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Ahtrcrcf - Most accclcrator magnets for iipplicalions in the 
licld rangc up l o  10 T utilize NhTi supcrconductor and a cosine 
t1iet;i toil design. For fields rlmvc 10 T, it is necessary to use 
Nl)$n or otlier strain sciisitivc superconductors and other coil 
gcontctries t h t  are mnrc compntihle with thcsc muterials. This 
piper tlescrit)es our recent efl-nrls to design a scrics of 
rscctravk coil magnets k i t  will provirlc experimciilal 
verification of mi altcrnativc magnct dcsian philusophy, with 
the near-lcrm god of rcrctiing a Field level of approximately 
14 T. Ttic concluctor and fnnbrication issncs rclcvnnt to building 
tiigh ficld, r;icetrack dipoles utilizing Nh,Sn siipercuntluctnr 
and a wind and rcact iippmach wili also be discusscd. 
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t, INTRODUCTION 

Thc ongoing prograin for thc tfevclopment or high field 
siqm'canducting accclcrntor iiiegiieis at taivrciicc Berkeley 
Nalionnl J,ahorntory (LRNI,) is ccntcrcct on B simplc 
racetrack coil gcornetry. tn px-T'icular, we arc conccn~rating 
on the common coil npprcmch [1,2] for i ts potential 
siinplicily ol'constrtiction and consequent u x t  crrcctiveness. 
Tlic dcsign concept consists of ii pair ol' racetrack coils 
sharctl between two iipertures, proilucing ficltls in oppositc 
dircctions. Our cievclnpmcnt prograin involves producing a 
scrics of tightly intcgratcd model magncls with the eventual 
goal 0 1  achicviiig a hcld of 14 - 15 Tcsla. Our first stcp 
towards (his goal, B 6 Tcsla magnet (RD-2) using NbJSn 
condiictor, has been succcssliilly built arid tcstcd 131. The 
next major step in OIIC program is the construction of a 
magiiat with a bore ficld ot' approximately 14 Tesla [47. 
Dcsignnted liD-3, it will be the focus 01' this paper. As an 
intcrim projcct, the outcr coils for ]<U-3 wi l l  bc assembled in 
a support structiire similar to that uscd lor the G Tesla 
inagnct ancl operatcrl up to 12 'I'esh~ gencra6ng stresses that 
arc  i j  lhctor of 4 greiitcr lhan the 6 T e s h  tnagnct. This test 
conligui~ntion has bceii rlcsigrintecl as Kl.-l (Rwcctrack Test) 
in order to dill'crcntiate i t  h u m  an actual magnet. 

This ncxt scrics of tests will hc uscd as a m a n s  of 
exploring ttic dwigii and fabrication isstics relcvent to 
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progress towards higher ficld Icvcls. Optimal field quality 
will bc addressed lntcr i n  thc program. 

11. DEStGN 

A cross section o f  RD-3 is shown i n  Fig. 1. I t  coiihins 
no~ninally 3 coil layers; a douhlc pnncakc outcr coil arid an 
inner coil, which consists o f  a full lnycr plus i1 5-turn coil 
block. Thc virtiic of the Joublc-laycr pAncake cuils is that 
the leads cxil straight out thc cnd ot' the magnet, allowing all 
splices to bc cxternal. ?'hc gciicral inagnot parameters arc 
given in Tahlc 1 .  

th 

.- 

fig. I :  basic colnponcnts i r l  magnet cross scctiotl ( o n ~  qundmnt shown) 

TABLE [ 
GENERM. hl AiiNIX DI'SIGN P,\RAMETERS 

Main coil spicing 
1 13.7T Corripurcd quench field nt 4.2 K 
I 
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Qucncli protcction o f  the coil is accoinplislicd by lieatcrs 
Iocatcd I!II coch sidc 01' the douhlc pnnmkc winding. 'I ' l~csc 
hcnters raisc pni-t (-90%;) or thc tunis' Ictnperaiur~ over 
T,(H) for iiiosl (-80%) oI' tticir length. In  this scctiario, lnrgc 
vnltngcs to groiirid are nniniiiiizctl becausc nf the distributctl 
niiiurc of tlic cffcctive hcatcr pnttcrn, circuit and ihcrrual 
liinc constaiils aiid ttic rcsistancc talins. Within 40 ins o r  less 
allct- tlic 1ic:ilci Iiring, ihc mngrlct is drivcrl norinnl, 
csscntially due to cdrly currcnl hcating, IIS thc i"~p down 
cxccccls thc critical rate. This process slioufd h i t  t t ic 
teinpcrahirc cxcursion to < 200 K (adiabatic calculation) and 
prolxhly < 150 K with the rcsulting voltages < 400 V. 

111. MECHANICAL CONSI1)FRATIONS FOR HIGH 
FIELD MAGNLTS 

'I'hc construction 01 '  riiagiicts at higher l'iclrls rcquircs 
careful cnnsiderotion of riicchanical supporl siructrire isstics. 
Relntivc io ihe 6 'I'csla iiingnct (RI)-2) the I 4  'fcsla rnilgnei. 
wil I 1i;ivc rorces 5 timcs Iiighcr. 'IIc support striiciure inust 
be tlc'signcd to inininiizc coil inovcincnt nntl shcw sti'css a1 
conrliictorlstipl,ort slruchrc intcrfitccs. Magnetic ficlcl 
coils iclcrati CHIS rcquirc ;IS I I ltlc inater ial a s  possiblc hctwccri 
the horc and t h c  conductor in  (.)rrlcr to have ii inore cfficicnt 
cross scction. Cruss swt in i i s  which havc good tii;igiictic field 
cltinlity arc intrinsically iiiorc complcx. Thc 5-turn Idwk OII 

thc intict.' coil or RD-3 sinwlaics n possiblc I'icld qualily 
stnictiire. It is siibjcct to \?ai-iotis shear fbrces during 
hbriciition, cordclown arid cxcitntion. T h u s  lhc coinprisiic 
co i l  strci igl i i  bccumcs very iinporimit. 

IV. COII, MODULE PREI.QAD SCHEME 

To inaxiriiix ilic borc l'icld snt l  provirlc ;I 11101~ cfi'icicnt 
cross seclion, the tiinr~iiiii ol' inaterial in  thc suppnr~ structiirc 
hciwcen t l ~ c  I-iorc at id  the iniicr contluctor slid adjaccnt coil 
laycrs, must hc miiiitnizctl. This reguircs lhc irw ol' thin 
sheets o f  stainlcss stccl "skins'', rcplncing the thick 
alurriinuin hrrmzc pIatcs uscd for 1113-2 [ 3 ] .  Thc prcvious 
mcihod of using I'iistcncrs scrcwcd into thc aluminum hron7.c 
plates wil l be rcplaccd by wclding thcse skins to rha motlulc 
whilc hcing loilded hyrlraulically in the vcrtical atid axial 
tlircctiwis. 

A. Ve rrica 1 Prc load 

Ncw procct[urcs prcscnt thc grcntest uncertainly in the 
Mwicntinn prwcss. The prclond schcmc was criiisidcretl thc 
critical ncw stcp in the conslruction of HI)-3. To gain 
Fmniliarity with the iicw prcload sclicmc, a simple ha11 scale 
tcst was pcrlorinetl in January 1999. A small unc-lnycr 
racetrack w a s  wound aiid cpoxy imprcgnatcd wing staiiilaid 
pi-ocetlurcs. After potting, a support siriictiirc was 
asscmblcrl around the coil irnd its skins. Both cold workcd 
Nitronic 40 skins wcrc instrutnentcd with hour resistivc 
strain gauge bridges to nicasui'c the strains during thc 
proccrliire (SCC Fig. 2 )  

,*.--. ,... *.- 

Fig. 2 Skin ~vycld tcFt sclup, 

Thc computed skin stmiri is ploitcd in Fig. 3. 
Coi l  Moduls Welding Test - Skin Straln 
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Tttc f r .s t  jiinip i n  strain occmcd wlicii thc skin was skip 
wcldcd to posilion i t .  The second incrcasc WRS cluc fn the 
f i t i d  welding s~cp .  U~DII rcmoval from t11c prcss tlic final 
strain on the sk~ns W;IS aboiit 0.1 pcrcctil. Thc strain gaugc 
ouiput W;IS also usetl to calculate thc final vertical prcloatl on 
ihc coil motlulc. Table 111 sLiIiimariZcs thc 1cst results. The 
tliffcrcncc in  final incfisurcd prcl~ad to theorclicnl prclond is 
about 30% 'I'hc large tlif'fcrciicc i n  strcss betweeti lhc 
original stntc iii thc press and the f i n a l  Stress can hc 
nttributcd to the vcry thin I.25-1ntn skins iisccl in thc 
cxpcrirr~ciit..'I'he strcss diffcrencc will lie lower in the RD-3 
inagnct sincc the skins will be twicc as thick (wlicn scaled). 

Intcgrntetl Lorcnlz forces :U (IC iiiagrict ciids act to strclcli 
the coil axially. Arlclitirinally, thc local forcc distributiiin acts 
to comprcss thc coil ciids. A preli)i\d scheme is used to 
preload ihc coil axially to ininirnizc Ihc coil strcss at thc 
ends. 'I'hc ~xcl l~ad  is accoiiiplishcd using n metho(1olopy 
siinilar to (Iial for the vertical preload: ~ h c  end shocs arc 
prcssctl towards thc inagnct ccntcr and weldcd to the skins. 
l'hc axial preload operation is pdortned siinultnneously 
with Ihc vertical prcloatl opcraiion. 

To rninirnizc thc coil stress, thc axial preload ruust providc 
enough support when thc coil is cnergizcd. Sincc the cnd is 
circulnr in sliapc, a preload lcvcl that is too high results in  
bciiding of the coil cnd and suhscqucnt high ctrhlc tcnsion at 
thc inneminst ttirn and high crmprcssion at thc outcrinost 
turn. A prelod lcvcl that is Ion IOW results in hcniliiig in tho 
oppositc dircciion (high comprcssion a1 inncr iurn, high 
.tension at outcr turn). Coil stress is mininiizcd whcn thc 
preload is  adjusted to yiclrl strcss contours that  re similar to 
stress contours i n  solcnnids: tRc cnntotir lines nrc conslant 
azitnuthally. Fig. 4 shows sIrcss contour plots for slrcss 
normal and parallcl to the calilc lor the outcr tnodulc when 
tlic inagiict is cncrgizcd. The maximuin comprcssrve slrcss 
tiormat t o  ihc cable occurs at thc end id' thc strnight scclion 
ncar thc cctitcr tiims. The iniicrinost turn maiiiiains contact 
with ~ h c  island :it tlic cnrls-folIr)wing the sanic philosophy 
as for vcrrical preload. To provide thc .coi'rccI axial prcloed, 
the axial pi~clonrl applicd at rnoin tcmpcralwc is half' [hat of 
the vert.ical pTdoad. Sincc thc axial iitjtl vcctkd room 
tcmpcraturc p d o a d s  are at dilrcrcnt Ievds, thc cnd is placed 
in so~iic beriding at rooni tcmpcriilurc. Ttic room tcmpcreture 
coil strcss due to this bcrtding is 1101 nn issuc bccausc they 
arc substaiitially lowcr than lcvcls wticn the magnet is 
cncrgizcd. During cooldown, the differential contraction 
hctwecn tlic dilfcrent 'coniponcnts (iron island, coii, skin, 
sitlc rails) rcsults i n  iiii iiicrcase in the axial prcload. A study 

01' Ilie coil mrdulcs through id1 st.agcs of rnagiict asscmbly 
~ m v i d c s  nssurancc [hat (he coil strcss pciiks during magnet 
encrgizatiort (aiid iiot prcloading) i t l l t l  ovcrnll strcss levels 
arc niinirnizcrl. 

pig. 4: Contour plot of stress noriiid and pe~illcl  tn cable at coil cnds Fur 
outcr coil moilulc, 

v. COMFOSlTE MATERIAL STKENGTII I'ESTS 

Finitc clctncnt inndcling can cslimntc ihc qtrcsscs in 
proposcd magnet dcsigns. Howcvcr, ctlipiriciil data on 
material skcngths, cspccinlly on ncw comprisitcs, I S  required 
to ideritify problcms. As n conipletnent to computer 
siniulalions, material lcsts have bccn pcrlrmnctl to determinc 
the strcngth of tbc interfacc between laycr I and layer 2. As 
c m  bc sccn in  Fig. 5 ,  thc shcnr s t m s  hclwccn these layers 
could cxcccd -35 MPa whilc the modalc is  in the vertical 
prcss in pq"'arion for rlic welding of tlic skins. Testing 
dctcrinincd that the slrcngth of thc iiitcrrilce at room 
tempcrattire ranged hctcvccn -24 10 -32 MPa. At 77 K, thc 
strength of the intcrhcc incrcawcd to -61 MPa. Cnnccms 
about possible failutc during preloading of 

I 
--1.-- 

Fig, S cliart of shear s t m s  21 inlcrfacc hctwcen layer 1 and layer 2. 
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Snme things to nnlc about thc shcar slrcss chart: 

Values arc obtiiinctl from an AZNSYS atialysis 

‘I’ 
111 vertical press” incans thc iiincr coil I i loduIc is p l ~ c d  

in thc prcss arid ~l prcluatl 01‘72 MPa is applicd. 

“wclded” tncans thr: thin skins itre altachcd and module 
is rcfcascd from press, Springhack of thin skins alicr 
weldirig is no1 inclutlctl. 

“wirewound” incans tlic coil inotlulc is asscml~lcrl with 
thc (iutcr tnorlule and yokcs and 30 layers of 
wirewiiiding i s  applied. 

“cooled to 4K’ mcmis the coinplctc inagnct asscrnbly is 
cooled to 4 K rrom 293 K. 

the interface prompted B scries of new tests wilh modificti 
structures. Both proposed rlcsigns (sce Fig. 6) iilclurlcd II 
shcct of 52 glass ac~oss thc shcar iiiterface for iricrcnscrl 
strcngtli. 

Slralght Waaw Sample 

Fig. 6 Shcnr tesl sariiples 

slepped weaw samplo 

Thc Icsul(s proved encouraging as bolh samples failed at 
much higher stresses. ‘I’hesc dcsigns are now being 
consitlcrcd For the inner coil inridulcs. Table IV lists the 
rcsutts for some of the sikmplcs tcstcd. 

‘I‘ARLE LV 
.SI IIiAR SAMPLE TEST RESIII.TS 

I Snniplc 

The lahricalion stcps diffcr in  only a i’cw instances froni 
those used o n  thc prcvious magnet 131. The cahlc, instilatccl 
with wnven glass slewing is wound mountl an iron i s h d  or 
“pole-piece”. A 3 m n i  gap in tlic island is usctl tu a l l r i w  I’or 

tli r‘l’crcn t ial cwitracl i [I i i  dwi ng thc high tc inperaliirc hca~ 
ti‘catincnt oi‘ thc coil. All mctal suri‘accs i i i  contiict with the 
coil or support structure iirc covered h y  hindcrless riiicii 
paper 10 hclp prevent shcar bui Id-up bctwccn thc coil and 
support siruchirr: ih;il niight cnusc Iirctrintiii-c quenching 
tltiring cxciLiiliol>. Thc coil is then sizcd lo n dimcnsion 
dclcrniiried via IO-stiick incasurcmciits and cncloscd i n  B 
slainlcss steel rcaction fixturc consisling of LWO 25 i i i i r i  
platcs and side rai ls,  kis~cnetl w i h  Inconcl 71 X b n l ~ ,  
prcfcrrcd t)cci~rsc of’ tlicir high strcngth at ckviltcd 
tempcralurcs. TIic coil p ~ ~ ~ k a g c  gocs through ii heat 
rrcntincrit schcdiilc i r )  liirin thc NhlSn, which reaches a 
maxitiiuin tcinpcraltirc of npprnxirrintcly ~ X O  ”C 1‘0i.2 wccks. 
Following reaction, il pair oL‘ NhTi cabics arc spliccd lo tlw 
F~.agilc NbjSn Icads. Thc splicc rcgioiis atc Intcr iinprcgn;1tetl 
into the coil packagc. Thc slainlcss rcaclioii hxturc is 
rcplacerl with st;iiiilcss slccl sidc and cnd baIs arid n pair of 
4.75 initi thick Nitronic 40 “skins”. Thc iisscinhlctl coil 
packagc is thcn vncuiiiti iirr~~rcgr~~tctl.  All surfaces in contact 
with. llic coiI arc niolrl relcascrl ;itid cr,verciI by mica papci. 
I’hc criil inricliilc i s  thcii placed in il preload fixtrirc and Ihc 
skins arc wcidcd. Ttx cotnplctcrl coil motlulcs arc thcn 
asscmhlcd with rhc iron yokcs and wirc wouritl tn ot>tain tlic 
neccssary horixonlnl prcload. 

VI. SUMMARY 

Thc engineering tlcsigii of  it Coiniiir)n Coil gctiinctry 
dipole I I K I ~ I ~ C ~  with ii prcdictctl IIOK f ield 0 1  npproxirnntely 
13.7 Tcsla has bceri complctcd. Mcctiaiiicnl l csh  have bcer~ 
pcrt’oi-nied with some of lhc ncw &sign f‘c:ilurcs, such RS thc 
ncw preload’ schemc that ~ iscs  thin “skins” to pmvitlc holh 
vcrlical nnrl horizotital prcstrcss. Mcasiircinciils o f  thc 
coinpositc indicatc that thc sliciir strcrigth at certain cril ical 
interfaces nceds to tic impruvcd. 
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