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Abstract—In a typical Nb3Sn cable for fusion applications, the 
knowledge of the strain state of Nb3Sn filaments is important to 
predict and interpret the conductor performance in operation. 
Amongst the relevant strain sources, the predominant is the ther-
mal strain that arises during the cool-down of the conductor to op-
erating temperature, due to the different expansion of Nb3Sn and 
copper in the cable and the stainless steel conduit. This work ad-
dresses the characterization of Nb3Sn thermal strain in the React 
& Wind prototype (RW2) developed by EPFL-SPC for the toroidal 
field coil and the central solenoid of the EUROfusion DEMO fu-
sion reactor. AC susceptibility measurements were performed on 
the RW2 prototype to assess the thermal strain distribution in the 
cable cross-section, before and after undergoing electromagnetic 
and thermal cyclic loading. The results of the analysis have shown 
that RW2 exhibits a significantly lower absolute mean strain value 
(about -0.3%), compared to many Wind & React ITER conductor 
samples investigated with the same method. In addition, the analy-
sis highlighted that the assessed thermal strain distribution does 
not vary significantly before and after the electromagnetic and 
thermal cycles, confirming the small performance degradation in 
the RW2 conductor that has been recently reported.  
0F  

Index Terms—Nb3Sn, React&Wind, superconducting cable, 
thermal strain distribution. 

I.  INTRODUCTION 
HE Nb3Sn superconducting phase is obtained by a sol-

id-state diffusion heat treatment at ≈650 ºC. The strands, 
ductile before the heat treatment, become very brittle after the 
heat treatment. Moreover, Nb3Sn’s superconducting properties 
drop with the applied strain (ε), both compressive and tensile. 

The main sources of strain in Nb3Sn cables are [1]: thermal 
strain, εth, that arises due to difference of the thermal expan-
sion of the different materials in the conductor during cool 
down to the operating temperature (≈4.5 K); operating strain, 
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εop, due to the electro-magnetic loads acting on the cable dur-
ing operation. 

The strain state, especially the thermal one, depends strong-
ly on the technique used to manufacture the cable. The two 
main manufacturing techniques for Nb3Sn conductors are the 
so-called Wind and React (W&R) and React and Wind 
(R&W). When using the W&R technique, the cable is manu-
factured and wound to the final shape of the coil before the 
heat treatment. After the heat treatment, manipulation is lim-
ited to the application of electrical insulation on the conductor 
surface. When using the R&W technique, the cable is first 
wound on a circular spool and heat treated; then, it is straight-
ened, assembled with the stabilizer and steel conduit at room 
temperature, and electrically insulated. The main advantage of 
the R&W technique is that only the cable undergoes the heat 
treatment, whereas the jacketing is done at room temperature. 
Hence, Nb3Sn is not exposed to the strain build-up during the 
cool-down from heat-treatment temperature to room tempera-
ture, only from room temperature down to the operating tem-
perature. Lower thermal strain corresponds to higher perfor-
mance in terms of Jc, thus allowing for a reduction of the 
amount of superconductor in the cable, saving on the overall 
cost of the magnet. The main concern of the R&W technique 
is that the cable undergoes bending strain during handling and 
manufacturing, i.e. during the straightening procedure for the 
jacketing and re-bending to the final coil shape.  

Strain management in the Nb3Sn conductors is a challeng-
ing task, mainly because it is not possible to perform a direct 
measurement of the strain state of Nb3Sn strands inside the 
cable. To date, several studies [2]-[6] have been performed to 
evaluate strain distribution in Nb3Sn cables for fusion applica-
tions, both experimentally (e.g., neutron diffraction measure-
ments [2]; inductive Tc measurements [3], [4]) and simulation 
based [5], [6]. However, none of the existing studies has been 
applied to R&W conductors (e.g., [2]-[6] addressed W&R 
conductors for use in ITER [7]). 

The present work aims to experimentally investigate the 
strain distribution in R&W cables via inductive Tc measure-
ments. In particular, this technique - presented in Section II - 
has been applied to the R&W sample (RW2) developed by the 
Swiss Plasma Center (EPFL-SPC) as a prototype for the toroi-
dal field coils and the central solenoid of the EUROfusion 
DEMO fusion reactor [8]. RW2 is a flat cable surrounded by a 
stabilizer, i.e. the copper cross section needed for the quench 
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protection. Several sections of RW2 were tested in SULTAN 
[9], [10] with different types of stabilizers. The present appli-
cation considers the prototype tested with the full mixed ma-
trix stabilizer. A cross section view of the Nb3Sn cable assem-
bled with the stabilizer and the steel jacket is shown in Fig. 1. 
More details on the conductor design can be found in [9]. The 
evolution of the strain distribution in the conductor was stud-
ied by performing inductive Tc measurements during the quali-
fication test campaign at 0, 50, 520, 1000 electromagnetic 
(EM) cycles and at the end of the test campaign, after four 
warm-up cool-down (WUCD) cycles to room temperature, in 
addition to the usual DC performance tests in the SULTAN 
test facility. 

II. INDUCTIVE TC MEASUREMENTS: METHODOLOGY 
The inductive Tc measurements are based on the direct 

measurement of the magnetic susceptibility at 0 T background 
field and without transport current for both the full-size con-
ductor, namely χCond, and the Nb3Sn filaments etched from a 
strand used for the cable manufacturing, namely χf. The meas-
urements are performed as a function of temperature in the 
range of 5 to 20 K.  

The magnetic susceptibility measurements are performed 
inducing a small AC magnetic field in the sample by an exci-
tation coil. A sensing coil wound on the superconducting sam-
ple – either the conductor or the Nb3Sn filaments extracted 
from the strands – detects a signal proportional to the magnet-
ic susceptibility of the material, i.e. to its magnetization. In-
creasing the temperature from 5 K to 20 K, the transition from 
superconducting to non-superconducting state can be observed 
as a change from perfectly diamagnetic to paramagnetic be-
havior of the material. Fig. 2 shows the coils used for the AC 
susceptibility measurement of the full-size conductor (top) and 
of the filaments (bottom). The conductor was tested in SUL-
TAN, whilst the filaments were tested in a dynamic Variable 
Temperature Insert in a laboratory cryostat. 

An important requirement when performing susceptibility 
measurements is to ensure a temperature variation over time as 
slow as possible, in order to minimize the temperature gradi-
ents in the sample, hence increasing the precision of the χ(T) 
measurement. This aspect becomes even more important when 
measuring the χ(T) of R&W conductors, given that the de-

pendence of Tc on strain is less pronounced than in W&R con-
ductors.  

In the measurements on the R&W cable presented in this 
paper, a heat exchanger was mounted in front of the SULTAN 
sample. The heat exchanger recuperates the heat in the sample, 
enabling higher He mass flow at 10-20 K temperatures, which 
could not be reached otherwise. The heat exchanger smooth-
ens any temperature disturbances, which, together with the 
higher mass flow rate, leads to a smooth temperature increase 
of the sample during ramp-up and reduces temperature insta-
bilities in the cooling circuit. 

The magnetic susceptibility for the full-size cable, i.e. χCond, 
can be interpreted as the summation of the susceptibility 
curves associated to the filaments, χf, and mathematically for-
mulated according to the following convolution: 

0

0
( ) ( , ) ( ) ,C MT

Cond f c c cT T T f T dTχ χ= ⋅∫  (1) 

where χf is expressed as a function of both temperature (T) 
and critical temperature (Tc). In discrete terms, (1) can be writ-
ten as: 

,Cond fX = X f      (2) 

where f, i.e. the unknown variable of (2), denotes the criti-
cal temperature distribution. Mathematically, f is a probability 
mass function, with each value of f representing the probabil-
ity that the critical temperature of a filament in the cable is 
equal to a specific Tc value. Physically, f represents the num-
ber of filaments in the cable corresponding to the given Tc val-

Fig. 1. RW2 prototype conductor assembly with the full mixed matrix 
stabilizer. 

Fig. 2. Top: Pick-up coil used for the susceptibility measurements of RW2. 
Bottom: Excitation coil (left) and pick-up coils (right) used for the 
susceptibility measurement of the etched filaments. The red dots illustrate the 
position of the temperature sensors. Dimensions are in mm. 
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ue. Calculating f corresponds to the solution of the following 
deconvolution problem: 

.T -1 T
f f f Condf = (X X ) X X    (3) 

Given the high condition number of the system, the problem 
is ill-posed. The Tikhonov regularization technique with the 
L-curve criterion [11], [12] was applied to solve (3). The 
Tikhonov regularization technique is an algorithm used to 
solve ill-posed problems by applying a priori knowledge of the 
solution. In general, Tc depends on the magnetic field, current, 
and strain: considering that the susceptibility measurements 
were performed in absence of both magnetic field and current, 
the calculated critical temperature distribution, f, depends only 
on the strain distribution G(εth). 

A direct derivation of G(εth) from f(Tc) is not possible since 
the critical temperature is not a monotonic function of strain. 
The derivation is then done based on the following qualitative 
assumptions: 

- The shape of the G(εth) distribution has to be similar 
to the f(Tc) one, i.e. a skew bell curve with a peak; 

- The mean of the G(εth) is expected at ε < 0 % because 
the stainless steel jacket puts the cable in compres-
sion; 

- The strain domain is bounded by the irreversible 
strain limits of the filaments. 

Based on the previous assumptions, the distribution chosen 
to infer the strain distribution is the weighted sum of two 
Gaussian distributions. 

III. APPLICATION TO RW2 CABLE: RESULTS 
Fig. 3 shows the measured susceptibility as a function of 

temperature for the etched filaments and the RW2 conductor 
at the beginning of the test campaign and at the end of the test 
campaign (after 1000 EM and 4 WUCD cycles). 

Fig. 4 shows the Tc distribution (top) and the strain distribu-
tion (bottom) calculated for the RW2 conductor at 0 EM and 

after 1000 EM and 4 WUCD cycles. The mean value, µ, and 
the standard deviation, σ, are µ = -0.27 %, σ = 0.09 % at the 
beginning of the test campaign, and µ = -0.29 %, σ = 0.09 % 
at the end of the test campaign. Table I summarizes the mean 
value (μ) and the standard deviation (σ) of the deduced strain 
distributions at different EM and WUCD cycles acquired dur-
ing the test campaign.  

Fig. 3. Susceptibility as a function of temperature measured for the 
filaments, and for RW2 at the beginning and the end of the test 
campaign. The susceptibilities are normalized to lie between -1 and 0. 

 

 
Fig. 4. Critical temperature distribution (top) and strain distribution 
(bottom) calculated for RW2 at the beginning and the end of the test 
campaign. 

TABLE I 
BEST ESTIMATE AND ASSOCIATED UNCERTAINTY BOUNDS OF 

µ AND σ OF THE ASSESSED STRAIN DISTRIBUTIONS 

EM WUCD µ [%] σ [%] 

0 0 -0.27 (-0.01,+0.01) 0.09 (-0.00,+0.00) 
50 0 -0.30 (-0.01,+0.02) 0.10 (-0.00,+0.01) 
520 0 -0.30 (-0.01,+0.01) 0.09 (-0.00,+0.00) 

1000 2 -0.29 (-0.02,+0.01) 0.08 (-0.00,+0.01) 

1000 4 -0.29 (-0.01,+0.01) 0.09 (-0.00,+0.00) 

Uncertainty bounds account for the error associated to χ(T) by assuming 
a ±0.05 K accuracy of T measurements. 
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IV. DISCUSSION 
The results of the inductive Tc measurements (Fig. 4 and 

Table I) indicate that the εth distribution of RW2 is character-
ized by relatively lower mean absolute value of εth in compres-
sion and lower standard deviation compared to the alternative 
types of conductors, e.g. in the W&R ITER conductors, where 
µ  = -0.48 ÷ -0.30 %, σ = 0.11 ÷ 0.36 %. As an example, 
Fig. 5 compares the G(εth) assessed in this paper for RW2 with 
one of the ITER samples, namely CNTF4 (from [3]: µ = -
0.43 %, σ = 0.13 % at the beginning of the test campaign and 
µ  = -0.44 %, σ = 0.17 % after 1000 EM cycles and 1 WUCD 
cycle). The lower mean absolute value of εth in RW2 is due to 
two reasons. First, compared to W&R, R&W manufacturing 
induces a smaller thermal strain in the cable, since the latter is 
assembled with the conductor after the heat treatment. Second, 
the section of RW2 used for the test was pre-loaded during the 
jacket assembly. As reported in [9], the pre-load was proven 
effective in improving the DC performance of the cable, be-
cause it reduces the probability that strands move during oper-
ation. For the same reasons, the εth distribution of RW2 is rela-
tively narrow around the mean value and it does not broaden 
after cyclic loading. The absence of broadening of the strain 
distribution is in agreement with the negligible degradation of 

DC performance after EM cycling. 
It must be noted that very small variations of current shar-

ing temperature, Tcs, were reported in the previous DC per-
formance tests [9] (about a 60 mK drop after the first 520 EM 
cycles, and about 0.13 K increase after 2 WUCD cycles), 
whilst such small variations were not observed in the inductive 
Tc measurements performed in this work. Assuming that the 
drop or increase in Tcs corresponds to a comparable change in 
Tc, it was estimated that a 60 mK drop would produce a ∆µ = -
0.01 % and ∆σ = 3.6∙10-4 %, whilst an 0.13 K increase would 
result in a ∆µ = +0.04 % and ∆σ = 0.03 %. Not observing such 
variations in the assessed strain distribution is likely due to the 
limited accuracy of the χ(T) measurement on the full-size 
conductor.  

Finally, it is important to underline that the measurements 
were performed in absence of both transport current and back-
ground magnetic field, and therefore also the operating strain 
εop is absent in the measurement, whereas it is present in the 
Tcs SULTAN tests and in the coil operation. We intend to 
study the effects on the strain distribution of a transverse load 
applied to the cable. In particular, inductive Tc measurements 
will be performed on a small piece of cable cut from the full-
size prototype tested in SULTAN. The transverse load exerted 
by electromagnetic forces on the cable during operation will 
be mimicked experimentally by a bolted clamp applied on the 
cable. The study is currently ongoing and the results will be 
presented in future work. 

V. CONCLUSIONS 
The characterization of Nb3Sn strain state within the cable 

cross-section can contribute to assessing reliable design crite-
ria for superconducting conductors, not only for DEMO, but in 
principle for a broader class of large scale, high field magnets 
for fusion applications or high energy physics. Existing works 
have studied the thermal strain distribution in W&R conduc-
tors, but never in R&W. As a first-of-a-kind attempt in this re-
search direction, the present work applies an indirect tech-
nique, based on magnetic susceptibility measurements, to as-
sess the thermal strain distribution in the RW2 prototype de-
veloped by SPC for the toroidal field coil and the central sole-
noid of the EUROfusion DEMO fusion reactor. 

The strain distribution calculated before the EM and 
WUCD cycles presents lower mean absolute values of strain 
with lower standard deviations compared to the ITER TF con-
ductors, and these values do not change with cyclic loading. 
The results, in agreement with the outcome of the qualification 
DC tests of RW2, demonstrate the applicability of the induc-
tive Tc measurement technique to study the strain state of the 
R&W conductors. 

Future work will use the same technique to investigate the 
effect of a transverse load on the strain distribution. 
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Fig. 5. Strain distribution assessed for the CNTF4 conductor and for 
RW2 at the beginning of the test campaign (0 EM and WUCD) and after 
1000 EM. 
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