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The ITER Magnets: Design and Construction 
Status 

N. Mitchell, A. Devred, P. Libeyre, B. Lim, F. Savary and the ITER Magnet Division, 
ITER Organization, Route de Vinon, 13115 St. Paul lez Durance, France 


Abstract— The ITER magnet procurement is now well 

underway. The magnet systems consist of 4 superconducting coil 
sets (toroidal field (TF), poloidal field (PF), central solenoid (CS) 
and correction coils (CC)) which use both NbTi and Nb3Sn-based 
conductors. The magnets sit at the core of the ITER machine and 
are tightly integrated with each other and the main vacuum 
vessel. The total weight of the system is about 10000 t, of which 
about 500 t are Nb3Sn strands and 250 t, NbTi. The reaction of 
the magnetic forces is a delicate balance that requires tight 
control of tolerances and the use of high-strength, fatigue-
resistance steel forgings. Integration and support of the coils and 
their supplies, while maintaining the necessary tolerances and 
clearance gaps, have been completed in steps, the last being the 
inclusion of the feeder systems. Twenty-one procurement 
agreements have now been signed with 6 of the ITER Domestic 
Agencies for all of the magnets together with the supporting 
feeder subsystems. All of them except one (for the CS coils) are 
so-called Build to Print agreements where the IO provides the 
detailed design including full three-dimensional CAD models. 
The production of the first components is underway (about 175 t 
of Nb3Sn strand was finished by July 2011) and manufacturing 
prototypes of TF coil components are being completed. The 
paper will present a design overview and the manufacturing 
status. 

Index Terms—Magnetic confinement, Superconducting 
magnets, Fusion reactors 

I. MAGNET REQUIREMENTS 

A. Operational Performance 

THE function of the ITER magnets, Fig 1, i s to form, 
control and drive the tokamak plasma [1]. For this 

purpose, the Toroidal Field (TF) coils will provide a s teady 
field of 5.30T at a radius of 6.20m. The Central Solenoid (CS) 
and Poloidal Field (PF) coils will be capable of 30000 
inductively driven 15MA plasma pulses with a burn duratio n 
of about 400s. Hybrid and non-inductive plasmas will also be 
within the coil capabilities (where the plasma current duration 
is extended by non-inductive current drive methods), with 
burn durations up to 12000s. An extensive database of plasma 
scenarios (coil currents and plasma details) has been simulated 
and is used to confirm the coil capabilities [2]. The CS and PF 
coils are desi gned also for feedback control of plasma 
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disturbances at frequencies up to the 100Hz range. 
In terms of the number of operational c ycles for other 

conditions, the coil system is designed for 100 cooldown and 
warm-up cycles, 1,000 TF charging cycles, 50 TF fast 
discharges and 10 TF quenches. A fast discharge of the CS or 
PF coils is les s onerous th an the ref erence inductive plasma 
cycle and so no extra limits are imposed. 
Achieving reliable quench detection for the coi ls [3] is 

critical for successful operation, not only because o f the 
obvious need to protect against coil damage but because false 
positives will interrupt machine availability, especially of the 
TF coils. The magnet quench detection system will be able t o 
distinguish between superconductor quench and the 
electromagnetic perturbations caused by a plas ma disruption 
with a reliability of >90% for the CS, Correction Coils (CC) 
and PF co ils and >99.9% for the TF coils. The quench 
detection system of the coils (particularly the TF) must be 
designed to allow possible tuning during commissioning as 
experience with plasma behaviour is obt ained. The magnets 
need not be ready f or further operation (i.e. completely 
recooled) until 96hrs after a fast discharge of the TF system. 
In the event of a fast discharge of only CS , PF or CC, the 
magnets will be re-cooled ready for further operation within 
2hrs. In the event of a fast discharge of any or all of the 
magnets, the Helium expelled from the system will be 
collected and stored. There is negligible expulsion from CS, 
PF or CC dur ing a fast discharge but, due to eddy current 
heating of the radial plates, almost all the TF helium is 
expelled as the temperature rises to about 50-60K. 
The magnet system cooldown will not occur at an y time 

faster than 1K/h and the maximum temperature difference 
between inlet and outl et supplies will be 50 K . It will be 
demonstrated by analysis that the maximum temperature 
differences inside the modules and structure do not exceed 50 
K. Cooldown from RT to 4K will be achieved within 30 days. 

B. Tolerances 

Tolerances are essentially in any real engineering 
component and affect the ITER coils in three ways. Firstly, the 
departure from ideal shapes and locations of the c oils 
generates so called ‘error field’. Approximately, the allowable 
departure from axisymmetry of either toroidal or poloidal field 
is about 3x10-4 T [4]. The correction coils are placed and sized 
so that they can correct the most significant error modes in the 
poloidal field (up to mode 3 in either poloidal or toroidal 
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directions). Thee two main s ources of thee error field aare the 
unnpaired lengthhs of busbars that are req uuired to conneect the 
cooil terminals too the main cryyostat feeders,, though it is ssecond 
orrder. The secoond source (mmore significannt) arises f romm coil 
poositioning errrors. Seconddly, the pe nnalty for alllowing 
increased toleraances is generrally that highh strength struuctural 
mm replaced by wweak filler material. A marrgin of aterial is lost, a 
100% is allowedd in the desiggn between mmaximum alloowable 
strresses and thoose calculatedd by stre ss annalysis for thee ideal 
geeometry, to alllow for geommetric imperfeections. Thirdlly, the 
cooils and their cconnections mmust all fit togeether when in stalled 
in the cry ostat , maintain mminimum clearrances (generrally a 
mm of 50mm is ree en componentts with inimum gap o quired betwee 
independent flexxing) during ooperation betwween themselvves and 
alsso to surroundding componennts such as thee Vacuum Vesssel. 
Detailed and self-consistennt tolerances hhave been deveeloped 

foor all the mmagnet compoonents, consi dering these three 
requirements annd the variouss manufacturinng operations. Costs 
arre reduced by avoiding tighht tolerances aand a balance has to 
bee maintained between perfoformance and latitude allowwed to 
suuppliers. 

seve 
man 
F 

and 
pote 
triti 
Stud 
the 
und 
spra 
que 
loca 
inde 

Fig. 11.  Overview of ITTER and the Mag net System 

C. Nuclearr heating 

The design deecision was mmade during th e ITER Enginneering 
Deesign Activityy (1993-2001) to limit the nnuclear heatingg from 
the reference 5500MW plasmma to 14kW, a level compparable 
wiith that of thhe AC losse ss, in the ra nnge 10-20kW when 
avveraged over aa 1800s plasmma cycle. Thiss is compatibl e with 
the cable-in-connduit conducttor design witth a central c ooling 
chhannel, prevennts the nuclear heating domi inating the cryyoplant 
sizze and assists in smoothing the cryoplant loads (as AC losses 
cooncentrate in thhe ramp up annd ramp downn times when thhere is 
noo nuclear heaating). At thee same time, some optionns are 
avvailable to op erate with exxtra nuclear heeat loads if nnuclear 
heeating predictiions turn out tto be inaccuraate. This is achhieved 
byy adjusting thhe cryoplant operating connditions and/ or the 
plasma pulsing rate (i.e. tradinng of nuclear vs AC losses)). 

D. Heliumm cooling 

The coils aree cooled withh supercritical Helium at ann inlet 
temmperature of 4.5K (correspponding to a hheat exchangeer bath 
at 4.2K). This ttemperature prrovides good heat capacity of the 
heelium flow annd matches booth Nb3Sn opeeration in the range 

12-13T (for the TTF and CS coi ls) and NbTi ooperation up tto 6T 
for tthe PF. 
FFor any set oof coils, the heat exchangger bath mayy be 

reduuced from 4.22K to 3.8K too allow the caapability to c oorrect 
posssible faults or design/annalysis errorrs discoveredd in 
ope ration (for eexample, an underestimatee of the nucclear 
heatting or a drop in conductor current sharinng temperaturee). 

E. Safety 

BBecause of thee severe effectt of magnet faaults on the ovverall 
macchine availabiility, and the difficulty off repair, theree are 
mulltiple monitorring and prottection systemms built intoo the 
desiign. These incclude inherentt features, dettection/monitooring 
systtems (that ooperate continnuously whille the coils are 
charrged), and te sting systemss (that are a ppplied periodi cally 
wheen plasma pullsing is interruupted or w henn the magnetss are 
disccharged). Parrticular attenttion is paid to reducing the 
probbability of potential casscade sequennces, where the 
exisstence of an innitial fault inccreases the proobability of otthers 
(forr example, heaat from a shoort degrades a protection baarrier 
or iincreases locaal voltages), annd common mmode faults wwhere 

eral componnents (due ffor example to a commmon 
nufacturing errror) have the ssame initial faault. 
From the safetty viewpoint tthe magnets c ontain high foorces 
d high stored aand mobile ennergy. So theree exists theoreetical 
ential to im ppact neighbo uring systemms which incclude 
um confinem ent barriers, eeither by hea tting or by impmpact. 
dies have shoown that al l mmagnet faults are confined with 
magnet sysstem with thhe possible exception off an 

detected coil qquench (when >10kg of liqquid metal maay be 
ayed on to t hhe vacuum veessel). A sepparate safety class 
nch detectionn system has bbeen includedd for the TF ccoils, 
ated outside the cryostatt in the He lium lines, fully 
ependent (pre ssure based) and separatedd from the noormal 

que nch detection system, to preevent such an initiating evennt. 

F. Operatio nal Margins aand Performannce Verificatioon 

TThe coils have been designedd with supercoonducting marrgins 
baseed on the resuults from the IITER model c oil program inn the 
EDAA phase of th e project, sup plemented an d updated by tests 
on sshort conductoor samples. Thhe margins, inn terms of alloowed 
deg radation of thhe superconduuctor that cann occur beforee the 
macchine operatioon is comproomised, are coonservative. TThey 
typiically allow fofor a 30% l os s of superconnductor area wwhile 
maiintaining the full operationn temperaturee margin of 00.7K. 
Sincce superconduuctor degradattion is also geenerally assoc iated 
withh a more graddual supercondducting transittion (the so-c alled 
n vvalue), the fulll operation ccan be maintaained beyond this 
leveel of degradatiion if the coil ccooling is incrreased. 
MMargins also exist to c oover uncertainnties in the coil 

ope rating condittions, particullarly for nucclear heating and 
plassma disruptionns. 

G. Repair 

SSome in-situ rrepair possibillities are bu illt into the maagnet 
systtem, as followws: 
Inn situ repair (in all case ss hands-on acccess is requuired, 

posssibly with locaal removal of the thermal shhield): 
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 Retightening of the CS precompression structure. A 
loss of 5% of the initial precompression is required to 
be within the design capability. Above this the situation 
must be reviewed and operating window restrictions 
may be imposed until retightening can be scheduled. 

 Retightening of the TF Precompression rings. A loss of 
5% of the initial pretension is r equired to be within the 
design capability. A review is required if operation is 
continued with a higher loss. 

 Retightening of bolts on TF gravity support plates, CC 
support plates and PF coil clamps 

 Bridging of a failed PF double pancake 
 Repair of He pipes and He inlets in the CS bore and at 

TF and PF coil terminals 
Removal (medium difficulty): 
 Extraction of CS stack (no removal of feeders/coils) 
 Removal and replacement of TF Precompression rings 

(this requires removal of the CS) 
 Removal of PF1 
 Replacement of inner poloidal keys (partial removal of 

CS and PF1/6 coils) 
Removal (high difficulty): 
 Removal of a TF coil 
 Removal of PF2 
To ease re moval of the CS (which may be required fo r 

replacing the Precompression Rings) the upper connections of 
the CS to the feeders are aligned to allow the CS s tack to be 
lifted vertically once the joints are opened, without removal of 
the feeders. 
Because of the long timescale and hig h cost of 

manufacturing replacement coils once manufacturing is 
complete and tooling is dismantled, one spare CS module and 
one spare TF coi l are included in the procurement. It is as a 
result a requirement that all CS modules are interchangeable. 
Certain large components can only be p laced in the lower 

cryostat during assembly. Therefore, 3 spare precompression 
rings and jumpers for the PF coil double pancake bridging are 
stored below the tokamak assembly in case of need. 

II. SYSTEM OVERVIEW AND INTEGRATION 
The overall operational requirements of the magnets define 

the basic functionality but obviously leave open many design 
choices, many of which affect also the design of the rest of the 
machine. The following section gives a brief summary of the 
final design choices. More details are given in [5]. 
The magnet system for ITER consists of 18 TF coils, a CS 

coil stack with 6 coil modules, six PF coils and 18 Correction 
Coils (CC), Fig 1 and Table 1. The 18 TF coils determine the 
basic toroidal segmentation of the machine and were chosen to 
meet the requirements of access ports (both number and size) 
and the ripple at the plasma edge. 
Both CS and TF coils operate at high field and use Nb3Sn-

type superconductor. The PF co ils and CCs use NbTi 
superconductor. All coils are cooled with supercritical Helium 
with a co il inlet temperature of 4.5 K. The conductor is a 
cable-in-conduit conductor with a c ircular multistage cable 

consisting of about 1000 strands cabled around a small central 
cooling spiral tube. The cable is contained in a circular jacket 
for the TF coils or a jacket with an outer square section for the 
other coils. The op erating currents are 40-45 kA for the CS, 
45-55kA for the PF coils and 68 kA for the TF coils. The CCs 
use a reduced size cond uctor, 16kA, with about 300 strands 
and without the central cooling channel. 
The coil electrical insulation system is composed of 

multiple layers of polyimide film-glass impregnated with 
epoxy resin (a radiation hard cyanate ester based resin in the 
case of the TF coils). Epoxy-glass and f illed epoxy resin is 
used extensively to fill tolerance gaps. 
The TF coil case encloses the winding pack and is the main 

structural component of the magnet system [6]. The TF coil 
inboard legs are wedged all along their side walls in operation, 
with friction playing an important role in supporting the out-
of-plane magnetic forces. In the curved regions above and 
below the inboard leg, the coils are struc turally linked by 
means of three upper and t hree lower precompression rings 
formed from unidirectional bonded glass fibre and by four 
upper and four lower sets of poloidal shear keys arranged 
normal to the coil centreline. In the outboard region, the out-
of-plane support is provid ed by f our sets o f Outer Intercoil 
Structures (OIS) integrated with the TF coil cases and 
positioned around the perimeter within the constraints 
provided by the access ducts to t he vacuum vessel. The OIS 
form four toroidal rings and act as shear panels in combination 
with the TF coil cases. Th e TF conductor is co ntained in 
grooves on each side of flat D shaped steel radial plates. Seven 
DPs are assembled together to form the winding pack of one 
TF coil. 
The CS assembly [7] consists of a vertical stack of six 

independent winding pack modules, which is supported from 
the bottom of the TF coils through its pre-load structure. The 
pre-load structure consists of a set of toroidally segmented tie-
plates located at the inner and outer diameters of the coil 
stack. It provides axial pressure on the stack throug h key 
blocks . The CS modules use a square section jacket which is 
self-supporting against the radial and vertical magnetic forces. 
The six PF coils (PF1 to PF6) [8, 9], are attached to the TF 

coil cases through flexible plates or sliding supports allowing 
radial displacements. The square conductor provides the coil 
structural support. 
Outside the TF coils, and mounted on t heir cases, are 

located three independent sets of CC [10], each consisting of 
six coils arranged around the toroidal circumference above, at 
and below the equ ator. Within each set, pai rs of coils on 
opposite sides of the machine are connected in series. 
The coil supplies (helium, current and instrumentation [11]) 

are grouped into feeder ducts [12, 13] that run from outside 
the cryostat, initially within cryostat extensions and then 
inside the main cryostat, largely above and below the coils. 
The valves, current leads and instru mentation cubicles are 
placed in galleries just outside the bioshield [14]. The current 
leads make use of HTS technology [15]. 
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TAABLE 1 COIL MAIN PARAMMETERS 

Paraameters TF CS PF 

NNumber of coils 18 6 6 

NNumber of turns pper coil or WP 134 549 1155-459 

SStored magnetic eenergy GJ 41GJ 7 4 

MMaximum operatiing current kA 68 45 45 

NNominal peak fielld T 11.8 13.0 66.0 

EElectrical dischargge time constant* *s 15 11.5 18 

CConductor total leength m 82260 36114 633142 

CCoil total weight ((with case and 298 (1 954 (all) 2163 
sstructures) t coil) ((all) 

SS/C strand total wweight t 410 104 2240 

WWinding Pack we ight t 110 688 1361 

CCoil Case weight t 188t NA NNA 

CCentring force perr coil 403MN NA NNA 

VVertical force per coil, max MN NA 327 1160 

IIn plane bursting fforce per half coill 205 220 43,13,30, 
MMN (max for CS aand for each PF) 19,64,54 

LLength of the coil centerline m 34.1 10.7 255-75 

WWP Conductor lenngth 4570m 6019 60009-
144067 

CConductor Unit L ength Range m 760/ 415 903/601 3877-879 

C 
in 
c 

Cross section of th 
nboard mid plane 
case) or in coil sec 

he steel at TF 
e (jacket + RP, 
ction (CS, PF) m22 

0.562 0.86 0.4 
0.32 
0.37 

44,0.2 
2,0.29 
7,0.82 

HHe mass flow ratee in conductor g/s 8 8 88-14 

HHe mass flow ratee of structures kg//s 2.5  

*Note that thiss is the overall theermal equivalent eexponential valuee as 
te ndent resistors aree used and there is ay timeemperature depen s a detection dela 

III. ASSEMBLY 

This section iis a brief summmary of the mmain assembly steps. 
The lower PFF coils (P5 annd P6) and thhe lower Corrrection 

Cooils (CCs) ar e the first cooils to b e pla ced in positioon, on 
temmporary suppports at the bbottom of thee cryostat. VVarious 
eleements of the support structture are also pput in position at this 
timme (such as thhe lower prec ompression riings and the ggravity 
suupports). The feeders for thhe side and lowwer correctionn coils 
(thhe lower head er rings) are aalso positionedd. 
The TF coils are assembleed in pairs in tthe assembly hall at 

the ITER site aas part of a 1/ 9 vacuum vesssel sector commplete 
wiith its thermall shield, Fig 22. The tightly toleranced intterface 
regions betweeen the two ccoils will h aave been preecision 
mm the uut additional shimming ccachined in h factory b an be 
prrovided as re qquired. The uupper and lowwer OIS acts as the 
reference surfacce and joint too link the coills for this ope ration. 
Eaach coil has a thin 'san dwich' of innsulation, conntained 
beetween two ssteel sheets, tthat is fixed to one of thhe coil 
weedging surfacces (welded orr bonded) durring manufactturing, 
annd shims can be attached bby welds to thhe outer sheet . Slots 
foor the shear keeys are oversizzed to allow tthe use of slott liners 

whiich are customm machined too achieve a tigght fit of the sshear 
key s in those lineers. 
TThe assembledd 1/9 machine segments aree transferred too the 

pit in the tokamaak hall, Fig 2 . The vault sttructure of thee TF 
coill inboard legs is built up cirrcumferentiallly, with correcction 
of tthe accumulatted assembly error by shimms every 3 pa iirs if 
neceessary (althouugh the intentioon is that the ccoils are machhined 
accuurately enoughh to avoid shimmming at asseembly). 
TThe upper andd lower OIS s tructures agaiin act as referrence 

surffaces for the a ssembly operaation. Once th he vault structuure is 
commplete, the remmaining OIS kkeys are installled. After the OIS 
pan el structure liinking the ouuter legs is c oomplete, the uupper 
and d lower preccompression rings are innstalled and pre-
tenssioned. The ring pretensioning can be adjustedd to 
commpensate for any settlinng effects. Retensioningg, if 
neceessary, can bee performed w ith the CS in-ssitu. 
AAll Correctionns Coils (lowwer, side andd upper) are then 

atta ched to the TTF coil cases. The PF coi l installation sstarts 
withh a survey of the support poositions on th e TF coil casees. If 
requuired, approprriate shims arre prepared annd installed beefore 
the PF coils are atttached to the TF coils. 
CCoil current ceentre alignmennt could be doone on the bassis of 

the geometry of tthe winding paack, measuredd at the final sttages 
of mmanufacturingg. However, ddirect measureement of the llocus 
of tthe current ceentre line is exxpected to bee possible at rroom 
temmperature with a small AC c urrent in the ccoil to an accuuracy 
bettter than 1mm. A prototype ssystem is beingg developed [66]. 
TThe feeder insstallation (apaart from the CCC header rinng) is 

the next step inn the magneet assembly. Those underr the 
macchine are ei theer lowered innto position thhrough the borre of 
the TF coils or brrought in throuugh the side poorts. 
FFinally, the CCS is assemblled outside, ccomplete withh its 

prelload structure and all terminnals and coolinng pipes. It is then 
lowwered into the iinner bore of the TF coils aand attached too the 
suppports at the boottom of the TFF coil inboardd legs. 

Figg. 2. 1/9 VV segmment and 2 TF coi ls, with temporaryy supports, insidee the 
cryostat 
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IV. MAANUFACTURINNG 
In this secttion we givve a brief ddescription oof the 

mm operations for the main commponents. Thiss is the anufacturing o 
reference schemme originally foreseen forr the coils annd for 
whhich the desiggn is optimisedd. Individual DDomestic Ageencies, 
responsible forr the procureement, may adjust this iin the 
interests of costt reduction. 

A. Conducctor 

The componeents of the coonductor are tthe supercondducting 
strrands, copperr wires, an oppen spiral thaat forms the ccentral 
coooling channeel, steel wrap s for AC losss barriers to cable 
suubstages and ffor protection of the final ccable, and exxtruded 
seections of the jacket (eitheer circular forr the TF coil s or a 
sqquare outer seection with a ccircular hole for the CS a nnd PF. 
Thhe manufacturring is illustratted in Fig 3 [116]. The stran ds and 
coopper wires aree cabled to a mmultistage circcular cable, thhe final 
suubstage of whiich has 6 ‘petaals’. The 7-11mm jacket sectioons, 1-
2mmm oversize oon the cable, aare butt welded together to d fform a 
fuull unit length (this process allows easy wweld inspectioon and 
tessting) before the cable is ppulled into it.. The jacket iis then 
coompacted by rolling, onto the cable. Thhe process reequires 
caareful control of dimensionaal tolerances sso that the cabble can 
fitt the jacket wiith a 1-2mm cclearance and a pulling forcce <5t, 
wiithout excessi ive compactionn that is detrimmental to the jacket 
mm operties (it haas to wi thstannd the Nb3Snn heat echanical pro 
treeatment withoout grain bounddary sensitisattion). 

 
Fig. 33.  Steps in Conduuctor Manufacturiing Process 

B. TF Coill Winding Pacck 

The conductoor is wound innto a mould hholding the shhape of 
the conductor during the reeaction heat treatment [177, 18]. 
Duuring the mannufacture of tthe TF Modell Coil, it was found 
that the conducctor may expperience a pe ermanent elonngation 
aff rreatment up tt rring heat treaatment, ter the heat t o 0.05%. Du
the conductor iis held flat byy clamps but is allowed to move 
raadially. The innitial winding dimensions mmust take accoount of 
this possible chhange in lengtth after heat trreatment so thhat the 
reacted conducttor can fit in thhe RP groovess. 
Once the DP is wound but before hheat treatmennt, the 

coonductor jackeet at the i nnerr transition reegion is ope need and 
the helium inlett formed.  Thee conductor teerminations arre also 
foormed after wwinding but before heatt treatment oof the 
coonductor. Theyy consist of thhe terminals ((2 per WP) annd the 

DP to DP joints ( 6 per WP).  
TThe conductorrs are then hheat treated ((about 650°CC for 

2000hrs) in a furn ace with a conntrolled inert atmosphere. AAfter 
heatt treatment, thhe top and botttom single paancakes are m oved 
verttically up andd down respecctively to cre aate a gap b etwween 
themm and allow the removal of the mouldd. The RP is then 
inseerted between the two separrated pancakees as shown inn Fig 
4. TThe removal oof the mould and the inserttion of the RPP are 
commplex operatioons requiringg a purpose-ddesigned handdling 
toolling and a special set oof insertion movements. The 
alloowable maximmum strain on tthe conductor (±0.1%) limitts the 
pan cake separatioon. 

 
Fig. 4. Transffer of Conductor DP from Mould tto Radial Plate 

TThe conductor is then locall ly lifted to alloow the applicaation 
of the turn in sulation. Thee correct aliignment betwween 
con ductor and RRP groove hass to be mainttained during  this 
proccess, using maarks and adjuusting the nummber of outer gglass 
wraaps, to preventt a progressive buildup of e mmisalignment.  The 
widdth of the R P grooves iss adapted to allow a s mmooth 
embbedding of tthe reacted conductor aand accommoodate 
winnding tolerancees and possiblle permanent elongations oof the 
reaccted conductoor. The clearrance betweeen conductor and 
grooove is 3mm inn the upper annd lower regioon and 2mm inn the 
outbboard region. The resultingg gaps will bee filled with gglass 
clotth shims durinng application of the turn inssulation. 
TThe RPs are thhick plates maade of austeniitic stainless ssteel, 

typee 316LN. Thee manufacturinng process forr the RPs reliees on 
macchining of pllates (produceed by hot roolling, forgingg, or 
hippping [17, 18]) to form sub-ssections whichh are assembleed by 
wel ding. The butt welding is simplifiedd by maintaiining 
recttangular butt sections and completing tthe radial groooves 
afteer welding, byy local machinning. A final machining off the 
plattes is possible e in case that tthe groove ne eds to be adjuusted 
to fifit the final shaape of the condductor. 
EEach jacketed conductor iss locked in thhe RP groovee by 

meaans of a coveer plate (CP).  The CPs haave holes at 220cm 
spaccing to enab le resin floww during the vacuum presssure 
imppregnation (VVPI) process. The CPs a rre fixed by laser 
wel ding with a c ontinuous seaam of at least 1mm depth inn the 
outbboard leg and at least 2mm ddepth in the inn-board. 
TThe whole DDP assembly, with grounnd and conduuctor 

insuulation, is thenn vacuum-presssure impregnaated in a moulld.  
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C. TF Struuctures 

Each leg of tthe TF Coil CCase (TFCC) iis formed by a sub-
asssembly of 4 components, with an inner U-section and a 
cloosure plate subb-assembly [119]. 

BU BP AU 

AP 

Fig. 55. The 4 Sub-Asseemblies of the TFF Coil Case 

Both U-sectt sub-assemmblies have numerous inntegralion 
strructural attachhments such aas the Intercoill structures, thhe pre-
coompression flaanges, the TF coil support lleg, and attachhments 
foor the CS, PFF, CC, vacuumm vessel t hermmal shield (VVVTS) 
suupports and maachine assembbly tooling. 
The casing opperation compprises three maain phases [200]: 
 Inseertion of the WWP into the casse; 
 Clossing by weldinng the TFCC eelements; 
 Finaal impregnatioon of the TFCCC-WP gaps. 

The final toolerances acceeptable on inndividual coiils are 
deetermined by the coil fit dduring assembbly in the cryyostat, 
together with tthe allowablee magnetic fiield errors annd the 
mm operational c ee tolerances oon caseaintenance of learances. Th
seections, windinng pack and tthe casing opeeration are ballanced 
to give maximmum manufaccturing latitudde. The indiividual 
suubassemblies are built upp by a s ucccession of foorging, 
mm welding and maachining steps. oo costachining, l s The key t
reduction in t hiis process is a predictable and localizedd weld 
distortion so thhat the nu mbber of machinning steps, a nnd the 
ammount of overrmetal, are mminimized andd eliminated oon the 
finnal closure weelds. 
The AU s uub-assembly iis the key tto maintaininng the 

tolerances. The flat inner surfface of the AUU sub-assemblly will 
prrovide precise geometric loccation and unniform force trransfer 
interface for thhe winding paack. The base lline design reequires 
the installationn of a custommized shim over the commplete 
interface with a precise flatness annd perpendicuularity 
tolerance. The angular facees of the AUU sub-assembly are 
deefined with a wwedged 20° aangle. These ffaces will defiine the 
plane for refereence to the currrent centre liine plane of thhe WP 
duuring insertionn and they theen are used aas references ffor the 
location of the TTF coil in the ITER machinee, Fig 6. 

Fig. 6. Keyy Interfacing Planees and Surfaces oon Sector AU 

TThe case su bb-assemblies are designedd with assemmbly 
cleaarance gaps too the WP. Thee design clearance will be 77mm 
(WPP angled facees and W P-AUU) or 10 mm (WP vs BU––AP– 
BP)). The go al oof these c leaarance gaps iis to re movee the 
requuirement for ttight tolerancees on all the WWP-TFCC maating 
surffaces and to allow alignmment of the WWP relative too the 
TFCCC at insertioon. The finall geometric loocation and fforce 
trannsfer between the WP and CCase will be aachieved by fiilling 
the inter-space wiith a charged eepoxy. 
TThe WP will bbe lowered intto the AU elemment, aligningg the 

WPP by means of an overhead bbridge crane annd three alignmment 
guiddes. The a lignnment guides will align t hhe WP while it is 
slightly lifted oveer its final possition so its wweight is still ttaken 
fromm the crane aand the g uidess do not havee to apply a llarge 
forcce, Fig 7 . Pre-machined G110 shims willl be placed onn the 
AU surface to suppport it. 

A i

=

i

=

AU mid-plane 

= 

J*A* 

=

*

=

*

= 

* B* 

=== 

J 

G 

A 

i

=

i

=

WP mid-plane 

= 

B 

Figg. 7. WP and Case Mid-Planes andd Reference Points for WP Insertion in 
AU Sub--Assembly 

TThe BU sub-aassembly willl be lifted uusing tooling and 
braccing to minimmize distortioon. The sub- assembly willl be 
lowwered over thhe WP and thhe interfaces to the AU sub-
asseembly broughht into locatioon. The matcching of the wweld 
prepparation surfafaces will bee checked annd the geommetric 
locaation of the BBU reference mmarks surveyeed with respeect to 
the AU reference marks and thee WP fiducials. 
TThere is a t woo stage weld sequence. Ann initial laser root 

weld of 10–20mmm made witth the TF cooil in the verrtical 
(inssertion) orienttation. A finaal structural wweld made byy the 
Subbmerged Arc MMethod (SAWW) with the TF coil rotated too the 
horiizontal positioon. This weld is to be made after filled rresin 
imppregnating the WP to TFCC gap is compleetely cured. 
AAfter welding of the AU-BUU interface it will be necesssary 

to bblock the WPP relative to tthe TFCC struucture in ordeer to 
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remove the WP support jigs and braces; this is necessary to 
insert the final case sub-assemblies AP and BP. At this stage 
the CCL fiducial marks of the WP will be transferred to the 
TFCC prior to closing it with the sub -assemblies AP and BP. 
When fiducial marking transfer is complete, cover plat es AP 
and BP will b e installed. The first step will be the laser root 
welding of the closure plates. After the clos ing of all welds 
with laser techniques and the W P-TFCC gap filling by 
vacuum pressure impregnation with a resin/filler [6], the TFC 
will be rotated to the horizontal position for completion of the 
case welding by Submerged Arc Weld (SAW). 

D. Gravity Supports 

The TFC assembly rests, via 18 Gravity Supports (GS), on a 
tokamak pedestal ring s upported by 18 columns off the 
concrete floor slab of the tokamak hall. The GS consists of a 
flexible plate assembly (FPA), clamping bars, studs and bolts, 
as shown in Fig. 8. The FPA is pre-assembled in the factory 
from 21 flexible plates (with cooling pipes and thermal shields 
sections attached), separated by 20 short spacer plates at t op 
and bottom. The FPA components are pressed together at top 
and bottom between pairs of horizontal pre -stressing bars by 
tie-rods. The FPA is designed with sufficient pre-compression 
and friction to prevent both sliding and separation between its 
components. 
The FPA of each GS flexes within allowable stresses to 

accommodate the radial thermal contraction of the TFC 
assembly. But the GS is r igid versus c yclic out-of-plane 
bending caused by TFC torsion during plasma operation, and 
versus vertical and horizontal forces parallel to the flexible 
plates due to deadweight, asymmetric plasma VDE and 
earthquakes. The 1 8 GS transmit these loads to the pedestal 
ring, which is an integral part of the cryostat structure. 

Clamping 
bars 

Thermal anchor and 
radiation shield 

Pre-stressing Flexible plates 
bars 

Fig. 8. Details of a Gravity Support 

E. PF Coils 

A simplified flow diagram of the PF co il manufacturing 
process is shown in Fig. 9. Starting from the conductor spools, 
two in hand Double Pancakes (DP) are wound, insulated, 
vacuum-impregnated with resin, then stacked to form coils, 
and bonded with a further vacuum impregnation step. 

Fig. 9. Simplified flow diagram of the PF coil winding, impregnation, and 
assembly 

Tolerance control is required throughout the manufacturing 
to ensure that subc omponents interface correctly. The 
manufacturing scheme has therefore been defined with an 
allocation of overall tolerances in the coil current centerline 
position at the different manufacturing stages, and the 
possibility to allow reductions in position errors during the 
winding – DP stacking. Assembly errors and manufacturing 
errors for the PF coil s are defined in Fig. 1. The targ et 
tolerances for the PF coil winding pack are defined in Table 2. 

Fig. 10. PF Coil Tolerances 

TABLE 2 TARGET TOLERANCES FOR PF COILS IN MM 
Manufacturing Assembly 

Coil x y z x y z 
PF1, 6 ± 3 ± 3 ± 3 ± 2 ± 2 ± 1 

PF2, 5 ± 3 ± 3 ± 3 ± 2 ± 2 ± 1 

PF3, 4 ± 4 ± 4 ± 3 ± 2 ± 2 ± 1 
The shaping of the termination is performed after 

completion of winding. This operation is needed to allow the 
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prroper fitting o f the final filllers into the wwinding pack. To do 
this, a p ortion of conductor (about 3 m) is opened, thhe turn 
insulation is remmoved and thee joggling is pperformed by sshaped 
mm h nnding table. oulds, brought close the wi
The windingg DP is then  placed in a mmould and vaacuum 

immpregnated w ith resin. Durring this p roccess, the connductor 
ennds, which caarry the terminnations to be used for the joints 
beetween doublee pancakes, must be keppt unbonded to the 
wiinding pack o ver a length oof typically 5mm. This is to p rovide 
the required flflexibility wheen the jointss are made. These 
coonductor ends are, thereforee, provided wwith an anti-addhesive 
wrrap before iimpregnation. This wrap is removed after 
immpregnation. 
The DP is he ated-up to aboout 80 degreess, by passing ccurrent 

through the connductor. At thee same time thhe resin is putt under 
vaacuum, degasssed and heatedd up to 80 degrrees. Once thee DP is 
hoot it is put undder vacuum. TThe resin floww starts at the llowest 
pooint of the DDP, in sin glee location, annd gets ou t in the 
diametrically oppposite positioon, at the highhest point of thhe DP. 
Thhe resin is forcced to face thee bottom surfaace of the DP and to 
floow through thhe winding to rreach to the suurface of it. TThe DP 
siddes have no resin passagges. The whoole impregnattion is 
peerformed slowwly, to allow tthe resin to wwet the insulatiion, to 
takke advantage of the capilllary effect an d to avoid crreating 
traapped bubbless in the windinng. 
After the imppregnation is complete, thee DP is put  ffirst at 

atmmospheric pressure and thhen brought tto an overpreessure. 
Thhis helps to reduce and ddiffuse event ual trapped mmicro-
buubbles of inertt atmosphere iinto the resin bbath. Then, wwith the 
DPP under pressuure, the Curinng Cycle takess place, for ab out 24 
hoours at around 130 degrees. 
Eight DPs aree assembled toogether to forrm the windingg pack 

off PF 1,3,4,5 cooil and six andd nine DPs aree assembled toogether 
foor PF 2 an d 6 winding pac k respectivelyy. For handlinng, the 
DPP is clamped and lifted at a large numb er of locationns by a 
suuitable Jig to aavoid local tu rn deformatioon and relaxat ion. A 
layyer of dry gllass is placedd between thee individual DDPs to 
alllow resin peenetration and bonding dduring the vaacuum 
immpregnation off the ground iinsulation and to absorb toleerance 
vaariations in thee gap betweenn the DPs. 
Following VVPI of the wwinding pack, cooling pip es for 

heelium inlets annd outlets, andd manifolds aree pre-assembleed and 
coonnected to thee helium inlet s and outlets. An insulationn break 
is attached on each inlet annd outlet. Alll cooling pip es are 
wrrapped with inndividual grouund insulation up to the insuulation 
brreaks. 

F. CS Coills 

Conductor wwinding is shoown in Fig. 111. Each connductor 
lenngth is receivved on a sp o ol and is useed to wind eiither a 
heexapancake (HHP) or a qua ddpancake (QPP). The co nducctor is 
unnwound from the spool to ppass through a straighteninng unit 
beefore reachingg the windingg table. The cconductor is wwound 
wiithout any iinsulation, wwhich impliess that spacerrs are 
regularly inserteed between tuurns and panccakes to acco uunt for 
the further insttallation of t he insulation . Multiple paancake 
wiinding with a single leength meanss that windiing is 

alte rnatively perfformed inwards and outwaards in successsive 
plannes, starting aand ending oon the outsidee. The windinng is 
circcular, which mmeans that thee radius of currvature is connstant 
alonng a turn, withh the exceptioon of the jogggle area wheree the 
con ductor is mooving from oone turn to tthe next. Th is is 
achiieved throughh a short straigght section folllowed by a cuurved 
secttion. Much atttention has too be paid to thhis area sinc ee any 
erroor in th e startting point couuld impact thee geometry off the 
nex t turn. The coorrect bending radius of the conductor in each 
secttion is achieveed using a set of bending ro llers located aat the 
entrrance of the wwinding table. Most of the wwinding is plaanar, 
withh the exceptiion of the ppancake to paancake transiition, 
perfformed alternaately at the innner and at the oouter radius. 

Fig. 11. CS mmodule winding 

TThe location oof the He inleets and outletts is only deffined 
afteer winding thee HP or QP oonce the futuure location off the 
inneer and outer tiie plates is esttimated. The cconductor jackket is 
thenn locally machhined in order to insert the pprefabricated ccover 
inclluding the He inlet or outlet . 
OOnce the uppper terminal is manufactuured, a cl ammping 

systtem is installeed around thee hexapancak e or quadpanncake 
and d it is transferreed to the heat treatment oveen to form Nb33Sn. 
TThe whole sttack of wounnd conductor is clamped and 

trannsferred to thee insulation staation. In orderr to allow spacce to 
inst t the wrapp thhe conductor is progressiively all ping tool, 
unspprung by remooving the spaccers and lowerring down the e turn 
to bbe insulated annd putting it inn its final posittion. A continnuous 
con trol of the possition of the innsulated turnss is performedd and 
inteerturn and inteerpancake glasss cloth layers inserted to filll the 
spacce. The grounnd insulation is installed aaround the wwhole 
moddule at the insuulation stationn. 
TThe impregnattion mould iss installed aroound the coil . He 

inleets and outlets are plugged tto avoid any ppenetration of rresin 
duriing impregnattion. Resin is injected insidde the mould from 
botttom to top so aas to avoid bu bble formationn. 
18 outer tie-pl ates and 9 innner tie-plates are manufactuured. 

Theese tie-plates are either cuut from cold worked and shot 
peenned laminatedd plates o r mmachined out of forged pieeces. 
Theey can be spllit into three parts (two ennds and a ceentral 
secttion) welded together, sincce the thickneess of the endds is 
largger than that off the central p art. The only mmachined surffaces 
are the flat surfacces which trannsmit the loadd to the keybloocks, 
and d the holes for bolting the tiee-plates to the keyblocks. 
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Fig. 12. Installlation of the condductor insulation during CS windinng 

The stacking is performed in the assembbly hall and reequires 
the use of a spe cial support abble to withstannd the weight of the 
CSS plus temporrary structuress. The supportt must be veryy rigid 
ass the key bloccks must remaain in a planee within 1 mmm. The 
deeformation shoould be such that the stackking of the moodules 
remains perpenddicular to the reference plann determined by the 
keeyblocks. Slotts are providedd in the suppoort to allow vvertical 
mm t with their buusbar extensioons. Aovement of the modules 
temmplate is firstt installed on the stacking support to simmulate 
the 9 supports llocated at the bottom of thee TF coils. Thhen the 
lower keyblockks are installled and bolteed to the st aacking 
suupport. The GG10 buffer pplates are in sstalled after hhaving 
deetermined the correct thicknnesses of the loower and uppeer ones 
takking into accoount the real hheight of eachh module. Theen they 
arre machined inn order to havve the CS equaatorial plane loocated 
wiith the correctt offset to the machine equaatorial plan att room 
temmperature. Thhe tolerances for the CS mmodules are givven in 
Taable 3 (see Figg 10 for notatioon). 

TABLE 3: TAARGET TOLEERANCES FOR TTHE CS COILS MM 
Each CS modu le x y z 
Manufacturingg +/-2 +/-2 +/- 1 

x y z 
Stack assemblyy * +/- 3 +/- 3 +/- 00.5 ( CS3L) line 

to +/-2 (CS3U) 
early 
) 

Installation *** +/-2 +/-2 +/-0 
* Change in x and y betwween adjacentt modules < 2 mm 
** extra xx, y identical for all modulees at installatioon 

The precomppression syste m is then i nsstalled at the top of 
the CS assemblly. A set of suupernut bolts is used to appply the 
prrecompressionn by pulling simmultaneously on all the tie pplates. 
Thhis is achieve d by tighteninng progressiveely the bolts sso that 
the tensile load is equal in alll tie-plates. WWhen enough gap is 
prrovided, shimss are inserted bbetween tie-pllates and keybblocks. 
Affter insertion of the shims and tighteninng of the ho riizontal 
sccrews, the bollts are unscreewed to releaase the load oon the 
threads. 

V. CCONCLUSIONS 
The main reequirements, ddesign and mmanufacturing routes 

foor the ITER cooil system hav e been describbed. Constructtion of 
the componennts is underwway and thhe many tecchnical 
chhallenges are bbeing successffully solved. 
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