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Ab.wacr-- Cwlorinictric inewsurenicnts n l  A C  Insu and hcnca 
inteistrand contwct rosistwricc (ICR), wcrc nicasured on h c c  
i i~ ir ip lc~  of Rutlierford ciilile wound with Cu-stabilized jclly- 
roll typc unpliited N ~ J A I  strrind. Onc of  the ciihlc types was 
fuinishctl with a thin COW uf AIS1 31hL shinless sfccl and the 
otlicr hun wcre bnth uncured but insulated in diITcrciit wwya. 
Tlic cnlilcs were subjected tn a rooiii-tcmpel.atul.c-applIcd 
unlvxinl pressurc of 12 MPII that W H S  mnliitnincd during the 
wtctinn hcat tr'crtmcnt (RHT), thcn vwuum inipregnnttd 
with CTD 101 epoxy, tlnd rrpressuriretl to 100 MPa during 
AC-loss incwsurcinent. The messurcmcntr wore pcrfnrmcd ut 
4.2 K iri H sinusnidvl fiuld nf wnipliludc 4011 mT at frcqucncies 
of 1 tn 90 mHz (no DC-hias flrlrl) thrit W A S  applied both 
perpendicular and piitallel tn flic fiice of the cablc (tlic facc-on, 
FO, mid ctlpc-oil, EO, diwctioiis, rcspcctively), For thc E D I . ~ ~  

cable the FO-mensurd effective ICR (FO-ICR), was 5.27 pn. 
Thost! fnr tht unciii~rd ca l t lcs  IVCI'E less tlirn 11.08 pi2. As 
shown prwiously fni NbTC nnd Nb3Sn-bnscd Rutlicrhd 
c ~ ~ i ~ l e s ,  tlic FO-ICR c i i t i  be sigriificwiitly Incrcwctl by the 
insertitrn r i C  H tori!, tilthnugh in this E I I W  it is still IICIDW tho 
runge rrcommcndcd h r  nccclcl.vtor-mPgnet use. Post- 
measurement disscction or nnc i i f  lhc'cablcs showcd that tllc 
irnpi*cgnating resin hvrl pci*mcated h f w e u n  the strands find 
cniitcd thc core wlth 11 thin, insuliiting ltiycr cxcupting f t r i -  some 
siiitercd points o f  cni i tvct .  l i i  the uticnrcd cnhlcu the striinds 
w w c  cniitcd with resin except rrrr tlic points nf intcrstrand 
ccmti ic t .  It is sugjiested tliiit in the lattcr CUSE this tciirlcilcy for 
pwti+i l  mitirig lcnrls to 11 II~ocrssiiifi-smsitivt. FO-ICR. 

I. INT[~oDIK!~rI [m 

Tlic "winrl-oiid-rcnct" " h i d  that is generally I I S ~  in the 
construction of Nb3Sn inngnets i-equires the cable to he 
cnnipactcd uiidcr incidcmtc prcssurc (some 5 MPa) and 
givcii a11 cxteiisivc reaction heat treatinerit (Ill rI'> thnt 
rinishcs with II hold for scvurnl days at  about d5O'C. A 
comparnhle RUT, hut for szvcrril tcns of hours at 7SO"C, 
would be needed fur Cu-stnhilizcd Nh3Al-wound magnets. 
Such tteatments provide amplc opportunity for Cu- 
stnhilizcd strands to sintcr together thcrcliy drnslicolly 
I~iwcriiig ttie interstrand contact resistance, ICR, niid 
inci-casing tlic coupling loss [1-6]. A low ICR of I or 2 
pRs would favor CLlITent sharing nnd hcncc cnhlc stnbihty 

On the other hand, R high vnlue of ICR is nccdcd tl 

suppress coupling currents. As a compromise belwecl 
these conflicting rcquircmcnts in the case, for cxample, of 
Rutherford-type LHC cnble mininium ICR values withii 
thc riiiige of -15+5 pL2 [7] lo  -BO pi2 [SI hnvc lwei 
recommended. 

TO supprcss interstrand sintcring, prereacted strands havi 
been plated with Cr (91, or coated with a synthetir 
tuhricating oil (Mobil 1) [10,1 I ]  which decomposes durinj 
RIIT to ICAVC hchind an ndherent depcisit of C. 'l'odny sucl 
coatcd strands find use only in cable-in-conduit conductor: 
[4,1 I] .  The NblSn Ruthcr~oord cables used in thc two mcls 
rccetit high-field dipole magnets (the University 0: 

Twente's 1 1 1', 4.2 K, d i p l c  [ I  21, atid Lawrcncc BcrkcIq 
Nntionnl Eaborntoty's 12.8 T, 4,3 K, dipole [13]) war! hot1 
waiind with hare Cu-stahilizcd sirand. ?'he former wa! 
ramp-ruic scnsitivt: and the lattcr ivns not. Some cablt 
conditiolis oiid hcat-treatment variations may bc rcsponsiblr 
fir this. But rattier than let chnncc dictate ultimate ramp-rat( 
sensitivity it might be prudent to introduce a prc-engineerer 
ICR. Then with Rutlicrford cables, to satisfy ihe conflicting 
requirements or cu ixnt  slinring and low wupl ing  loss it i! 
desirnble 10 cxcrt indcpcndent control over the "side-hy, 
side" and "c rossovd  ICR components. For this rcason 
rnthcr than coat the strund i t  is hdtcr to separate the "uppcr' 
and "lower" lnycrs of thc cable with an insuluting 01 

rnctnllic core of eithcr fixcd [2-5] or voriablc widlh [I41 
As o. contribution to thc dcvclopmcnt of ndvnnccd cnblcr 
for h igh-field-iiingtict applicati 011s the &Cci ivcncss of core: 
in the controlled suppression of cciupliug loss it: 
Bi:2212/Ag [IS,l6] iiiid Nb&i cables [17,18] bas rccctitly 
bceti studied; and for coinpuristin with the rcsults of Ilic 
latter research, the following AC Inss mensuremcnts WCK 

uiidalaken on some cored and unccired cables wound with 
Cu-stakilizerl Nb3R1 strimd. 

11. EXPERIMENTAL 

Ruihcrford cnblcs were woutid nt Liiwrencc ncrkclcy 
National Laboi-atiiiy PBNL) from Nb3Al-precursor strand, 
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B 96-filtiment jelly-roll" typc mnndncturcd hy Sunlitomo 
Ncctric Industrics I.td. During the cnhling n stainless steel 
strip (AIS1 3161,, 9.5 iiim x 25 pm) was fed along n slat io 
thc cahling mandrcl in ordci- t i l  furnish 6 m of the 19 m that 
wcre wound with n stainless s l e d  (SS) core. Three cohlc 
packs wcrc prepai-ed for renctir)n-hent-treatment (RIIT) and 
measurcment. Following thc LHNL proccdure, snnipks 
with and without cores (NA-C and  NA-NC, rcspectively) 
were iusulatcd with S-glass brilid that had becn first clcaned 
by vntiiium hcnt treatment nnd thcn iinpregnatcd with an 
cnsiIy removablc sizing ngcnt (pnlniific acid, M.P. 215"C, in 
elhyl alcohol) to cnobie it lo  be handled. Then by way of an 
nltrrnativc insulation procedure, lcngths of uncorcd cable 
werc covered top and bottom with slrips of prc-baked mica 
und thcii wmppcd (no gaps.) with sizcd S-glass rihbon -- 
sninple NA-NUM, The ins~ilnted cnblz scgments, about 53 
cm in Icngfh wcre mounted 6-high hetween thc plalcs 
(ahout 41 x 8 cm) of nil SS clamping I'ixture nnd subjccted 
to a pressure of tihout I 2  Mt'o, npplicd hy on Instron 
machinc and rctnincd hy t ~ o  rows nl' I 1  through-bolts. 
RIlT ol' the mountd  samplas, which took place in flowing 
Ar, cotisisted of 11 H I ~ W  riinip to i h n t  750°C followed by o 
50 h bold at Ihat tcmpernturc. Aftcr RI-IT nnd cool-down 
the snmplcs were vocuum-iii ipr~gtirt~~ with lype CTD I O  1 
I-csin and air-own curcd. '1'11~ impregnnlcd sainplcs wcrc 
thcii Irimmcrl tci a Icngth or41 c m  for measurcment, a n d  the 
6-cm lmg rcsidual picces ( p r t  pressurized iind part 
clntnpcd togethcr hut unliressiirizeil) w~1-t  sct asiilr for 
visual uiid mctallogrnphic cxaminntion. 

Caliirimctric mcusureniciitS of AC loss wcrz modc at the 
University of Twciita by tbc He-boil-off method [IO]. The 
straight cable siimple was moiuitcil inside P single-wall 
liquid-Hc-filled cnlorimctcr which itself W B H  imincrsed in 
licliiid IIc. The tic hoihff role w a s  tmxisiircd by ca1ibr;itcd 
gas flow tndcrs. Thc AIS1 3 16 SS niciunfing fixture, 40 cm 
long, consistcrl o l  two halves. Two rows of 18 holts 
cnnblerl n prcssuri: of 100 MPn (in this case) to be npplicd 
B C ~ C I S H  the b~-oad cabII: hccs .  AC loss in thc c lnmpd  
saiiipI2 was gciicratcd hy an altcrnnfing clipolnr ficlds or 
oniplitudc 40(1 mT mtl  frcqwncics,.k of 1 t o  'H) niHx that 
wcrc applied cilhcr pcipcn(licui:ir IO or 1x11 r r I I 4  tn thc broad 
cahlc faces - -  thc Lice-on (FO) und edgc-on (Ea) 
oricnt titintxi, 1 espcct i vcly , Lhckgrou rid losses (utldcnda) 
werc scparntcly dctrmrincd. 

Based oil equations listd by Sytnikov cl til,  1201 for powcr 
loss dtic to intorstrnnd caapling per unit lerigth of 
K u l h e r h d  cnhle exposcd to n ramping inngnctic liclcl U 
(ninplitudc B,) in  Ihc b.0 (I) and EO (//) directions, 
rqwctively, nIc thc fullowing expusions for energy loss 
pcI cycle per 3n3 of uiitsirlc cnhle diincnsions (width NJ nnd 
thickncss f>  

The units of QL. (in gciicrtil Qe) are tesln, mctcr, second; N 
is thc number of strands and .Lp is 1/2 thc transposition pitch 
of the winding. In (1) ihe first tcrin rlescribcs the 
contri buiions of diamond-shapcd coupling current pnlhs 
(with which R ,, thc resistance of cnch inlerstrand crossover 
contact is associated); the second term descrihes loss 
stcmming from CllKentS that utilize side-by-sida contacl (of 
edge-to-cdgc resistuncc HHhetwccn adjacent pnirs of 
strands, In principle the ICHs R I  and R/,can be obtained 
from the reciprocnl slopcs cif the Qe versus f lines after 
milking the rl~/~i-to-Jtmuslormntion os discussed in 11 81. 

Having madc the conversion, for cnhlc-to-cable comparison 
it i n  then uscful to rcprcsent the cffccts of botli types of 
contact by nn "cffcclive ICII", R L c ~  defined by 

in wlvhich RJ..efi will gcnci-ally hc a combination u lR ,  nnd h!/d 

The nhovc c t p d o n  is valid for n lrinngle WBVC, io ordcr to 
apply it to thc sine wave profiles uscd in this work wc ncrd 
to multiply lhc RlIS by n2/X. 

Fig. 1 dcpicts the totnl FO losses vs frcqiiency for nll tlircc 
cahles. Also shown for referencc is the EO loss for NA-C. 
l'he uncored cnhlcs NA-NC and NA-NUM hoth exhihit 
vcry high losses and hmcz low critical frequencies, JC 
(corresponding 10 Q,or,n,nx) tincl low TCRs. At very low 
freqiuiicies (below the rangl: of measiircnicnt and Icw than 
I m I  11. for NA-NC) nll three PO Ql0, curves slio~ild mcci ntf 
= 0. According to (3) thc rcciprocal slnpcs of etof h r f c  
fc (iinplicit for NA-NC and NA-NUM) are pioportionnl to 
the respcctivc R,,fl which hnvc clearly hccii sithstnntially 
reduced by Ihe inclusion of thc SS core. 

Pig. 2 dcpicts thc totnl EO losscs vs freqwncy for all thi-cc 
cahles, with thc FO rcsponse of NA-C included for 
refercnce. Thc diffwcnce betwccn the "hysterctic" 
intcrccpts prohuhly stems from ihc fact that the nngk 
bc:t\x.cen tlic strnntls and the field direction i s  slightly 
dilkrcnt fnr thc I W  and EO orientutions of thc cahlc. 
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1’olIOWing pwvioiis stutlics of cui-cd cables for which ii has 
hccti possible to assiiinc that R, = - [14,17,1R], i t  might hc 
concludcd that the E‘O loss in NA-C is ngriin due to side-hy- 
side striind contact (of rcsistiince it!!). Dut hefore 
procceding ro thc siitnc ctmclusion in this cnsc it is 
ncccssnry to estimate thc mngnitude of ~ h c  intrastrand cddy 
currenl contribution to &, particularly its FO value. This 
we do by using Cnrr’s exprcssinn for eddy-ctiixnt loss 121 1, 
viz. @e = I,plB,,,IJ/2pJ, and substituting I,, = 30 mm, R, 
400 mT, and pL = 18 nacm (hnscd on n Sumitomo quoted 
RRR of = 175 and a ;1 of 0 .5 ) ,  Finully, after taking into 
ilccoiitit the strand-fill factor o f  thc cahle (88.2%) ond 
ronorinnlizing thc loss in the filamcntary region of iht: 
sti-md (78.4% of the sluind) 10 thc cnlirc cable volumc, we 
conclude that QJ”= 27 x IO‘dslni3 of cnblz vollunc. ‘l‘his 
accoutrts for tlic entire Qm, ~ ~ 1 1  in Fig. 2, fimrn which wc 
conclude that EO coupling loss is ini~nensui~nhly smnl1 in 
cliir expci-iincnt within ttia i nqd id  apprmimalion l/R,, = 0. 
Loss slope, loss maximums, critical frequuncics and 
rcsistivity vnlncs nre given iii  Tnhlc I. 

111 the ntrscncc of ohservnhje GO coupling loss we must 
concIude that i n  this set of ct~hlcs the FCI loss is due to some 
foim i d  iiitcrstrond crossover contact. This is c l edy  veiy 
sli-ong in the uncorcd cables tnit much less so in the cored 
m e s .  111 previous studies of  Nh& cnhles thnt hiid received 
an 1ZI.IT that ctinclirtlerl with 96 hl66O”C the SS mire 
scamed to h a w  heen fully effective in suppressing 
inttxstroiid crossovur ctmtoct. Thc fnct that somc kind of 
crossover contad is entirely i-cspnsihle for fhc FO loss in 
NA-C suggtm that is 110s hueri dcvclopcd nntler thc inore 
aggressive RHT conditions ruquiretl in NhlAl processing, 
viz. 50h/750°C. To proceed furlhcr requircd n detailed 
examination of thc slmctnres of the RI-I’l’ed cnhics. 

NA-NC 
o N A - W  

NA-C _ _  NA-O 

0.00 0.01 D.04 11.06 fill 

Frequewy, f, FIz 

Fig 2. Q,.uvs/fur~ll cii1ilc.r in ll ie EO orieatation with FO 
rc fcrc nce . 

One of the first things thal  was ohserved was the 
omriipresencc of epoxy (it is wcll known that epoxy in 
fully pttcd Nti3Sn systems wicks up the gloss shcnths and 
Flows throughout the systcm [22]). In this case the epoxy 
wf i s  prcsenr thrcmpliout thc pack, iricluding the inside of thc 
onblc, in betwcen thc strands. 

Wc then notioed that ot Ihc cnble cnds, in thl: uticored 
cahlcs, where nlmost no prcssure had been applied, thc 
epoxy loycr mas likc n uniForm dicct between the uppcr and 
lowcr cnhle laycrs. No porosity was sccn, but just inside thc 
pressurized zonc of this uncoretl cnhlc, the epoxy lnyer hiid 
many holes, fmning  n kind of “scn” of epoxy siirrountliiig 
“islnnds” of contact conrspotiding to the diamund current 
pnths. A pcwtion h n i  thc miter  of tlic pack was ohscivzd 
ti> hc the si”. 

Disosscmbly cif thc cored cahles rcvcnled thiit in the 
rinprws\irized zni~c,  ihc cpnxy agnin formcd n layer, this 
time rillncherl to thc SS strip. Within thc prcssurized zone, 
however, thc islantla of strand-to-strond sinrered rcgions 
wcrc of coiirsc non-existent hccause of the intervening core. 
Thcre mere, hrrwcver, some regions where the Cu strand 
surl‘nces secnicd to have sinkred tu thc SS strip. These 
regions would litem to he the w c s  reqmnsihlc for the FO 
]c)ss. 

In mounted niid polished cross scciions of thc cored cnhlc it 
was noted that the SS strip had much ICSP metal-to-mctal 
sintsring than was the case for thc uncorcd cables Also, 
very littlc side-to-sitlc: contact WLIS ohserved throughout thc 
cnhlu. Only neiir thc cable edges, either right ut the edgcs, 
or in !he form of ;I top-to-bottom luycr contact outside of 
the core region, was strand sintering sccn (io uncorcd cables 
thdrr! was of coum vcty much Lrpto-lwttom sintering). 
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Wc intrrprct the ahovc results ns follows. Unless somehow 
irlhibited, the epoxy tcndcd to COD t all surfaccs, prcsumably 
lcading to high contact vnlues. f-[owever, in the parlion of 
thc c a l h i  reacted under prcssure, ci-ossovcr contacting 
points tenilcd to sinter together, preventing epoxy from 
llawing in and coating thcm during subsequent low 
~ I - ~ S S I I W  imprcgnntion. The presencc of R core prevcnfed 
direct strand-to-strand sintering anit to that extent raised the 
ICR. I-Iowevcr, as a result of the relntively high ternpcrature 
of RHT (750"C), s ime  irvlirect strand-to-strnnd sintcnng 
w a s  noicd; in lhis cnsc via the cnrc innteriol. I t  was this 
conlact (mthcr than the expccted side-to-sidc-only cuntnct) 
that was responsible for the crbszrved ctiupling in cablc 
NA-C. 

TAl31,k I. CAR) . I  PARAMETER8 
ChB1.E KA-NC! NA-NCIM NA-C 

J;, IlrFlz C l  3.2 U 0  

CalorImctric loss mcasui-emziits tm Nb3AI cohlcs and the 
ICR vnlues extracted from thciii show thnt thosc with SS 
COWS had much lowcr lcvcls of Inss thun ~nhlcs  without 
cores. Riel vnlues for cored cnhles wcre 5.27 pLn, whilc 
those for uncorcd cnhlcs were 0.07 and 0,08 pQ. l'hc 
presence of mica sccmetl 10 hnvc lilllr: cffect on the results. 
In gcnctal, 111c iinprcgnatinn cpoxy tcudcd to pcmmentc Ihc 
wholc cahlc. The lcvcl of cpoxy inside tbc cahle wns 
Icssmetl in the rcgions of Ihc cnhlc which wcre rcnctcd a t  
high tcmperaturcs and under pi-cssure hccniixc the epoxy 
w'us excliidcd froin hest:  all-cady-sintcretl I-cgions. Cores 
significantly 1-etlucccl the loss, eitlirrr rlirzctly by thcir 
prcscncc in  the ciiii-cnt path, or by rctiinling sintering, md 
thus ullowing more unilorm c p x y  liiycrs to fnini. I'hc 
cwcs iricrcnscd l( l ,efl  hy at Lost 50 tiines, however, the 
resultiup vnluc of 5.27 p61 is somewhat hclow [he expcctcd 
target or 15-30pI1 [7,X1. 111 future stiidics wc expect lo bc 
ahlc to increasc It,:,rg by sclcctirig altcrnntivc core mnlonals 
nndior hy lowuriug thc pi-cssorc IO wliich the cable is 
cxposcd dutit1g RI-r1. 

The ticlp of H. Higley (cable winding) nnd R .  I-lnnnnford 
(snmple poltiug) both of L E N ,  i s  gratcliilly acknowlcdgcd. 
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