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Abstract. In Phase II experiment of the International Thermonuclear 
Experimental Reactor (ITER) Toroidal Field Model Coil (TFMC) the 
operation limits of its 80 kA Nb3Sn  conductor were explored. 
To increase the magnetic field on the conductor, the TFMC was tested in 
presence of another large coil: the Euratom-LCT coil. Under these 
conditions the maximum field reached on the conductor, was around 10 
teslas.  
This exploration has been performed at constant current, by progressively 
increasing the coil temperature and monitoring the coil voltage drop in the 
current sharing regime.    
Such an operation was made possible thanks to the very high stability of the 
conductor. 
The aim of these tests was to compare the critical properties of the 
conductor with expectations and assess the ITER TF conductor design. 
These expectations are based on the documented critical field and 
temperature dependent properties of the 720 superconducting strands which 
compose the conductor. 
In addition the conductor properties are highly dependent on the strain, due 
to the compression appearing on Nb3Sn during the heat treatment of the 
pancakes and related to the differential thermal compression between Nb3Sn 
and the stainless steel jacket. No precise model exists to predict this strain, 
which is therefore the main information, which is expected from these tests. 
The method to deduce this strain from the different tests is presented, 
including a thermohydraulical analysis to identify the temperature of the 
critical point and a careful estimation of the field map across the conductor. 
The measured strain has been estimated in the range [-0.75% to -0.79 %]. 
This information will be taken into account for ITER design and some 
adjustment of the ITER conductor design is under examination. 
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1. Introduction 
 
In the framework of ITER programs, the ITER partners have carried out an extensive 
research and development programme for the last 10 years. This program aimed at 
designing and industrialising the high current (40-70 kA), high field conductors adapted 
to the superconducting magnet systems of this machine [1]. Europe has been involved 
in this programme. The solution retained for the ITER conductor, is the so-called 
Cabled in Conduit Conductor (CICC), the original concept of which was developed by 
Hoenig in 1974 [2]. Substantial progress has been made to adapt this concept to the 
requirements of fusion technology. One major step was the introduction of Nb3Sn, a 
more performing superconducting material required by the high level of magnetic field 
in ITER (12-13 T). 
In the framework of this program, two model coils were manufactured and tested: the 
Central Solenoid Model Coil (CSMC) [3, 4, 5, 6] and the Toroidal Field Model Coil 
(TFMC) [7 ,8 ,9]. 
Six thousand and five hundred meters of CSMC conductor in unit pieces of 200 m and 
nine hundred meters of TFMC conductor in five pieces were successfully provided for 
the manufacture of these model coils (Figure 1). 

 
 

Figure 1. Cross section of the CSMC  conductor (51 mmx51 mm) (left) 
and exploded cross section of TFMC conductor (Φ=40.7 mm) (right) 

 
It is to be noted that little experience existed about CICC and, up to now, except the 
NbTi poloidal system of LHD in Japan, no magnetic system using CICC is presently in 
operation [10]. Another large system is under construction: the magnet system of the 
superconducting stellarator W7-X [11]. 
After the tests of full size ITER conductor samples, the tests of scalable ITER model 
coils were therefore needed to confirm the expected performances of these conductors. 
These tests were a great success, demonstrating that this technology is now ready to be 
used in devices for fusion by magnetic confinement. The TFMC and the CSMC were 
both operated at their nominal values and the CSMC could be pulsed at nominal current 
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within 20 s without quench, which is really a highlight  for Superconductivity due to the 
very large stored energy of this system (600 MJ). 
A peculiarity of these magnetic systems made of CICC, is that they offer the possibility 
to test the margins of the conductors by increasing at constant current the operating 
temperature up to the so-called current sharing temperature Tcs, which is defined 
classically as associated with an electric field along the conductor of 10 µV/m. 
This possibility is not given in conventional bath cooled large superconducting magnet 
systems. Thus, the superconducting TF system of the Tokamak TORE SUPRA [12] is 
operating in a superfluid helium bath at 1.7 K. Its theoretical margin in temperature is 
2.5 K; in practice this margin was never tested, as there is no possibility either to change 
the bath temperature or to increase the magnet current. 
The recent tests of the ITER model coils and the associated exploration of margins by 
increasing the temperature have shown an electric field development occurring earlier 
than expected, as if the temperature margin was lower than the design value.  
This result will be presented in case of the TFMC which has been tested during the 
recent period 2001-2002. The conclusion of the experimental results is that the 
conductor does not behave has a simple collection of the constituting strands. 
Moreover this study had an immediate and positive impact on the design criteria of the 
ITER conductors, which were reconsidered as typically presented in [13] and [14]. 
 
2. Description of the TFMC and of its conductor 
 
2.1 The coil 
 
The winding pack of the TFMC is made by stacking 5 double pancakes (DP1, DP2, 
DP3, DP4, DP5) with a racetrack shape (Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. TFMC cross section showing the system of 5 double pancakes embedded in 
plates and surrounded by a casing. 

 
Each double pancake is embedded in the spiral grooves machined on both sides of a 
stainless steel plate. 
The total length of conductor is around 800 meters. 
The winding pack is enclosed in an 80 mm thick walled stainless steel case. 
 
Two campaigns of tests were carried out respectively in 2001 and 2002. In 2001 the coil 
was tested alone (test phase I). In 2002 the EURATOM LCT (LCT) was used as a 

Helium inlet on tested 
P1.2 pancake 
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background coil to reinforce the field on the conductor and simulate the ITER TF 
stresses (test phase II). 
  
2.2 The conductor 
 
The conductor is a so-called dual channel CICC. 
The cable (see Figure 3) is made of six petals cabled around a central metallic spiral of 
10 mm internal diameter and 1 mm thick. The characteristics of the cable are presented 
in Table 1. 
 

 
Figure 3. TFMC conductor (Φ=40.7 mm) 

 
Table 1. TFMC conductor characteristics 

 
Cable pattern 
Corresponding twist pitches 
Number of superconducting strands  
Number of copper strands 
Local void fraction in the annulus 
Central hole inner diameter 
Cable space diameter 
Jacket thickness 
 

3x3x5x4x6 
25mm/62mm/109 mm/168 mm/425 mm 
720 
360 
36 % 
10 mm 
37.5 mm 
1.6 mm 

 
The European party favoured the option of steel for the conductor jacket instead of a 
low expansion coefficient material such as incoloy. The reason for this choice was in 
particular the difficulties of heat treatment on large pieces of incoloy related to the so-
called SAGBO (Stress acceleration grain boundary oxidation) and the associated risk of 
leaks.  
This cable is inserted in a circular stainless steel jacket, 1.6 mm thick, to form the 
conductor. 



 5

2.3 The strand 
 
4 tons of strands (Figure 4) have been produced by Europa Metalli (EM) in Italy. 

 
Figure 4. EM-LMI Nb3Sn strand for TFMC (Φ=0.81 mm) 

 
The specifications of the strands are presented in Table 2. It is an internal tin strand. It 
was needed 208 billets at EM for the strand production using a double stacking process. 
 

Table 2. TFMC strand specifications 
 
 
Company Europa Metalli 
Process 
Wire diameter 
Minimum Jnoncu @ 12 T, 4.2 K 10µV/m 
Hystreresis losses, non Cu volume, ±3T cycle 
Minimum unit length 
Cr plating thickness  
Residual Resistivity ratio 
Cu/non-Cu 
Twist pitch length 
Ternary 
Number of filaments 
Filament diameter 

Internal tin 
0.81 mm 
700 A/mm2 
600 mJ/cm3 
1.5 km 
2.-0 +0.5 ìm 
>100 
1.5 
10 mm 
NbTa 7.5 w/o 
5400 
3.5 µm 

 
2.4 Exploration of the limits of the conductor 
 
About ten current sharing temperature measurements have been performed during the 
tests of the TFMC. A comprehensive presentation of all these tests will be made later in 
a general publication covering the TFMC experimental results. This paper will mainly 
concentrate on the exploration of the limits of the conductor in the most loaded case. In 
this case there is 80 kA in the TFMC and 16 kA in LCT (9.7 T on the conductor). Only 
one representative pancake has been tested: P1.2 (second pancake of side double 
pancake DP1) (see Figure 2). 
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After current ramping and plateau, the helium entering P1.2 pancake (at the inner joint) 
was slowly heated. The temperature was simultaneously increased in neighbouring P1.1 
pancake to limit the heat exchange between the two pancakes [15]. The voltage drop 
over the whole pancake was measured using co-wound voltage taps as visible in Figure 
5. The temperature presented in Figure 5 is the inlet temperature before the inner joint 
and there is no additional temperature sensor along the conductor. It is known however 
that the most critical point, where the field is maximum, is located at about 2 meters 
from the joint area. As visible in Figure 5, the voltage increased according to the inlet 
temperature illustrating the so-called current sharing regime. The conductor was so 
stable that it was possible to recover after a temperature excursion of 0.5 K above the 
current sharing temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Exploration of the TFMC limits by increasing the P1.2 temperature inlet 
Current sharing temperature is reached in the second temperature plateau 

(Test: 21 November 2002) 
 
3. Investigation of conductor limits 

 
3.1 Particular case of the single strand 
 
This investigation is done by measuring, at a given current, on a single superconducting 
strand, the current sharing temperature Tcs. It  is an implicit function of this current I, of 
the  magnetic field B and the filament strain ε through the non copper current density 
function Jnoncu. 
 

),,( εcsnoncu TBJJ =    with 
noncuS

I
J =      

 
Snoncu is the non copper cross-section in the conductor  
 
Tcs is experimentally defined as the temperature where an electrical field Ec of 10 µV/m 
appears along the conductor 
This electrical field develops according to the following empirical law where n is the so-
called ‘n’ value: 
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Supposing  the law Jnoncu  is known, the only unknown is then the strain. The main 
purpose of the exploration of the limits is the determination of the internal strain of the 
Nb3Sn.  
 
3.2 Case of a CICC in an actual coil 
 
In this case the properties of the constituting strand (the function Jnoncu) are supposed 
perfectly known. The central question is whether this CICC behaves exactly like a 
perfect collection or addition of these constituting strands or whether some degradation 
has been introduced during the fabrication process (cabling, jacketing). Moreover, in 
case of Nb3Sn, the intrinsic value of the strand strain can hardly be predicted and can be 
affected by the twist pitches of the cable or the cable void fraction. The main 
information awaited therefore from the exploration of the limits is an indication about 
the actual strain of the conductor in the representative magnetic configuration, which 
cannot be directly measured. 
The experimental difficulty is however far larger than in case of a single strand and can 
be illustrated through the TFMC experiment. 
  
3.2.1 Field map on the conductor 
 
The field is varying along the pancake conductor of length L (about 80 meters) and very 
precise calculations of the field map have been carried out [16]. This effect is taken into 
account to estimate the electrical field from the coil voltage drop, which is the only data 
available. 
In addition, due to the self field of the conductor, every strand during the cable twist 
travels through the cable section, experiencing a magnetic peak field from 9.685T on 
the inner line to 8.09 T, on the outer line of the conductor and a corresponding variation 
of electrical field. Formula (1) is therefore not valid and must be rewritten in a more 
complex form (2). θ is the strand inclination with regard to the local magnetic field. At a 
given abscissa s : 
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The voltage across P1.2 can then be calculated: 
 

∫=
L

P dssEV )(2.1                                                                                                              (3) 

 
It can be considered that, on a twist pitch, an average electrical field develops along the 
strand which is the same for all the strands as if the strands were in uniform effective 
value Beffective (see (2)). Beffective is depending on the way the integral over the cable 
section is calculated. Most of the models consider that there is a linear variation of  the 
magnetic field including in the central channel which is not completely satisfactory. 
Table 3 points out the influence of n on Beffective  and of the models. 
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Table 3. 80 kA in TFMC, 16 kA in LCT: Beffective in the TFMC peak field region 

(Bmin=8.09 T, Bmax=9.69 T) as a function of the model (see formula 2) 
 
 n=5 

Beffective (T) 
n=10 

Beffective (T) 
n=15 

Beffective (T) 
n=20 

Beffective (T) 
Magnetic field linear across the 
conductor (electrical field 
contribution in central hole) 

9.01 9.11 9.17 9.24 

Magnetic field linear across the 
conductor (no electrical field 
contribution in central hole)  

9.02 9.12 9.2 9.26 

Actual field map in the 
conductor (straight strands 
sinθ=1) 

9. 9.07 9.13 9.19 

Actual field map in the 
conductor (model including  
strand inclination due to twist) 

8.91 8.99 9.06 9.12 

 
3.2.2 Temperature distribution inside the conductor 
 
Most of the models consider that the temperature is uniform within the conductor 
section. This is certainly not true in current sharing regime and can lead to 
underestimation of the conductor temperature as about 70 % of the mass flow rate 
circulates in the central channel. As a matter of fact the heat transfer between the bundle 
region and the central channel of the conductor is not perfect due to the metallic spiral 
separating the two zones. Therefore, in case of steady state heat dissipation in the 
bundle region, as it is the case in current sharing regime, a temperature gradient appears 
between the two zones which vanishes within a space constant. This space constant is a 
function of the spiral geometry. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Typical difference of temperature between central channel  and bundle 
regions of the TFMC CICC during second plateau  

 
Based on experimental results obtained on a similar conductor in the Sultan facility a 
model has been developed and introduced in Gandalf [17]. 
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In this simulation (see Figure 6), the heat dissipation in current sharing is concentrated 
in the bundle region, it is even in addition concentrated in half of the bundle region 
where the field is the highest.  
This effect has been simulated by doubling this power. It is visible in Figure 6, that the 
difference of temperature in the bundle region as compared with the homogenous model 
is around 0.02 K around Tcs and can certainly not be neglected at higher voltage. 
 
3.2.3 Current distribution among the strands 
 
The discussion will be limited in this section to steady state. This is the case in the 
current sharing exploration at constant current. It is also the relevant situation for the TF 
system where the current will be kept constant for days. 
As for strands in the case of filaments, the current injection into a cable results in 
uneven current distribution among the strands. This phenomenon is amplified by the 
size of the conductor and the restricted volume allowed to the connection. It has been 
shown early that in a joint, some strands were not connected to the copper sole between 
two conductors and therefore carry no current at this level [18] (Figure 7), others being 
overloaded.  

 
Figure 7. Transverse cross section of a joint assembly 

 
Current redistribution within petal 
As soon as an electric field appears in a loaded strand in the high field zone, current 
redistribution can take place inside a conductor petal; this process is driven by the 
conductance between strands which is an increasing function of the length between the 
high field zone and the joint. Also redistribution occurs in the joint itself. 
The experience gained during the tests of the full size samples in Sultan [1] have shown 
that due to the high conductance between strands within a petal at such a void fraction, a 
degradation can hardly be expected, even if the high field zone is situated near the 
connection (2 meters). 
However, this phenomenon cannot be simply investigated and numerical codes are 
necessary such as ENSIC developed at CEA [19] to account for this diffusion process 
and predict the associated voltage-temperature characteristics. The data such as the 
contact resistances between strands and petals necessary to feed these codes cannot be 
measured and are under discussion.  
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Current redistribution between petals 
On the other hand, it has to be noted however, that the length needed to redistribute 
possible current unbalance between petals is certainly very long (>50 m). This high 
level of current unbalance can be expected in case of poor connection especially in case 
of not or badly connected petal. 
The good behaviour of connections during the TFMC test confirmed that no large 
dissymmetry can be awaited in case of the TFMC joints. 
In any case it is difficult to expect a current unbalance less than 10 % between petals 
even in a good joint. 
 
3.2.4  Nb3Sn filament strain  
 
In a Nb3Sn CICC, the critical current density depends on the effective strain εeffective 
applied to the filaments. In a first classical approach this strain in a coil is classically 
made of two components (the discussion will concentrate on steel jacketed conductors). 
This presentation will be discussed at the end of the paper in section 4.2.2. 
 
εeffective=  ε0 +  εop                                                                                                            (4) 
 
ε0  is the thermal compression due to heat treatment 
This is, in case of steel jackets, the driving parameter of the Nb3Sn strain. The origin of 
this strain is the differential thermal compression between steel and Nb3Sn. This 
parameter is unfortunately not known and values from –0.93 % [20]  to –0.85 % [14] 
are reported, direct measurements are certainly necessary. Moreover this value is 
decreased in an actual jacketed cable due to the void fraction and the imperfect bonding 
between the jacket and the conductor. Again this phenomenon is not characterized. 
A value of –0.6 % was taken into account for ITER design which turned out to be far 
too optimistic for the TFMC conductor. 
 
εop is the elongation which appears due to the electromagnetic forces during operation 
which partially compensates ε0. 
This elongation is a function of the electromagnetic forces and varies along the 
conductor (see Figure 8). It is not sure however whether this elongation fully applies to 
the strands. 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Representation in the first meters of P1.2 of the magnetic field and of the 
operation strain along the conductor 
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3.3 Conductor stability 
 
According to the stability criterion, the operating current of the coil has to be less than 
the so-called limiting current Ilim, to ensure the stability of the conductor. Classically 
this criterion allows to determine the copper cross-section of the strands Scu, the non 
copper cross-section Snoncu being determined through considerations on temperature 
margins.  
 

cu

noncucucuopc

d

SSSTTh
I

ρ

α )()(4
lim

+−
=                                                                            (5) 

 
Application of this criterion has been made for the TFMC experiment. During the 
exploration of the margins, the conductor was stable at 6.5 K and 9.7 T (see Figure 5) 
corresponding to 80 kA in the TFMC conductor. 
α is the wetted coefficient parameter (α=0.833) 
ρ is the copper resistivity at 9.1 T (ρ  =6.07 10-10Ωm) 

h is the heat transfer coefficient to helium (h=1000 W/m2K) 
d is the strand diameter (d=0.81 mm) 
Tc is the critical temperature at 9.1 T (Tc=9.9 K) 
Top is the temperature of operation 
Scu1= 223 mm2 Scu2= 408 mm2 Snoncu=148 mm2 

 
The first stage of the TFMC cable conductor is a triplet including two superconducting 
strands and a pure copper strand. Scu1 is the copper cross-section in the superconducting 
strands. Scu2 is the total copper cross-section in the conductor. 
 
Ilim (Scu1)  =43600 A    I(Scu2)  =72400 A 
 
The stable operation of the TFMC at 6.5 K and 80 kA (see Figure 5), well above these 
two theoretical limiting currents, shows that criteria (5) is too conservative. The value 
for h is probably underestimated but even a value of 2000 W/m2K is not sufficient to 
explain a stability theory with only the copper cross-section of the superconducting 
strands. The pure copper strands are certainly contributing to stability.  
 
4. Performance of  the TFMC conductor 
 
4.1 Results concerning the thermal strain 
 
4.1.1 Test at 80 kA in TFMC and 16 kA in LCT 
 
As explained in the preceding sections, knowing the properties of the strand and making 
the correct assumption for the temperature of the conductor and for the effective 
magnetic field, it is possible to deduce the thermal strain in the Nb3Sn filaments. 
 
The description of the strands is based on the Summers model [21]. The parameters to 
fit the Summers model have been deduced from the Quality Insurance Process of the 
TFMC. They have been presented in [22] and [23]. The current is supposed to be 
equally shared among the strands. 
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C0= 1.1 1010   Bc0m=29.1 T     Tc0m=16.9 K. 
 
It has been assumed from the fitting of the V(T) that the ‘n’ value of the strand was 
around 10, a lower value than  the strand value. 
Integrating the electrical field along the P1.2 conductor length it can be demonstrated 
that the corresponding pancake voltage drop is around 25 µV when the current sharing 
temperature is reached in the peak field region, which means when the electrical field in 
this region reaches 10 µV/m. Looking at Figure 5, this corresponds to the second 
plateau in temperature, at about 6.1 K at the inlet.  
According to Table 4, this corresponds to a temperature a bit higher in the conductor at 
the peak field region. 
 
Table 4. Starting from 6.1 K at the P1.2 joint inlet, estimation of conductor temperature 

at peak field (80 kA in TFMC, around Tcs ) 
 
 Corresponding temperature variation  
Heat exchange at the inlet joint -0.03 K 
Joint Heating 0.08 K 
Current sharing power 0.02 K 
From inlet to peak field region 0.07 K 
 
The thermal strain is then depending directly on the assumptions on Beffective and T as 
summarized in Table 5. 
 

Table 5. 80 kA in TFMC 16 kA in LCT: conclusion on ε0  
as a function of Beffective  and of the conductor temperature T 

 
 Tcs =6 K Tcs =6.1 K Tcs =6.2 K 
Beffective=9. T ε0=-0.807 % ε0=-0.793 % ε0=-0.777 % 
Beffective=9.1 T ε0=-0.792 % ε0=-0.777 % ε0=-0.762 % 
Beffective=9.2 T ε0=-0.777 % ε0=-0.762 % ε0=-0.746 % 

 
From this analysis and assuming Beffective=9.1 T and T= 6.15 K  ε0  is around –0.77 % 
with an error bar around 0.01 %. 
 
4.1.2 General overview concerning the exploration on TFMC 
 
In Figure 9, the estimation of ε0 is reported for six tests using ENSIC. The result 
concerning the most loaded electromagnetic case is not far from the estimation given 
before (ε0  =–0.77 %). It is surprising to see that ε0  is a (nearly) linear function of the 
electromagnetic loads obtained by multiplying the field on the conductor by the current 
in the conductor. 
The last and most critical test was very important as it is quite representative of the load 
the conductor will experience in the ITER TF coil (see Figure 9). 
This dependency of ε0  was not expected if it is, according to section 3.2.4, driven only 
by the differential contraction between steel and Nb3Sn linked to the thermal heat 
treatment of the coil. 
It is important to note that results obtained at low BxI, before and after tests at high BxI, 
are similar which means that tests at high BxI do not induce permanent degradation. 
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Figure 9. Influence of internal load on ε0 in TFMC experiment 
 

4.2 Discussion about the strain 
 
4.2.1 Previous experiment on mechanical samples 
 
The critical current density of Nb3Sn and current sharing temperature is very sensitive 
to longitudinal strain. This is illustrated in Figure 10.  
 

 
 
 
 
 
 
 
 

 
(a) (b) 

 
 

Figure 10. Compared influence of strain (a) and temperature (b) on EM strand Jnoncu 

 
Taking the EM strand in the nominal conditions of ITER before model coil experiments 
(B=11.8 T, T=5 K, ε=-0.5 %), an increase in strain compression of 0.2 % is equivalent 
to an increase of temperature of 1.3 K ! 
In the TFMC, during the heat treatment of the conductor performed at about 650 °C, 
due to the differential thermal compression between the conductor jacket and the strand, 
the filaments are put in compression leading to a high value of the strain. No direct 
measurement has ever been performed on any full size conductor; the exact strain of the 
Nb3Sn filament in such a conductor is therefore unknown. The only set of data available 
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comes from a mechanical experiment performed on subsize (36 strands) conductors at 
FZK in the FBI test facility with different kinds of jacket [24]. 
In this experiment carried out in 1997, 14 samples made of 36 strand jacketed 
conductors were tested at 4.2K and 13 T. The void fraction in the cable was 34 %. The 
material of the jacket was varied and the two ITER Nb3Sn European strands produced 
by EM (CL samples)and Vacuumschmelze (CV samples) were used. During this 
experiment, each sample was progressively stretched by pulling the conductor, 
increasing by this way the critical current. At every step the critical current was 
measured. The strain at which the critical current is maximum is noted as εexp. At this 
position the internal strain of the Nb3Sn filament is supposed to be zero. εexp is thus an 
estimation of the initial compressive strain due to the jacket and the other strand 
components (copper, bronze). The position of this maximum can be affected by bending 
strain (see following section). 
 

Table 6. Estimation of compressive strains in the mechanical samples tested  
at FZK in FBI 

 
Thin stainless steel jacket Thick stainless steel jacket Thick incoloy 908 jacket 

Sample εexp Sample εexp Sample εexp 
CL5 -0.69% CL1 -0.7% CL3 0.31% 
CL6 -0.66% CL2 -0.73% CL4 0.29% 
CV3 -0.70% CV5 -0.68% CV7 0.34% 
CV4 -0.70% CV6 -0.76% CV8 0.31% 
 
The estimation of this compressive strain is presented in Table 6. As expected incoloy 
conductors exhibit compressive strain lower that those of steel. The compressive strain 
of the steel jackets is in the average higher than 0.7 % but the void fraction of these 
samples (34 %) is lower than the TFMC conductor void fraction (36 %). It is relevant 
for the void fraction of  an advanced design of the ITER conductor. 
In case of sample CL2, the experimental curve of the critical current obtained by 
stretching the conductor is compared to the prediction obtained by taking 36 times the 
critical current of one strand. 
The agreement between these two curves is good at high compressive strain but a gap 
opens when the sample is stretched (see Figure 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Widening gap on Jnoncu  between experiment and prediction from strand, 
when stretching sample (EM strand, 12 T, 4.2 K) (FBI test facility) 
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4.2.2 Bending strain in CICC 
 
Recent analysis linked to ITER model coils experimental results have suggested that 
formula (4) was too simple to describe the situation in a CICC and that bending strain 
can explain at the same time:  

- the larger effective compressive strain in CICC 
- the dependency of ε0 on BxI even more pronounced in case of low expansion 

materials like incoloy or titanium 
- the low ‘n’ observed in Nb3Sn CICC 

 
Neil Mitchell has pioneered this reflection and a review concerning this analysis can be 
found in [20].  
Bending strain in Nb3Sn has been studied extensively 20 years ago by Ekin [25] at a 
time when react and wind coils were envisaged. In this study strands were bent after 
reaction on mandrels, creating a bending strain, which depends on the mandrel radius. 
In this situation the strain over the strand cross section is no longer uniform but 
classically presents a gradient around a neutral zone. On the external radius the 
compressive strain is increased while on the internal radius the compressive strain is 
decreased. The results of this academic study are still valid and show that the specific 
combination of thermal strain and bending strain plays a very important role. Thus, 
samples with high thermal strain are less sensitive to bending strain due to the shape of 
the curve Ic(ε) (see Figure 9). The high thermal compressive strain can be seen even 
like a protection preventing the strain to go into the tensile region where permanent 
degradation is expected. 
This sensitivity is also linked to the capacity of current redistribution inside a strand 
within a twist pitch to face the strain gradient. The low ‘n’ value could be an indication 
of this process. This capacity is very dependent on the strand twist pitch and on the 
effective matrix resistivity. 
 
In the analysis presented in [20], bending strain is not originated like in Ekin experiment  
by the react and wind method.  
The twist of the strands in the cable creates a wave whose amplitude is dependent on the 
overall cabling angle (cos ϕ =0.95 typically for an ITER cable) and the strands are no 
longer aligned with the jacket. Due to this wave, even without mechanical loading, the 
thermal compression originates a complex system of bending strain in CICC which is 
very different from the bonded model. This strain can vary across the strand cross-
section and along the strand with a wavelength of typically 5 to 10 mm. The magnetic 
forces generate an additional source of bending strain. 
A finite element model has been developed to simulate these phenomena, which can 
indicate useful tracks for the cable design. But this model can only deliver a range of 
possible performances, which is quite wide, without quantitative dependency, as a 
complete representative description of a such a complex system is hardly possible. 
Many mechanical and thermal properties are not sufficiently explored. The role of the 
void fraction which is probably important does not appears explicitly in the model. 
In that sense the results obtained on the TFMC were very precious. They brought direct 
representative information for ITER and allowed to adjust the conductor design in a 
pragmatic way. 
The intention in Europe is also to launch a program on subsize (36 strands) conductors 
jacketed with steel to be tested in the FBI facility, on which parameters like the void 
fraction, the twist pitch or the strand geometry can be varied.  
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5. Conclusion for the ITER TF conductor 
 
The TFMC experiment showed that the effective compressive strain of the Nb3Sn was 
higher than expected. This initiated a revision of the ITER TF conductor design. This 
process is summarized in Table 7. 
As explained in this paper, the TFMC showed and effective compressive strain about 
0.18 % higher than expected. In addition εop of the ITER TF coil was a little 
overestimated. The effective compressive strain of the ITER conductor is therefore 
0.2% higher than taken into account in the 2000 ITER design (see Table 7). This effect 
is only partially compensated by taking into account for the design Beffective and not 
Bmax, which was too pessimistic. Besides this compensation, and the lower ε0 at lower 
magnetic load (80 kA and 7.24 T) was sufficient to explain why the TFMC met the 
expectations in Phase I of the tests [15]. 
Overall the degradation can be compared to an increase of temperature of about 0.8 K 
which corresponds to the designed margin of the project and which is therefore not 
acceptable. 
At this stage of the project it is not possible to reconsider the overall dimensions of the 
ITER magnetic system, the dimension of the cable is therefore a major constraint. 
 
The option of using low expansion material jacket for the jacket has been eliminated for 
all the ITER conductors due to the associated larger industrial risks. In addition the 
other model coils and insert coils experiments of ITER have showed up for incoloy and 
titanium jacketed conductors a more pronounced dependency of the effective strain on 
magnetic load in comparison with steel jacketed conductors. At the end the degradation 
for this option in comparison with expectations is larger, even if the effective 
compression remains lower. 
 
The solution was to upgrade the conductor by taking the better part of the progress in 
Nb3Sn during these last ten years and to change the Jnoncu specification from 650 to 800 
A/mm2 at 12 T and 4.2 K(see Table 7). 
 

Table 7. Evolution of ITER TF conductor design after the tests of the TFMC 
 
 ITER TF conductor 

design in 2000 [26] 
ITER TF conductor 
design in 2003  
(one possible option) 

Jacket material 316 LN 316 LN 
Iop (kA) 68 68 
Bmax- Bmin (T) 11.8 

(Bmax) 
11.8-10.5 
(Beffective=11.3 T) 

εop (%) 0.1 0.065 
ε0 (%) -0.6 -0.834 

[-0.75, -0.79] TFMC 
εeffective -0.5 -0.769 
Top (K) 5 5 
Jnoncu (A/mm2) 
@ 12T, 4.2 K, -0.25 % 

650 800 

Cable diameter (mm) 40.2 40.2 
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A development program will be shortly launched in Europe by six companies to 
demonstrate that this goal is achievable on an industrial scale. Three hundred and eighty 
tons of Nb3Sn are needed for the ITER TF system. 
 
6. Conclusion 
 
From the exploration of the conductor limits on the TFMC it has been possible to better 
understand the performance of a collection of twisted strands as it is the case in CICC.  
Starting from the critical properties of a single strand it has been shown: 

- on one hand that to take into account the maximum field of the conductor was 
too pessimistic in case of Nb3Sn due to the low ‘n’ value of conductor and that a 
smaller effective field was to be considered. 

- on the other hand that the effective compressive strain of the Nb3Sn filaments 
was higher than expected from the so-called relaxed bonded model. 

 
These both contradictory effects however resulted in a loss of performance of the 
conductor which can be compared to an increase of  temperature of 0.8 K. 
To overcome this situation, a solution has been found for the ITER project without 
changing the dimensions of the magnet system and of the conductor but simply by 
taking the better part of the progress made in Nb3Sn strands during the last 10 years. 
The design of the conductor was revised according to the experimental results with 
some margin. 
 
Concerning the increase of the effective compressive strain, bending strain in the 
conductor due to cool-down and magnetic force is quoted as a possible mechanism but 
up to now, no quantitative dependency can be given. Additional experiment is needed 
and is planned in Europe to better understand the mechanisms of this performance 
change and the role of the supposed driving parameters such as void fraction, strand 
twist pitch and strand geometry. 
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