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Interlaboratory Comparisons of NbTi Critical
Current Measurements
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Abstract—We report on a multi-institute comparison of critical
current data measured on a modern NbTi wire for the Large
Hadron Collider (LHC), which has shown a standard deviation
below 1% in critical current density spread in more than 1500
measurements. Interlaboratory comparisons on ����� wires
have shown ambiguities that could be attributable to strain related
differences in critical current density, originating from differences
in sample handling, reaction, and mounting techniques, or also to
differences in the magnetic field and current calibrations between
the institutes. A round robin test of a well characterized NbTi
wire provides a baseline variance in critical current results that is
presumed to be attributable only to differences in the character-
ization systems. Systematic differences on the order of 3.5% are
found in the comparison. The most likely cause for the observed
differences is a small diameter holder that brings the wire into a
strain regime in which strain effects can no longer be ignored. A
NbTi round robin test, when performed properly, will separate
system differences from sample specific differences and provide
laboratories with an opportunity to calibrate equipment against
a standard measurement.

Index Terms—Critical current, NbTi, round robin, standardiza-
tion.

I. INTRODUCTION

M ULTI-INSTITUTE collaborations for the development
of large magnet systems are common in the applied su-

perconductivity community. Some examples are the Interna-
tional Thermonuclear Experimental Reactor (ITER), the LHC,
and the U.S. LHC Accelerator Research Program (LARP). A
common factor for these collaborations is that the magnet de-
velopment relies on reliable and comparable measurements of
the critical current in different laboratories. Comparable
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measurements between different laboratories are far from
trivial as was clearly demonstrated during the ITER wire
benchmark test series in the middle of the 1990’s, in which an
initial variation above 30% [1] in multi-institute measurements
of led to a stringent standardization of measurement proce-
dures. The Ti-6Al-4V ‘ITER barrel’ that was used for the second
and third benchmark rounds led to a reduction of the interlabo-
ratory variation in to less than 4% [2], [3]. The ITER barrel
has since then become the standard measurement holder for the
characterization of medium current density wires.

The for modern high current wires has doubled
since the third ITER benchmark, and a modern 0.8 mm wire
can carry currents approaching 500 A and 900 A at 4.2 K and 15
and 12 T, respectively [4]. Such large sample currents have high-
lighted some potential issues with the standard ITER barrel ap-
proach. Some laboratories have, therefore, modified their setups
to address these issues. These changes, the use of stainless-
steel sample holders, and different sample mounting procedures,
have re-introduced uncertainties in the comparison of values
measured in different institutes, which became evident during
the U.S. LARP collaboration.

The strain sensitivity of disables a separation of
differences that can originate from accuracies in magnetic field,
temperature and current (the experiment), and differences in
sample mounting techniques. To separate experimental and
sample mounting differences, and to provide a baseline compar-
ison for the experiments in terms of magnetic field, temperature
and current accuracy, we decided to do a multi-laboratory
round robin comparison using an extensively characterized,
exceptionally homogeneous NbTi wire. of this wires
has been measured at Lawrence Berkeley National Laboratory
(LBNL), Fermi National Accelerator Laboratory (FNAL),
CERN, the National Institute of Standards and Technology
(NIST), Brookhaven National Laboratory (BNL), the Applied
Superconductivity Center, Florida State University (ASC),
Oxford Instruments, Superconducting Technology (OST), and
the University of Twente (UT).

II. SAMPLES

Very large quantities of NbTi wire have been manufactured
for the construction of the LHC at CERN. These wires have
been very well characterized through stringent acceptance tests
at CERN. A NbTi wire with exceptional longitudinal homo-
geneity (spool 02R00056A01UX, sample cuts #265 and #267),
which was used at CERN for the qualification of the tests,
was selected for the present round robin test. A cross-section of
the wire is shown in Fig. 1. A summary of the CERN mea-
surements on this wire, using a 86 mm G11 bobbin, is given in
Table I. The wires, manufactured by Furukawa, have a diam-
eter of 0.825 mm, a Cu/SC ratio of 1.95, a filament diameter of
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TABLE I
CERN STATISTICS FOR NBTI WIRE SPOOL 02R00056A01UX AT � � ����� �, MEASURED ON 8 DIFFERENT G11 86 mm BOBBINS WITH 60 N MOUNTING

TENSION, IN 4 NMR CALIBRATED 12 T MAGNETS (THREE OXFORD INSTRUMENTS (OI) AND ONE CRYOGENICS) FROM [5]

At a resistive of �� � � �.

Fig. 1. Cross-section of the NbTi wire used for the � comparisons.

6 , and a twist pitch of 15 mm. Over more than 1500 mea-
surements on more than 100 different samples, the wire exhibits
a standard deviation in below 3 A and a standard deviation
in the -value of 4 or less, as indicated in Table I. The variation
in over 30 m and the long-term measurement reproducibility
of typical measurements on comparable wires, investigated
previously at BNL, are both below 0.5% [6].

III. EXPERIMENT

The NbTi wires were distributed amongst the participants,
and each laboratory mounted the wire on its own sample holder.
The central sections of all sample holders used in the present
comparison are identical and based on a Ti-6Al-4V ITER barrel,
with a diameter of 32 mm, a pitch of 3.2 mm, and an angle be-
tween the current and the applied field of 88.2 . The exception
is NIST, which measured the NbTi wire on a 25 mm diameter
CuBe Walters spring, with a pitch of 6.35 mm and an angle be-
tween the current and the applied field of 85.4 . Tests of in-field
voltage versus current were performed using the common pro-
cedures in each laboratory. The helium bath temperature was
recorded in all but one case to allow correction for the temper-
ature dependence of the . Additional experiments were per-
formed at BNL to investigate the difference between measuring
DC or with a continuous ramping current, and to investigate the
effect of different barrel materials on barrels of identical diam-
eters.

IV. DATA REDUCTION

The electric field as a function of current of superconductors
can be described through the Anderson-Kim flux creep model
[7], [8], which dictates linearity on a double logarithmic scale.

This leads, in the case of an electric field criterion for the
critical current density , to [9]:

(1)

The value of represents the steepness of the transition and the
slope on a double logarithmic scale. Some of the laboratories in
the present work determined the using an criterion. For
this case, the measured voltage-current trace is effec-
tively fitted to:

(2)

in which is an offset voltage, is a resistance, used to fit
a sometimes occurring resistive slope in a transition, and

is the length between the voltage tap pair. Some laboratories,
and the existing CERN reference statistics, applied a resistivity
criterion , in which case the measured trace is fitted to

(3)

where represents the cross-sectional area of the wire. Note
that this criterion is more ambiguous, since it involves a choice
for . The criteria used for the round robin comparison were

and . The critical cur-
rent results, derived using an electric field criterion or a resistive
criterion, are related, provided that is sufficiently low to not
interfere with the criterion, by a combination of (1) with Ohm’s
law, yielding

(4)

In (3), was sufficiently low in all measurements, and (4) was
used to translate all results to a resistive criterion.

The CERN reference data are given at a temperature
, and the results, measured at different bath tempera-

tures , are corrected for this small discrepancy in tem-
perature. Ideally, the samples should be parameterized by the
use of well established scaling relations [10], but the required
scaling parameters cannot be accurately determined, due to the
limited data range. Also, since the temperature error is small, a
limited range—linear—correction will be sufficient [6], [11]:

(5)
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Fig. 2. � (left) and � (right) as functions of applied magnetic field. The inset in the left graph is an enlargement around 7 T.

TABLE II
BNL COMPARISON BETWEEN BARREL MATERIALS, WIRE BATCH, AND RAMP

OR DC AT � � �� � ��, � � ����� �, AND 20 N TENSION

where:

(6)

Note that relation (6) implicitly assumes ,
and .

Corrections for self-field were considered, but they are irrel-
evant for comparisons of results from holders with identical
diameter and pitch. No self-field corrections were therefore
applied to the results.

V. RESULTS

The comparison between a DC and a ramping current mea-
surement, and the influence of various barrel materials, as mea-
sured at BNL, are summarized in Table II. We found that it
makes no difference whether the transition is measured in
DC mode or with a ramping current. Negligible differences are
observed between sections #265 and #267 of the spool, which is
consistent with a variance below 0.5% in earlier tests [6]. Differ-
ences are observed, however, between the use of different barrel
materials (all at 32 mm), which specifically becomes evident
when the Ti-6Al-4 V data is compared to the G10 data. At 5 and
6 T, the G10 results are 1.3% and 1.6% higher, respectively. At
7 and 8 T, the G10 results are 2.8% higher, and at 9 T, the G10
result is 3.7% higher. The SS-316 results are increased by about
0.7% at 5, 6 and 7 T, similar at 8 T, and reduced by 2.8% at 9 T.

The overall results of the interlaboratory comparisons are
given in tabulated form in Table III, and graphically for the

overlapping magnetic field values in Fig. 2. For clarity, the
FNAL14 and BNL8 results are omitted from the graph. When
the small variations in the slope of are ignored, we found
that the differences between the results from the participants are
not random, but systematic and on the order of 3.5%. Moreover,
the LBNL, BNL and the CERN reference results agree, as well
as the results from FNAL, new CERN (mounted with 20 N on
a 32 mm Ti-6Al-4V holder as opposed to 60 N on a 86 mm
G11 holder), OST, and UT. The NIST data are an average be-
tween those agreements. The variation in the -values appears
random and low, and the tendencies are not in agreement with
the systematic differences, with BNL providing the lowest
values and LBNL the highest values, the latter representing the
only results within the original CERN standard deviation.

VI. DISCUSSION

The fact that the observed deviations are not random suggests
a systematic error source in the measurements. Errors in the
magnet field constants and resistors used for the current mea-
surement will result in a slope change in the graph, ren-
dering such errors unlikely. The observed parallel shift can be
explained by errors in the bath temperature measurements on the
order of 60 mK, which is, considering the stated uncertainties
in the temperature measurement below 5 mK, unlikely. Differ-
ences in the position of the wire in the magnet with respect to
the field calibration position can cause systematic differences,
as are observed, but the order of deviation of 0.1 to 0.2 T ren-
ders this also an unlikely cause.

A likely cause for the observed systematic differences is a
change in , as a result of strain. The effect of strain on the
superconducting properties of NbTi is available in the literature
and known to be small for axial strain values below about 1%
[12]. The strain on the outside of a wire with diameter ,
wound on a barrel with radius , assuming elastic behavior, is

(7)

which leads to 1%, 2.5% and 3.2% tensile strain on the outside
of a wire for a 86, 32, and 25 mm diameter barrel, respectively.
In an elastic model, the neutral line does not shift, and the same
magnitude of axial strain is produced compressive on the inside
wire surface. In reality, the Cu matrix will yield, the neutral line
will move towards a smaller radius, the tensile strain on the outer
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TABLE III
� AND �-VALUE RESULTS AT A RESISTIVE CRITERION OF �� � � �

Recorded temperature accuracies below 5 mK.

During sample mounting. A range indicates estimated values.

surface will become larger, and the compressive strain on the
inside surface will become smaller. The net result of this is that
tensile strains of 1% and higher can be expected in the outer
NbTi filaments, bringing the wires into the tensile regime, where
the strain dependence can no longer be ignored. The combined
effect of tensile load during winding and a small winding radius
can therefore play an important, underestimated role in the inter-
laboratory comparisons.

The NIST measurement was performed on a CuBe Walters
spring with diameter of 25 mm, and the significant strain dif-
ference compared to that of the 32 mm ITER barrel is, for now,
speculative, but could bring the NIST results in better agree-
ment with the original CERN data. A tensile strain experiment
was performed by NIST on the NbTi wire on this 25 mm di-
ameter spring, and the at 7 T was observed to be reduced
by about 5% at 0.5% applied tensile strain. The magnitude of
change is possibly sufficient to attribute the observed 3.5% sys-
tematic change between the laboratories to small differences in
the strain state of the wire. Further investigations are needed,
however, focussing specifically on the strain dependence of a
straight section of wire, and including a next round robin with
more emphasis on comparable mounting procedures and pos-
sibly a larger diameter barrel.

It is, for now, unclear why all but one laboratories report an
-value that is substantially below the original CERN statistics

and outside the standard deviation for these statistics.

VII. CONCLUSION

A round robin test of critical current measurements was per-
formed on a homogeneous NbTi wire in 7 participating labora-
tories. The comparison highlights systematic differences in the

critical current between laboratories, which are on the order of
3.5%. These systematic differences are attributable most likely
to the use of a measurement holder of small diameter and a re-
sulting strain dependence of the NbTi, rendering the experiment
sensitive to the wire tension during mounting. Further research
is required to investigate the axial strain onset of non-negligible
strain dependence in NbTi wires. This will determine the best
method for a more consistent mounting procedure for a second
round robin, in which the systematic errors should become neg-
ligible.
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