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Critical current measurement with spatial periodic bending imposed
by electromagnetic force on a standard test barrel with slots
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We have developed and validated a straightforward and fast method to investigate the response of
technological superconducting strain sensitive wires �e.g., Nb3Sn� to a spatial periodic bending
strain. In the present concept of cabled superconductors for application in nuclear fusion reactors the
wires are twisted and cabled in several stages. When subjected to transverse electromagnetic forces
after charging the magnet, the individual strands are subjected to spatial periodic bending with
wavelengths in the order of 5–10 mm. Several apparatuses are presently under development to
study the effect of bending on the transport properties, i.e., the voltage-current transition in terms of
critical current �Ic� and n value. We propose a supplementary simple method to investigate the
influence of bending strain by using a spatial periodic wire support on a broadly used standard Ic

measurement barrel in combination with a Lorentz force. The bending force �BI� is varied by
changing the applied field B. The peak bending strain in the Nb3Sn filaments is determined by the
amplitude of the bending deflection, which is deduced from the mechanical axial tensile stress-strain
properties of the wire. Three different spatial periodic wavelengths are applied and the results are in
good agreement with the predictions. In addition we found a good agreement with results obtained
by a more advanced experiment, named TARSIS, which is described briefly. The “barrel-with-slots”
method can be applied easily and straightforward with minor effort and cost in laboratories having
a standard Ic measurement facility for superconducting wire. © 2006 American Institute of

Physics. �DOI: 10.1063/1.2195118�
I. INTRODUCTION

It is known for already several decades that strain affects
the performance of Nb3Sn based superconductors. 1 Knowl-
edge of the strain sensitivity of several types of A15 and HTc
class superconductors is of major importance because it
changes the transport properties under the influence of stress
caused by, e.g., Lorentz loads in practical applications such
as magnets. In particular for cable-in-conduit conductor
�CICC� type of multistage cabled superconductors, as de-
signed for the international thermonuclear experimental re-
actor �ITER�, the wires are cabled in several stages and when
subjected to electromagnetic forces, the individual strands
are subjected to strain variations. The ITER model coil test
results, for example, showed the conductor performance de-
pends on the electromagnetic forces.2,3

Various approaches to characterize superconducting be-
havior versus strain have been employed throughout the last
decades. For technological wire most attention has been paid
to axial and transverse strain experiments as these represent
the strain components relevant for magnet technology.

Influence of the axial strain can be studied with having a
force applied on a free suspended sample,1,4 a sample
mounted on a spiraled substrate,5,6 �so-called Walters spring�,
and a method based on a straight beam section that is part of
a U-shaped bending spring 7 or alternatively to an initially
curved beam 8 �so-called pacman�. For applied transverse

strain, we can distinguish between homogeneously distrib-
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uted loads on a wire, being, for example, sandwiched be-
tween flat surfaces,9,10 spatial periodically applied stress by
using crossing strands,11,12 and finally bending strain. For
bending strain we can differentiate between spatial periodical
loading with a wavelike bending pattern 13,14 and bending
along a bend surface or cylinder with constant radius. 15–19

As bending strain in the Nb3Sn filaments is largely a distri-
bution of axial strain over the wire cross section, knowledge
of the Ic versus axial strain dependency is required for analy-
sis of the bending strain influence.

The interest for bending strain in Nb3Sn wires is highly
stimulated after the analysis of the first model coil tests for
ITER, built with large size CICC’s, in 2000. 2,3,20 Since that
time, there seems to be a rather broad consensus on the effect
of bending due to electromagnetic forces on the performance
degradation of Nb3Sn wires in large multistage cabled
CICC’s. It is well established that a bending strain affects the
critical current density of the filaments because of varying
strain in axial direction of the twisted filaments. This initiates
a decrease of the critical current, a broadening of the voltage-
current transition �i.e., a drop in the n value�, or both. The
bending strain response depends on the internal strand layout
in terms of twist pitch and on the internal resistance, deter-
mining the degree of current transfer between the filaments.

The axial and transverse electromagnetic forces in com-
bination with the thermal contraction in multistrand ITER
conductors cause changes in the strand stress state and leads

to elastoplastic strand deformations. The thermal loads arise
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due to the differential expansion between the Nb3Sn strand
bundle and the steel or Incoloy conduit. The limited degree
of flexibility for the strands in the cable together with the
prebend wavy pattern from the cabling creates scope for not
only axial precompression but possibly even cool down
stresses acting like a bending strain.

The transverse forces lead to compressive pinching
strain at the crossover contacts21 and bending strain along the
strands. A hypothesis from Mitchell22 adopts bending as the
main source for ITER conductor degradation and the pre-
dicted bending strains due to the transverse magnetic loads
are up to ±0.5%.3

In the framework of ITER research and development at
our institute an apparatus named TARSIS has been devel-
oped to study the effect of various deformations such as ho-
mogeneous and spatial periodic transverse stress, and bend-
ing and axial �stress-� strain on the transport properties of
superconducting wires.12,14 With the developed probes we
are able to monitor, besides the voltage and current, precisely
the actual force and deflection in terms of wire bending or
deformation at three different locations on the wire itself. A
detailed description of the setup and the results on bending
of a powder-in-tube processed Nb3Sn wire are recently re-
ported. 23 A set of axial tensile stress-strain measurements on
several strand types, necessary to analyze the results on
bending, has just been published.24

Other recent experimental results in literature, in particu-
lar, on bending of Nb3Sn strands, show dispersion in results,
basically depending on the applied experimental method.
Therefore, a direct comparison of results is mostly inappro-
priate because some methods use prebending at room tem-
perature, while others obtain precompression utilizing a ma-
terial with a high coefficient of thermal expansion �CTE�.

An approach that utilizes repeated bending at room tem-
perature, as a method to improve the transport properties of
Nb3Sn wires, causes an increase of the Ic,

25 �up to a factor of
2 at high fields� with a prebending strain up to 0.5%. The
bending strain is defined as the peak strain at the outer cir-
cumference of the wire’s filamentary region. The observed
increase in Ic is attributed to a relaxation of the filament axial
compressive strain due to an overall elongation of the wire,
likely in combination with a reduction in radial prestress as
well. Another experiment,16 investigating the impact of bend
strain �bending just once and on a constant radius� of up to
0.3%, applied at room temperature, revealed an Ic improve-
ment, exceeding 30%. An experiment with applied spatial
periodic bending at 4.2 K, almost similar to the method ap-
plied with TARSIS except for a precise measurement of the
bending amplitude, leads to only a decrease in Ic with in-
creasing bending deflection. A drawback of this method is
that the exact zero strain condition is defined to coincide
with the first observation in Ic decrease.13 This approach may
be argued since the initial bending of the wire goes with very
low force and considering the results from other bending
experiments, summarized above, we cannot exclude that the
Ic remains practically constant at low bending strain or may
even show some increase. Adopting the initial change of the
critical current as an indicator for the zero strain level may

be misleading in the possible presence of strain relaxation

loaded 24 Nov 2010 to 130.89.112.86. Redistribution subject to AIP lic
counterbalancing a decrease in Ic due to bending. A precise
measurement of the deflection is therefore crucial to resolve
exactly the zero strain.

In summary, the variety in methods for wire bending
experiments still leaves ample opportunity for different inter-
pretations. For this reason we worked out an alternative route
for exploring experimentally the effect of periodic bending
on the Ic of a Nb3Sn strand that can easily be used against
low development cost by laboratories with an Ic measure-
ment facility. The method is indicated as “barrel with slots,”
from here on referred to as BWS. We give a description of
the method and present the results obtained on a powder-in-
tube processed Nb3Sn wire. The data determined with a
background field of 12 T are compared with data taken from
the same strand type on the TARSIS bending probe.23

II. EXPERIMENTAL METHOD

A. Test configuration

We use a well-known standard ITER barrel26 that is
broadly applied for critical current measurements during the
last decade. The strand is wound on the spiral groove of a
molybdenum sulfide coated and preoxidized TiAlV cylinder,
whose CTE matches closely that of Nb3Sn. The wire is stan-
dard wound under tension with a counterweight of 0.8 kg to
assure a constant sample pretension and defined preparation
procedure. Slots are machined on recurring distances in the
wall of the cylindrical sample holder at the two turns in the
middle to allow for periodic bending when subjected to elec-
tromagnetic �EM� forces pointing towards the center of the
barrel �see Fig. 1�.

Basically the wire follows a periodic support of bridges
with open spaces in between. The span of the slots is iden-
tical to the distance between them, determining the bending
periodicity or wavelength �see Fig. 2�. To restrict wire move-
ment during the heat treatment, the wire ends are fixed by
screws on the two copper rings attached to the TiAlV barrel.
After the heat treatment the wire ends are soldered to the
copper rings to which the current leads are connected �see
Fig. 2�.

The sample is shunted by a parallel superconducting
wire �by soldering� at the transfer point from the barrel to the
copper rings for connection to the current leads to provide

FIG. 1. Standard ITER sample holder with grooves to guide the wire. The
black areas in the two center grooves represent the slots where the wire is
not supported.
better stability along this section.
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When the electromagnetic forces on the windings point
inwards to the center of the barrel, the turns crossing the slots
are subjected to bending. The other turns, supported along
their entire length, reflect the properties of an unbent wire.
The wire is not glued to the barrel and the depth of the
groove assures a good guidance of the turns. Voltage taps are
attached to both the sections subjected to spatial periodic
bending and to the fully supported sections. The overall volt-
age of the sample including the section soldered to the cur-
rent leads is measured as well to monitor the connection
quality.

B. Strand samples and test procedure

One of the strands, tested in the TARSIS setup to inves-
tigate the impact of periodic bending, is a binary powder in
tube �PIT� wire manufactured by Shape Metal Innovation
�SMI�. The same strand,23 with a diameter of 0.805 mm and
504 filaments, was used here for testing with the BWS
method. Three barrels were prepared with slot wavelengths
of 5.0, 7.2, and 9.1 mm, being in the range of the bending
wavelengths in the ITER model coil conductors.23 All
samples are heat treated in one batch, no changes in the wire
tension is applied after the heat treatment and during the

FIG. 2. Standard ITER sample holder with slots along two turns in the
middle. The ends of the wire sample are soldered to the copper rings and the
voltage taps are visible �a�. Detailed view of the slots under the wire in the
two grooves from the barrel with wire �b�.
soldering of the wire ends to the copper rings.
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The test is performed with an extended field range start-
ing at 15 T and subsequently decreasing with steps of 1 T to
finally 7 T. First the entire field range �down� with EM force
inwards was explored and then repeated with the force point-
ing outwards �starting again at 15 T�.

III. BENDING STRAIN EFFECT ON Ic

A. Low and high transverse resistivity regime

The prediction of the effect of bending strain on the Ic of
a Nb3Sn strand is described by Ekin15 in terms of uniform
bending �with constant radius� which creates a periodic
strain variation along the twisted filaments. The model also
describes quite well the effect of spatial periodic bending for
a Nb3Sn strand with low transverse resistivity23 as the bend-
ing effect is not only affected by the applied bending strain
but depends also on the interfilament electrical resistivity.
The electrical resistance between the twisted filaments deter-
mines the current transfer length. The details are pointed out
elsewhere15,23 so here we just give a brief summary.

When the wire is bent with a single radius in one direc-
tion, the twist of the filaments determines the periodicity in
strain variation. In a cable, however, the pattern of crossing
strands superimposes a cyclic varying strain pattern on top of
the global cable twist. For the average spacing between the
support points, about 6 mm are anticipated from a cable in-
spection on a CS1 type of ITER model coil conductor23 �the
wavelengths in this periodic pattern may vary with the cho-
sen twist pitches of the initial cabling stages�. Current trans-
fer between filaments therefore depends on both the resulting
longitudinal strain periodicity and the interfilament resis-
tance.

One �unlikely� extreme is that current transfer between
the filaments is not allowed either by a very high matrix
resistivity or a very short filament twist pitch. In this limiting
case we may write15

Ic =
2A

�b0
2 �

0

�b0

Jc�B,T,�th − ���d� �A� , �1�

with A the cross section area of the strand, � the strain in the
filaments over a cross section of the strand, �b0 the peak
bending strain in the outer ring of filaments, �th the thermal
precompression of the Nb3Sn filaments, and Jc the critical
current density. If on the other hand current transfer is al-
lowed at a low voltage level, the overall Ic of a strand is the
sum of the filament currents at any section considering the
local strain variation over the section. In this other limiting
case, for �long pitch or� low matrix resistivity, which is likely
more representative for most practical wires, we may write15

Ic =
2A

��b0
2 �

−�b0

�b0

Jc�B,T,�th + ����th
2 − �2d� �A� . �2�

In order to solve relations �1� and �2� one needs to know the
axial Ic��� relation, which is obtained experimentally.8 The
shape of the computed curves from relations �1� and �2� is
primarily driven by the Ic strain variation of the particular
Nb3Sn strand. The state of the art Ic��� scaling relations do
not account for irreversible behavior in the Ic�B ,T ,�� data

spectrum at high tensile loads and hence we use a polyno-
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mial fit to account for the additional large Ic reduction at high
tensile strain due to filament cracks. In Ref. 23 a polynomial
fit to the experimental Ic��� data is presented for the SMI-
PIT wire at 12 T and 4.2 K. The data are measured with the
pacman strain probe8 using an Ic criterion of 10 �V/m.
Based on this polynomial Ic��� fit, we calculate the bending
effect extremes, assuming full or no interfilament current
transfer for the strand Ic range.

B. Current transfer length and n value

The current transfer length Lct for low and high strand
transverse resistances can be formulated for a certain voltage
criterion as

Lct = �0.1

n
�0.5���

�* �0.5

d , �3�

in which n is the n value characterizing the V-I transition, ��

is the matrix resistivity, �* is the resistivity criterion used to
define the Ic �at 10 �V/m�, and d is �throughout the article�
the strand diameter.27 In this relation the resistivity and the n
value change during strand deformation due to yielding of
the copper stabilizer but it is verified that the effect is only
marginal in a bending experiment with a low number of
cycles.23

The longitudinal electric field in a strand Ez is a nonlin-
ear function of the current, of the temperature, and of the
magnetic field. The n values are normally determined from
the V-I curves in the electric field range of 10–100 �V/m
with the commonly used power law V-I representation. The
V-I characteristic, as the current increases, gradually travels
from limited to full current transfer and the characteristic
strongly depends on the bending strain and interfilament re-
sistivity. Routinely we assume strands to have a constant n
value obeying a power law fit but for increasing periodic
bending strain, the V-I curve turns from �relatively� higher
resistive to lower resistive regime along the V-I transition
region �with increasing current� and does not actually follow
anymore the power law.23 This illustrates the deficiency in
application of the simple power law approach for the n value
in the interpretation of these bending experiments. Neverthe-
less, we will use the common formulation of the n value,
reflecting the steepness of the V-I transition between 10 and
100 �V/m, in order to avoid confusion in discussions with
reference to the traditional definition.

The intrastrand transverse resistance is derived from the
strand coupling-loss time constant. The constant � of the
coupling-loss per unit volume of strand is described as

� =
�0

2��

� Lp

2�
�2

�s� , �4�

where Lp is the twist pitch, �� is the effective electrical
transverse resistivity �� m�, and �0 is the permeability in
vacuum.28,29 The electromagnetic loss in superconductors
consists of hysteresis and coupling loss. The coupling loss
time constant is derived from the initial slope of the loss
curve ��J /m3�, energy loss per cycle versus applied sweep
rate of identical amplitude�, assuming that the hysteresis loss
per cycle at low excitation is independent from the sweep

rate. This method of determining the transverse resistance
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between filaments from the inductive coupling between fila-
ments is considered correct as also for bending, this particu-
lar interfilament coupling is relevant for redistribution. When
the current transfer length is calculated with �*=1.7
�10−14 � m and an n value of 50, Lct amounts to 4 mm.
With a filament twist pitch of 10 mm we expect the low
resistivity scenario for this PIT strand.

IV. EVALUATION OF BENDING AMPLITUDE AND
STRAIN

The principle of the TARSIS bending probe with point
loads and clamped ends is sketched in the left part of Fig.
3.23 The point load F represents the transferred magnetic
point load from the upper crossing strand in a cable or as
utilized by the periodic pattern with bulges in the TARSIS
bending probe. The bending moment distribution is easily
calculated from the theory of straight indeterminate beams
that can be found in many textbooks.

The corresponding standard �elastic� equation for the de-
flection �f� in the case of point loads F, with clamped ends
and length L �equal to the wavelength Lw� in Fig. 3, repre-
senting the TARSIS test state is given by

fmax =
FLw

3

�EIa
�m� , �5�

in which the term � is 192 for point load, E is the modulus of
elasticity, and Ia is the moment of inertia:

Ia =
�d4

64
�m4� . �6�

The peak strain � is now calculated with

� =
Mb

WbE
�− � , �7�

in which Mb represents the bending moment:

Mb =
FLw

	
�N m� , �8�

while Wb is the section factor:

Wb =
�d3

32
, �m3� . �9�

The term 	 in relation �8�, giving the bending moment, de-
pends on the position in the wire and is also given in general
available textbooks. For the principle of the TARSIS bending
probe with point load and clamped ends, the value for 	 is 8.

The principle of bending load from distributed electro-
magnetic force due to the strand currents is schematically
represented in the right sketch of Fig. 3.The distributed load

FIG. 3. Schematic view of point load �TARSIS bending probe� and distrib-
uted load �BWS method� with L=Lw.
per unit length for the BWS method is q=BI with B the
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applied magnet field and I the strand current. The distributed
load along the slot between the two changeovers to the sup-
porting grooves in the barrel is then Q �in Newton�, with
Q=qLw.

The corresponding standard equation for the deflection
�f� in the case of distributed load Q, with clamped ends and
length Lw in Fig. 3, representing the BWS test condition is
given by Eq. �5� with �=384 and distributed load Q instead
of point load F. The deflection of the wire in the center of the
slot is clearly less than for a point load due to the higher �.
For this distributed load, the value for 	 is 24 in the center of
the slot and 12 at the changeover from support to slot.30 As a
result the peak bending strain at the changeover is higher
than in the center of the slot. So for calculation of the peak
bending strain we choose the lower value for 	 and in order
to compensate for nonideal clamping at the changeover,
where the strand may be slightly lifted from the barrel, we
choose 	=14.

A complication is that the initial part of the axial tensile
stress-strain curve of reacted Nb3Sn strands, on which we
determine the modulus of elasticity, hardly has a linear part
or just up relatively low stress.24 The annealed copper �or
bronze� in the wire yields from the beginning of the axial
tensile stress-strain test and consequently it is essential to
measure the axial stress-strain characteristic of the particular
strand to enable an accurate computation of the mechanical
response to applied bending loads. The stiffness of the
strand, together with the sensitivity to strain, will actually
determine the performance under bending load.

The axial tensile stress-strain curve is determined with
the specially developed �TARSIS� probe24 on the SMI-PIT
wire at 4.2 K and the result is plotted in Fig. 4. This charac-
teristic is used to calculate the deflection of the wire in the
bending tests for the given wavelengths.

As the linear region of the stress-strain curve for this
wire is only linear for very low stress, the overall stress-
strain behavior can only be described accurately by using
elastoplastic properties. For simplicity in computation, but to
model the strand axial elastoplastic behavior, the modulus E

FIG. 4. Tensile stress-strain curve with unloading of a SMI-PIT sample
measured with the TARSIS strand axial stress-strain probe at 4.2 K.
is now approximated by two linear regimes. In the elastic
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region below an axial strain of 0.028% the modulus is taken
by 100 GPa while for �
0.028%, with continuous yielding,
the modulus is approached by 39 GPa.

An additional complication is the shift of the neutral axis
but this is neglected here. These simplified elastoplastic
model conditions were used previously to predict the load-
deflection curves for the TARSIS bending probe on the same
strand type, showing good agreement with the experimental
data.23

For the BWS method, the peak bending strain is calcu-
lated for the applied magnetic fields and three bending wave-
lengths, taking into account the strand axial tensile stress-
strain characteristics from Fig. 4 and relation �7� �see Fig. 5�.

V. EXPERIMENTAL RESULTS

Figure 6 illustrates the effect of bending on the critical
current �Ic,b bend section divided by Ic0 supported section�
for different Ic criteria, 1, 10, and 100 �V/m. Ic0 is defined
as the critical current without applied bending load while Ic,b

is the critical current with applied bending load. For Lorentz
force directed inwards �regular current direction� we expect
indeed a reduction in performance for lower field, i.e., higher

FIG. 5. The peak bending strain in the filamentary region of the strand at Ic

�10 �V/m� for three bending wavelengths �legend� vs the applied magnetic
field.

FIG. 6. The reduced Ic for Ec=1, 10, and 100 �V/m vs the applied field for
regular current direction �F-in is force inwards� and reversed current direc-
tion �F-out� on turns with slots �bend� and fully supported; the wavelength is

5.0 mm.
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bending force �see Fig. 5�. The initial lowest electromagnetic
load at 15 T already seems to lead to a reduction of 2%.

A lower electric field criterion is linked to a higher sen-
sitivity for bending. Initially, at low bending strain the
Ic,b / Ic,0 ratio is practically similar for 1, 10, and 100 �V/m
while the difference in reduction becomes more pronounced
with increasing force. When the current is reversed, starting
again at highest applied field �lowest force�, the Ic,b / Ic,0 ratio
is about 0.995 for both higher Ec criteria while for 1 �V/m
a small reduction gradually develops �the measurements
were done after the ones with the force inwards�.

In Fig. 7 the reduced Ic is plotted versus the applied peak
bending strain in the filamentary region for the three Ec cri-
teria. In the same graph we present the computed curves
based on relations �1� and �2� for low and high strand trans-
verse resistivities. The computation of these curves is based
on the measured Ic versus axial strain characteristic for an
electric field criterion of 10 �V/m and the deviatoric strain
scaling proposed by ten Haken.30

Although the tendency of the measured data seems not
to intersect unity at zero bending strain, the overall perfor-
mance corresponds clearly to the low transverse resistivity
behavior.

The results for the barrel with 9.1 mm bending wave-

FIG. 7. The reduced Ic vs the peak bend strain from turns crossing slots and
entirely supported. The calculated reduced Ic for low �lowRho� and high
�highRho� transverse resistivities at Ec=10 �V/m criterion are presented
for comparison, the wavelength is 5.0 mm.

FIG. 8. The reduced Ic vs the peak bend strain from turns crossing slots and
supported. The calculated reduced Ic for low and high transverse resistivities

at Ec=10 �V/m are presented for comparison, the wavelength is 9.1 mm.
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length is presented in Fig. 8. A voltage level of 100 �V/m
could not be achieved for the two largest wavelengths. Just
as noticed for 5.0 mm wavelength, also for 7.2 and 9.1 mm
wavelengths the measured reduced Ic and the calculated
curves, based on the bending strain relations for low and
high strand transverse resistivity, show a response that
matches the low transverse resistivity regime. Also here the
tendency of the measured curves seems not to intersect unity
at zero bending strain but in contradiction to the 5.0 mm
wavelength, here an extrapolation would surpass unity.

The results for the three wavelengths are collected in
Fig. 9 where the scale on the horizontal axis represents the
BI or Lorentz force with the unit N/m. In the same figure we
plotted the computed curves based on relation �2� for low
transverse resistivity and �7� to correlate with the bending
strain.

VI. DISCUSSION

The measured data, as summarized in Fig. 9, illustrate
plainly a larger reduction in performance with longer bend-

FIG. 9. The reduced Ic vs the applied Lorentz force from turns crossing slots
and entirely supported at wavelengths of 5.0, 7.2, and 9.1 mm. The solid
lines represent the predicted reduced Ic for low transverse resistivity regime
at Ec=10 �V/m.

FIG. 10. The reduced Ic vs the bending strain for the barrels with slots at
wavelengths of 5.0, 7.2, and 9.1 mm, compared with the data obtained on
TARSIS bending probes with four wavelengths, all for 12 T. The lines rep-
resent the calculated reduced Ic for low �solid� and high �dashed� interfila-

ment �IF� transverse resistivities.
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ing wavelength for increasing applied load or bending strain.
Compared with the computations based on low transverse
resistivity �relation �2��, the measured Ic��� curve for axial
strain, and the measured strand axial tensile stress-strain
curve �from the TARSIS probe�, represented by the solid
lines in Figs. 7–9, we find a fair agreement between mea-
sured data and prediction. Altogether we find a difference of
about 5% with the largest deviation for the barrel with
9.1 mm wavelength. We observe that the data correspond
with the prediction for low transverse resistivity, which in
turn is in good agreement with the short current transfer
length of 4 mm derived from the measured coupling-loss
time constant.

This is also well illustrated in Fig. 10 where the data
obtained at 12 T are collected from the advanced TARSIS
bending probe23 and the BWS method. One of the main ob-
jectives of BWS test is to make a direct comparison to the
results obtained with the TARSIS bending probes. The direct
comparison shows excellent agreement between both experi-
mental methods and with the computed curve for low trans-
verse resistivity.

Although the number of data for the n values determined
at 12 T is only limited for the BWS method and a fair com-
parison is restricted, Fig. 11 confirms a rather good correla-
tion for the n value dependency against applied bending
strain and wavelength. Both methods, BWS and TARSIS
bending probe, show invariance or a slight enhancement of
the n value at low strain level and a higher n value for the
larger wavelength of 9.1 mm compared with 7.2 mm.

VII. SUMMARY

We developed and validated a simple and straightfor-

FIG. 11. The reduced n value vs the bending strain on the BWS at wave-
lengths of 5.0, 7.2, and 9.1 mm compared with the results obtained with the
TARSIS bending probes.
ward experimental method to verify the effect of bending

loaded 24 Nov 2010 to 130.89.112.86. Redistribution subject to AIP lic
due to electromagnetic load on the critical current of Nb3Sn
strands. The method can be applied to strain sensitive con-
ductors in general. The strand is wound on a standard ITER
barrel with slots �BWS� to impose a spatial periodic bending
pattern along the two center turns. The results of the method
proposed here are, in terms of Ic and n value, in very good
agreement with a more sophisticated method named TARSIS
where beside transport properties, also the mechanical prop-
erties are monitored. The agreement between the measured
and the predicted data for low interfilament transverse resis-
tivity regime �short current transfer length� is about 5%.
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