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A b.tlr0('t
'l-his 

¡ra¡rcr'¡rlcscnfs lhc Dlain poinls ol'rììagrìef Iì&D fìn.
a I-.ÌlC [-rrnrinosity U¡rglaclc canicd o¡r ll)roi¡gh thc t-llC'

^cccl0ralor 
lìcsc¿ìch Prograrìr (l-ÂRP) rvorh on ll¡gnels

¡1 Ilcrkclcy. fc|rlril¡b, ancì IINL. Work ou rììâtcì-i ls r d
ur Írcct¡ack lnitgncts is desct ibed iÙ some dctail. 'l'hc

others ârcas ol l,,ARP wolk ¿tc only outtììrcd hcrc rnd
cliscussccl i¡ (ìclitil in olhcr Ilrlks a1 this lìecting

IN]'IIODUCTìON
'lhc nrain gorls ol'LAÌìP ûro to rcaclì 200 lTnr i¡ ¡ 90

mrn, 3.6 m NblSn cluach u¡rolc by the end ol'2009, to fLrlly
qualily NbrSn l]lâgncls for usc in tlìe LIIC, a d to sr¡pl)ìy
NbrSn rl¡gnc(s Io¡ fhc l-llC Ph¡se 2 l-Lrminosily
U¡rgrade.

MATIìIIIAI-S
'l lìe Nbrsn straìd norv in r¡sc lor [-ARP ntagncts is thc

54l(rl RIìPriù i tc'Irl 1iD strand m¡dc by Oxlõr.ct
Supercon(I¡c(i¡rg Tcohnologics. The clcsignation 54l(rl
rclers to 1lìc nr¡nlbcr of sL¡belcrìtcnts in usc (54), corrpllccl
10 thc úüInlrci. ¡rossiblc ((rì), ¿rs iDclicatecl in Iìig. l. The
s{ran(l hâs a (liantctcr of 0.7 utrìÌ, a .lc of at lc¡st 2400
,A/Drnr2 (l2l', 4.2K). ancl a IlRlì grcatcr.th{n 100. 'l-ho

hc¿ì1 tr-eatrnert of thc s(rand was o¡tlirnizccì to achicvc â J.
consistcDt with 220 T/n and su¡rpression ol low-field
insl¡rbrlitir:s

subclcnrcnts has lrecn ¡rllcccl. T)rc iucrcasccJ s¡racing
nrilignles lhe dclolnralion ol' {hc sUbclcnìents (lurin.q

cabling. l'hc 54/(rl s1¡ncl¡rrl nr¡tcriirl is olhigh quality, as

indicatccl by thc Uoûl I)iccc lcniÌllìs rchicvccl (9270 grcrtcr
fhirn lknr).

'l lÌc stliìnd R&l) plcscntly underrvay inclucles
ûÌeasurerneDts oflhc eflcct ol'lc¡silc sllaì¡ì on fhc cri{ic¿rl
cUrrcnt o1'lhe 54l(rl str¿ntl, bcing cirrr ìccì oLrt by NIS'l'in
IloL¡ldcr, Clolor¿tb, Iìcsulls Rte cxpcctccl this colìliùg
sunlnrcr. Sludios ol thc 103/127 slrar(l are focusctl on
nra¡r¡ring thc cllecf ofdiflorcnl hc¡Ìl lrcafmcnls oll Jc aDd

stability.
l)Lrling the clevelopnrent 01' Ihc hcrl lrca(r)rcnt lor thc

54/61, tesls wcre coDdüctcd ouly at 4.2 K- l'hc heât
tcafmer)l clìoson, 72 h/200 "C 1 43 h/400 'C + 48 h/640
"C, yicldcd sfmnd fh¿ìt \\,iìs slablc al lorv fields (-- 3 T) up
1o cLlùenls at Ieast lwicc lhc cLurcnl ìD tho nlagltel.
Reccnl ¡ùâgncls ât 1.9 K h¡vc not ¡câchcd qüerìch
cLrlrcnts highol th¡n thosc reached al 4.2 K, alil u,ilh
grcater qucnch{o-qr¡eùch \,âriatioù ìn 0urrcùl (o g, Fig
2). This has been obsc¡vcd in scvcral maglels. l1 appcars
highly likely that llìe !Ìragnels âr.e li|rìi1cd by con(ìuc1or
inslabihly, r'athcr llralì coDsfr.Lrcfiol. It is thoughl that the
lural¡net performance is lelâlcd (o rcsLrlts ol'slraud tesls ât
I.9 K aDd 4.2 K (Fig. 3). Inrhistcst. fhc sfrand st¿rbìlìty is
gÌeatc¡ thaD 1000 A at Iorv fìcld a1 both temÞelall¡r'es, bul
has a lowcr stabilily thrcshold ai nrcdiLrur ñclds (- (r T) at
thc lowcr telÌlllclal!¡r-c. l'his issue is ulldcr st!¡dy a( tlìc
slr'ând level.

Fig. I Photoglaphs of thc cross seclions of 0.7 Dlì1
diamclcl NblSn slrand. 54/61 (lcft) and 108/127 (righr).

Magncts with largar apeíure, Iikely nccdcd for LllC,
wrll rcquirc a larg,cr'-dianrclcr slrand. The mllcrials gr.ou¡r
is Dow sludying rcccntly 1]rorluced lìlìP I08/127 as a

slraDcl that can bc uscd ¡n the rangc 0.8 - 1.0 mnt tvith
accepfâblc irìstabiliry (Fig. I ).

Thus far, LARP has recerved l-¡om OST 681ì kg oI54/(r I

â1 0.7 n1nr. Rcccntly. I80 kg tll'108/12? w¡th a largcr.
spâcing bcfwcon lltc subolemcDts was clcìivcrcd wilh ¡ros1
of lhc slr¿r¡(l at a diantelcr of 0.8 - L0 mt¡. 

^n 
or.der î()r.

85 kg ol54/61 witli increasccl co¡r1.rcr spacing bctwcoD th(r
*Work sufJro¡1cd by rlìc Ú.S Dcparrmcnr ofUncrgy, Officc of igh
tì)cr8y Irhysics

'wandcrcr(4bnl.gov

FiLr.. 2. Quench lesl results lor llle lrìl loug.90 ûì-apertt¡rc
qLradru¡>ole TQS02.

lu o¡del lo betlcr Lìudcrsta¡d this rssrre, LARP will (cst

I rìÌ sectioùs of cable dl¡riug thc contiùg non(hs itì the
FRESCÂ lÌrcility at CERN, wlìcrc tcsls carì bc cal.i ied out
ât bo(h 4.2 K and 1.9 K. (Cablc testing was ûot
un(lcflûke¡ì ea¡lic¡ due 1() budgc( liìÌi(alioÌìs.) Cable fosts
arc also platÌned for thc Nalional IIigh Magnctic Field lalr
in lìlorida. At this facilily, fostrng is at 4.2 K and the load
o¡ lhc cablcs can bc va¡icd at cryogeric telnperaturcs.
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'ì his ¿llows lbr cflicicn( nlcitsuì!uìcnts of' c¡blc clitical
cu¡ ¡cnt vcrsus (r¿Ìrìsversc contllrclisivc slrcss.

Iìig. 3. Qucnch lcst resLrlts lrrr 0.7 mm NblSn straìtcì at 4-2
K a¡d 2.09 K. Thc V-lI da(a wcre takcn wilh a co starìl
nìagDct cUlrent âlì{l a râDlpcd field.

l)Cl ùrlgìrclic field Dlcâsr.ìrcnlcDts of ihc c¡Lraclrupoles
have shown bchavior ol'flìc tiìnsfcr lu¡ctiorÌ C/l (Frg. 4)
ancl thc cluodccapole (Fig. 5), thc firsf allo\\'cd hânrÌonic
jn ag.lcerncù1 with calculaliolì. lnlercstingly, the
duodccapolc cìuli g thc "J'r'utt l)orch" (thc Dcriod ol'tj¡nc
whon thc curÌcn( is hcld constant while the LIIC is fillcd
with prokrns) js conslaDl (Fig. 6). 'l'his is qLrâìi1iìtìvcly
differcnt th¿llr tlìe L]ehavìol of this har¡rro¡ìc ¡n Nbl'i
ìÌ¿ìgncts. 'l-lìo rcilsoD is not yof undclstood.

nìrking cabìù m¡clc wilh a 25 ¡rnr sfaiulcss slcc¡ slril)
('corc") l-ìtl\vccr thc f(ì) aìrd bottour Iayers. Nbl'i câl)lcs
hrvc bcc¡ marlc in this lìrshio¡. l'inc and bLrclgct

pcrnìilling, lìris rlcthod of reclLrcíng ediìy cur.rcnls rvill bc
ìntr oc[lccd {o [,^llP nragrìefs âlso.

RA CIìÏ'R. ACI( M AC NIì'I'S
'Iì pIoVicì.'tn c¡rly lcst fin possibìc lcngth cff¡cts iD

coils. a pair ol'3.ó nr long r-iìcelrack corls was asscnlbled
Lrsing a "shell" slrpport slrÚcturc (l-RS0l). 'Ihc srrppolt
struclure is rclalively simplc 1o builcl bccaLrsc lhc only
signilìcdnl l-orcntz lirccs nre pelpencliculirI lo thc Pliìnc
ofthc coils (Iig. 8). 'Ihc lbrccs arc lrausnlittcd via kcys
(wlrich conlroì fhc prcloâ(l) lhloLrgh (hc rton yoke 10 thc
aluminunr shcll. 'fhc Ìniliirl qr¡cnoh tcsl ol the magnct
(l RSrrì) yiclJc.l goô,1 |L..rlt. lFi¿.9).

DuIrng one ofthe taDr¡rs 1o qucnoh, theÌc was a süddcn
loss ol'axiâl sfrâiD ill lhe shell (Fig. I0). Tl¡c axial straiD
rn the shcll s,as trtrilt u¡r clulirtg coolclown and was due 10

tlìe diflereììce belweerì thc theflùal colìtraclion ol thc shcll
(inlegÌâl ô1/l - 4 x l0 r frlx'¡ r'oom lcrnl]elâltìre 10 4.5 K)
and that olthe yokc (intcglaf ¿ìl/l - 2 x l0'3).

ì {^¡

Fig. 5. lveasurcd an(l c¡lculatcd values of the firsl
allowcd halnronio fol collalcd and shell quadrupolcs. 'l'he

calcÌrlalion does ùof includc tho clfocts of tlìc
magìrc1izâlion currcDts.
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Fig. 4. Mcasulcd anrl calculated values of thc traìlsler
lunclion oltwo c¡uaclru¡toìes. Diflerenccs i¡ì thc sa{uratiol
aro (lÌre lo drfïc¡cnces betweon thc collar ('IQC) and shcll
('l'QS) support stluctures.

'Ihe tlylarnic cffects aro quite significanl (Fig. 7). ,At a
ranlp rale whroh loughly oolresponds 1o the LIIC rantp
¡afa, l0 

^/s, 
change in the lra sler funcfion duc to

ramping var-ics l'% bctrveen maglcls. This cflcct is likeiy
due to eddy currents which flow botwecn fhc stra¡ds in
thc cablc. The slrands are silìtcrcd logether cl!¡riùg
r(a\'lior wlìicll cffcclivcly ¡lt¡Lcs thc cro¡s.ovcr rcsi¡l¡ncc
vcry low. The ecldy currents can bc grcatly redLrccd by

8.1e {1

Time (s)
Fig. 6. Measurod valucs of tlìe 1ì¡st allowecl l¡arr¡c¡ric for'
two collar and two shell quadrupoles, vcrsus lilne, fo¡ a

sirnulated LIIC injeotion cyclc.

l
l
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Fi¡t. 7. McasLrrcrnc l of lhc cddy currcDf cllccl on thc
translìr'fL¡nctiorr at a gradicri( of45 T/m.

]'his loss ol'¡Lxial strair il fhc sholl di(l Do1 f¡rlccl the
clircDch pcrlìIDrancc 01 thc magnct. Ilowcvcr, it was
deciderl kr rcducc fhrs stick-slip cfl¡cf by segnrcìrlìirg lhc
shcll inlo lou¡ lcnglhs of'-l n fJ]. 'fhc coils were
rcasse¡r-rblccl info thc scgìùclìted slìell suPpoII shLlctr¡rc
ancl festc(l (l-RS02). l'he change of axial strârn was
rcclLrcccl by a factor ol'- 4. âs cxpcctccl (Fig. ll). 'l'hc
qucncli pclfbrmancc of thc utagnct iurproYed, to ^ 96%o of
thc cstinÌâled linlit of thc ooncluctoi (Fig. 9). 'Ihe peak
licld on thc corìcludor at thc ¡naxiDtunì qL¡elcìl cLr¡r'cu{

Fig. fJ. Cross secfion and angle views ofthe 3.6 nr long
racelrack DlÍlgite1, LRS.
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Fig. 9. Quench history of LRS0I (opcn synrbols) ancl
I-RS02 (soJid synrbols).

Fig. 10. Shcl] i¡xìil str'¿rin vclsus leûg1h 1ìrr LRS0I at 4.5
K. bcforo an(l afìcr thc loss ol strain.

The good ¡rcr'fcrrnrancc of ì,RS02 aìlowecl fhc qucnch
currcDt k) bc nlo¡suled as â 1ìrnctiorl ofralnp ¡afe bcfwcclì
5 A/s ancJ 35 

^/s 
(|.'ig. l2). 

^llhough 
thcrc rs no wcll-

e..t,rbli:lrc¡l c:rlLrl:rti'¡r l{,ì uxìri'lìülJliDii l,\ Â rJrìtl rülc ol
zclo. a lincar or nc¡r-lìncar cxl) ¡polation yiolds a

conduclol qucnoh lluìi1 lhal is oousislenl wilh thc
exlractad slrfind dâ1â lor the rùâgnet. Thrs sLrggosfcd th¡l
thc thclmal Dralgin expooted lbr th¡s co¡cluolor is

avrilable ìD the rìr¿{gnct.

3000
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Fig. lÌ. Shell axial sfraìn vcrsus lcngth lor LRS02 rl 4.5
K, befo: e a¡d aflel the loss of sh ain.

TECHNOLOCY QUADRUPOLtrS
Tlrc 'lechnology Quadlupole (TQ) ploglarn for I m-

lctng, 90 mm-a¡rcrtLrre nragncfs is devcìopilg coiÌ
lÌranufacluring mcfhods and 1wo clifferent coil sr¡pport
stnrctlìrcs, coll.tr (IQC) and shcll (l'QS), Thc discussion
in tlìis Do{e is l¡rnitccl 1o a brief coùpa son of tho fwo
support shr¡c(urcs. I)oliìilcd plcscntations oI tlro TQ
progÉm wcrc nradc i¡ì othcl ooDtlibutions lo this
workshop 13,41.

Collar suppod slruclurcs (f ig. l3) are well known
through thoir usl: in Nb'l'i accclcrator magrlels. Thc coils
are supporled azilnufhally by slainless iifeel collârs and.
for fhese magnets, also by the weldiDg of thc slainless
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is inrplcnìonl0d by lLrll-lcngthstccì skin a¡ouncl thc iron yokc. Prck¡ail is controllccl !i¡
shi¡rìs iìt 1ìrc micì¡rlancs oi'thc coils arcl Lry shilrs Lrctrvccn
the collars ancl yokc. 

^ 
signifìcaDt ì)orlion ol" tlìc

âzinrullì¡l prclolcl is crc¡fed during lsscurbly.'l'hc axial

I)rclo¡(l is nrodosl suflìcienl (o kec¡r lhc coil in contact
\\,¡fh 1lìc qnd shoc Under all condilions l4l.

-t 1¡\¡4

Fig. 12. Qucnch cr¡rrenls in LRS02. Thc lit js 10 thc
highcsl cLrì rcnls ¿lt cach latnp rate (solicl synilrols).

(hri¡g excilaliolì.
llurrinLm r'ocls (Fig

Fig. 15. Photo ofa conlrletctl IQS quadru¡role. Thc four
thick rods provìcìc thc strurg âxial suppof.

MagDets Dradc irì the TQ progmrù rouliuely reach, arìd

somctinrcs excced, 200 T/rn [3, a]. 'Ihe lesl rasulls also
give basclinc valrLcs lor'field qLrality, qucnch plo¡ragalion,
and qucnch plotection. Looking ahead, lhc TQ s!ìpPo¡1

stìuctules will bc used 1() lcsf nccdcd dcvc]o¡rrneDfs i]l,
e.9., the condùclo¡ and cablc, in I nr magucts belore being
ìmplorÌrclìtcd ir'Ì 3.6 n1 rì1agnels.

LONG QUADRUPOLES
'I'hc success ofthc long râcchack magncts indicafcs thât

llìcrc is ûo lundamcnlal problern in exlouding the
quarhqrole le g(lì to 3.6 ur. Work is uitdclway to builcl
and fcst 3.6 m-long,90 rnnr-apeluro quadnrpoles iu both
collur (LQC) ard shell (LQS) support stft¡cturcs. Thc
go¡l is to ¡cach a grâdienl of 200 T/nr by llìc cnd oi
Ðecembcr, 2009 l5l. 'The colltr supporf slruolurc will bc
the salllc as tho TQC. cxoopt longer. The shcll suppoñ
sliucture has evolvcd somewlÌat (Fig. l(r), and now
includes thc use of picccs callod 'ìnâslors" (hat will
facilitate assenìbly witlì the segDrentod yokc and shell I I I.

It
ts).

Oulcr polc
piccc

Inncr polc

Fig. 13. Cross sectron olcollal su¡r¡rolt slnrcture (TQC).

Shcll supl)or I sl1lrctures (Fig. l4) n)akc usc of "bladdcr
an(l kcy" tcchrÌolo8y lo esfablish thc room lcmpcr¡1irrc
preload ll]. Thc coils are ¿ssorìrblcd rvifh a srnall
aziûruthal prcloiÌd using iron pads. Scparatcly, lhe yokc is

asscnblccl irìside a fhick alLrnlinLìnl shcll. The coil aud

Þad asscnrbly is thcù ¡nstallcd into thc yokc aDd shell.
St¡inlcss sfccl bladders, placed betu,ccn thc two
assemblics, alc inllatcd fo obt¡in flÌe desircd azi¡rulhal
preloacl. Kcys arc iflstallod fo lclck in the ¡:rreloacl and thc
bladcicrs ¡enrovcd. The Iargest part of llìc aziniulllal
prelorrì is created by the alurninunì shcll cluring
cooldown. 'flìe preload during assernbly is ûÌodcst. Thc
axìaì ¡rrc]oad is high, to liûìit tlìe nrofion of Íhe coil ellds

Fig. 14. Cross soction of shcll suppoú slruclure ('IQS).

,---t"
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Â kcy lcaturc of thc I-Q R&D plâu is to usc thc sa¡l1c
sct olcoils iìr bolh sull)ort st|r¡ctLtrcs. fhis ûri imizcs thc
lil¡e and resourccs ncedcd 10 tcsl bofh struclLtrcs,
irtcrcûsir{ 1lìe pilths Io lhc l)ec. 2009 go¡l l'hc ntost
cfììcicnt rvay to do this is to tcst (he coils in the shell
sullpoll slruclurc first, becat¡so i1 is lâslÈr 1o reûìove lhc
coils fiom a shcll strucl(¡re (usiDg thc blaclclerr) than lì tint
a collar struclL¡ie (which rcqr:ires thc skin to bc cut off).
Lr oÌdcr {o nakc coils fastcr, lacilitics fbr rcacling ancl
ìnrprcgnaling coils arc bcìng br¡rl1 a1 bollì llNL and
Fe¡milab. ,AIl rvrnrling and curing will be a1 lrelnrilab.

Fig- ló. Shcll supporl shuclL,rc for ìoug c¡uaclrulxtlcs.
l)nc oach sidc, the mâstcn (grcy) are spacccl try 1wo kcys
(black). The kcys cletetutine thÈ prcload.

The fixtLues Lrsecl for curing, rcac(iolì, and ilt'tplcgníltion
LQ coils proccs-s onc corl al a linte. Thc s¡ùtc fixturss
tused to nrakc'l'Q coils proccsscd two coils a1 oncc. Thc
chrrê( \\ ¡s r¡arlc wllcn lcll-riBlìt asyûlIltLIrics wcrc
discc¡vcrcd rn tfic fQ coils. Proccssing orìc coiì at a tiuìe
is cxpecled 1() reduce lho asynt¡nc{ries. A( (he tirno ot
WAMSDO, priìctioc coils from cop¡tel and NbrSn had
been wou¡d ancl curcd- Inilial dcbugging of lhe rcactio¡
fixtulc (adding a llat plale to re¡novc a bor¡,thût occuncd
dr.rring rcaclion of tlìc fir'st Nb3Sn coil, as shown in I?ìg.
l7) hâs lûkcn place.

Thc qLre¡ch plotection sysleln is dcsigncd to kecl) llìc
coil lcnrpelatLrle bcbw 3lJ0 K aùcl thc MIITS below ?.5,
calculalcd fo¡ a 60 ûO dunlp rcsislo¡ and wilh the
adiatralic apploxirnafion. ln the calculaliou, a qt¡clìoh
dclcctiorì time of 5 ms and a heåter (lolry liDlc of l2 ms
have l¡ccn uscd. (l'hese values are basecl cln TQ
cxpericncc.) To achievc this, tlìe coils will bc ouflìÍed
wilh qrrcnch l)rotcction heaters on bolh inner a¡d outo¡.
layers. Becausc of tlrc llux junr¡rs (whrch decrcasc in
am¡rlituclc as fhc cunent i¡clcases), it will ba ncocssary to
begin the ranr¡'r with ô qLìench detecfion fhrcshold of

Fig. 17. \riew ofrhc toolirìg 1lìr1 will be uscd lo ¡câcf aDd

ilì'rp¡eÍ_Ìnalc 3.6 nr quadru¡rolc coils.

LAIìCII APIìR'I'TJIìIì QIJADIIUPOLES
Dcsign ol a largc apcÌtulc (.-l10 nrni ì30 nrn) ì ur-

lolg quadlupolc, IIQ. is cuncntly underrvay [(r]. 'l'he

apelture of fhis 1wo layel magùct will bc close to that oi
the Nlr'l'i quad plannccJ lcrr lhc LllC Phasc I Upgladc f7,
fll. I1 is lelt fh¡t conr¡rrrison oI thc cìcsign ancl

pcrlorma¡rcc oI this nìagncl witlr thal of the NbTi quad
rviìl pelmit casicl evalualion of llìe Îeåfurcs oI NbIS
irDlrorlaìrl fôr il.' u:'c iD ¡¡l rccclcrrlôr.

The follow-on lo IIQ rs a 3.ó m-long vcrsion, QÂ. Thc
qLraclrLr¡roJcs 1o bc br¡il1 Jbr thc Phâsc 2 Upg¡ade âra câllcd
Qu.

SI]Xf I\ÏARY
l'he I..AR| Magncl lì&D prograrr has yieldecl I ur-

loDg,90 nì¡r-apc¡turc qLradru¡rolcs llral rcliably reach 200
Th¡r. lt has also l)roclucad a racctrack magnc{ with a slieJl
supPod slructurc thal r'e¡chcd 96(% ol the cenducloJ litrit.
Piacticc coil lcx a 3.6 rn-long quadiupole have bccn nrade,
i¡ iirìo wifh the schcdL¡lc rvhich calls fìrr a 3.6 rn
qÌradrul)ole to ¡cach 200 T/nr by thc crd of2009. Dcsign
of a Iârge âperlure qrradrupole is well undcrway.
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