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Abstract - In the Large Hadron Cnllfder (LHC) the mafn 
dipoles will hc equipped with scxtupole (MCS) and decrpolc 
(MCD) spool corrcctors to meet the very high demands of 
field quality required for the satisfactory operation nf the 
rmcliinc, Each decnpole corrector will in addition have nn 
octupolc invert (MCO) and the nssembly of the two i s  
designated MCDO. Thcsc corrcctors arc nccdcd in rdativcly 
large quantities, i.c. 2464 MCS Sertupoles nnd 1232 MCDO 
Dccapolc-Octupolc asscmblies. Half the number of the 
rtquircd spool correctors will be made in India through n 
collaborntion bctwesn C E M  and CAT (Centre for Advanced 
Tcchnolugy, Indare, India), the other half will be built Iiy 
European industry. Thc paper descrihcs final choices 
concerning design, materials, production techniques, and 
testing so IS to assure economic magnet manuhcturc but 
while maintaining a homogcnous mngnctic qunlity that results 
in a rohust product, 

I. INTRODUCTION 

Thc main dipolcs of‘ LHC will be equipped with 
Sextupole (MCS) and Decapole (MCD) “spool” corrcctors. 
Bach decapole corrector will it) addition h a w  an Octupole 
insert (MCO) and these together are designated as MCDO. 
In total 2464 MCS and 1232 MCDO asscmblics arc rcquircd 
for the LHC. Half of  thcsc will hc made in India in a 
collaboration betwcen CBRN and CAT (Ccntrc €or Advanccd 
Technology, Inclore), the remainder will bc built by Europcan 
industry. A numbcr oE prototypcs of both MCS and MCD 
have bcen built and tested to confirm the design and to refine 
thc construction tcchniqucs, and results have been reported in 
MT-15. This paper focuses on further development that has 
been undcrtaken in relation to choice of materials, assembly 
techniqucs and test requirements for the series production of 
the LHC spool correctors. 

11. DFACRIP’TtON 

TAR L6- I 
MAINPARAMETERS OF SPOOLCORRECTORS 

Pumncicrs MCS MCD 
Nominal strength 1610Tlm’ 1.2 x IO6 T/m4 
Magnetic length 
Ovcrall lcngth with shicld 
Aperture 
1.D. and O.D. shrinking cyl. 
Nomina! current 
Workinocst tcinp. 
Tums per coil1 no. of coils 
Sclf inductancc 
Critical ciirrent at l.9W4.2K 
Pcak frctd in coil in 313 
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Mass, -5.5 -4.0 Kg 

around the laminations. The assembly is cnmplcrcd with end 
plates for coil connections and a parallel resistor [or magnet 
protection. Tfie magnet is housed in a magnetic shield also 
acting as a support [1,2], 

The sextupole MCS has six coils whereas the decapole 
MCD has five [3]. Each of these coils consist of a doublc 
pancake wound from a monolithic rectangular 
supcrconducting wire, PVA (poly-vinyl-acctatc) cnamcled 
(parameters in Table 11). The coils arc wound by “counter 
winding” [4] on R specially contourcd central island and hcld 
rigidly with end-spacers. Ccntral islands and end spacers arc 
made of G11 grade fiberglass cpoxy which matches thc 
thermaI contraction of thc coil. Tlie coiIs in each corrcctor are 
connected in series by ultrasonic welding, achieving contact 
resistances of less than then 5 n R  /connection at liquid 
helium (LHe) temperature. 

Prc-comprcssion is applied to the coils by shrink fitting 
the aluminum cylindcr (aluminium grade AA 5086) over tlic 
eccentric steel Inininations which arc stacked over the coils 
(Scissors action) 151. 80-pm hard-anodizing or the cylinder 
prevents corrosion bctwccii the cylinder and the stcel 
laminations. A radial interference of 0.07 mm yieIds an 
azimuthal prc-compression in the coils of  20 - 50 MPa at 

The heart of the MCS and MCD spool correctors for rOOm tcmpcsaturc and 3o - 6o MPa at cold. 
which the main parameters are given in Table I, consists of a cl,ds of the main 
cylindrical coil assembly. This is surrounded by a glass fiber dipole To Drevent these from 
insulation layer and centered inside steel laminations. Radial saturating the yoke of correctors the arc 

encapsulated in an iron-shiclding cylinder with coercivity pressure is obtained from an aluminum cylinder shrink-iittcd 

spool correctors nre mounted at 
to 12 

Manuscript received 26 Sclitciulicr 1994. 

cl20 A/m. Tlie mounting flange of this shield contnins 
prccision dowcl holes far alignment to thc main dipole. A 
30-p1n protcclive coating of nickel is applied for corrosion 
protection of the shicld. 
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Paramnetcrs Valucs 
Material NbTi in Cu matrix 
Dimensions insiilnted wire 1.25 x 0.73 f 0.01 
Insulation PVA 
Insultlfion lhickncss 0.06 f 0.01 
film" Twifit pitch 18f2 
CulSc ratio 1.6 * 0.1 
RRK of Cu tnatrix > loo 
Critical current (5T, 4,2K) > 6301700 
(pcrliondic~~lnr I parallel to broad d e )  

inin 

inm 
Inin 

A 

In thc LHC thc MCS spool correctors will bc powered in 
ramilies or 154 connccted in scrics. If one magnet qucnches 
the energy of the whole fnmiIy (-25kJ) will be dissipated in 
thal carrector. Therdore each MCS corrcctor has bccn 
protccted with a 0.1 Ohm shunt rcsistor niadc of @ 5 mm 
stainless Stccl wire, wound non-inductively around the 
magne.t in Ihc cylindrical space hctween inagnet and shicld. 

111. P R O D U W O N  TeClINIUUUS 

Bccause of the tight tolcrances, the fabrication of thc 
intricateiy shaped central islands and end spacers kom glass- 
fiber epoxy material, and the winding o f  the coils and their 
asscmhly, arc dcmandiiig operations 163. 

A. Coil Winding Muchines. 

After Ihc initial dcvelopmcnt of n twin-ann manual coil 
winding fixture, more advanced automatic coil winding 
mnchines were dcvcloped bascd on diftkrent principles, anc 
at Ferrara Univ., Italy, through Institulo Naxionale cli Fisica 
Nuclearc (INFN) and slnothcr at CAT through Patel's Analog 
and Digital Measurement CO Ltcl. (PADMC), Pune, India. 
MCS and MCD coils have bccn successhlly wound an thcsc 

intelligent robot with a rocking coil mandrel. It i s  capable of 
winding coils of different widihs and lengths. The CAT 
machine (Fig.1) is rather simplc and suitcd for small MCS 
and MCD coils. It employs mechanical cams and tilted 
rotating arms. The coil mandrel is o f  the non-rocking type. 
CAI? also dcsigned a second typo, a simplc motorized version 
of the earlicr lwin-arm manual winding fixturc. For series 
productiori anyonc of these could bc used. 

B. Centrul Idonds arrd E d  Spacers. 

These complcx shapes are produccd from glass-fiber 
CPDXY (Fig.2), an unfriendly material for machining. Molding 
appeared to bc thc lirsi choice for a largc scrics. Prototypes 
were made both by Rcsin Transfer motding and Compression 
molding, using an d a p t c d  curing process and a special CNC 
(Computcr Numerical Control) machined mould. However 
given thc large number or picces to be p r o d u d  thc risk of 
inconsistent quality due to variation in thc distribution of 
resin and fibers is non-negligible and thcrcforc fabrication nf 
these picces by CNC milling froin a standard G11 glass-fihcr 
tube is preferred. In this case, care has to bc taken to use tube 
which is srress-rclieved by prc-slitting, and also thc wear ol' 
thc cutting tool must be considered when machining bulk 
quantitics. 

C. Coil Cui-iiig. 

Thc coils are wct wound using epoxy AW 106 rcsin & 
HV 953 U hardener in ratio of 10:8 pbw (part by weight) of 
CIBA Chemicals and cured either by oven heating o f  thc coil 
in its mould or by resistivc hcating of the coil passing a 
current through its wire. Coating the inside of thc monld with 
a thermal inaulation material like Teflon@ avoids heat traasfcr 
from the coil to the tooling and also helps in rclcasing the coil 
From the mould after curing. 

machines. The Rrrara machine is an elaborate D. Insulation Around the Coil Assembly. 

A slotted glass-fiber tubc charged with epoxy glue is 
dippcd and glued over the coil asscnibly. The slot is carct'ully 
measurcd and filled with G-11 shims to avoid locally a rcsin 
rich m a .  This method has successfully rcplaccd the emlicr 
method of wrapping a B-stage glass cloth around the coil, thc 
curing o l  which was a rather lengthy process. After curing, 
thc insulating slit tube is machined to n prccisc outsidc 
diameter to obtain the corrcct interference (Fig.3). 

E. Coil Terminal Joining. 

First generation prototypes einploycd soldercd 
connections using standard tin-led, saldcr with Iong 
connections to keep thc contact resistance as low as possible. 
A more clcgant Ultrasonic Welding (USW) has been doptcd 
for terminal joining. With this n joint resistance as low as 
5 nQ per connection has hccn achieved. 

VIR[ UJIDI vuiw - . GLUE ..... olsnsS!b; 

Pig. I .  Tiltcd-arm nulomatic coil winding machine. 



Vig. 2. G-l I glass-fihcr components 
fig. 5. Assembled coils and coil lerrninations 

chccks on cach coil and assembly of coils are required. In 
addition all tooling, fixtures and process parameters like coil 
curing cycle t imo and tcnipcraturc and contact wclding 
parameters are checkcd and ccrtificd bcforc usc in 
production, The acceptance limits arc found in thc tcchnical 
spccifications of the MCS and MCD [ 1,2 3 .  
A. Twining at 4.2k. 

In addition all spool corrcctors will bc cold tcslcd by h e  
manufacturer at 4.2 K in liquid helium and trained up to the 
critical current. Spccial cryostats, power-converter (3V, 
1500A) and PC bascd quench data acquisition system have 
bccn designed for testing of the series production (Pig.4). 
During this test the resistance of thc joints of  cach corrector is 
mcasured at 600A at 4.2K. Thc allowablc limit is 27 ni2 for 
Lhc total resistance of a corrcclor magnet. 

B. Magnetic Measurements at Room Temperature 

The magnctic h l d  quality as well as the precision of 
alignment (dowel-pin hotcs) is measured at room temperature 
on a dcdicatcd tcst bench using a rotating search coil, 
powering the correctors with 1-2 A currcnt. Table-I11 shows 
typical acccptancc critcria for the MCS. 

- v. k r l M A T E D  PRODUCTION TIMES AND COST 

I;: Steel Laminations. 
Laminations of lmm thick low carbon stccl (Fe 99.99%) 

and 0.5" thick cold-rollcd silicon steel (typc AIS1 M 45) 
havc successMly been used in prototypes, For serics 
production 1.5 mm thick low carbon stccl has been selected 
as it is of relatively low cost and reduccs the number of 
laminations required. Thc laminations are produced by the 
fine blanking technique which cnsures the closc dimcnsionnl 
accuracy rcquired to guarantee correct prc strcss, and also 
enablcs slraightforward production of 0.03 mm nipples to 
facilitalc sliding of laminations over cach other as the 
shrinking cylinder contracts. The tow carbon steel 
laminations nccd a surfacc lrcatment for corrosion protection. 

G. Shrink-Fitfing of Aluntiriium Cylinder. 

Experience has shown that a custom inadc clcctric band 
hcatcr around the cytindcr is sufficient to heat the cylinder. A 
canicaI tool of Teflon* placed on top of the stack of 
laminations helps align the shrinking cylindcr. A simple steel 
cylindcr, with the samc inner diameter as the heated 
aluminurn cytindcr, i s  first slipped aver the stack or 
laminations to check thcir alignment. 

H. Aligiameat Dowels. 

Thc spool correctur iiccds to be aligned vcry precisely 
(+/- O.lmm) with respccl to thc axis of the main dipole 
magnet. Two alternative melhods have been used. In lhc first 
method the magnetic axis of thc corrector magnet is  
determined by mcasurement on thc magnctic measurement 
bench at room tcmpcrature [7] and thc dowcl holes are then 
drilled according to measurement. In the scconcl method all 
the coinponcnts arc produced with dowcl holes of sufficient 
precision (O.Mmtn) and the nieasurcrncnt on the inagnctic 
bench i s  uscd to verify the accuracy. Thc sccond method has 
been adopted as the preferrcd mcthod, 

Iv. QunLrw CIILCKS 

To cnsure reliable and rail safe operation of thc spool 
corrcctors rigorous quality chccks arc necessary at evcry 
stage. Mechanical mcasurcmcnt of each of thc critical 
components like mitral islands, end-spacers, coils, shrinking 
cylinders and dowcls in thc stccl screen as well RS electrical 

A production rate of about 50 MCS magnets and 
25 MCDO magncts pcr month is required to match the 
production of the main dipoles of LHC. Thc typical 
fabrication cyclc consists of 8 hours for winding, curing and 
assembly of thc coils, 3 hours for the assembly of 
laminations, shrinking cylindcr, iron screen including 
mechanical and clcctrical checks, 1 hour for the magnetic 
measurements at room tcmpcramrc, X hours for training at 

Tablc 111 
TYPICAL MAGNSTIC RELD ACCEWANCP. CRlmRIA FOR TI 111 MCS 

Pnrarnetcr Acceptance Criteria 
Por Alignmcnt Precision 

Norinal/Skcw Quad. ~ 1 %  of sext, field nt R=17 mm 
( = ,wis fibift of 0.1 mm) 

Skew Sextupole 4 . 5 %  of normal scxtupolc 
( twist angle of 1.5 "I) 
For Quality Control 

Within 1% of theor. strength 
<I%ofsext. ficldntR=17 inm 

Scxtiipolc strength 
Any other multipole 



4.2K. With three coil winding and assembly stations, one 
magnetic measurement bench and two cryostats (cach 
holding thrcc to fivc MCS or MCDO at a time) it is expected 
to achievc the required production rate safely. An estimatc of 
the cost brcak-down of inanufncturc and testing of thc MCS 
based on the prototypc work is given in Table IV. The 
development of the mil winding machines, tooling, fixturcs 
and construction tcchniquos has bccn donc at CERN and 
CAT while making prototypes and thc know-how for initial 
production and training is provided to thc European and 
Indian nianuracturers. In addition the test bench for warm 
magnetic measurements and thc quench detection system is 
provided to the manufacturers. 

VI. CONCLUSIONS 

Further development o l  the spool corrcctors has led to 
final choices of materials and processes assuring economic 
and robust magncts. Thc options havc been successfully 
tcsted on prototypes and with this expcrience we nre now 
starting up the series production witti confidence. CEKN has 
awarded the contract for the serics production and testing of 
1232 MCS to Europcan industry. The training tost and 
magnetic ficld ineasuremcnt will bo done at the factory. CAT 
has also placed an ordcr with an Indian industry for 
inanufacturc of 1300 MCS. The tcsting at 4.2K of the latter 
series will be done in-house at CAT for which d l  necessary 
cryostats, powcring and dam acquisitions system ctc. have 
bccn ordered. 
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TABLE IV 
k M A m 0  BREAK-DOWN OF MhNullaClunlNi+ Cog. 

Work Package Percent of Total Cos# 

Dcsignidocummtntion 
Machines, tooling 
Commncnt fabrication 

5 %  
10 % 
25 % 

Fig. 4. Cold test set upin Intlorc. 
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