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Abstract. The magnetic system of ITER is very challenging. Bibh CS (Central Solenoid) coils and the TF
(Toroidal Field) coils in ITER will use Nf$n as superconducting material, very sensitiveppied strain and
actually having a limited production. However 5Wili be required for ITER. PF and CC coils will ulskTi
strands, but no conductors, carrying 45 kA and atpeg in pulse mode in a tokamak, have ever beeduymed.

For NkySn conductors, the tests of two model coils, thet@é Solenoid Model Coil (CSMC) and the Toroidal
Field Model Coil (TFMC) showed a reduced operatingrgim, compared to what was expected from strand
measurements. This induced in 2003 a revision ofdd#sign of these conductors and a complementary R&D
programme to qualify the modified design. Neverks| the first results show that more effort i séeded.
For NbTi conductors for PF coils an important mibest will be the upcoming tests of a an ~ 50 m |Bfg
conductor, wound in a single layer solenoid anéritesl in the CSMC bore.

Although manufacturing techniques for TF and CSschidve been qualified by the construction of theleho
coils, nevertheless, several points require furtterelopment, like the metallic screen inside tmmulation of
the PF conductor, aiming at control of the dieleauality of the insulation through the life ofettmachine, or
the insulation system of the TF coils, for whiclisinecessary to demonstrate the feasibility of qusaiation-
resistant resins, such as cyanate-ester basednsyste

Contrary to the model coils, the CS, TF coils andcBits will be wound into multiple pancakes, whichplies

the insertion of helium inlets at the innermosintand a specific development, including as well ma@dcal
qualification as hydraulic qualification. Dedicatetbvelopments are also carried out to demonstiate t
manufacturing feasibility as well of the radial fgls into which the TF conductor will be wound agh# pre-
compression rings of the TF magnet and to qualié/RF tail design.

1. Introduction

The magnetic system of ITER will use supercondscés well for the Central Solenoid (CS)
as for the Toroidal Field (TF) coils or for the Bidlal Field (PF) coils or the Correction Coils
(CC). Although several fusion devices using supegdcating magnets are now in operation,
the large size and the high magnetic field of ITi&Rke the construction of these magnets a
challenge. Whereas the experience in superconduittgion machines is mainly provided by
the use of NbTi as superconducting material, blo¢gh@S coils and the TF coils in ITER will
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use NBSn as superconducting material. This choice redudtem the selection of 13 T as
design point for the maximum induction in these netg. Contrary to NbTi for which a large
market exists for MRl magnets, the §8im yearly production is still limited to few ten$ o
tons, which makes the production of the 517 t negufor ITER a novel goal for the strand
manufacturers. Another difficulty comes from thetjgalar sensitivity of NbSn to applied
strain. As far as PF and CC coils are concerrentaximum magnetic induction does not
exceed 6 T which allows the use of NbTi strandsoaigh no conductors, carrying 45 kA and
operating in pulse mode in a tokamak, have even pesduced.

Conductor issues are considered first, addressibgsiNand NbTi conductors, then coll
issues. For each item, are presented the asso&i&fedand the already available results.

2. Conductor development

For NlzSn conductors, a major R&D programme was carrigdfrom 1992 to 2002 in the
framework of the EDA phase of the project [1]. Thain milestones of this programme were
the manufacture and tests of two model coils, that@l Solenoid Model Coil (CSMC) and
the Toroidal Field Model Coil (TFMC). The tests tbese coils in 2000-2002 were a major
step in the qualification of the conductor and amkign [2],[3]. We will focus first on the
outcome of these tests and the following additié®&D programme which they induced and
then on the ongoing NbTi conductors development.

2.1 Sensitivity of NSn to strain

The sensitivity of NgSn to strain appears clearly when plotting theatamn of the critical
current density JJin the non-copper area of strands versus theepjngitudinal strain [4].
To avoid inducing strain during manufacture, athesatment at 650°C is introduced in the
manufacturing process of the coils using such dgaso as to produce pn inside strands
only after cabling, jacketing and winding the cocidu. In this way, the resulting applied
strain to the superconducting material is limit€te effective strairge; is then the sum of
two components et = & + E€op , £ Standing fothe strain induced by the differential thermal
contraction from 650°C to 4 K argl, for the strain induced by the electromagnetic derc
during operation. In order to limg, the use of low thermal contraction coefficienttengls
matching that of N¢Sn, as Incoloy 908 or titanium was planned fordbieductor jacket.

2.2 Conductor design

A key criterion to design conductors is the tempesmmarginATcs = Tes — Top, where Tes
stands for the current sharing temperature (conwegity defined at an average electric field
in the conductor of 1AV/m) and Ty, for the operating temperature. The temperatureyimar
is a simple mean to evaluate the ability of thedumbor to continue to run current while being
submitted to temperature increase due to perturstiThese perturbations can be estimated
by using models taking into account on one handotaened operation scenarios and on the
other hand the thermohydraulic behaviour of thedootor. Nevertheless, accurate prediction
of the exact behaviour of the conductor for alldsrof possible events becomes very difficult
and requires performing codes, validated on a latg@base. In order to account for
uncertainties (engineering margin), when the R&Bgpamme was launched in 1992, a
temperature margin of 2 K for an operating tempgeadf 5 K was thus used for the design of
the ITER NRSn conductors. The assumption §grwas respectively of -0.35% when using a
thick Incoloy 908 jacket, -0.25% when using a ttiianium jacket and —0.68% when using a
thin stainless steel jacket.
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2.3 Results of the model coils

The model coil programme included first the mantife of the CSMC and TFMC, aiming at
the qualification of the manufacturing techniqudstlee CS and TF coils and second the
manufacture of Inserts coils, to be tested in tireei bore of the CSMC. The aim of these
Inserts was to qualify the design of the conductorsignificant lengths in testing them with
full instrumentation in relevant current, magndteld and temperature conditions. The CS
Insert (CSI) was tested in 2000, the TF Insert (Ti#R001 and the TFMC in 2001-2002.
Although as well the CSI as the TFI achieved openadt relevant currents in 13 T magnetic
field, in both cases the measured temperature mawvgis much lower than expected. In
addition, a reduction of this temperature margirs waserved when cycling the CS Insert
with current [5]. It was shown a linear decreasé&l @fwhen increasing the electromagnetic
load, as also observed in the TFMC [6]. To accdanthis unforeseen effect, an additional
terme.,was added in the evaluation of the effective straif = ey + €op + €exraWith : €oxia = -y
IxB.e Where | is the current and,B is the average magnetic field in the conductosgro
section. Table | gives a summary of the achievetbpeances in the model coils and inserts.

TABLE | : TEMPERATURE MARGIN IN ITER MODEL COILS

Coil CSl TFI TEMC
Jacket material Incoloy 908 Titanium 316LN staisleteel
ExpectedAT s 2K 2K 2K
ATsbefore cycling 1K 0.5K 1K
ATsafter cycling 0.7K 0.43K 1K
ATsreduction -13K -1.57K -1K

2.4 NSn conductor design revision and additional R&D

Following the results of the model coils and insedsts, a new design of the ITER;Sb
conductors was issued in 2003 [6], assuming on lad the use of newly developed
“advanced” strands having a higher current carrgiagability and of stainless steel as jacket
material and on the other hand a temperature mafgih7 K instead of 2 K. Owing to the
analyses of the model coil test results, the asdwaffective strain was revised at -0.74% for
the CS coil and -0.77% for the TF coil and the nadignfield used for the calculation of Jc
was the average field in the conductor cross-seddig (11.2 T for TF coil) instead of the
maximum field B,ax (11.8 T for TF coil). FIG. 1 summarizes the guidelines of this design.
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FIG. 1 ITER TF conductor temperature margin
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A worldwide additional R&D programme was then labed in the ITER Participant Teams
(PTs) to qualify this new conductor design. In Eagp?2 full-size conductor samples, named
TFAS1 and TFAS2, built according to the TFMC cortduaesign but using “advanced”
strands have been tested in 2006 in the SULTANIitiaen Villigen (Switzerland) and the
results of these tests have been recently presefmedUnfortunately, the achieved
performances of these conductors are far belowatapens: they all exhibit a low current
sharing temperature, which is further reduced wdygplying current cycling [8]. After 1100
cycles, the Tcs range is [4.8 K — 5.2 K] whereas téwrget was 5.7 K. Although these
conductors are not relevant to the TF conductoilgdesince they were built according to the
TFMC conductor design, it seems that their behavielinked to the increased sensitivity of
the “advanced” strands to bending under transvéwsd. In the next months, in the
framework of the R&D programme defined in 2003,efevant TF conductor samples are
planned to be delivered by Europe, Russia, KorelaJapan to be tested in the SULTAN test
facility. The results of these tests will be atfisgep toward the final qualification of the new
TF conductor design. If the tests of these upcoreaigples were to confirm the behaviour of
the TFAS1 and TFAS2 samples, it is clear that a reision of the conductor design would
be necessary. In that case, improvement of condpetdormances could come first from the
use of strands having higher mechanical resistander bending and second from the use of
cables providing better support for the strandsotAer source of improvement could be the
reduction of the force per unit strand length, wihtould result from a lower current in each
strand and correlatively an increase of the nurobsuperconducting strands in the cable.

2.5 NbTi conductors

The development of NbTi conductors for the ITERd®Hs has been undertaken in Europe in
1999. In a similar way to that followed for the §8im conductors, the development includes
tests of full-size conductor samples in SULTAN aests of an Insert coil in the CSMC. Two
full-size conductor samples were manufactured astet in SULTAN : the PF-FSJS, using
strands produced by two European manufacturershenBFCI-FSJS, using strands produced
by a Russian manufacturer. The tests of the PF-R&I®rmed in 2002 [9], and that of the
PFCI-FSJS, performed in 2004 [10], showed that3tte®nductors were achieving a current
capacity of 45 kA at 6 T but failed to meet the pemature margin assumed in the ITER
design, as shown in Table Il. In addition, thesedumtors showed a surprising tendency for
premature “sudden” quench at relatively low cursentan issue likely related to the non-
uniformity of temperature, field and current on ttenductor cross section. The next step of
the programme are now the tests of the PF Inséit) {R the CSMC, which should occur in
2007 [12]. The manufacture of this coil in Europ@adtustry E1G. 2) which started in 2003,
using a 50 m length of the same conductor as sed in the PFCI-FSJS, is about completion
[13] and the tests in 2007 might lead to a NbTidrartor design revision.

TABLE Il : TEMPERATURE MARGIN IN ITER PF CONDUCTORS

Coll PF-FSJS/Alstom PF-FSJS/EM PFCI-FSJS/Bochvar
Jacket material 316LN stainless steel  316LN stagteel 316LN stainless steel
ExpectedAT s 15K 15K 15K
ATsbefore cycling 14K 1.25K 11K

AT safter cycling 14K 1.25K 11K

AT sreduction -0.1 K -0.25 K -0.4 K
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FIG. 2 ITER PF Insert during manufacture

An additional development addresses the qualiicatf high copper content NbTi strands,
expected to be used for the low field PF condugi®F to PF5).

3. Coil development

In the framework of the EDA phase, manufacturirahteques for TF and CS coils have been
qualified by the construction of the model coilevdrtheless, several points require further
development. We will address here the metallic estrenside the insulation of the PF
conductors, the development of a new resin foimfReoils, the development of helium inlets
for TF and CS coils, the study of manufacturinghteques for radial plates for the TF coils,
the development of pre-compression rings and abil$:

3.1 Metallic screen inside PF conductor insulation

This first item can be classified as a concepteaslgh issue : to control the dielectric quality
of the insulation through the life of the machiiteis planned to install a metallic screen
inside the insulation of the PF conductor. Two agpéave thus to be considered: the
efficiency of this screen, which requires analyarg] its manufacturing feasibility.

As far as the manufacturing feasibility is concelrteials performed in industry showed that
the use of a continuous stainless steel ribbon pa@pnside the insulation was not suitable
and the use of a stainless steel cloth was recoeden

3.2 Radiation-resistant resin for the TF coils

The TFMC used a classical multilayer glass-polyena@mposite, impregnated by DGEBA
epoxy resin. This system could be used for the ITERCoils, but mechanical tests on small
samples have shown that, although good mechanrcglepties are maintained after low
fluence neutron irradiation, the performance degsasignificantly when reaching the ITER
design fluence of fast neutrons 4%, E>0.1 MeV). This was an incentive for investiggti
possible alternative solutions, using radiationistast resins, which could be applied for
ITER and future fusion freactor&IlG. 3). A specific development is being carried out in
Europe, including the manufacture of a reduced miaek-up to demonstrate the feasibility of
using new resins, such as cyanate dsieed systems, in the TF coils.
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FIG. 3 : Mechanical performance of resins

As demonstrated by the tests done at ATI [14], ay@rester/epoxy resin blends, also with
different ratios, seem to be very interesting bseaaf their good mechanical properties after
irradiation. Nevertheless, the formulation inityafiroposed by Hunstman (PY 306 : 60 ppw;
AroCy 10-L : 40 ppw; Mn-acetyl-acetonate in nonylepole : 1.5 ppw) shows characteristics
(short pot life, curing temperature 177-180°C, ¢dyi of the catalyst), which are not directly
applicable to the vacuum impregnation process eflTfER TF coils on an industrial scale.
Indeed, the resin has to fulfil the following reguments:

- due to the large dimensions of the coils to bpregnated, a pot life of at least 24 hours is
required at the impregnation temperature (betwdg€ 4and 70°C). The viscosity is initially
lower than 100 mPa.s and should not exceed 200snaPthe end of the pot life time. The pot
life and also the exothermic reactivity have toaogusted by choosing the right quantity of
catalyst.

- the safety aspect is important: it could be vdifficult, even impossible, to use in an
industrial environment a catalyst classified agtgly carcinogenic.

- due to the constitutive elements of the coil,dbeng temperature cannot exceed 150 °C.

- the system has to support several curing cyol@sdmote better polymerisation.

Since 2005, Huntsman has been working to adjust rédsn formulation to the coll
requirements. According to their latest results,

- a suitable viscosity profile can be obtained vytite cyanate ester and with the “reference”
resin formulation (60 % epoxy + 40 % cyanate estex)pot life is reaching 22 hours.

- for this purpose, the catalyst system has beemgdd, by using another solvent. The
catalyst is no more classified as potentially caygenic.

Two issues need to be addressed:

- the polymerisation cycle still needs to be opsieal to achieve good mechanical properties
while keeping the curing temperature around 150°C .

- large scale application and safety studiesrstiid to be performed.

3.3 Helium inlets

Contrary to the CSMC, wound in layers, the CS cailé be wound into multiple pancakes.
In a similar way, the TF coils will be wound in de pancakes, whereas the TFMC used
single pancakes connected by inner joints. Thiggdamplies the insertion of helium inlets at
the innermost turn in the highest field area. Aidatd development has been carried out in
Europe, including on one hand mechanical qualificato withstand the large hoop load and
on the other hand hydraulic qualification to enstirat helium flow is evenly distributed
inside the cable so as to provide efficient cooliighe most critical area from the electrical
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point of view. Two specific designs have been depetl : one for the TF He inlet and one for
the CS He inlet. In both cases, hydraulic qualifamawas met through tests of dedicated full-
size mock-ups [15]. However, the mechanical gicaliion of the TF He inlet is not yet
complete, since the tests of the relevant mocktupkaled to a premature failure at 476 117
cycles instead of the required 600 000 cycles [1Bh the other hand, mechanical
qualification of the CS He inlet is still to be femed, when relevant CS conductor jacket
material becomes available.

3.4 Radial plates

A specific feature of the TF coils is the use dirgess steel radial plates, inside which the
conductor lengths are embedded. The manufacturélize radial plates matching the tight
tolerances is far from being straightforward, siticese plates cannot be produced from a
single forged piece, as done for the TFMC. A maciwiang feasibility study has thus been
undertaken [17]. As best solution the premachimhthree large segments with grooves was
identified which gives the advantage of having mmer leg forged in one piece to withstand
the high stresses and saves fabrication time iallphr

3.5 Precompression rings

As far as structures are concerned, one of thesitmmanufacture are the precompression
rings, which will ensure convenient operation a - magnet from the mechanical point of
view. The high loads to resist in these two ririgsated at top and bottom of the TF caoils,
require development of a high resistance compasiiie with filamentary glass-fibers using a
roving technique. Prototypes are to be built ireaedopment programme underway.

3.6 PF Tall

Key structural elements of the PF coils are theTRBHs, which allows transfer of the hoop
force from the outermost turns toward the adjaeerds by shear inside the insulation. A
prototype mock-up has been manufactured to denaiadeasibility and effectiveness of the
PF tail design [18] and fatigue tests at 77 K da@ped in a near future.

4. Conclusions

The development of conductors for the ITER coilsti underway and important milestones
are scheduled for early 2007. Nevertheless, pretiryi tests performed as well on S
conductors as on NbTi conductors show that sudsefss from being granted. In a similar
way, as far as coil components are concerned,traghgesistant resin development for the TF
coils is not straightforward and mechanical quedifion of helium inlets and PF tails is not
yet completed.

However, manufacture of large radial plates seeasilide and encouraging results are
available for the manufacture of the pre-compressitgs.

A huge effort is nevertheless now necessary to ntoveard optimisation of industrial
processes to ensure success of the manufactune BFER coils. As far as the conductors are
concerned, the strain issue ingdSh strands should be tackled by improving the mechh
support of the strands and by considering the 6Smbust” Nb;Sn strands. An increase of
the temperature margin should also be includeterdesign.



3 IT/2-1Ra

References

[1] ITER Joint Central Team and Home Teams, “ITE€&Anology R&D”, Fusion Eng.
Design,55 (2001) Issues 2-3, July 2001

[2] Tsuji H., Okuno K., Thome R., Salpietro E., Ego S., Martovetsky N. et al.,
“Progress of the ITER central solenoid model qmbgramme”, Nucl. Fusiodl
(2001) 645-651.

[3] Ulbricht A., Duchateau J.L., Fietz W.H. et dlThe ITER toroidal field model coil
project”, Fusion Eng. Desigr3 (2005) 189-327

[4] Taylor D. M. J. and Hampshire D. P., “The @ogllaw for the strain-dependence of
the critical current density in N8n superconducting wires” - Supercond. Sci. Tech.
18 (2005) S241-S252.

[5] Zanino R., Mitchell N., and Savoldi Richard, l’Analysis and Interpretation of the
Full Set (2000-2002) of Tcs Tests in Conductor dfAthe ITER Central Solenoid
Model Coil", Cryogenicg3(2003) 179-197

[6] J.L. Duchateau et al., “Exploring the limitsavery large Ng5n conductor: the 80 kA
conductor of the ITER toroidal field model coilSupercond. Sci. Technol. (2004)
241-249.

[7] Mitchell N., “Summary, assessment and impiwas of the ITER model coil test
results”, Fusion Eng. Desigf6-68(2003) 971-993.

[8] Bruzzone P. et al., “Test results of two ITHR conductor short samples using high
current density Ngsn strands”, presented at Appl. Supercond. Coaeéhitle, (2006).

[9] Ciazynski D., “Review of NiBn conductors for ITER”, presented at"280FT
(2006) (submitted for publication)

[10] CiazynskiD. et al., “Test results of the first 50 kA NbTilfaize sample for the
International Thermonuclear Experimental React8tipercond. Sci. Techndl7
(2004) S155-S160

[11] Bruzzone P. et al“Test Results of the ITER PF Insert Conductor SBannple in
SULTAN?", IEEE Trans. Applied Supercont5 (2005) 1351-1354

[12] Zanino, R.; et al.; “Preparation of the ITEBI&dal Field Conductor Insert (PFCI)
Test”|EEE Trans. Appl. Supercond. 15 (2005) 1346 — 1350

[13] Baker W. et al., “Manufacture of the Poloidgkld Conductor Insert Coil (PFCI)”,
presented at the $480FT (2006) (submitted for publication)

[14] Maix R. et al., “Assessment of the Mechaniabperties of ITER Magnet Insulation
Candidate Systems before and after Neutron Iriadia presented at the 21AEA
FEC conference

[15] Decool Pet al, “Hydraulic characterisation of ITER CICC Coolingdts,
presented at ICEC 21 (2006)

[16] Decool P. et al., “Design and qualificationldER CS and TF cooling inlets”, IEEE
Trans. Applied Superconi6 (2006) 876-879

[17] Fietz W.H. et al., “Study for Manufacturing BfER TF Coil Radial Plates”, presented

at the 24 SOFT (2006) (submitted for publication)

[18] Dolgetta N., “Development and Manufacture oflaER PF Coil-Tail Mock-up”,

IEEE Trans. Applied Supercontb (2006) 852-855



