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Abstract— I n  o r d e r  t o  k e e p  t h e  e l e c t r o - m a g n e t i c  f o r c e s a n d  t o  
m i n i m i z e  c o n d u c t o r  m o v e m e n t s,  t h e  su p e r c o n d u c t i n g  c o i l s o f  t h e  
m a i n  L a r g e  H a d r o n  C o l l i d e r  d i p o l e s a r e  h e l d  i n  p l a c e  b y  m e a n s 
o f  a u st e n i t i c  st e e l  c o l l a r s.  T wo  su p p l i e r s p r o v i d e  t h e  c o l l a r s 
n e c e ssa r y  f o r  t h e  wh o l e  L H C  p r o d u c t i o n ,  wh i c h  h a s n o w 
r e a c h e d  m o r e  t h a n  80 0  c o l l a r e d  c o i l s.  I n  t h i s p a p e r  we  f i r st  
a sse ss i f  t h e  d i f f e r e n t  c o l l a r  su p p l i e r s o r i g i n  a  n o t i c e a b l e  
d i f f e r e n c e  i n  t h e  m a g n e t i c  f i e l d  q u a l i t y  m e a su r e d  a t  r o o m  
t e m p e r a t u r e .  W e  t h e n  a n a l y z e  t h e  m e a su r e m e n t s o f  t h e  c o l l a r  
d i m e n si o n s c a r r i e d  o u t  a t  t h e  m a n u f a c t u r e r s,  c o m p a r i n g  t h e m  
t o  t h e  g e o m e t r i c a l  t o l e r a n c e s.  Fi n a l l y  we  u se  a  m a g n e t o -st a t i c  
m o d e l  t o  e v a l u a t e  t h e  e x p e c t e d  sp r e a d  i n  t h e  f i e l d  c o m p o n e n t s 
i n d u c e d  b y  t h e  a c t u a l  c o l l a r  d i m e n si o n s.  T h e se  sp r e a d s a r e  
c o m p a r e d  t o  t h e  m a g n e t i c  m e a su r e m e n t s a t  r o o m  t e m p e r a t u r e  
o v e r  t h e  m a g n e t  p r o d u c t i o n  i n  o r d e r  t o  i d e n t i f y  i f  t h e  c o l l a r s,  
r a t h e r  t h a n  o t h e r  c o m p o n e n t s o r  a sse m b l y  p r o c e ss,  c a n  a c c o u n t  
f o r  t h e  m e a su r e d  m a g n e t i c  f i e l d  e f f e c t s.  I t  h a s b e e n  f o u n d  t h a t  
i n  o n e  o v e r  t h e  t h r e e  C o l d  M a ss A sse m b l e r s t h e  d r i v i n g  
m e c h a n i sm  o f  t h e  m a g n e t i c  f i e l d  h a r m o n i c s b2 a n d  a3 i s t h e  
c o l l a r  sh a p e .  
 

I n d e x  T e rm s— A u st e n i t i c  S t e e l  C o l l a r s,  Fi e l d  Q u a l i t y ,  
S u p e r c o n d u c t i n g  M a g n e t s,  M a g n e t i c  M e a su r e m e n t s.   

I. INTRODUCTION 
N su p er c o ndu c ting  mag nets f o r  p ar tic le ac c eler ato r s, th e 
q u ality  o f  th e mag netic  f ield is g iv en by  th e p r ec ise p o sitio n 

o f  th e c o ils. Th e ex ac t lo c atio n o f  th e c ables w ith  r esp ec t to  
c o il ap er tu r e is str o n g ly  inf lu enc ed by  th e g eo metr y  o f  th e 
mec h anic al c o mp o nents o f  th e assembly . In th e L ar g e Hadr o n 
Co llider  (L HC)  main dip o les [1], su c h  c o mp o nents ar e 
su p er c o ndu c ting  c ables, c o p p er  w edg es, insu latio n f ilms and 
tap es, c o il p r o tec tio n sh eets, p o lar  sh ims and au stenitic  steel 
c o llar s, w h ic h  c lamp  all th e c o mp o nents and r etain th e 
L o r entz  f o r c es du r ing  th e p o w er ing  o f  th e mag net. 

Th e dip o le mag netic  f ield is measu r ed at r o o m temp er atu r e 
(r .t.)  by  th e Co ld Mass Assembler s (CMAs)  af ter  th e 
assembly  o f  th e c o il in th e c o llar s (“ c o llar ed c o ils” , Fig . 1)  
and af ter  th e w elding  o f  th e sh r ink ing  c y linder  (“ c o ld mass” )  
 
Ma nu s c r i p t  r e c e i v e d  Se p t e m b e r  18 , 2 0 0 5 .  

Al l  a u t h o r s  a r e  w i t h  CERN, Ac c e l e r a t o r  T e c h no l o g y  De p a r t m e nt , CH-12 11 
Ge ne v a  2 3 , C. Sa nt o ni  i s  a l s o  a t  Uni v e r s i t é  Bl a i s e  Pa s c a l , Cl e r m o nt  Fe r r a nd , 
Fr a nc e  ( c o r r e s p o nd i ng  a u t h o r  p h o ne :  0 0 4 12 2 7 6 7 3 13 6 ;  f a x :  0 0 4 12 2 7 6 7 6 3 0 0 ;  e -
m a i l :  b o r i s .b e l l e s i a @ c e r n.c h ) . 

ar o u nd th e c o llar ed c o il and th e ir o n y o k e. Th ese 
measu r ements p r o v ide r elev ant inf o r matio n o n th e g eo metr y  
o f  th e c o il, also  allo w ing  th e detec tio n o f  f au lty  assembly  o r  
c o mp o nents [2]. Mo r eo v er , th ey  ar e u sed to  f o r ec asting  th e 
mag netic  beh av io r  in o p er atio nal c o nditio ns th r o u g h  th e 
w ar m-c o ld c o r r elatio ns [3]. 

Th e sc o p e o f  th is w o r k  is to  analy z e if  th e c o llar s h av e 
p lay ed a r elev ant r o le in th e v ar iatio n o f  th e f ield q u ality  o f  
th e L HC dip o les du r ing  th e p r o du c tio n. W e aimed at 
answ er ing  th e f o llo w in g  q u estio ns 
• Ar e th e to ler anc es o v er  th e c o llar  g eo metr y  k ep t and ar e 

th er e tr ends alo n g  th e p r o du c tio n?  
• Ar e th e c o llar  su p p lier s and th e p r o c edu r es o f  c o llar  

assembly  af f ec ting  th e f ield q u ality ?   
• W h at is th e ex p ec ted imp ac t o f  ac tu al c o llar  sh ap e o n 

f ield q u ality  and h o w  do es it r elate to  mag netic  
measu r ements?  

1

3

2

4

33

5

5

 
Fig. 1: Co l l a r e d  c o il  l a y o u t . 1- Co l l a r  t y p e  A 1;  2- Co l l a r  t y p e  A 2;  3- 
c o l l a r in g r o d s ;  4- Su p e r c o n d u c t in g c o il s ;  5  – Co l l a r  w it n e s s  m a r k s  

II. COL L AR PRODUCTION AND MOUNTING PROCEDURES 
Th e c o llar s ar e manu f ac tu r ed th r o u g h  a p r o c ess o f  f ine-

blank ing  star ting  f r o m 3 mm th ic k  au stenitic  steel c o il, w ith  
to ler anc es o f  th e o r der  o f  20-30 µm. Th er e ar e th r ee sh ap es o f  
c o llar s alo n g  th e mag net leng th  to  f it th e dif f er ent g eo metr y  
o f  th e c r o ss sec tio n and eac h  sh ap e is manu f ac tu r ed in tw o  
ty p es. Sinc e in th is w o r k  w e ar e inter ested in th e q u ality  o f  
th e mag netic  f ield, w h ic h  is by  f ar  do minated by  th e str aig h t 
p ar t o f  th e mag net, w e w ill analy z e o nly  th e p r o du c tio n o f  th e 
ty p es th at f ill th is p ar t o f  th e dip o les: A1 and A2, as sh o w n in 
Fig . 1. 

CERN h as sh ar ed th e c o llar  p r o du c tio n betw een tw o  f ir ms: 
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S1 (5/ 8  o f  th e to tal)  and S2 (3/ 8  o f  th e to tal) . Th e same r aw  
mater ial is deliv er ed to  bo th  f ir ms. Co llar s ar e deliv er ed in 
batc h es w h ic h  c o u nt ar o u nd 4300 p iec es, eno u g h  to  f ill a 
mag net p lu s so me sp ar e p iec es u sed f o r  th e ac c ep tanc e tests. 
All c o llar s h av e a w itness mar k  o n o ne side to  disting u ish  th e 
r ig h t f r o m th e lef t p ar t.  
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Fig. 2: T h e  f o u r  p o s s ib l e  a s s e m b l y  p o s it io n s  f o r  t h e  s t r a igh t  p a r t  c o l l a r s  
t y p e  A 1;  t h e  w it n e s s e s  a r e  m a r k e d  w it h  a  d a s h e d  c ir c l e . 

Co llar s o f  ty p e A1 and A2 ar e assembled in p air s, and 
lo c k ed by  f o u r  p ins inser ted in th e f o u r  smaller  h o les (see 
Fig .1) . Th en, c o llar  p air s ar e assembled ar o u nd th e c o il, eac h  
CMAs u sing  a dif f er ent p r o c edu r e: 
• Firm1 mo u nts c o llar  p air s by  f lip p in g  th em ar o u nd th e 

“ x ”  ax is, i.e. u sing  o nly  tw o  o v er  th e f o u r  p o ssible 
c o nf ig u r atio ns sh o w n in Fig .2 (SA U  and SBL ) . 

• Firm2 assembles p ac k s o f  5 p air s th at ar e th en mo u nted 
u sing  all th e f o u r  p o ssible p o sitio ns o f  Fig .2.  

• Firm3 also  assembles p ac k s o f  c o llar s (10 p air s)  bu t th e 
p ac k s ar e o nly  r o tated ar o u nd th e “ z ”  ax is, p er p endic u lar  
to  th e p lane o f  th e dr aw ing , h enc e o nly  tw o  p o ssible 
mo u nting  p o sitio ns ar e u sed (in Fig .2, S A U  and S A L ) . 

Th ese dif f er ent p r o c edu r es h av e an imp ac t o n th e sy mmetr y  
o f  th e f inal assembly : 
• Firm1: u p -do w n asy mmetr ies o f  a same ap er tu r e ar e 

c anc elled, bu t th e tw o  ap er tu r es ar e indep endent (no  
c o r r elatio n) . 

• Firm2: u p -do w n asy mmetr ies ar e c anc elled, and th e tw o  
ap er tu r es ar e sy mmetr ic  (p er f ec t c o r r elatio n) . 

• Firm3: u p -do w n asy mmetr ies ar e no t c anc elled, bu t th e 
tw o  ap er tu r es ar e c o r r elated. 

III. AVAIL ABL E DATA 
C o l l ar D imens io ns : th e g eo metr ic al dimensio ns o f  th e 

c o llar s ar e measu r ed at th e su p p lier . Fr o m th e av ailable 
p r o du c tio n w e o nly  u sed th e last 330 batc h es (see Table I) , 
sinc e th e measu r ement o f  th e f ir st 212 batc h es o f  th e su p p lier  
S1 and th e f ir st 17 7  o f  S2 w er e no t p r ec ise eno u g h  f o r  o u r  
analy sis. 

T A BLE   I 
N U M BE RS O F  C O LLA R B A TC H E S USE D  I N  TH E  G E O M E TRI C A L AN A LY SI S. 

Collar Supplier B at c h es  av ailab le
S2 182 - us ed  in  F irm  0 3
S1 7 6    - us ed  in  F irm  0 1
S1 7 1   - us ed  in  F irm  0 2   

M ag net ic  meas u rement s :  7 41 c o llar ed c o ils h av e been 
measu r ed at r .t.. Fo r  th e no t allo w ed c o mp o nents o f  th e 

mag netic  f ield w e u sed th e w h o le set o f  data. On th e o th er  
h and, f o r  th e allo w ed c o mp o nents w e r estr ic ted th e analy sis to  
th e su bset o f  mag nets bu ilt w ith  th e last mo dif ic atio n o f  th e 
c o il c r o ss sec tio n, deno ted by  c r o ss-sec tio n 3 (548  c o llar ed 
c o ils) . Pr ev io u s c r o ss sec tio ns h ad a dif f er ent c o il lay -o u t th at 
g iv es dif f er ent sy stematic  v alu es f o r  th e allo w ed c o mp o nents. 

 
T A BLE  II 

N U M BE RS O F  C O LLA RE D  C O I LS USE D  I N  TH E  M A G N E TI C  F I E LD  Q U A LI TY  
A N A LY SI S  

Collar supplier CM A C. C.  -  all C. C.  -  X - sec . 3
F irm  0 1 13 8

S 2 F irm  0 2 - -
F irm  0 3 335 2 7 9
F irm  0 1 199 139

S 1 F irm  0 2 182 119
F irm  0 3 9 0  

IV . TRENDS IN COL L AR GEOMETRICAL  DATA 
Du r ing  th e dimensio nal c o ntr o ls o f  th e c o llar s, abo u t ninety  

measu r ements p er  p iec e ar e tak en. W e c h o o se to  analy z e all 
th e measu r ements p er f o r med in th e “ c av ity ” , w h i c h  is th e p ar t 
w h er e th e su p er c o ndu c ting  c o il is allo c ated. Th e no minal 
sh ap e o f  th e inner  c av ity  o f  th e c o llar  is def ined by  th e ar c  o f  
c ir c les A and B , w ith  a r adiu s o f  60.9 8  mm and 44.8 8  mm 
r esp ec tiv ely  and a to ler anc e o f  + / -0.030 mm, and th e str aig h t 
lines C and D, bo th  h av ing  a to ler anc e o f  + / -0.025 mm (see 
Fig . 3, lef t) . Th e p r ec isio n o f  th e measu r ements p er f o r med in 
th e indu str y  is abo u t 0.010 mm; th is estimate is based o n a 
c o mp ar iso n w ith  measu r ement p er f o r med at CERN. 

 
 
 
 
 
 
 
 

Fig. 3:  L a b e l in g o f  t h e  a n a l y z e d  c o l l a r  s u r f a c e s  ( l e f t ) . Co n v e n t io n s  o n  
s ign s  f o r  a  s h if t  a n d  f o r  a  t il t  ( r igh t ) . 

Th e su r f ac es B , C and D ar e measu r ed in tw o  p o ints at th e 
edg es and o nly  th e su r f ac e A is measu r ed in an additio nal 
p o int in a c entr al p o sitio n. Measu r ements ar e alw ay s r ep o r ted 
as dev iatio n f r o m no minal sh ap e. W e do  no t disc u ss h er e th e 
ef f ec t o f  er r o r s in th e h o les f o r  th e lo c k in g  r o ds, w h ic h  is a 
v er y  c o mp lex  analy sis sinc e it c an lead to  sh if ts in th e 
p o sitio n o f  th e c o llar s and to  c o llar  def o r matio ns du r ing  th e 
assembly . Indeed, an analy sis c ar r ied o u t in [6] sh o w s th at 
so me o f  th ese ef f ec ts ar e no t neg lig ible. 

U sing  an assu mp tio n o f  linear ity  betw een tw o  measu r ed 
p o ints o f  th e same su r f ac e, th e dev iatio ns f r o m th e no minal 
v alu es ar e sp lit in a sh if t and a tilt (see Fig . 3) . Th e sh if t is 
def ined as th e av er ag e o f  th e measu r ements, and th e tilt is th e 
dif f er enc e betw een th e av er ag e o f  th e measu r ements tak en o n 
th e su r f ac e and o ne measu r ement tak en o n th e edg e. Fo r  eac h  
o f  th e tw o  c o llar  ty p es w e tak e u nder  c o ntr o l 16 su r f ac es in 
th e tw o  c av ities f o r  a to tal o f  16 sh if ts and 16 tilts analy z ed.  
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Th e dimensio nal analy sis is p er f o r med o v er  th e samp le 
g iv en in Table I and th e r esu lts sh o w  th at w e do  no t f ind 
sig nif ic ant dif f er enc es in th e g eo metr y  betw een th e tw o  
su p p lier s (Fig .4 f o r  an ex amp le) ; th e o nly  dif f er enc e is th at 
th e sh if ts o f  th e c o llar  ty p e A1 o f  th e p r o du c er  S1 h av e 
slig h tly  lar g er  sp r eads w ith  r esp ec t to  th e o nes o f  th e c o llar s 
o f  S2.  No  tr ends ar e o bser v ed du r ing  th is p er io d o f  th e 
p r o du c tio n. 
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Fig. 4: H is t o gr a m s  o f  t h e  v a l u e s  o f  t h e  s u r f a c e  “ C”  o f  t h e  c a v it y  T 1-l e f t  
s id e  o f  t h e  t w o  c o l l a r  s u p p l ie r s . 

V . DEPEDENCE OF MAGNETIC FIEL D ON THE ASSEMBL Y  
PROCEDURES AND ON THE COL L AR SUPPL IER 

A . M u l t ip o l ar exp ans io n o f  t h e mag net ic  f iel d  
In a dip o le, th e mag netic  f ield c an be ex p r essed in a 2-D 

f o r m th at c an be ex p anded in ser ies in a c o mp lex  do main: 

��
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ref
1 )(),(
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
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 ++=+=
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n

nnxy R
iyxiabBiBByxB  

w h er e bn and an ar e th e so  c alled mu ltip o les (r esp ec tiv ely : 
“ n o r mal”  and “ sk ew ” ) , (x,y )  ar e th e tr ansv er se c o o r dinates, B1 
is th e r ef er enc e mag netic  f ield and R r e f  th e r ef er enc e r adiu s 
(f o r  th e L HC is 17 mm) . In a “ p er f ec t dip o le g eo metr y ”  all th e 
c o ef f ic ients ar e z er o  ex c ep t b2n+ 1  (“ allo w ed”  mu ltip o les)  
bec au se bo th  u p -do w n and lef t-r ig h t sy mmetr ies ar e satisf ied. 
To ler anc es o f  th e mec h anic al c o mp o nents br eak  th e 
sy mmetr y  and c o nseq u ently  also  “ n o t allo w ed”  h ar mo nic s ar e 
g ener ated; th ey  c an be div ided in th r ee c lasses w ith  r esp ec t to  
th e sy mmetr y  br eak -do w n:  
1- Ev en no r mal (b2n ) : g ener ated by  a lef t-r ig h t anti-sy mmetr y   
2- Ev en sk ew  (a2n ) : g ener ated by  an u p -do w n anti-sy mmetr y   
3- Odd sk ew  (a2n+ 1 ) : g ener ated by  an anti-sy metr iz atio n 
r elated to  a r o tatio n o f  18 0 deg r ees w .r .t th e c enter  o f  th e 
ap er tu r e. 
B. M ag net ic  f iel d  v ers u s  c o l l ar s u p p l ier 
W e c o mp u ted av er ag es and standar d dev iatio ns f o r  th e 

f ield h ar mo nic s, sp litting  th e data amo ng  c o llar  su p p lier s and 
dip o le assembler . Resu lts ar e g iv en in Table III. 

Allo w ed mu ltip o les: th e c o llar  su p p lier  do es no t af f ec t th e 
allo w ed mu ltip o les: Fir m1 h as 8  mag nets made w ith  c o llar s 
S2 and 139  w ith  c o llar s S1, and th e tw o  sets h av e similar  
av er ag es (Table III) . Th e sy stematic  dif f er enc es betw een 

Fir ms o bser v ed f o r  b5 (Fir m1 h as 1 u nit mo r e th an Fir m2-3)  
and b7 (Fir m2 h as 0.2-0.3 u nits less th at Fir m1-3)  c anno t be 
du e to  th e c o llar  su p p lier , sinc e Fir m1 mo stly  u ses S1 c o llar s. 

No t allo w ed mu ltip o les: th e c o mp ar iso n o f  13 mag nets o f  
Fir m1 assembled w ith  c o llar s S2 to  th e 19 9  assembled w ith  
c o llar s S1 sh o w s no  r elev ant sy stematic  dif f er enc e in th e no t-
allo w ed c o mp o nents. Th e str o n g  neg ativ e sy stematic  a3 
c o mp o nent in Fir m1 (ar o u nd 0.4 u nits)  is o bser v ed bo th  w ith  
c o llar s S2 and S1 and th er ef o r e it is no t du e to  th e c o llar  
su p p lier . A similar  r emar k  c an be made f o r  th e sy stematic  a4 
o bser v ed in Fir m2 w ith  S1 c o llar s if  c o mp ar ed w ith  th e v alu es 
o f  th e same mu ltip o le o f  Fir m1 w ith  c o llar s S1 and S2 

T A BLE  III 
A V E RA G E S A N D  STA N D A RD  D E V I A TI O N S O F  M A G N E TI C  F I E LD  H A RM O N I C S, I N  
U N I TS O F  10 -4  A T RRE F = 17 M M , M E A SU RE D  A T R O O M  T E M P E RA TU RE  A N D  
S O RTE D  W .R.T. C O LLA R SU P P LI E RS A N D  D I P O LE  M A N U F A C TU RE RS. 
Coll. CM A N b 3 b 5 b 7 N b 2 b 4 a 2 a 4 a 3 a 5

1 8 –2.1 0.05 1.17 13 –0 .18 –0 .0 3 0 .0 7 –0 . 0 3 – 0. 2 3 0 . 0 6
2 – – – – – – – – – – –
3 27 9 –1.5 9 –0 .5 6 1.17 335 –0 .1 –0 .0 5 0 .6 4 –0 . 0 9 0 .5 1 0 .18
1 139 –1.88 0.2 9 1.21 199 –0 . 0 8 –0 .0 2 0 .26 –0 . 0 2 – 0. 3 1 0 . 0 4
2 119 –2.87 –0 .7 9 0.8 7 182 –0 .14 –0 .0 5 0 .12 0.3 7 – 0. 4 4 0 . 0 0
3 – – – – 9 0 .0 5 –0 .0 4 –0 .0 4 –0 . 0 5 0 .16 0 . 0 7

1 8 0 .88 0 .38 0 .0 8 13 1.0 0 0 .15 1.11 0 .28 0 .30 0 . 0 6
2 – – – – – – – – – – –
3 27 9 0 .80 0 .22 0 .0 6 335 0 .7 8 0 . 0 9 0 .94 0 .29 0 .32 0 . 0 9
1 139 1.10 0 .32 0 .0 8 199 0 .5 2 0 .12 1.21 0 .26 0 .27 0 . 0 8
2 119 0 .92 0 .31 0 .12 182 0 .4 1 0 . 0 9 1.0 7 0 .31 0 .28 0 . 0 8
3 – – – – 9 0 .5 8 0 .12 0 .90 0 .18 0 .29 0 . 0 5

a v e r a g e s

s t a n d a r d  d e v i a t i on s

S 2

S 1

S 2

S 1

a v e r a g e s

s t a n d a r d  d e v i a t i on s

 
C . M ag net ic  f iel d  v ers u s  as s embl y p ro c ed u res  and  
c o rrel at io n bet w een ap ert u res  
Th e dif f er ent assembly  p r o c edu r es sh o u ld h av e so me 

imp ac t o n th e no t allo w ed mu ltip o les and o n th e c o r r elatio ns 
betw een th e ap er tu r es o f  th e same mag net, w h ic h  ar e g iv en in 
Table IV . 

T A BLE  IV 
C O E F F I C I E N TS O F  TH E  C O RRE LA TI O N S B E TW E E N  TH E  F I E LD  H A RM O N I C S 
M E A SU RE D  I N  TH E  T W O  M A G N E T A P E RTU RE S.  I N  B O LD , C O E F F I C I E N TS> 0 .7 .  
Coll. CM A N b 3 b 5 b 7 N b 2 b 4 a 2 a 4 a 3 a 5
S 1 1 139 0.76 0.8 3 0.7 9 19 9 0 .22 0 .3 8 0 .0 7 0 .0 5 0 .5 5 0 .4 9
S 1 2 119 0.7 8 0.8 1 0.8 9 18 2 0 .29 0 .3 0 0 .0 6 0 .1 4 0 .6 0 0 .5 6
S 2 3 2 7 9 0.70 0.8 3 0.8 0 335 0.77 0 .2 9 0 .0 9 0 .0 4 0.7 1 0 .5 9  
 

Allo w ed mu ltip o les ar e alw ay s c o r r elated. Th e th r ee 
dif f er ent p r o c edu r es u sed to  assemble th e c o llar s ar e no t 
af f ec ting  th e c o r r elatio n, w h ic h  is p r esent in all Fir ms. Th is 
c o r r elatio n sh o u ld ar ise eith er  du r ing  th e c o llar  assembly  o r  
du r ing  th e c o llar ing  itself .  

No t allo w ed mu ltip o les: 
• Firm1:  no  c o r r elatio n is ex p ec ted f r o m th e c o llar s assembly  
p r o c edu r e. Indeed, a w eak  o ne is o bser v ed f o r  a3 and a5, 
w h ic h  c o u ld c o me f r o m a sy stematic  lef t-r ig h t asy mmetr y  in 
th e p r o du c tio n o f  th e c o ils, c r eating  an o dd sk ew  in th e 
assembly . Fo r  ev en sk ew  a2 and a4, if  th eir  o nly  so u r c e w er e 
th e c o llar s, th ey  sh o u ld be z er o  bec au se o f  th e assembly  
p r o c edu r e. Th e no n-z er o  v alu es measu r ed f o r  Fir m1 mean 
th at th ese mu ltip o les ar e dr iv en by  o th er  mec h anisms, 
w h ic h  ar e no t c o r r elated betw een ap er tu r es.  

• Firm2:  no  c o r r elatio n is o bser v ed o n ev en no r mal b2n. Sinc e 
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f r o m th e assembly  p r o c edu r e a g o o d c o r r elatio n is ex p ec ted 
f o r  th ese mu ltip o les, also  in th is c ase o ne c an state th at f o r  
Fir m2 th e main so u r c e o f  imp er f ec tio ns af f ec ting  b2 and b4 
ar e no t th e c o llar s. Th e w eak  c o r r elatio n o bser v ed f o r  a 3  and 
a5 c o u ld be eith er  du e to  th e c o llar  assembly  p r o c edu r e o r  to  
th e p r o du c tio n o f  th e c o il as disc u ssed f o r  Fir m1. Fo r  a2 and 
a4 th e same ar g u ment u sed f o r  Fir m1 h o lds.  

• Firm3:  w e h av e a c o r r elatio n f o r  b2 ,  a3 and p ar tially  f o r  a5; 
th is means th at th e c o llar s sh ap e and th e ado p ted assembly  
p r o c edu r e is th e dr iv ing  mec h anism f o r  th ese h ar mo nic s in 
Fir m 03. Th e f ac t th at th e c o r r elatio n is no t o bser v ed f o r , b4 
and a2n imp lies th at f o r  th ese mu ltip o les th e main so u r c e o f  
imp er f ec tio ns is g iv en by  o th er  c o mp o nents, w h ic h  ar e no t 
c o r r elated betw een ap er tu r es. 

V I. E X PECTED VS MEASURED FIEL D HARMONICS   
A nu mer ic al mag neto -static  mo del h as been u sed to  

deter mine th e dep endenc e o f  th e h ar mo nic s o n th e 
g eo metr ic al dimensio ns o f  th e c o llar s. Her e w e assu med th e 
c o llar s to  be inf initely  r ig id, i.e., th e su p er c o ndu c ting  c able 
and th e c able insu latio n abso r b all c h ang es o f  th e c o llar  
sh ap e. 

In th e nu mer ic al c alc u latio n, it is assu med th at eac h  
su r f ac e o f  th e inner  p ar t o f  th e c o llar  c o ntr ibu tes in an 
indep endent manner . Calc u lating  th e sensitiv ities o f  th e sh if t 
and tilt all o f  th e su r f ac es A, B , C and D and mu ltip ly ing  
th em by  th e measu r ed c o llar  g eo metr ic al er r o r s, o ne c an 
r ec o nstr u c t th e ex p ec ted sh if t in th e mu ltip o les du e to  th e 
ac tu al sh ap e o f  th e c o llar . So me c ar e mu st be tak en in th e 
c o mp u tatio n, in o r der  to  c o r r ec tly  tak e into  ac c o u nt th e 
assembly  p r o c edu r e [7 ]. 

Th e r esu lts o f  th e c alc u latio n in ter ms o f  av er ag es and 
standar d dev iatio ns ar e sh o w ed in Table V . Fo r  b2 w e also  
g iv e a p lo t in Fig .5, w h er e f o r  eac h  mag net w e c o mp ar e th e 
measu r ement o f  th e ap er tu r e 1 w ith  th e ex p ec ted v alu es 
ev alu ated as mentio ned abo v e. Her e th e samp le c o u nts 331 
mag nets. 

b2

-2

-1

0

1

2

batch progressive number

u
n

it
s 

@
 1

7
m

m

Firm3 Firm1 Firm2 

S1 collarsS2 collars

Aperture 1 

Expected 

 
Fig. 5: b 2 , e x p e c t e d  a n d  m e a s u r e d  ( s o l id  l in e s  a r e  m o v in g a v e r a ge s ) . 

W e h av e sh o w n in th e p r ev io u s sec tio n th at th e allo w ed 
mu ltip o les ar e no t dr iv en by  th e c o llar  imp er f ec tio ns. Th e 
c o mp ar iso n o f  ex p ec ted v er su s measu r ed mu ltip o les c o nf ir ms 
th is r esu lt: th e ex p ec ted c o ntr ibu tio n o f  th e c o llar s to  th e 
sp r eads is o ne th ir d o f  w h at measu r ed. Mo r eo v er , th e 
ex p ec ted sh if t in th e av er ag e mu ltip o les betw een f ir ms is 
neg lig ible, w h er eas ac c o r ding  to  measu r ements is lar g e f o r  b5 

and b7. 
Fo r  Fir m3, w h er e w e h av e sh o w n u sing  c o r r elatio ns th at b2 

and a3 ar e str o ng ly  af f ec ted by  th e c o llar s, w e h av e a g o o d 
ag r eement betw een measu r ed and ex p ec ted v alu es bo th  f o r  
th e av er ag e and f o r  th e sig ma. 

Fo r  th e sk ew  mu ltip o les in Fir m1 and Fir m2 th e assembly  
p r o c edu r e g u ar antees no  c o ntr ibu tio n f r o m th e c o llar s, and 
th er ef o r e th e o bser v ed sp r eads ar e du e to  o th er  c o mp o nents. 

Th e o nly  inc o nsistenc y  f o u nd is th at f r o m th e c o llar  
measu r ements w e ex p ec t a lar g er  sig ma th an measu r ed f o r  b2 
and b4 in Fir m1 and Fir m2. Th is is du e to  th e g eo metr ic al 
measu r ement o f  th e c o llar s, sinc e th e sp r ead o f  th e dif f er enc es 
betw een th e dimensio ns o f  th e lef t and r ig h t p ar t o f  th e 
c av ities (th at g ener ates b2n )  o f  th e c o llar s su p p lied by  S1 is 
v er y  lar g e (tw ic e th e v alu es measu r ed f o r  S2 c o llar s) . Th is 
lar g e sp r ead do es no t matc h  w ith  th e measu r ements. 

T A BLE  V 
M E A SU RE D  A N D  EX P E C TE D  AV E RA G E S A N D  STA N D A RD  D E V I A TI O N S O F  TH E  
M A G N E TI C  F I E LD  H A RM O N I C S  
Coll. CM A ∆ b 3 ∆ b 5 ∆ b 7 b 2 b 4 a 2 a 4 a 3 a 5

3 m e a s 0 .5 2 –0 .26 0 .0 6 0.35 –0.05 0 .8 4 –0 .12 0.53 0 .19
e x p 0 .16 –0 .0 7 0 .0 6 0.39 0.03 0 .0 0 0 .0 3 0.6 7 –0 .0 1

1 m e a s 0 .39 0 .7 1 0 .13 –0 .1 –0 .0 9 0 .15 0 .0 2 –0 .4 4 0 .0 2
e x p - 0 .17 0 .0 0 0 .0 1 –0 .21 0 .0 2 – – – –

2 m e a s - 0 .9 2 –0 .4 5 - 0 .19 –0 .13 –0 .1 –0 .29 0 .4 0 –0 .4 8 0 .0 0
e x p - 0 .19 –0 .0 1 0 .0 1 0 .9 4 0 .0 0 – – – –

3 m e a s 0 .8 5 0 .20 0 .0 7 0.4 2 0.08 0 .6 7 0 .24 0.2 6 0.09
e x p 0 .34 0 .0 5 0 .0 2 0.4 5 0.05 0 .4 4 0 .10 0.30 0.06

1 m e a s 0 .8 3 0 .32 0 .0 7 0 .4 1 0 .0 8 1.0 0 0 .26 0 .22 0 .0 7
e x p 0 .33 0 .0 8 0 .0 3 0 .8 3 0 .14 – – – –

2 m e a s 0 .9 5 0 .31 0 .10 0 .36 0 .0 9 1.0 6 0 .28 0 .30 0 .0 7
e x p 0 .38 0 .0 7 0 .0 2 0 .6 8 0 .0 6 – – – –

S 1

S 2

a v e r a g e s  -  A p e r t u r e  1

S 1

S 2

s t a n d a r d  d e v i a t i on s

 
V II. CONCL USION 

Th e main r esu lt o f  th e analy sis is th at th e c o llar  sh ap e is 
th e dr iv ing  mec h anism o f  f ield h ar mo nic s o nly  f o r  b2 and a3 
in Fir m3, w h er e c o llar s o f  th e su p p lier  S2 ar e u sed. Tw o  
indep endent o bser v atio ns su p p o r t th is f ac t: f ir stly , w e h av e 
str o ng  c o r r elatio ns betw een ap er tu r es o f  th e same mag net as 
ex p ec ted f r o m th e assembly  p r o c edu r e. Sec o ndly , th e 
ex p ec ted v alu es based o n th e measu r ed dimensio ns o f  th e 
c o llar s and o n a mag neto -static  mo del ag r ee w ith  mag netic  
measu r ements bo th  f o r  th e av er ag e and f o r  th e standar d 
dev iatio n. 

Fo r  all th e o th er  c ases th e c o llar  imp er f ec tio ns ar e no t th e 
dr iv ing  mec h anism o f  th e f ield h ar mo nic s. In p ar tic u lar , w e 
p o int o u t th at th e lar g e sy stematic  dif f er enc es betw een dip o le 
su p p lier s o bser v ed f o r  b5 and b7 c anno t be du e to  th e c o llar s. 
Mo r eo v er , th e sp r ead du e to  th e measu r ed imp er f ec tio ns o f  
th e c o llar s is o nly  o ne th ir d o f  th e measu r ed sp r ead o f  th e 
allo w ed f ield h ar mo nic s.  

One c an c o nc lu de th at bo th  th e c o llar  sp ec if ic atio ns and th e 
c o llar  su p p lier s h av e r eac h ed th e dif f ic u lt g o al o f  minimiz ing  
th e imp ac t o f  c o llar  g eo metr y  o n th e sp r ead o f  mag netic  f ield 
h ar mo nic s. 
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