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Characterization Tests of the Nb3Sn 
Cable-in-conduit Conductors for Se.C.R.E.T.S. 

Pictluigi Bruzzone, Alexandcr Shikov, Alcxaizdra Vorobieva, Victor Sytnikov, Amid Nijhuis, Werner Specking 

Alrsirrrcl-Two KbsSii cnblc-in-coi~tluit conductors linve bccn 
procrircd for Se.C.kE.T.S. (Scgrcgatccl Copper Hntio 
Kxperimcnt on Transicnt Stability). ’I’hc two conductors arc 
identical in tlie frnctional cross sections. Ttic only differcncc is 
the l o c a t i o n  of tlic coppcr stnbilizcr, incliirlcd either as 
segregatcrl copper wircs or ns n copper shell in thc 
sripcrconducting strnniis. A number of chni’nctcrizntion tests, 
on individual strands and cabled conductors, lravc becn cfirricrl 
oiit to cstablish B 30hd data bnse for the nsscssment of  tlic 
rcsiilts in tlic mnin expcrimcnt. 

I~rdcxternu- Nb&n cablein-conrluit, critical citrrmt, QE Insscs 

I .  INTRODUCTION 

The ScCRFTS task is a crucial experiment 011 the role of thc 
scgrcgnted copper i n  Nb3Sn cable-in-conduit condtictors [ 11. A 
bifilar, single layer winding is insertcd i n  the bow of the 
SULTAN test facility, at background ficld lip to 1 1  T, 
operating cmcnt  up to 12 ki l ,  superimposed transverse pulse 
field to gcncrate transient disturbances simulating the plasma 
disruption in a fiision magnet. The winding is made of two 
N blSn cablc-in-conduit conductors, series connccted, identical 
exccpt the location of thc copper strlbilizw. The effectivwwss 
of the scgrcgated copper can be assessed comparing the 
stability performance of the two conductors. Thc use d 
scgtegated coppcr, and hencc IOW copper fraction in tlic Nb3Sn 
strands, aliows substantial cost saving for large windings. 

11. CONDUCI‘ORS LAYOU1 AND MAN~JFACTURE 

‘I’hc conductor A (without segreegatcd copper) and U (with 
bundled copper wires), have been designed to have idcntical 
Cu and tion-Cu cross sections, as well as identical sizc and 
void fraction. To simplify the procurcincnt, the cable Iayaut cf 
conductor A is  identical to the last-but-one cable stage of the 
high field l ‘ER Model Coil conductor (CSI) [ 2 ] ,  with all the 
stabilizing copper iricluded in tho superconducting strand 
cross section, Cumon-Cu = 1 . 5 .  For coilductor 13, the 
Cu:non-Cu ratio in the superconducting stratids is reediiccd to 
1 and 16 copper cores are included in llic cable, see Tablc 1,  
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‘The strands for both A and I3 arc procured at VNIWM, 
MOSCOW, atid are manufaclurcd with the same inethod (bronze 
route). According to tlie strand supplier, the copper fraction 
can be easily adjusted over a broad range, starting Froni about 
20%. The slrands of both conductors, as wcll as the oxygcn 
Ltm copper cores in coilductor B, are Cr platcd at VNIlKP, 
Moscow. The thickness ofthc Cr layer is 2.5-2.8 pw. 

‘I’hc cabling nnd jacketing work is carried out at VNIIKP [3]. 
‘Ihe I ”  cable stnge of conductor B has to be a 1+7 cable in 
order to obtain the samc overall Cu and non-Cit cross section 
i l s  in the 3x3 clcmcnt of conductor A, with a similar strand 
diameter. The iiumbcr of cable stages is three in B (four in A), 
see Fig.1. Thc last two cablc stages and their pitches 
identical in both conductors. A thin steel tape i s  wrapped on 
the final cable it1 opposite dircction (Id-hand) coinparcd to 
the pitches of strand and cable (right hand). The production 
length ofthe cables is 5 8  in (A) and 69 m (B). 

‘I’lic jacket (idonticnl for A and B) is assembled by T[G butt 
welding 6 M long units of seainlcss 316 L stainless stccl 
pipes, 16 x 1 mm. The typical dimensionnl tolerancc of the 
pipes is  f 0.1%. All the welds are leak tested. l’hc cable is 
pulled throiigti the weldcd, pre-assembled jackct with an 
insertion gap of 0.8  - 1.2 mm. Eventually, the condiictor is 
compacted by a set of rollers to the final diameter of 14.54 f 
0.03 mm,  providing a full engagemcnt between cable and 
jacket. No thickcning of the wall is observed during 
compaction. A number of straight sections are cut for ac losses 
atid I, tests. The reinaining conductor lengths, = 51 m fix 

TABLE 1. CONDUCrOl< LAYOUT 

Conductor A Conrlnctor H 
Cnblc configuration 3 x 3 x 4 x 4 (1+7)x4x4 
N o f  sc strands 141 112 
N o f  Cu cores 
Strand diameter 
Cumon-Cia in straid 
Cu-core diameter 
non-Cu cross section 
Cu cross scctinn 
Overall strand pcrimeter 
SC s t r W  pcriinctcr 
Twist pitchcs, nini 
NblSn strondhn 
S k c l  wrapping 
Jacket wall iliickticss 
Void hnttiotl 
Conductor diameter 
CRblc spacc diameter 

0 16 
0.81 mtn 0.82 mm 

I .5  I 
1.1 mm 

29.68 min2 29.57 mi,: ’ 

44.52 nim 44.77 min 
0.366 m 0.343 in 
0.366 131 0.288 in 

0.66 kg/m 0 52 kghn 
25 x 0.06s mm, 14 lnm pitch 

I .  01 + O.02mm 
=37% 

14.54 $: 0.03 inn1 
12.54 ;t 0.03 mm 

1 

10,48, 87, 120, 160 10,61, 120,160 
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Conductor A Conlhlctnr D 

0 =0.8linrn 
Cu:non-Cu = 1.5 

B = 082 min 
CunonCu = 1 

3 x 3  

313x4 

1 + 7  

Fig. I 1.nyout and cross section of tlic two cable-in-conduit conductors 

bot11 A and B, arc wound on a drum, 0 = 2 m, and leak 
tested. 

A ,  S t p a d  Acceptance Tests 

Thc strand for conductor B is obtained from [our billet 
assemblies (no strand breakage). For conductor A, six billets 
havc been used, with onc strmd breakage in thrce of them. 
The two-steps heat trcatinent on the accepiance specimens 
(one for each billet) is carried out in vacuum, 575 Cit5O hivs 
and 600 Cl 200 hrs. The test results on  lol lo,,.^:,,, hysteresis 
Ioss f 3 T and RRR are summarized in Table 2. The tests are 

TABLE 2. SUMMARY OF STRAND TESTS RESULTS 

Strand A Strand B 
Cumon-Cii (rangc) 1.45- 1.54 1.02 
Averagc Cumon-Cu in ctihla 1 5 0  1.02 
Jc,da @ 12 T, 4,2 K,  0.1 pV/cm (range) 
Averagc J. mas, i l l  cable, A/mtn2 576 577 
Je nn-cI, from hent trcatinent witness specimen 520 50 I 
Non-Cu hysteresis loss j: 3 T (rangc), niJ/cin’ 
Avcrkge iion-Cu hystercsis loss in cablc 165 t 66 

RRk it1 stran& (range) 101-116 88-105 

550 - 6 O D  569 - 599 

154 - 178 140 - 166 

> 100 KKR in mppcr cores 

carried out at VNllNM, where tlie ITER strand bcnch mark 
test was also prxticcd in 1995 [4]. The PRR is dcfined for 
the ovcrall strand, rather than for the Cu. The slightly lower 
d u e s  in strand B arc due to the lower copper fraction [ 5 ] .  

Four I, strand specimens have bccn attached to tlic SeCRETS 
winding as witness of the hefit treatment in Ar gas. The 
critical current results (test at Univ. of Twcnte) we lower than 
measured at VNIINM, see Table 2. ARer cliecking the records 
of the hcat treatment, the reason for this discrepancy (-7.4% for 
strnnd A and -I 1.4% for strand B) has not yet been clarified. 

The ac losses wcrc tneasurerl at Univ. ofl‘wentc on 480 mm 
long, straight sections of the cablc-in-conduit cotiductors, heat 
treated together with the SeCRBTS winding [ I ] .  The test WRS 

carried out in thc “virgin statc”, i .e. without any mechanical 
and elcctromagrictic load on tho strand bundle. Thc applied 
sinus field had :t 0.4 T amplitude (no background field). The 
AC losses were mcasured by boil-off caIorimetry. The results 
(loss cui-vcs) are gathered in Fig. 2 and Table 3. 

The loss curves of conductor A and B, normelizcd to the 
superconducting strand volumc (i.e. for 111c samc non-Cu 
volume) coiivergc to tlie same hysteresis loss, as expected 
from Table 2. Thc slope o€ B (circle) is smaller than A, 
suggesting smaller coupling currents loss. Noi?nalizing the 
loss results to the ovcrall cable vnluine (or to the cablc 
Icngth), the RC losses d i f h n c e  becomes ahnost a factor of 
two, mostly rluc to ttie enkt  of ttie scgregatcd copper in 
conductor B. Thc lower loss in condiictor B is tikely due to 
smaller interfilament loss (due to the smaller copper fraction) 
nnd highcr. transvcrsc resistancc (see below). 

The coupling Ioss in the SeCRETS conductor is smaller than 
expected in Nb,Sn cable-in-conduit in “virgin statc” [6]. A 
further Ioss decrease is expected in operation, due to tlic 
electromagnetic toads [7-83: duo to an increase of the 
interstrand resistance after loading, it is rcasonablc to expect 
that the coupling loss is eventually restricted to the 
interfilament loss. Ifthe sc slrands of A and B had the same 
nz, i.c. the same interfilament loss, the loss per conductor 

r r  I 

Conductor B, overall 
Conductor B, only sc sltai ids 

b 3 8  

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 
Frequency, Hz 

6 

Pig. 2 AC Iosscs of conductors A and U, nornializctl to thc FC strnritl volume 
(squarc and circle) and to ovcrnll strand and Cu corc (square and triangle) 
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TABLE 3. SUMMARY OF COUPLING LOSS KESULTS 

Conductor A Conductor B 
nr: (strand volumcl. ms 1.52 10.4 ,, 

m (cable volumc), ms 1.52 8.3 
ns.&,bk (loss per unit Icngth), mvmm' 0.205 0.112 
Avetngc R, @ 0 T, nR.m 210 435 
n-c . R, , s.fi.m 3.6 3.2 

unit length in A would be larger, compared to B, by a factor 
1.27, which is the ratio of strand volumc in A and B. 

C. Interstrand Resistance 

The intentrand contact resistance timcs length, R, (Qm), is 
ineasured in 460 mm long, straight sections of conductor A 
and B at Univ. of Twente. At one end of the jacketed 
conductor, the cable bundle is opened and a number of strand 
pairs, sec Pig. 3, is wired. The resistance is measured from 
the Y vs. I curve at 0 and I T background freld, with marginal 
increase at higher ficId. The rcsistance is constant over ii broad 
range of dc current (up to S O  A). 

h 

i 

10 

2 

i 

B 

12 

Fig. 3 Wiring schcnio for intorsirand resistance specimcns 

The test results are gathered in Figs. 4 and 5. The resistance 
between adjacent strands in thc first cable stage, as well as the 
average resistance in the bundle, is about ii factor of two 
higher in conductor B. This may be cxplained considering 
that the interstrand resistance in a multistage cable i s  the 
results of the several zigzag paths of sc strands with different 

. 

1st sta e 2nd stage 3rd sta e 4th slagc averagc 
1,2,lh, 114, 8111 1/5,1/f, 1/7.]/8. 
w9, 8110 8/12 1112 

Fig. 4 Intentrand rc~istance in conductor A 

1st &e 2nd stage 3rd stage avernge 
112, 113, 114, 1/53 116, I#.  
W8, 7/10 9ll I 11.8 

Fig. 5 Interskmd resistnncc iii conductor B 

angle in the bundlc 193: the larger number of sc strands and 
the larger average angle of strands in bundle in A (due to the 
larger number of cable stages) coirelates with the lower 
transverse resistance in A. The Cr plated copper wires in 
conductor B do not contribute praclically to the transverse 
conductance. Thc contact resistance of an individual strand 
crossover i s  assumed to be identical in A and B, due to the 
identical Cr plating. 

The avcmge. interstrand resistance in the bundle correlatcs well 
with the coupling loss rcsults. The product n r R c  is identical, 
within the accuracy of the results (= IO%), for conductor A 
and D,  see Tablc 3 .  

D. I, vs. Axial Strain On Cahie-in-condxii Conductors 

T w o  straight cable-in-conduit conductor spccimens, heat 
treated together with the SeCRETS winding, have bcen 
measured in the bath cooled split coils of the FBI facility at 
FzK, with field up to 14 T, current up to I O  krl and axial load 
up to 100 k N  [lo]. The critical current of the stecl jacketed 
conductors was first measured vs. applied field at zero applied 
strain, Merwards, at 8 = 14 T,  1, was measured as a function 
of the: applied axial strain. The electrical field critcrion for 1, is 
set at I p Vhm, with voItagc tops spaccd by 50 mm. 

The J,(B) rcsults for A and Fl conductors without applied 

I3 strand 

D ClCC 

...................................................................................................... 

......................................................................... ............................ 
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500 ...................................................................................................... 

.......................................................................................... 2 400$ 8""'- 
B 43 .................................... 1 ......... ............................. 

@ e  
2 0 0 J  . 

10 10.5 I1 1 1 . 5  12 1 2 5  13 13.5 L4 I 
Applied Field, T 

Pig, 6 Critical ciirrcnt dcnsity vs. field iii CICCs and strnnds 
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A CICC straiii W 

B CICC strain 0 

Applied axial Strain, % 

Fig. 7 Critical cmcni vs, tcnsilc strain at 14 ‘I, for bi~th A and B CICCs 

strain are plotted in Fig. 6,  togclhcr with the strand results at 
1 pV/cm (heat treatment witncss specimens). The large 
difference betweeii the rcsults of strand and the steel jackctcd 
conductors i s  due to the. axial strain induced in the N b 8 n  
fifaments by the steel shrinkagc, in good agreement with [lo]. 

The JC(€) results arc shown in Fig.7, were the full curve i s  
measured only for thc I3 conductor. The peak of Jc VS. & 
occurs at E = 0.74% apptied strain, as it is expected in a steel 
jacketed conductor. IIowever, the ratio of J, without applied 
strain to the peak J,  is J,,/J,, =&a], compared to 0.4-0.6 
mcasurcd on similar cable-in-conduit conductors [lo]. In other 
words, the peak current, J,, is smallcr than expected and the 
whole data J,(E) remain, at any strain, much smaller than the 
J, measured on the strands. 

The apparent contradiction of Ihc scaling law may be 
explained with a bad cooling of  the CICC specimens in the 
He bath. Initially, thc cable void fmction is filled with liquid 
helium percolating through the tiny channels in the conductor 
section licavily compacted at the axial load grips. During the 
IC test, tlie littlc power generated by the current transfer cannot 
be cffectively rcmoved by helium mass exchange due to the 
almost sealed conductor ends. Evenhially, the cable space is 
cooled by conduction through thc stccl jacket and the 
operating temperature is substantially higher than the liquid 
Helium temperature. 

I, vs. E in Fig. 7 is much smaller tlian predicted by thc 
scaling law at constant temperahire, although is in good 
agreement with the expected behavior. The cnicial rolc of B 

good Hclium mass cxchangc in the cable space has becn 
verificd on othcr CTCC spccimcns in the FBI facility, when: 
the I, pcrformmcc improvcd substantially after drilling large 
cooling holes in the jacket [ 1 11. 

IV. CONCLUSION 

Two cable-in-conduit conducturs have been manufactured fbr 
the SeCRETS experiments to the same specifications, except 
the location of the copper stabilizer. ‘I’he design requirements 
have been fiilfilled. However, the strand specimens attached to 
the winding as heat treatment witness show a lower IC 
pcrfomance compared to the acceptance test. 

The coupling currents loss, measured on uiiloaded straight 
specimens (virgin statc) is lowcr than cxpcctcd for similar 
conductor layouts. The loss pcr length of the conductor with 
scgregatetl copper wires is about half the one of the oihcr 
conductor. 

Thc interstrand resistance in tlie coriductor with segregated 
copper, consistently with the coupling loss results, is about 
twicc coinparcd to the other condi~ctor. 

The critical cunonts of Ihc two conductors arc identical, at 0 
applied load, within lcss than 5 %. IIowcvcr, thc resnlts of 
IC(&) are afFcclcd by the non-isotherinn1 test conditions. 
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The higher the current, the higher is the ciirrcnt sharing power 
and the operating temperature. This explains why the slope d 

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on March 02,2020 at 08:38:57 UTC from IEEE Xplore.  Restrictions apply. 


