rate. A nonnegligible effect must be removed for a

valid certification.

6) A chemical wire stripping compound should be used to remove the insulation from this SRM. A

phenol/methylene chloride wire stripping compound was found to adequately remove this insulation.

7) If the specimen temperature exceeds 250°C, the certification is invalidated. The current and

voltage contacts should be soldered carefully to avoid overheating and physical damage. If a

specimen enters the normal state (quenches) while carrying a high current density, it could melt

within a few seconds. An adequate quench protection circuit may be necessary [1]. A typical

current shutdown time of 10 ms is adequate.

8) For a voltage tap separation of more than 2 cm, the uncertainty in I^ should be less. For a

voltage tap separation of less than 2 cm, the uncertainty in I^ may be more. This certification

is only valid for a voltage tap separation greater than or equal to 2 cm.

9) If this SRM is measured with a bend diameter other than 3.23 cm (coil of diameter 3.18 cm), the

results may be different. Uniaxial strain data was used to determine the expected upper limits

to the bending strain effect. For bending diameters from infinity (straight) to 1.6 cm, the

certified critical current values can be used only if the following amount is added to the total

uncertainty:

G-|l - (3.23/d)2|,

where d is the bend diameter in centimeters and G=1.10, 1.20, 1.36, and 1.70% at 2, 4, 6, and

8 T, respectively.

Non-certified Values at Other Criteria ; Critical current measurements were made on the sample

spools at electric field criteria 0.02 and 0.5 yV/cm. However, SRM 1457 is not certified to the

extended range of electric field because measurements at the additional criteria did not conform to

the required measurement procedure. A comparison of observed critical currents to values extrapolated

from the certifying equation is given in reference 2 for information only. Most of the measurements

were within the range computed using tolerance limits that are only valid between 0.05 and 0.2 yV/cm.

References ;

1. Standard Test Method for D-C Critical Current of Composite Superconductors, Annual Book of ASTM

Standards, ASTM B714-82, Part 2.03, pp. 595-98, American Society for Testing and Materials,

Philadelphia, PA (1983).

2. Goodrich, L. F., Vecchia, D. F., Pittman, E. S., Ekin, J. W. , and Clark, A. F. , Critical Current

Measurements on an NbTi Superconducting Wire Standard Reference Material, NBS Special Publication

260- (1984).
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APPENDIX C

NBS
Standard

Reference
Materials J

2i National Bureau of Standards

U.S. DEPARTMENT OF COMMERCE

Standard Reference Material 1457

Superconducting Critical Current

NbTI Wire

Winter 1984

The NBS Office of Standard Reference Materials announces the availability of the first superconducting wire for critical

current measurements as a Standard Reference Material (SRM). It is intended to provide a means for testing the perfor-

mance of measurement systems used in the development of superconductors. This SRM consists of approximately 2.2 m
of a multifilamentary niobium-titanium, copper stabilized, superconducting wire wound in a single layer onto a spool

with a core diameter of 8.7 cm.

SRM 1457 should prove valuable in determining the overall accuracy of a critical current measurement system that is

dependent on numerous variables and effects that can make this seemingly easy measurement very difficult.

The critical current for SRM 1457 has been certified at magnetic fields of 2, 4, 6, and 8 T, for temperatures from

3.90 to 4.24 K, and electric field criteria from 0.05 to 0.2 /izV/cm.

An effort was made to keep the use of this SRM as unrestricted as possible. The precautions listed on the certificate,

together with the American Society for Testing and Materials (ASTM) Standard Test Method (B714-82). are sufficient

for a valid user measurement technique. Some deviations in testing technique, from the method on which the certifica-

tion was based, were accommodated by increasing the total uncertainty of the certified critical current. The deviations

that are allowed, and the ones that are not allowed, are identified in the precautions sections of the certificate.

SRM 1457 may be purchased from the Office of Standard Reference Materials, Room B311, Chemistry Building,

National Bureau of Standards, Washington, DC 20234, at a price of $219.
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