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Se.C.R.E.T.S. : A Stability Experiment on the 
Role of segregated Copper in Nb3Sn 

Cable-in-conduit Conductors 
Pierluigi Bruzzonc, Georg Vecsey, Alexander Shikov, Victor Pantsyrny, Victor Sytnikov, 

Bernhard Oswald, Thorsten Strasscr, Arend Nijhuis, Niels Noordmaii 

Ahtmcl- I n  Se.C.1I.E.T.S. (Scgrcgated Copper Ratio 
Exporimclits on Transient Strtbility), the stability 
pcrformnnce under transverse field transient i s  coinparecl 
for two Nb&n cable-in-conrliiit conductors which diffcr only 
because of tho' differetit distriblition of tlic stabilizing 
coppcr, citlicr included in thc NhSn strnnd cross section or 
segrcgatccl I I S  bundled coppcr wircs. If the segregated coppcr 
is foiind t o  be cffcctivc for stnbility purposes, thc coppcr 
frnction i n  thc NbJSn strnnds cnn be silbstsntially rcdnccd, 
with rlrr"tic cost advantage for the high ficld fusion 
magnets. Thc cxperinient is assemblccl in thc SUI,TAN 
facility at CRPP, with I1 T bnckground field and 
supcrimposcd trniisvcrse pulscd ficld to genernte the 
Iransicnt disturbnncc. The layout of the  conductor, f h c  
winding snmple and tlic assembly procedure arc dcseribcrl. 
The instrumentation and tlic test program are planned to 
provide results to bc cnsily extrapolated to tlic ITER 
conductors. 

hi dcx terms-N b3S 11 cab le-i n-co n d u it, trans icn t stability, 
copper scgrcgrtion 

I. INTROOUCIION 

Since thc early sixty's, it is known that some low 
resistivity, normal metal stabilizer must be attached to the 
superconducting material to obtain in a wound conductor a 
performance similar to thc bulk superconductor. The 
required amount of stabilizer for cryogenic stabilization was 
assessed El] for bath cooled conductors through the steady 
state ratio of the hcat rcmoval rate to the generated power 
(Stekiy paramctcr). Later, this power balance was extended 
as il dcsign criterion to the transient stability of forced flow 
conductors, SCC for example [2 ] .  

In monolithic conductors (large composites and soldered 
cables) the stabilizer is fully bonded to the superconductor. 
In cable-in-conduit conductors, the stabilizer cross section 
can bc adjusted either varying the coppcr ratio in the 
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superconducting strands or adding il number of copper wires 
(segregated coppcr). bundled with the superconducting 
strands. On sight, the first option sounds preferable, ns it 
offers a safc clcctrical contact between superconductor and 
stabilizer. Howcvcr, it may have a severe financial penalty 
in the case ofNb3Sn stratid, whose market price is driven 
by tlic complexity and risk of the assembly and 
manufacturing procedures, rattier than by the cost of the 
components. For this reason, tllc pricc of Nb3Sn strand i s  
roughly independent on its coppcr rraction. Using 
sogregated copper it1 a cable-in-conduit condiictor inay turn 
into h dramatic cost saving for a large Nb,Sn coil [3]. 

The stability models used in the past for multistrand cables 
assumed that the currcnt distribution, as well as the 
distmbance energy, is homogeneous over the conductor 
cross section, i.e. no inkrstrand currcnt sharing is required. 
A number of recent cxpaiincntal results, scc for example [4- 
53, showed that currcnl rc-distribution among adjacent 
superconducting slrands occiirs on a time scale shorter than 
I ms and is R major mechanism for stability against 
transient, locali7~d diaturhnnccs in multistrand cables: 
cffective current sharing staits at interstrand resistance 
(defined as resistancc between two strands i n  a cable 
tnultiplicd by thc cable length) < l o 6  R.m. In the sainc 
way, it may bc inrccacd that the segregated copper wires ae 
effectivc For stability, i.e. the curreiit in the stabilizer shares 
homogeneously between the cupper insidc the N h S n  
strands and thc segregated copper wires, despite the contact 
rcsistnnce at the wire crossovers. 

I11 "Se. C.R.E.T.S ." (Scgregated Coppcr Ratio Experiment 
011 Transient Stability), the effectiveness of the bundled 
copper wires for stability ngninst transverse fieId transients 
is assessed by the cnicial comparison of thc performance d 
two cable-in-conduit conductors made of Cr plated NblSn 
strands. 

11. DESCRIP'L'LON OF THE EXPERIMENT 

A winding macle of two N h S n  cable-in-conduit conductors 
i s  fitted in thc bore of the SULTAN test facility at CRPP, 
with DC magnctic ficlrl up to = 11 T, DC operating currcnt 
up to 12 kA (Jnon.tu up to 400 A/mm') and cooling by 
supercritical Helium with adjiistable temperature and inass 
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ThnLll  1. CONDUC'I'OK IAYOUT 

Conduclor A Cotitluctor B 
Crible confireretion 3 X 3 X 4 X 4  11-1-71 x 4 X 4 

1 _  

N ofstrnnti 144 I12 
N of Cu cores E )  16 
Srrantl diainctcr 0.81 inn1 0.82 niin 
Cu: tion-Cii 1.45- I, 54  1.02 
Cu-core diainctcr 1.1 inm 
non-Cii cross scctioii 29,hR mtn2 29.57 rnni2 
(211 cross section 44,52 inn12 44.77 tnn12 
Ovcrall pcriinctcr 0.3G6 in 0.343 m 
SC strmd perimeter 0.366 111 0.288 m 
Twisl pitches, nini 10,48,87,120,160 IO, 61, 120,160 
Nb3Sn strnndhn 0.66 kglm 0.52 kglni 
Slccl wrapping 
Jacket ivnll thickness 
Void rraction n 3 7  % 
Conductor iliametcr 
Cablc spncc diomcter 

25 x 0.065 mni, 14 mni pitch 
1. 01 k0.02mm 

14.54 k 0.03 tnni 
12.54 * 0.03 niiii 

flow rate lip to 1 I gh .  A set of pulsed field coils provides 
the transvcrse licld distwbance for stability experiments. 

A. The cable-inconduit conductors 

Two conductor sections, A and B, each about 50 m long, 
are prepmd with diffcrcnt cable tayouts. Conductor A is R 

typical last but onc cable stage of the high field ITER 
Model Coil conductor (CSL), with all the stabilizing 
copper included in thc supcrconducting strand cross section 
st Cu:non-Cu = 1.5 [SI. Conductor I3 has the samc Cu and 
non-Cu overall cross section, but. the Cu:non-Cu ratio is 
reduced to I in the superconducting strands and thc first 
cable stage is built by a ring of 7 strands around B coppcr 
core, sec Fig. 1 and 'I'able I .  

Ihc 'Nb3Sn strand for conductor A is iilcntical to tlic ITER 
Model Coil strand [(;I. For conductor B, the satnc supplier 
(VNIINM, Moscow) provided the strand with different 
Cu:iion-Cu ratio nnd h c  sanic non-Cu Jc.  All the strands 

C " h o r  A Contliictor l3 

0 @ = o . ~ I  inm 0 = 0.82 mm 
. . Cumon-Cu = 1.5 Cu:non-Cu = 1 

3 x 3  
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1 + 7  
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a 

Fig. 1 Lnyrnit aiid cross section of ihe two cnblc-in-conduit conductors 

arc Cr plated by Ihc saiiie vetidor (VNTIKP, Moscow). The 
cable sections xc jacketed by butt weld and piill-thlp~gli 
tnctliod into n 316 t, stainless stccl pipe with idcntical 
geomctry. The qualitication tests of the conductors (ac 
losses, contact resistancc and I ,  vs. axial strain) as well as 
the rcsults of the manulhcturinig qualily assurance, i u ~  
reported in 171. 

n. The winding 

Two conductor scctions, = 16 ni long, arc joiried at one eiid 
and wound as a bifilar, single layer solcnoid at OSWALD, 
Germany. Thc HC iiilet is placcd at thc joint. The He out- 
lets are at the winding termination. Tlic dinmctcr of the 
winding is 400 mm. The conductors are eticascrl in R half 
round groovc machined on n stccl cylinder. A overlappcrl 
mica-glass tape is wrapped oti the conducioi, bcforc licat 
treatment. Tlic 2 x 11  turns arc spaced and boltctl to t l ic 
steel cyliiidcr by a number ofclainps, sec Fig.2, ALIcr thc 
heat trcatmcnt, the conductors with thc niica-glass 
insrilntion tiad a resistance to gronnti in the range of 10 
ML.2. The insulation was rcplaccd by a half overlappcrl 
kapton lapc with ideritical thickness. The winding is not 
iinprcgnatcd to allow fiee ncccss bctweeri the clatnps foc 
instrumentation, heaters atid pulsed coils. '[he length of the 
windirig is about 1 m, exclurlirig joint and termination. 

Tlic wiiirlitig is manufactured according to thc wild-and- 
rcact method. Thc licat treattnent is catricd out in Ar 
ntmosphcre (575 C / 150 hrs, G50 C /200 hrs). A tiuinbcr ol' 
speciniciis o r  strand I,, conductor ac losses and Icvs. strain, 
are also included in the hcnt treatment. ARer heat trcatmcnt, 
al l  the bolts are rcplaced. The joint and termination are 
finished after thc licat treatment. 

._ . . . 

Fig. 2 The windirig hcforc tlic licnl Ircatmciit (bclow) and with currciit 
Iciltls and llragc for inscrtion iii thc SULTAN facility (ahnw) 
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Rtlscd Field coils 

Hnckground Field - Ptilsetl Flelrl _L 

Fig. 3 I)ctriil cross scction at thc pulscd coils location 

C. TIM pulsedfteld coils 

The traiisvcrsc pulsed field fur. the stability tcst is provided 
by a set of  three bent me-track coils (designed and 
manufactured at I ln iv .  OF Twente), wound with a coppcr 
wire, covcring about 300 nirn of  coiiductor length. The 
windings arc potted and attached to a steel clamp, which is 
bolted to thc main cylinder after heat treatmcnr, SCC Fig. 3 
and 4. A number of cooling pipes are attachcd to the pulsed 
coils IO intercept the heat geiierated akcr a. shot and prevent 
heating by conductioti of the cable-in-conduit conductors. 

The average pulsed field ovcr the conductor cross section is, 
wilh a A: 500 A ,  * IO0 V power supply, up to * 0.78 'r, 
with *LO% honiogciieity. The actual operating range 
depcnds on  lie duration of thc pulscd field shot (hot spot 
limit on the race-track coils) and on the dIldt (self- 
inducrance = 1.4 mfly).  The shots simulating the plasma 
disruption liuvc an amplitude up to = 0.5 Tand a time scale 
0.3-0.5 s. Smaller amplitude AB, say * 0.1 T, can bc swept 
in sinus inode for duratim up CO 10 s, over a frequency 
w g e  0.1 - S Hz. Faster pulse field shots can bc obtained 
using the discharge of a capacitor, with R resonating 
frequency about 20 Hz (one cycle about 50 ms). 

To rniniinisc the stray field on the SULTAN coils, the 
pulscd field windings are placcd at lociltions symmetric 

Fig. 4 ' I l i c  pulsed coils, pre-nsscinbled with Lhe s t c d  clamp ntid the 
uppcr cooling pipcs 

Fig3 Dctnil ofn pick-up coil, obtaincd by machining the toroidal, Cu 
plated stirfacc of n glass-epoxy shelt 

with rcspect to the center of SULTAN, with the field 
orientation parallel to the background field. The stray field 
amplitude on the high field coils is 5 3% c'the pulse field 
ampliludc at the cable-in-conduit cross section. 

The cable-in-conduit conductors are surronnded by sad& 
shaped pick-up coils to detect the magnetization. The E 
turns of  thc pick-up coils are spaced to carry out two- 
dinieiisionsll flux integration [SI. To fit the toroidal surface 
of the coriductors, the pick-up coils are manufacttmd by 
high prccisioii machining n copper plated glass-epoxy shell, 
see 1:ig.S. 

D. Instrumentarion und texst program 

The background field prodiiced by the SULTAN sptit coils, 
up to 11.3 T, has a saddlc sliape in axial dircctinn. Tbc 
diffcrcncc between the peak field (at the 3"' tum) and the 
field at the center of the winding is -6%. A 12 kA dc 
current soiirce provides non-Cu opcrating currcnt density up 
to 400 A h "  (compared to 160 A h m *  in the high grade 
ITER CS and 324 A h "  in  the ITER TF). A 80 W 
hcalcr controls the inlet temperature over a braad ritrigc. 
Throttle valvcs at both outlets adjust the mass flow rate in 
the two conductors. The temperature sensors, see Fig. 6 ,  
arc in contact with the coolant: (the jacket i s  locally 
opened). Voltnge taps are attached both in the liighcst held 
section and at the location of the pulsed coils. 

The tcst program includes the dc test of both conductors 
with T,, measurements vs. background field and operating 
current. The Lorcntz forces on the winding load one con- 
ductor in tension and thc other i n  compression. As both 
conductors are tightly clampcd to the bulk steel cylinder, 
the longitiidinal strain, E, is expected to be the same. A test 

Q 
A 

t 

Fig. 6 Sclicnia of cooling. hearers and lhcrmomcters Incatinn 
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with reverse polarity ol’ihe sample current will be done to 
vcrify the assumption. Stnall heaters me placed on each 
conductor before tlie high field sectiotis and the pulsed field, 
sce Fig. 6, to unbalance (if nccessaiy) the operating tern- 
pcrature and obtain dc characterization for both conductors. 

The key test for SeCKE’rS is the stability test under pulsed 
field. After setting background ficld and dc operating cur- 
rent, the teinpemture is adjusted to obtain tlic same tem- 
peraturc margin, AT, in both conductor and pulsed field 
shots arc applicd with incrcasing amplitude till one conduc- 
tor qucnchcs. Aficrwards, A T  is increased in the weakcr 
condncrar to allow fiathcr tcsting of the stronger conductor. 
The tcst i s  rcpcatcd For scvcral scttiilgs of operating current 
density and two tirnc-scalc of pulsed ficld, say 50 and 200 
ms. The relative pcrformancc of the two conductors can be 
assessed by the ratio ofthc limiting cuu’cnt [23, 

111. STATIJS A N D  SCI-IET)UI,B 

The ScCKE1‘S project starlcd about mid 98. Thc 
conductor procuicinent (through VNIINM and VNHKP) was 
compfeted by thc end of 98. The winding was carried out at 
OSWALD GmbH in March 99 and heat lrcahnent was 
completed at ANSALDO, Ilaly, in Junc 99. The 
instrumentation, asscmbly ofthe pulscrl coils, current leads, 
structural supporr, ctc. has been completeti at CRPP in 
September 99. l’lzc assembly in the SULTAN faciIity has 
been delayed to complcte a number or tests on conductor 
short samples. Wilnning up of tlie I’acility is litiderway and 
the cool-down of SeCKETS is planncd by the end of 99. 
The test period i s  cxpccterl to last four months, with results 
available in spring 2000. 

IV. CONCI.USI0N 

If tlic segregated copper fully contributes to stability, the 
ratio in (l), using the data in TRblc I ,  is expcctcd 1.03, i.e. 
tlic two conductors have about the samc stability 
perfonnancc. Considering only the copper included in the 
Nb,Sn strands, condnctor A is expected, according to (I), 
to have 38% better pcrforniancc than U .  

Another object of the SeCRETS tese is the assessment of 
the minimum AT reqiiii~erl to withstand plnstna disruption. 
‘Ihe field profilc and time scale of R plasma disruption can 
be reproduccd by the pulsed field coils. After setting the 
background field and thc ITER relevant operating current 
density, the “plasma disruption” is applied and the 
temperaturc tnargiti is dccrcased till a quench occurs. 

The ac losses can bc measured as a function of the 
background field and operating current. A small, sinusoidal 
AB, say & 0.1 T, is applicd Dver a broad range of frequency, 
ror a duration up to 10 s. The ac losses are measured by gas 
flow calorimetry, SCC for cxninple 191, and, at low frequency, 
by pick-up coil magnetization and V.1. Tlic fact that the ix 
losses may bc sliglitly different in A and B is part of the 
game, as this is also a result of the differcnt conductor 
layout due to the coppcr scgregation. 

An aiinular array of six Hall scnsors is attached at three lo- 
cntians to both conductors to monitor tlie cutrent distribti- 
tion and i f$  evolution. A linsar array of  Hall sctlsors is also 
placed at the conductor edge to investigate tlic occumnce d 
boundary induced coupling currciits, fN away from the 
pulsed licld region [la]. The ability of thc two conductors 
to re-distribute tlie current among superconducting stronds 
and thc segregated copper i s  part of the game (as well ns the 
ac Ioss) Tor thc comparison of the two layouts. ‘Hie initial 
current distribution, when the pulse field is applied, is 
monitored at three different locations: as the joints have the 
same layout and the current rate is tlie same in the two con- 
ductor, the initial currcnt distribution is also expected to be 
similar in A and B. 

The cffcctivencss of the segregntcd copper for stability in 
cable-in-conduit conductors of Cr coated NbJSn strands is 
invcstigakd by a crucial expcrimcnt with dirccl coinparison 
of thc stability pcrfomtancc of two conductors identical 
cxcept the location of thc copper stabiIizcr. Thc results d 
thc cxpcritnent will allow niodificntioris of thc conductor 
design with a substantial cost reduction for the large Nb3Sn 
condmlors of the fusion magnets 

l’he test program includes also the tlsscssinent of the actunl 
tempcratiice margin required IO withstand plasma 
disruption, providing another esscntial inpu t  for the design 
and cost optimization of the hsinn conductor. 

The ssscinbly o f  the experinlent is completed. The test will 
be cnrricd out next winter. 
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