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A bstr a ct — A c c el e r at o r  m a g n et  t est  f a ciliti es  f r e q u e ntl y  n e e d  t o 
m e as u r e diff e r e nt m a g n ets o n diff e r e ntl y e q ui p p e d t est st a n ds a n d 
wit h  diff e r e nt  i nst r u m e nt ati o n.  D esi g ni n g  a  m o d ul a r  a n d  hi g hl y 
r e us a bl e  s yst e m  t h at  c o m bi n es  fl e xi bilit y  b uilt -i n  at  t h e  a r c hit e c-
t u r al l e v el as w ell as o n t h e c o m p o n e nt l e v el a d d r ess es t his n e e d. 
S p e cifi c ati o n of t h e b a c k b o n e of t h e s yst e m , wit h t h e i nt e rf a c es a n d 
d at afl o w  f o r  s oft w a r e  c o m p o n e nts  a n d  c o r e  h a r d w a r e  m o d ul es ,  
s e r v es  as  a  b asis  f o r  b uil di n g  s u c h  a  s yst e m.  T h e  d esi g n  p r o c ess 
a n d i m pl e m e nt ati o n of a n e xt e nsi bl e m a g n eti c m e as u r e m e nt d at a 
a c q uisiti o n a n d c o nt r ol s yst e m a r e d es c ri b e d, i n cl u di n g t e c h ni q u es 
f o r m a xi mi zi n g t h e r e us e of s oft w a r e. T h e dis c ussi o n is s u p p o rt e d 
b y s h o wi n g t h e a p pli c ati o n of t his m et h o d ol o g y t o c o nst r u cti n g t w o 
dissi mil a r s yst e ms f o r r ot ati n g c oil m e as u r e m e nts, b ot h b as e d o n 
t h e  s a m e  a r c hit e ct u r e  a n d  s h a ri n g  c o r e  h a r d w a r e  m o d ul es  a n d 
m a n y s oft w a r e c o m p o n e nts. T h e fi rst s yst e m is f o r p r o d u cti o n t est-
i n g 1 0 m l o n g c r y o-ass e m bli es c o nt ai ni n g t w o M Q X F A q u a d r u p ol e 
m a g n ets f o r t h e hi g h-l u mi n osit y u p g r a d e of t h e L a r g e H a d r on C ol-
li d e r a n d  t h e  s e c o n d  f o r  t esti n g I Q C c o n v e nti o n al q u a d r u p ol e 
m a g n ets i n s u p p o rt of t h e a c c el e r at o r s yst e m at F e r mil a b. 

   
I n d e x T er ms — M a g n eti c fi el d m e as u r e m e nt, m e as u r e m e nt t e c h-

ni q u es, a c c el e r at o r m a g n ets, s oft w a r e r e us a bilit y, s oft w a r e p r o d-
u ct li n es  

I. IN T R O D U C TI O N  

H E F er mil a b M a g n et T est F a cilit y t ests v ari o us t y p e s of a c-
c el er at or m a g n ets, i n cl u di n g  p er m a n e nt, n or m al c o n d u ct-

i n g (r esisti v e) a n d  s u p er c o n d u cti n g m a g n ets.  T h e t ests ar e c o n-
d u ct e d o n h ori z o nt al a n d v erti c al t est st a n ds. V ari o us m e as ur e-
m e nt m et h o ds, pr o b es , a n d D A Q a n d i nstr u m e nt ati o n h ar d w ar e 
ar e us e d  i n  t h es e  s yst e ms.  D es pit e t h es e v ari ati o ns,  t h er e  ar e 
c o m m o n f u n cti o n aliti es a n d si mil ariti es  t h at all o w f or a s h ar e d 
ar c hit e ct ur e a n d s oft w ar e r e us e. 
   T o  effi ci e ntl y  s u p p ort di v ers e t est  eff orts at  t h e  F er mil a b 
M a g n et T est F a cilit y ( M T F) , a s ol uti o n all o wi n g f or a hi g h l e v el 
of r e us e a n d si g nifi c a nt s oft w ar e  fl e xi bilit y w as i m pl e m e nt e d . 
T his s ol uti o n a d o pts t h e pr o d u ct li n e m et h o d  t o d e v el o p a f a m-
il y of m a g n et m e as ur e m e nt s yst e ms, w hi c h r e d u c es t h e c ost of 
d e v el o pi n g n e w s yst e ms a n d  all o w s f or c o nfi g ur ati o n of e xist-
i n g syst e ms  t o  s u p p ort v ari a nts of m e as ur e m e nt s.  
   T h e a p pli c ati o n of pr o d u ct li n e d e v el o p m e nt at F er mil a b f ol-
l o ws t h e l at est tr e n ds i n s oft w ar e e n gi n e eri n g f or a d dr essi n g r e-
us e. T h e e arli er a p pr o a c h es t o pr o vi d e a u nif or m pl atf or m f or 
d e v el o pi n g m a g n eti c m e as ur e m e nt s yst e ms i n cl u d e t h e us e of 

 
T his w or k w as s u p p ort e d i n p art b y t h e F er mi R es e ar c h Alli a n c e u n d er D O E C o n-
tr a ct D E-A C 0 2 -0 7 C H 1 1 3 5 9. ( C orr es p o n di n g a ut h or: J erz y N o gi e c.) 

c h e c klists t o d es cri b e m e as ur e m e nt s e q u e n c es [ 1 ], gr a p hi c all y 
c o nfi g ur a bl e c o m p o n e nt -b as e d s yst e ms [ 2 ], a n d a d o m ai n -s p e-
cifi c l a n g u a g e t o d es cri b e m a g n eti c m e as ur e m e nts [ 3 ].   
   T h e  pr o d u ct li n e a p pr o a c h is o utli n e d  a n d s u p p ort e d b y pr e-
s e nti n g i m pl e m e nt ati o ns of t w o diff er e nt r ot ati n g c oil m a g n et 
m e as ur e m e nt s yst e ms, b ot h of w hi c h ar e p art of t h e s a m e pr o d-
u ct  f a mil y.  
 

 

 

 

 

 

 

 

 

Fi g. 1.    M a g n et m e a s ur e m e nt s y st e m s f a mil y tr e e.  

II. F A MI L Y O F M A G N E TI C M E A S U R E M E N T S Y S T E M S  

A.  M a g n et M e as ur e m e nt  S yst e ms F a mil y Tr e e  

   T h e m e as ur e m e nt s yst e ms b ei n g us e d at M T F c a n b e  cl assi-
fi e d i nt o  f o ur  br a n c h es b as e d  o n  t h e  d o mi n a nt  m e as ur e m e nt 
m et h o d  ( Fi g. 1):  

1)  str et c h e d  wir e  s yst e ms,  i n cl u di n g  si n gl e-wir e  s yst e ms 
( S S W) wit h  v ari o us m o d es of o p er ati o n ( A C, D C, vi br at-
i n g wir e) a n d fl at c oil s yst e ms; 

2)  rot ati n g  c oil  s yst e ms,  i n cl u di n g  s yst e ms  wit h  v ari o us 
t y p es of c oils a n d p ositi o ni n g s yst e ms; 

3)  fi el d-m a p pi n g s yst e ms, i n cl u di n g p oi nt s c a n s yst e ms a n d 
3 D m a p pi n g s yst e ms, usi n g H all  a n d N M R pr o b es ; a n d 

4)  m is c ell a n e o us t est s yst e ms, s p e ci ali z e d s yst e ms t h at c a n-
n ot  b e cl assifi e d as b el o n gi n g t o t h e ot h er br a n c h es.  

B.  V ari a bilit y i n  M a g n eti c M e as ur e m e nt S yst e ms  

I n or d er t o d e v el o p a  f a mil y of m e as ur e m e nt  s yst e ms, o n e 
n e e ds t o a n al y z e t h e diff er e n c es a n d si mil ariti es b et w e e n v ari-
o us s yst e ms, r ef err e d t o as v ari a bilit y. T h e si mil ariti es all o w f or 
d esi g ni n g  a  c o m m o n  ar c hit e ct ur e  a n d  s oft w ar e  artif a cts 

J. N o gi e c  P. A k ell a, G. C hl a c hi d z e , J. Di M ar c o, M. T art a gli a, P. T h o m ps o n, K. 
Tr o m bl y -Fr e yt a g a n d D. W al bri d g e  ar e wit h F er mi N ati o n al  A c c el er at or L a b or a-
t or y, B at a vi a, I L 6 0 5 1 0 U S A ( e-m ail: n o gi e c @f n al. g o v).  
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pr o vi di n g r e us a bl e f u n cti o n alit y.  D iff er e n c es b et w e e n v ari o us 
t est s yst e m f a mil y m e m b ers  st e m fr o m diff er e nt m e as ur e m e nt 
m et h o ds a n d t h eir i m pl e m e nt ati o ns . T h e diff er e n c es ar e  c at e g o-
ri z e d i nt o o n e of t h e f oll o wi n g ar e as:  

1)  h ar d w ar e  or g a ni z ati o n , wit h  d iff er e nt  d at a  a c q uisiti o n 
m o d ul es a n d i nstr u m e nts, s e ns ors a n d  pr o b es, p ositi o ni n g 
a n d m oti o n s yst e ms, a n d p o w er s u p pli es a n d t h eir c o ntr ol 
s yst e ms ; 

2)  soft w ar e f u n cti o n alit y , w hi c h st e ms fr o m c h oi c es of h ar d-
w ar e, m e as ur e m e nt  p r o c e d ur es, dat a v is u ali z ati o n, o n-li n e 
a n al ysis  a n d  q u alit y  c h e c ks,  a n d  d at a  m o d els  f or  pr o-
c essi n g, ar c hi v al a n d c ali br ati o ns ; 

3)  int e gr ati o n wit h ot h er s yst e ms , s u c h as c r y o g e ni c c o ntr ol 
s yst e ms,  el e ctr o ni c l o g b o o ks, e xt er n al  p o w er  s u p pl y  s ys-
t e ms, m oti o n s yst e m s, a n d d at a s er vi c es . 

III. D E SI G NI N G F O R  R E U S E  

   T h o u g h m a g n eti c  m e as ur e m e nt  s yst e ms  m a y  h a v e  diff er e nt 
h ar d w ar e  a n d us e  diff er e nt  m e as ur e m e nt m et h o ds , t h er e  is a 
si mil arit y i n t h eir g e n er al f u n cti o n alit y a n d ar c hit e ct ur e.  
 
 
 
 
 
 
 
Fi g . 2 .   D y n a mi c all y a s s e m bli n g t e st s y st e m s fr o m r e u s a bl e c o m p o n e nt s.  

A.  S oft w ar e  Pr o d u ct Li n e D e v el o p m e nt  

   S oft w ar e pr o d u ct li n e d e v el o p m e nt dis c uss e d i n [ 4] is a m et h-
o d ol o g y us e d t o a c hi e v e r e us e w h e n d e v el o pi n g a s et of r el at e d 
a p pli c ati o ns i n a p arti c ul ar a p pli c ati o n d o m ai n. T his m et h o d ol-
o g y h as b e e n a d o pt e d at t h e F er mil a b M T F t o d e v el o p a f a mil y 
of  m e as ur e m e nt  s yst e ms .  A  c o m m o n  ar c hit e ct ur e  w as  us e d, 
w hi c h  all o ws  f or  c o nfi g uri n g  s p e cifi c  m e as ur e m e nt  s yst e ms 
fr o m a  s et of r e us a bl e c o m p o n e nts  (Fi g. 2 ).  

B.  M e as ur e m e nt S oft w ar e Fr a m e w or k  

   T h e a ut h ors h a v e c o m bi n e d t h e af or e m e nti o n e d   f e at ur es  wit h 
s cri pti n g t o c o or di n at e t h e w or k of c o m p o n e nts a n d i m pl e m e nt 
v ari o us m e as ur e m e nt  al g orit h m s [5 ]. T his  p ar a di g m  h as  b e e n 
us e d  t o  d e v el o p  a fl e xi bl e m e as ur e m e nt  s oft w ar e  fr a m e w or k, 
w hi c h is a c o m m o n f o u n d ati o n f or all d e v el o p e d t est s yst e ms 
[6 ]. T h e fr a m e w or k pr o vi d es a s et of s yst e m c o m p o n e nts a n d a 
s oft w ar e b us f or i nt er -c o m p o n e nt c o m m u ni c ati o n.  
   All c o m p o n e nts ar e b as e d o n t h e s a m e t e m pl at e , utili zi n g  a 
st at e m a c hi n e a n d c o n n e ct ors  t o t h e s oft w ar e b us. E a c h c o m p o-
n e nt  c a n b e t ail or e d vi a its c o nfi g ur a bl e pr o p erti es. S o m e c o m-
p o n e nts  ar e  d esi g n e d t o  b e u ni v ers al  a n d  c a n  a c c o m m o d at e 
pl u g -i ns t o alt er t h eir f u n cti o n alit y. 

Fi g . 3 .   Pri n ci pl e s  of a r ot ati n g c oil s y st e m . 

I V. P RI N CI P L E S  O F A R O T A TI N G C OI L S Y S T E M  

   A c oil h a vi n g o n e or m or e wi n di n gs is i ns ert e d i n t h e o p e ni n g 
of  t h e a c c el er at or m a g n et a n d r ot at e d b y a m ot or i n th e m a g n eti c 
fi el d ( Fi g. 3 ). E a c h wi n di n g, a n u m b er of wir e l o o ps, m e as ur e s 
t h e c h a n g es of t h e i nt er c e pt e d fl u x. A di git al i nt e gr at or e xt er-
n all y tri g g er e d b y a n a n g ul ar e n c o d er m e as ur es t h e diff er e n c es 
i n  fl u x, D Φ , b et w e e n  t w o  i n cr e m e nt al  a n g ul ar  p ositi o ns , e x-
pr ess e d as   

   D Φ 	 = Φ ! " # 	 − Φ ! = − 	∫ V ( t) ∙ dt
$! " #

% !
.               ( 1) 

   T h e fi el d i n t h e a c c el er at or m a g n et c a n b e d es cri b e d i n t er ms 
of  a  h ar m o ni c  e x p a nsi o n,  wit h  fi el d  q u alit y  e x pr ess e d  as  t h e 
m a g nit u d e  of  u n d esir a bl e  h ar m o ni c  t er ms  i n  t his  e x p a nsi o n.  

T y pi c al st e ps of t h e h ar m o ni c a n al ysis i n cl u d e t h e f oll o win g:  

1)  A c c u m ul at e D F  i nt o F  b y p erf or mi n g a r u n ni n g s u m of t h e 
fl u x  d at a  f or  e a c h  i nt e gr at or  c h a n n el,  r es ulti n g  i n  fl u x 
w a v ef or ms.  A c c u m ul at e d elt a ti m e i n a si mil ar m a n n er.  

2)  R e m o v e i nt e gr at or drift fr o m t h e w a v ef or ms.  A n y offs et 
i n t h e si g n al will b e i nt e grat e d a n d will r es ult i n drift.  It is 
ass u m e d t h at t h e drift is li n e ar d uri n g o n e pr o b e r ot ati o n.  
Drift as a f u n cti o n of ti m e is s u btr a ct e d fr o m t h e w a v ef or m.  

3)  P erf or m eit h er a n F F T or c ur v e fitti n g o n t h e w a v ef or ms t o 
fi n d t h e F o uri er a m plit u d es a n d p h as e a n gl es, c n , of t h e h ar-
m o ni c  c o m p o n e nts.    Us e  pr o b e  s e nsiti vit y  f a ct ors  o n  t h e 
F o uri er a m plit u d es t o o bt ai n t h e h ar m o ni c a m plit u d es C n . 

4)  C al c ul at e t h e r ef er e n c e a m plit u d e f or t h e d o mi n a nt m ulti-
p o l e ( C2 , w h er e n = 2 f or a q u a dr u p ol e). 

5)  C al c ul at e n or m ali z e d h a r m o ni cs c o effi ci e nts, cn , f or q u a d-
r u p ol e m a g n ets as  

c n  = ( C n / C2 ) ∙ rn -2 ,                                                             ( 2) 

w h er e  r is t h e r ef er e n c e r a di us. T h e r ef er e n c e r a di us c a n b e 
a n ar bitr ar y c h oi c e, b ut oft e n it is c h os e n t o b e t h e pr o b e 
r a di us  or  s o m e  st a n d ar d  l e n gt h.   F er mil a b  t y pi c all y  us es 
2 5. 4 m m ( o n e i n c h) as a r ef er e n c e r a di us.  

6)  T o st a n d ar di z e v al u es i n u nits, c al c ul at e n or m al a n d s k e w 
h ar m o ni cs b n  a n d a n  fr o m t h e n or m ali z e d h ar m o ni cs b y us-
i n g       

        b n  + i a n  = 1 0, 0 0 0  ∙ c n  ∙	( c os(c n ) + i si n( c n ))  .                    ( 3) 

7)  D et er mi n e t h e pr o b e offs ets fr o m t h e m a g n eti c c e nt er a n d 
us e t h e m t o r e c al c ul at e h ar m o ni cs f or c e nt eri n g c orr e cti o n.  

F or m or e c o m pr e h e nsi v e e x pl a n ati o n of t h e t h e or y of m a g n eti c 
m e as ur e m e nts wit h r ot ati n g c oils, r ef er t o [ 7]  a n d [ 8].  

Pr o b e  
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V.  M A G N E T M E A S U R E M E N T S WI T H R O T A TI N G C OI L S  

T o d e m o nstr at e t h e r e us e eff e cti v e n ess  of pr o d u ct li n e d e v el-
o p m e nt ,  t w o  c o ntr asti n g r ot ati n g  s yst e m  s et u ps  f or  t esti n g  a 
l ar g e  s u p er c o n d u cti n g  m a g n et  a n d  a  s m all er  r esisti v e  m a g n et 
ar e pr es e nt e d.  

Fi g . 4 .   M a g n et a s s e m bl y o n a cr y o g e ni c t e st st a n d.  

A.  R ot ati n g C oil S yst e m f or S u p er c o n d u cti n g  M a g n et s 

    F er mil a b  will  f a bri c at e l ar g e  a p ert ur e  i nt er a cti o n  r e gi o n 
q u a dr u p ol es f or fi n al b e a m f o c usi n g as p art of t h e Hig h L u mi-
n osit y  L H C A c c el er at or U p gr a d e Pr oj e ct . L Q X F A , a 1 0. 1 m 
l o n g cr y o g e ni c ass e m bl y, c o nt ai ns t w o 4. 5 m N b 3 S n M Q X F A 
m a g n ets.  At a n o mi n al c urr e nt of 1 6. 2 3 k A , t h e y pr o d u c e a fiel d 
gr a di e nt of 1 3 2. 9 T/ m.    
   T h e t ests of t h e L Q X F A m a g n ets will b e d o n e o n t h e F er mil a b 
h ori z o nt al cr y o g e ni c t e st st a n d ( Fi g. 4 ). T h er e will b e t w o t y p es 
of m e as ur e m e nts:  

1)  a Z -s c a n m e as ur e m e nt , w h er e t h e pr o b e is p ositi o n e d at  
1 0 9 m m i n cr e m e nts st arti n g o utsi d e of t h e m a g n eti c fi el d 
a n d st e p pi n g t hr o u g h t h e l e n gt h of t h e m a g n et u ntil it e x-
t e n ds b e y o n d t h e fi el d at t h e o p p osit e e n d, a n d  

2)  a  c urr e nt  pr ofil e  m e as ur e m e nt , w h er e  c urr e nt  is  r ais e d 
a n d  l o w er e d a c c or di n g  t o  a  pr o vi d e d  pr ofil e  wit h  t h e 
pr o b e st ati o n ar y.   

   T h e Z -s c a n will b e r e p e at e d at m ulti pl e c urr e nts.  T h e pr ofil e 
will b e d o n e at l e ast at t w o p ositi o ns, o n e i n t h e b o d y fi el d of 
e a c h M Q X F A m a g n et . 
   A d e di c at e d  pr o b e  h as b e e n d e v el o p e d t o t est t h e M Q X F A 
m a g n ets. T h e s yst e m us e s a s h ort m ol e -t y p e pr o b e wit h t hr e e 
c oils ( 4 3 6 m m a n d 2 x 1 0 9 m m), e a c h h a vi n g t hr e e wi n di n gs : 
u n b u c k e d, di p ol e -b u c k e d, a n d di p ol e -q u a dr u p ol e -b u c k e d [ 9 ]. 
   T h e  c o m bi n ati o n  of  pr o b es  i n  t h e  m ol e  will  all o w  f or t h e 
m e as ur e m e nt of t h e i nt e gr at e d q u a dr u p ol e fi el d a n d i nt e gr at e d 
h ar m o ni cs ( u p t o n = 1 4).  I n a d diti o n, t h e pr o b e h as b e e n c o n-
str u ct e d  s o  as  t o  d et er mi n e  m a g n e ti c  l e n gt h, fi el d  dir e cti o n, 
m a g n et c e nt er s e p ar ati o n, e n d fi el d h ar m o ni cs, l o c al t wist v ari-
ati o n of t h e r oll a n gl e, a n d t h e w a vi n ess of t h e l o c al m a g n eti c 
a xis.  
   A m ul ti-c h a n n el e xt e nsi bl e i nt e gr at or d e v el o p e d at F er mil a b 
[1 0 ] a c q uir e s si g n als fr o m t h e  pr o b e’s wi n di n gs, a n d  its a u xil-
i ar y  di git al  a n d  a n al o g  i n p uts  all ow  it  t o  r e c ei v e a  r e al-ti m e  
str e a m of c urr e nt r e a d o uts a n d t o r e a d t h e pr o b e  a c c el er o m et ers.   
   T h e a xi al m o v e m e nt of t h e pr o b e is a c c o m plis h e d wit h a n a p-
pr o xi m at el y 1 0 m  l o n g tr a nslati o n t a bl e, c o ntr oll e d b y a G alil 
c o ntr oll er. Pr o b e r ot ati o n is s u p pli e d b y a st e p pi n g m ot or c o n-
tr oll e d b y a n  A er ot e c h c o ntr oll er. T h e pr o b e p ositi o n a n d its ori-
e nt ati o n ar e  m e as ur e d  b y a L ei c a A T 9 6 0 l as er tr a c k er f ull y i n-
t e gr at e d wit h t h e m e as ur e m e nt  s yst e m.  

  T h e m e as ur e m e nt s yst e m is i nt e gr at e d wit h t h e iFI X cr y o g e ni c 
c o ntr ol s yst e m t o m o nit or m a g n et t e m p er at ur e a n d t h e p o w er 
s u p pl y c o ntr ol s yst e m t o c o ntr ol a n d m o nit or c urr e nt.  It is als o 
i nt e gr at e d wit h a n el e ctr o ni c l o g b o o k f or m a ki n g a ut o m at e d e n-
tri es. 

B.  R ot ati n g C oil S yst e m f or N or m al C o n d u cti n g M a g n et s 

 
T h e I Q C q u a dr u p ol e m a g n ets, al o n g wit h I Q B’s a n d I Q D’s, 

ar e  t h e  pri m ar y  f o c usi n g  a n d  d ef o c usi n g  m a g n ets  us e d  i n  t h e 
M ai n  I nj e ct or  a c c el er at or  at  F er mil a b  [ 1 1].    2. 5  m  l o n g  I Q C 
m a g n ets pr o d u c e a gr a di e nt of 1 9. 6 T/ m at t h e n o mi n al c urr e nt 
of 3. 6 3 k A.  

Fi g . 5 .   M a g n et o n a r o o m-t e m p er at ur e t e st st a n d. 
 

   T h e t ests of t h e I Q C m a g n ets will b e p erf or m e d o n a r o o m -
t e m p er at ur e  st a n d e q ui p p e d  wit h  w at er  c o oli n g  ( Fi g. 5 ).  T h e 
M or g a n pr o b e is p ositi o n e d i n t h e o p e ni n g of t h e m a g n et wit h 
t w o A er ot e c h st a g es, o n e 3 D a n d o n e 2 D, s u p p orti n g it i n t his 
p ositi o n. T h e pr o b e e xt e n ds b e y o n d t h e e n ds of t h e m a g n et, s o 
o nl y o n e m e as ur e m e nt p ositi o n is r e q uir e d.   
   T h e t ests wil l b e c o m pris e d of  str e n gt h a n d h ar m o ni cs m e as-
ur e m e nts. M e as ur e m e nts  will  r a m p t h e c urr e nt t o a m a xi m u m 
of 4 k A t h e n b a c k t o 0 A, t a ki n g d at a at e a c h st e p.  
   T h e d at a fr o m s e v er al M or g a n c oil wi n di n gs ( 2 P, 4 P, 6 P, 8 P, 
1 0 P, 1 2 P, a n d 2 0 P) will b e a c q uir e d si m ult a n e o usl y b y t h e F er-
mil a b e xt e nsi bl e i nt e gr at or. I nt e gr at e d str e n gt h will b e o bt ai n e d 
t hr o u g h a n al ysis of t h e d at a fr o m t h e q u a dr u p ol e c oil.  H ar m o n-
i cs r es ults will c o m e fr o m a n al ysis of t h e d at a fr o m t h e r e m ai n-
i n g wi n di n gs, wit h h ar m o ni cs u p t o 2 0-p ol e ( n = 1 0) t o b e pr o-
vi d e d.    M ost  of  t h e  h ar m o ni cs  ar e  e x p e ct e d  t o  b e  +/ - s e v er al 
u nits or l ess, b ut t h e r a n g e of e x p e ct e d v al u es v ari es fr o m h ar-
m o ni c t o h ar m o ni c.  

T h e m e as ur e m e nt s yst e m is i nt e gr at e d wit h t h e p o w er s u p pl y 
c o ntr ol s yst e m  t o c o ntr ol a n d m o nit or curr e nt  a n d t o a n el e c-
tr o ni c l o g b o o k f or m a ki n g a ut o m at e d e ntri es. 

VI.  R E U S E O F C O M P O N E N T S I N R O T A TI N G C OI L S Y S T E M S  

A.  C o or di n ati o n  

  Diff er e nt m e as ur e m e nt pr o c e d ur es a n d s p e cifi c s c e n ari os ar e 
or c h estr at e d b y t h e s a m e S cri pt c o m p o n e nt, b ut wit h diff er e nt 
P yt h o n c o or di n ati o n s cri pts a n d p ar a m et ers.  

B.  D e vi c es  a n d I nstr u m e nt ati o n  

   H ar d w ar e st a n d ar di z ati o n all o ws f or r e d u ce d  eff ort w h e n  i n-
t e gr ati n g  d e vi c es  i nt o  t h e  t est  s yst e ms. T h e  s a m e  i nt e gr at or 
c o m p o n e nt is us e d t o a c q uir e d at a fr o m di a m etri c all y diff er e nt 
pr o b es  i n    b ot h  s yst e ms,  wit h  its  pr o p erti es  pr o vi di n g  i nf or-
m ati o n a b o ut t h e si g n als o n e a c h c h a n n el.  
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Fi g . 6 .   S oft w ar e c o m p o n e nt s a n d t h eir r e u s e : c o m pl et e r e u s e ( gr e e n), p arti al r e u s e ( y ell o w), a n d n o r e u s e (or a n g e) .

   T h e p r o b e r ot ati o n s yste m is usi n g  t h e s a m e A er ot e c h c o ntr ol-
l er, s o t h e s a m e s oft w ar e c o m p o n e nt c a n b e us e d i n b ot h s ys-
t e ms. 
   T h e  pr o b e  p ositi o ni n g m e c h a nis m is  diff er e nt b et w e e n  t h e 
t w o s yst e ms. . T h e cr y o g e ni c t est st a n d us es a l o n g tr a nsl ati o n 
t a bl e, w hi c h is c o ntr oll e d b y a d e di c at e d c o m p o n e nt. T h e t est 
st a n d f or c o n v e nti o n al m a g n ets us es t h e A er ot e c h st a g es ; t h er e-
f or e, c a n r e us e t h e c o m p o n e nt for c o ntr olli n g A er ot e c h m oti o n 
h ar d w ar e d e v el o p e d f or t h e str et c h e d wir e s yst e m [ 5 ].  
   T h e l as er tr a c k er is o nl y us e d wit h t h e l o n g s u p er c o n d u cti n g 
m a g n et, b ut t h e L ei c a l as er tr a c k er is als o us e d i n a fi el d m a p-
pi n g s yst e m [ 1 2].  

C.  D at a Pr o c essi n g  

B ot h s yst e ms  us e t h e s a m e u ni v ers al a n al ysis c o m p o n e nt, b ut 
wit h diff er e nt pl u g -i ns d u e t o diff er e n c es  i n t h e a n al ysis al g o-
rit h ms. T h e Q C c o m p o n e nt h as a sli g htl y diff er e nt s et of q u alit y 
c h e c k e x pr essi o ns s p e cifi e d i n its pr o p erti es  f or e a c h s yst e m. 

D.  Us er I nt erf a c e  

T h e  s yst e ms  us e  t h e  s a m e  S h ell  s yst e m  c o m p o n e nt  t o  h ost 
us er i nt erf a c e pl u g -i ns. T h e fl u x w a v ef or ms a n d h ar m o ni cs ar e 
s h o w n usi n g t h e s a m e pl u g -i n, b ut a d diti o n al pl u g-i ns dis pl a y 
r es ults of t h e Z-s c a n a n d t h e pr ofil e t ests as  f u n cti o ns of pr o b e 
p ositi o n a n d  ti m e, r es p e cti v el y.  

E.  D at a P ersist e n c e  

T h e d at a p ersist e n c e a n d ar c hi v al c o m p o n e nts ar e t h e s a m e, 
d u e t o t h eir a bilit y t o s a v e a n y d at a str u ct ur e.  

F.  I nt e gr ati o n wit h Ot h er S yst e ms 

   B ot h s yst e ms ar e i nt e gr at e d wit h t h eir p o w er s u p pl y c o ntr ol 
s yst e ms usi n g t h e s a m e c o m p o n e nt i nt era cti n g  wit h  t h e u ni v er-
s al p o w er s u p pl y c o ntr oll ers.    S h o ul d i nt erf a ci n g wit h a diff er-
e nt p o w er s u p pl y c o ntr ol  b e n e e d e d,  t h e c o m p o n e nt c a n b e c o n-
fi g ur e d wit h a diff er e nt pl u g-i n. S u p er c o n d u cti n g m a g n ets als o 

r e q uir e i nt e grati o n wit h t h e cr y o g e ni c c o ntr ol s yst e m, w hi c h is 
n ot n e e d e d i n t h e c as e of r o o m t e m p er at ur e m a g n ets.  

G.  C o m p o n e nts a n d D at afl o w  

   T h e d es cri b e d  r ot ati n g c oil s yst e ms h a v e si mil ar d at a fl o w a n d 
s h ar e m a n y c o m p o n e nts ( Fi g. 6). T hr e e l e v els of c o m p o n e nt r e-
us e ar e i d e ntifi e d: a) c o m pl et e r e us e, w h e n t h e s a m e c o m p o n e nt 
is us e d i n b ot h s yst e ms, b) p arti al r e us e, w h e n t h e s a m e c o m p o-
n e nt is us e d wit h dif f er e nt pl u g-i ns, a n d c) n o r e us e, w h e n  dif-
f er e nt c o m p o n e nts ar e us e d or t h e f u n cti o n alit y is n ot n e e d e d. 

VII.  C O N C L U SI O N  

   E n gi n e ers a n d p h ysi cists at t h e F er mil a b M T F m ust s atisf y a 
c o nst a nt d e m a n d f or v ari o us n e w t est a n d m e as ur e m e nt s yst e ms 
r e q uir e d f or t esti n g diff er e nt t y p es of m a g n ets, w hi c h ar e oft e n 
o n e of a ki n d.  
    E ff e cti v e  s oft w ar e  re us e a n d  b uilt -i n  fl e xi bilit y  ar e n e e d e d 
f or r e d u cti o n i n c ost a n d d e v el o p m e nt ti m e , a n d i m pr o v e d s oft-
w ar e m ai nt ai n a bilit y. I n r es p o ns e t o t his d e m a n d, t h e pr o d u ct 
li n e m et h o d w as a d o pt e d t o d e v el o p m e nt  of a f a mil y of m a g n et 
m e as ur e m e nt s yst e ms  b as e d  o n  a  c o m m o n ar c hit e ct ur e  a n d 
fr a m e w or k. T his  m et h o d , c o u pl e d w it h  c o m p o n e nt-b as e d  d e-
v el o p m e nt , l ed  t o a  c h a n g e  of s yst e m d e v el o p m e nt p ar a di g m 
fr o m pr o gr a m mi n g t o c o nfi g uri n g a n d ass e m bli n g c o m p o n e nts 
a n d t ail ori n g t h eir b e h a vi or. T h e r es ults ar e fl e xi bl e m e as ur e-
m e nt s yst e ms c h ar a ct eri z e d b y a hi g h  l e v el of r e us e a n d a n a gil e 
m e as ur e m e nt  f a cilit y  c a p a bl e  of  q ui c kl y  pr o d u ci n g diff er e nt 
t y p es a n d v ersi o ns of m e as ur e m e nts. 

T h e pr es e nt e d r ot ati n g c oil s yst e ms, alt h o u g h q uit e diff er e nt, 
ar e still c h ar a ct eri z e d b y a hi g h l e v el of r e us e , w hi c h c o nfir ms 
t h e eff e cti v e n ess  of t h e a d o pt e d m et h o d ol o g y.  B esi d es t h eir i n-
h er e nt  fl e xi bilit y,  t h e y o ff er  so m e a d v a n c e d  f e at ur es s u c h as 
m e as ur e m e nt a ut o m ati o n,  e m b e d d e d s u p p ort f or h ar d w ar e d e-
b u g gi n g , s yst e m s elf-m o nit ori n g,  r u n -ti m e  d at a  a n al ysis  a n d 
vis u ali z ati o n , a n d a ut o m at e d d at a q u alit y c o ntr ol.   

T h e s ol uti o n of usi n g pr o d u ct li n e d e v el o p m e nt a n d c o nfi g u-
r a bl e c o m p o n e nt-b as e d s yst e ms is u ni q u e t o t h e F er mil a b  M a g-
n et T est F a cilit y  a n d n o v el i n t h e ar e a of a c c el er at or m a g n et t est 
a n d m e as ur e m e nt s yst e ms.  

I FI X G at e w a y  

UI  

UI  

 

Ar c hi v er  Ar c hi v er  

A g gr e g at or  A n al y si s  Q C  

UI  

S cri pt  E -l o g Pr o p ert y  UI S h ell  St art er  L o g  C o nfi g  

UI  
I nt e gr at or 

Tr a c k er  

R ot ati o n  

 

C urr e nt  

St or e  
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