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Introduction
• NET 1983-1988
• ITER CDA 1988-1990

– Plasma Major Radius 6.0 m
– D.N. Vertical Elongation 95% 2
– Plasma Current 22 MA
– Magnetic Filed at 5.8m / max. 4.9T/10.4T

• ITER EDA 1992-1998
– Plasma Major Radius 8.1m
– S.N. Vertical Elongation 95% 1.6
– Plasma Current 21 MA
– Magnetic Field at 8.1m/max 5.7T/12.5T

• ITER FEAT 1999-today
– Plasma Major Radius 6.2m
– S.N. Vertical Elongation 95 % 1.7
– Plasma Current 15/17 MA
– Toroidal Field at 6.2m/max 5.3T/11.8T
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The Tokamak:
A Transformer Device
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Sc. Magnet

Current feedthrough in 
horizontal position

Sc. MagnetSc. Magnet

Current feedthrough in 
horizontal position
Current feedthrough in 
horizontal position



ISFRT, Erice, 26 July - 1 August, 2004 6

EFDA EUROPEAN FUSION DEVELOPMENT AGREEMENT

ITER - EFDA Magnets R&D Programme -
Magnet System Components

 Field 
(T) 

Current
(kA) 

CS coil 13.5 42 

TF coil 11.8 68 

PF coil 4 – 6 45 

Correction coil < 6 10 

Cryostat 
feedthrough 

< 4 ≤ 68 

Current lead < 30 mT ≤ 68 

External current 
feeder 

∼ mT ≤ 68 
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• High field > 5 T
- Nb3Sn

- E = Ec(J/Jc{B,T,E})n {B,T}

- Heat treatment (650 °C, ~ 200 h)

- Cromium coating (~ 2µm)

Low Field < 5 T
- NbTi

- E = Ec(J/Jc {B,T})n

-No heath treatment required during coil manufacturing

-Coating Ni (~ 2 µm)

Superconducting strands
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Typical measurement with new FBI setup
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JC(B,T,ε) data 

• Engineering critical current 
density (and critical current) of 
the EM-LMI wire as a function 
of applied strain at a magnetic 
field of 12 T and at 
temperatures of 4.2 K and 0.5 K 
increments between 5 K and 
10 K. 

• The symbols show the 
measured data, and the lines 
show the parameterization using 
the Interpolative Scaling Law. 
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• Forced flow cooling: nuclear heating, ohmic power removal and 
heat losses

• Stability: plasma disruptions, friction heat generation

• Quench protection

• AC losses

• Nb3Sn strain limit 

• D shaped TF coils with SS casing

• SS jacket material

• Segmented central solenoid

• TFC winding pack with Radial Plates?

Design criteria
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Superconducting cable

• Cables 5 stages (3x3x4x5x6)

• Last-but-one stage wrapes

• Central cooling channel

• Jacket material SS

• Cooling He supercritical
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Developed ITER Conductors -
TF Model Coil

Strand Layout

• Current: 80 kA (4.5 K, 9.7 T)

• 316LN stainless steel jacket (Ø 40.7 mm) 
wound in radial plates

• Cable diameter: 37.5 mm

• 720 Nb3Sn strands (1080 strands total)
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• Between pancakes

• Between coil and normal conductor

• Low resistance and uniform distribution

Joints
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TFMC – Joints

Cables are compacted in 
twin-material boxes of 
stainless steel and copper. 
The boxes are then soldered

Euratom cea
D.Ciarzynski

Technical realisation of the joints
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TFMC - Joints
Technical realisation of the joints

3.3 Magnet Structure and Integration

3.3.1 Ongoing WP 2002 activities: Most of the R&D activities in this field, covering 2003, have been already allocated in the budget of WP
2002, excluding operation of the facilities (e.g. SULTAN and TOSKA).

• With the test of the TFMC alone and the test of th e TFMC with LCT under way with the achievement of the nominal current
demonstrated in the first phase of the tests, the magnet programme for ITER has achieved major successes, which give confidence in
the safe operation of the machine. In the year 2003 the H.T. current lead testing in FZK is forseen.

• Construction of a Poloidal Field Conductor Insert (PFCI), a coil to test the performance of the Nb-Ti conductor for the outer poloidal field
coils has been also included in WP 2002. While the strands and cables will be provided by the Russian Federation, Europe will make the
jacketing of the conductor (the contract is already placed) and will manufacture the coil (call for tender issued). The m oney for t he
construction is already allocated for the construction of the coil. The testing will extend into 2003 and 2004. Tests will be performed in the
CSMC at JAERI.

• The 5.1.b contract for the construction of a prototype of a 70 kA high temperature superconductor current lead for possible application
to the TF magnets is under way.

• The design and R&D  of the precompression rings for the mechanical structure of the TF magnets, for which money is allocated , is
being performed and will extend in 2003.

• The development of the casing and radial plates for the TF coil windings will c ontinue during 2003.

Shaking hand joint: inner joint of double pancake 1



ISFRT, Erice, 26 July - 1 August, 2004 16

EFDA EUROPEAN FUSION DEVELOPMENT AGREEMENT

• Bending by multiple rollers

• Glass-kapton tape wrapping between turns

• Epoxy resin vacuum impregnation

• Glass-kapton tape vacuum impregnate for ground 

insulation

Winding pack manufacturing
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Conductor bending
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Laser welding
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TFMC 
Winding Pack 

after 
Impregnation
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ITER - EFDA Magnets R&D Programme -
TF Model Coil
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TFMC Operating Diagram
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ITER - EFDA Magnets R&D Programme -
TF Model Coil

No performance degradationTFMC exceeded 
design values

TFMC (80 kA) + LCT (16 kA) TFMC (80 kA)
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ITER - EFDA Magnets R&D Programme -
CS Model Coil

CSI CSMC IM CSMC OM

Maximum Field 13 T 13 T 7.3 T

Operating Current 40 kA 46 kA 46 kA

Outer Diameter 1.57 m 2.71 m 3.62 m

Height 2.80 m 2.80 m 2.80 m

Weight 7.7 t 49.3 t 52 t

Stored Energy 11 MJ 640 MJ

Coil Design Parameters
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Developed ITER Conductors -
CS Model Coil

Strand Layouts

• Current: 46 kA (4.5 K, 13 T)

• Incoloy 908 jacket (51 × 51 mm2)

• Cable diameter: 38 mm

• 1152 Nb3Sn strands
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ITER - EFDA Magnets R&D Programme -
CS Model Coil

CSMC: Inner module CSMC: Outer module
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ITER - EFDA Magnets R&D Programme -
CS Model Coil
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ITER - EFDA Magnets R&D Programme -
PF Insert Coil 

Upper Terminal

Lower Terminal

NbTi Square 
Conductor

Precompression 
System

Intermediate Joint

Coil Design Parameters

PFI

6.3 T

50 kA

2 T/s

49.50 m

Outer Diameter 1.57 m

Inner Diameter 1.39 m

Height 1.40 m

1.40 m

6 t

Height

Weight

Main Winding 
Envelope

Maximum Field

Maximum Operating Current

Maximum Field Change

Conductor length
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• Current: 50 kA (4.5 K, 6.3 T)

• 316LN stainless steel jacket 
(51 × 51 mm2) 

• Cable Ø: 38.7 mm

• 1440 NbTi strands

• Jc > 2700 A/mm2

(5 T, 4.2 K)

• Strand Ø: 0.73 mm

• Cu:non-Cu ratio: 1.4

• Filament Ø: 9.8 µm

• Number of filaments: 2346

Developed ITER Conductors -
PF Insert Coil

Strand Parameters
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Reduction of PF Insert Superconductor
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Evidence of stability limit from PFCI-FSS

PFCI-FSJS y = -14.267x2 + 151.8x - 335
R2 = 0.9805

y = -29.508x2 + 340.84x - 934.22
R2 = 0.9802

y = -50.512x2 + 573.14x - 1584.2
R2 = 0.9747
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ITER - EFDA Current Lead R&D Programme -
Design of the 70 kA HTS CL

PART 1: Clamp contact with three Nb3Sn inserts 

PART 2: HTS module with Ag/Au sheated Bi-2223 tapes

PART 3: Conventional heat exchanger with Cu - discs
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70 KA HTSC Current Lead

• The current lead is designed with respect to the requirements given 
in the ITER-magnet design document
– Location: The current lead needs to be installed horizontally in 

coil-terminal-boxes CTB. 
– Safety requirement: The current lead has to withstand a loss of 

helium mass flow for 3 minutes at nominal current. To reach 
this goal the heat capacity of the HTS part has to be large.

• Current leads needed for ITER (total current of 2.5 MA):

Coils No. of
pairs

Imax Type Vmax

TF Coil 9 68 kA F 10 kV
PF Coil 6 45 kA V 14 kV

Correction
Coil

9 8 kA V 3 kV

CS Coil 6 45 kA V 10 kV



EFDA EUROPEAN FUSION DEVELOPMENT AGREEMENT

Conventional(LTS) 80 kA CL 
and Aluminium bus bar 
installed in TOSKA

Installation in TOSKA

70 kA HTS CL installed in 
TOSKA
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• 68 kA steady state up to a warm end
temperature of 80 K (THTS = 80 K)

• Quench temperature at 68 kA: 92 K

• 80 kA steady state (THTS = 55 K)

• Heat load into 4.5 K : 13.5 W

• Cold end contact: 1.9 nΩ

• LOFA (68 kA, THTS = 65 K): > 6 min  
before quench (ITER requirement: > 3 min)

• Poor screw contact between HTS module and 
heat exchanger at warm end (≈ 100 nΩ)

ITER - EFDA 70 kA HTS Current Lead 
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Issues for Nb3Sn cables

• Residual thermal strain

• Actual strain distribution in the cable during operation

• Effect of bending strain on performance

• Effect of current and magnetic distribution on performance

• Validation of design codes taking into account coupled 
fields (thermo hydraulic, mechanical and electromagnetic)
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First trials to demonstrate the feasibility of the jacketing of single strands
successfully performed in 2003:

• Strand diameter: 0.81 mm

• SS tube drawn 3.15 → 2.04 mm

• Change of jacket thickness due to 
drawing process negligible

•It will be tested:straight and at different 
diameters of curvature

Bending Strain Tests -
Jacketing of Single Strands
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Strand 
jacketed in 
stainless 
steel tube 
0.1-0.2 mm 
thickness
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Mechanical Modeling of ITER Superconducting Cables

D.Bosio

micro

meso

macro
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Unit cell 3D mesh: 1998 elements
1979 nodes
7916 dof

Mechanical Modeling of ITER 
Superconducting Cables
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• Nb3Sn filaments: compression stress state

final longitudinal strain: -0.271%

• Bronze:               tensile stress state

final longitudinal strain: 0.468%

• Copper:              tensile stress state

final longitudinal strain: 0.684%

Mechanical Modeling of ITER Superconducting Cables
VAC Strand Thermal Residual Strain at 4K
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Bending Strain Tests -
Influence at high Compression 

• Contribution of transverse load effects on Ic reduction maybe overrated 
(Ic/Icm almost independent on εB at ε0 ≈ -0.5 %) 

• Strain sensitivity has to be checked for new advanced strand

[J. Ekin, 1980][J. Ekin, 1980]

ITER operating point

Current transfer 
length <<cable 
twist peach
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DC Test Results (Bending Strain Inpact)

Ti jacketed Conductors :conductor A (residual strain about 0.3%)
solder-filled conductor B(residual strain about 0.4%)
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Bending Strain Tests -
Current Transfer Length 

0.2

0.3

0.4

0.5

0.6

0.7

0.8
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1

0 0.002 0.004 0.006 0.008 0.01

Ic
/Ic

m

Bending Strain (+/-)

Mean total strain0

-0.2%

-0.4%

-0.6%

-0.8% short
pitch

long
pitch

Initial strain• Measurement of the critical 
current at three different 
bending strains to check Ic

behaviour

• Bending strain established by 
transferring reacted strands to  
different sample holder 
diameters

• Bending strain value defined 
by the ratio of the barrel 
sample holder diameter

[N. Mitchell 2003][N. Mitchell 2003]
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EM/TH coupling 

Tstrand is used in the EM part to compute coefficients (material properties). In 
the EM step t t +∆t , the EM module uses Tst @ t to compute the power 
sources. These are then used by the TH module to perform the TH step t t 
+∆t, and so on

EM equations

Tst

Qst

Solid + fluid equations
Explicit EM/TH 
coupling
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Thelma joint model

• CICC short segments

• Resistive saddles between the CICCs
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Geometrical model of CICC segments

Bundle cross-section Strand/macrostrand
axis 

   

OPk−1 = OPk +rk ⋅ cos(ωksk +α k )⋅unk
+rk ⋅sin(ωksk +α k )⋅ubk
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Example

ITER-type CICC modelled with 17 strands + macrostrands
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THELMA CABLE  MODEL

 Cable cable-element k

cable-element N 

Ik(ζ,t)

IN(ζ,t)

Ik,in(t)

IN,in(t)

Lk,in

LN,in

Mk,N,in

Ik,out(t)

IN,out(t) LN,out

Lk,out

Mk,N,out

inlet termination outlet terminationI(t)

♦ A current driven system is considered.

♦ A cable-element can be either a single strand or a strand bundle.

♦ The model is self consistent with given inlet and outlet currents 
or can be coupled with a termination/joint model.

♦ The model is aimed to simulate real size coils
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Nb3Sn Strand Specification

  

Outer diameter of the strand 0.81 mm ±3 µm 

Strand pitch < 20 mm 

Hard Cr-coating  2 µm +0.5 µm / –0 µm 

Overall critical strand current  
(at 12 T, 4.2 K, 0.1 µV/cm) 

Min. guaranteed: 200 Aa 

Target value:      280 Ab 

Overall strand hysteresis losses 
(on a ±3T field cycle)  < 500 kJ/m3 

n-value at 12 T and 4.2 K > 20 

RRR after reaction heat 
treatment 

> 100 

Cu:non-Cu ratio 0.9 – 1.5  

Minimum acceptable length  
of strand 

> 1.5 km 

a equivalent to a non-Cu Jc of 800 A/mm2, a Cu:non-Cu ratio 
of 1 and a strand diameter of 0.81 mm

b Eequivalent to a non-Cu Jc of 1100 A/mm2, a Cu:non-Cu ratio of 1 and a strand diameter of 0.81 mm
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„Big“ FBI facility

• subsize cable :  110 cm, Ø 2 cm

• split-coil magnet :   14 T

• maximum force :    100 kN

• maximum current : 10 kA
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TFMC insulation system irradiation
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System Overview August 2003  
 

 
*) Huntsman is a follow-up company of Vantico which was a follow-up company of former CIBA-Geigy 
**) contains less than 0.1% of boron (100% is the full volume of impregnated material) 
***) highly purified, no metal compounds in resin and hardener. 
****)same resin system as Test 3, but reduced curing temperature 
*****) highly chlorine purified resin 

 TFMC 1 TFMC 2 Test 1 Test 2 (blended) Test 3 Test 4 Test 5 Test 6 Test 7 

Type DGEBA DGEBA Cyanate 
Ester 

DGEBA  
about 60% 

Cyanate 
Ester 
about 40% 

DGEBA  
purified 

DGEBA 
 

DGEBA 
compatible 

DGEBA DGEBA  
purified 

Resin Araldite F MY745 AroCy-L10 PY306 AroCy-L10 MY790-1 CW229 MY790 LY1025/CH 
*****) 

MY790-1 

Hardener HY905 HY905 ---- -- -- HY1102 HW229 HY5200 HY906 HY1102 

Additives DY040 DY072 
DY073 

Mn Acetyl-
acetonat in 
Nonyl-phenol

Mn Acetyl-
acetonat in 
Nonyl-phenol 

***)  
(filled)**) 

***) Orlitherm 
44 

 

Impregn. 
Temp. 

75 +/- 5 °C 80 – 85 °C 40°C 70°C  50°C 70°C 70°C 80°C 75°C 

Impregn. 
Viscosity 

< 80 mPa s < 80 mPa s 100 mPa s 
@25°C 

350 mPa s 
 

@25°C 350 mPa s 
@25°C 

2000 mPa s 
@60°C 

∼500 mPa s 
@40°C 

70 mPa s 
@80°C 

350 mPa s 
@25°C 

Curing 
Temp. 

100 - > 
135°C 

90 - > 
105°C 

80°C gel/ 
140°C  

80°C  
100-160°C

gel 
5 hours 

80°C gel/ 
120-140°C 

80°C gel/ 
110-140°C 

100°C gel 
120-160°C/ 
+180°C Nh 

100°C gel/ 
130°C 

70°C gel/ 
120°C 
****) 

Supplier Huntsman Huntsman Huntsman Huntsman Huntsman Huntsman Huntsman Huntsman ABB Huntsman 

Filler 
Material 

R-Glass + 
Kapton H 

R-Glass + 
Kapton H 

R-Glass + 
Kapton H 

R-Glass + 
 

Kapton H R-Glass + 
Kapton H 

Ca-Glass 
fibres 

R-Glass + 
Kapton H 

R-Glass + 
Kapton H 

R-Glass + 
Kapton H 

 Currently 
used  

Currently 
used 

Proposed by 
Huntsman *)
high price 

Proposed 
60% low  
price   

by Huntsman
+ 40% high 

Proposed by 
Huntsman  
low price 

Proposed by 
Huntsman 

If available 
without filler 
(Huntsman) 

Currently 
used 

Proposed by 
Huntsman  
low price 

Search for Systems with higher radiation resistance
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10 11 12 13 14 15
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275

Nb3Sn Europametalli
unirradiated: 

 

irradiated: 5x1021 m-2

 

T = 4.2 K
ramp: 1 A/s
criterion: 0.1 µV/cm

 

 
Nb3Sn Vacuumschmelze
unirradiated:

 

irradiated: 5x1021 m-2

 

I C
 (A

)

µ0H (T)
Critical currents of both wires are enhanced after irradiation to 5x1021 m-2

(E>0.1). ⇒ Next step: 1x1022 m-2 (E>0.1 MeV).

Sc irradiation
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ITER - EFDA Magnet Structures R&D
Programme TF Coil Case 

Model 1 Forged Model 2 Cast

Model 1: 316 LN forged and welded
Model 2: new high-Mn SS cast
Model 3: new high-Mn SS forged
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Mechanical data for forged 316LN steel
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Conclusions

• The feasibility of the reactor coils with Nb3Sn strands has been

demonstrated 

• The feasibility demonstration of NbTi coils awaits the testing of 

the PFCI

• Advanced Nb3Sn strands allow an improved conductor 

performance

• Better understanding of current and strain distribution in the cable 

will allow reduction of design safety factors

• An advanced insulation system is being qualified for reactor 

fluence


