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PERFORMANCE OF THE TRISTAN-AR MAGNET 

K. Egawa, H .  Fukuma, Ta. Kubo, N .  Kumagai, Y .  Takeuchi and K. Endo 

lVationaZ Laboratory for High Energy Physics, Oho-machi, Tsukuba-gun, 
Ibaraki-ken, 305, Japan 

Resums - Un systeme d 'a imants  pour l ' a c c 6 1 6 r a t e u r  accumulateur,  TRISTAN-AR, 
ZF&rit du p o i n t  de vue de l a  f a b r i c a t i o n  des performances e t  des p r o p r i e -  
t s s  op t i ques  dsdu i t es  des donnees de champs magnstiques. 

A b s t r a c t  - A  magnet system o f  t h e  s to rage  a c c e l e r a t o r ,  TRISTAN-AR, i s  desc r i b -  
ed w i t h  respec t  t o  t h e  f a b r i c a t i o n ,  performances and beam p r o p e r t i e s  expected 
f rom t h e  f i e l d  data.  

The TRISTAN-AR (Accumulat ion Ring) magnet system /I/ c o n s i s t s  o f  56 d i p o l e s ,  86 
quadrupoles,  40 sextupo les  and 54 s t e e r i n g  d i p o l e s  i n  a d d i t i o n  t o  56 back leg wind- 
ings .  A l l  magnets a l l o w  t h e  p u l s a t o r y  e x c i t a t i o n  t o  a f f o r d  t h e  e l e c t r o n - p o s i t r o n  
c o l l i d i n g  exper iments a t  t h e  acce le ra ted  energy. Both  beams a r e  i n j e c t e d  a t  2.5 GeV 
and acce le ra ted  up t o  6.5 GeV. I n  t h e  case when t h e  AR r i n g  serves as an i n j e c t o r  t o  
t h e  TRISTAN main r i n g ,  i t  acce le ra tes  up t o  8  GeV. Parameters o f  magnets a r e  g i ven  
i n  Table 1. 
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o beam s i z e  and t h e  h o r i z o n t a l  one 
t h e  zero  c o u p l i n g  + 10 u beam s i z e  a t  6.5 GeV i n c l u d i n g  t h e  9'mm s a g i t t a .  
78 normal quadrupoles hav ing 80 mm bore  d iameter  a r e  p laced i n  t h e  r e g u l a r  c e l l s ,  RF 
and d i s p e r s i o n  suppressor c e l l s .  8  i n s e r t i o n  quadrupoles w i t h  120 mm bore  d iameter  
a r e  p laced  i n  t h e  l ow  R s e c t i o n s  near  t h e  i n t e r a c t i o n  po in t s .  Both  quadrupoles have 
t h e  symmetric p o l e  p r o f i l e s  because o f  t h e i r  good f i e l d  symmetry. The h o r i z o n t a l  and 
v e r t i c a l  ape r tu res  a re  69 and 41  mm r e s p e c t i v e l y  f o r  t h e  normal quadrupole,  w h i l e  f o r  
t h e  i n s e r t i o n  quadrupole 104 and 8 1  rnm r e s p e c t i v e l y .  The magnets o f  t h e  s to rage  
a c c e l e r a t o r  a r e  e x c i t e d  w i t h  t h e  dc c u r r e n t  f o r  a  l o n g  t ime. The c o i l  di.mensions a r e  
so l a r g e  t h a t  t h e  i r o n  core  had t o  be made separable i n t o  4  b l o c k s  t o  accommodate t h e  
c o i l s .  Both  upper two b l o c k s  and lower  two b locks  were b o l t e d  and a l s o  welded a f t e r  
i n s e r t i n g  t h e  c o i l s .  However, t h e  upper and l ower  cores  were l e f t  separab le  f o r  t h e  
convenience o f  t h e  vacuum chamber i n s t a l l a t i o n .  
The cores  o f  bo th  d i p o l e  and quadrupole were made o f  t he  0.5 mm t h i c k  s i l i c o n  s t e e l  
l am ina t i ons ,  S23 (grade o f  t h e  Japanese I n d u s t r i a l  Standards).  The l am ina t i ons  
hav ing  t h e  i n o r g a n i c  i n s u l a t i o n  l a y e r s  were s tacked between t h e  SUS304 end p l a t e s  and 
welded t o  t h e  i r o n  ba rs  on t h e  s ides  i n  t h e  s t a c k i n g  f i x t u r e .  As t h e  magnet ic 
p r o p e r t i e s  of t h e  s i l i c o n  s t e e l  had a  d i r e c t i o n a l  dependence (magnet ic an i so t ropy )  , 
two types o f  sheets punched p a r a l l e l  ( L )  and t ransve rse  ( C )  t o  t h e  r o l l i n g  d i r e c t i o n  
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w i t h  two stamping d i e s  were mixed sheet  by sheet  a u t o m a t i c a l l y  b e f o r e  s tack ing.  
Whi le  f o r  t h e  d i p o l e ,  t h e  s t e e l  sheet  was punched so t h a t  t h e  f l u x  i n  t h e  p o l e  r a n  
p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  which had t h e  l a r g e s t  p e r m e a b i l i t y .  
The c o i l s  were made o f  t h e  oxygen f r e e  copper h o l l o w  conductor  and i n s u l a t e d  w i t h  t h e  
semi-cure f i b e r g l a s s  t ape  pre-pregnated w i t h  t h e  r a d i a t i o n  r e s i s t a n t  epoxy r e s i n .  
For  t h e  ground wrapping, t h e  same tape  l i n e d  w i t h  mica was used. The i n s u l a t i o n  
system w i l l  bear  t h e  r a d i a t i o n  abso rp t i on  more than  5  x  l o 8  rad. 

Sextupoles I n  t h e  AR, t h e  momentum spread o f  t h e  e l e c t r o n  beam i s  0.115 % a t  6.5 
GeV. The chromat ic  a b e r r a t i o n  a r i s i n g  f rom t h e  momentum dependence on t h e  f o c u s i n g  
s t r e n g t h  o f  t h e  quadrupole i s  compensated w i t h  t h e  sex tupo les .  The sextupo les  were 
made o f  t h e  0.5 mm t h i c k  S30 ( J I S )  s i l i c o n  s t e e l .  The i r o n  co re  was composed o f  s i x  
l am ina ted  b l o c k s  w i t h  t h e  l e n g t h s  o f  170 and 270 mm f o r  t h e  sex tupo le  p laced  nea r  t h e  
h o r i z o n t a l l y  and v e r t i c a l l y  f o c u s i n g  quadrupoles r e s p e c t i v e l y .  The c o i l  was made o f  
t h e  0.65 mm t h i c k  anodized A1 r i b b o n  w i t h  60 mm wid th .  The Normex 410 sheets were 
en fo lded  between t h e  l a y e r s  t o  ensure t h e  i n s u l a t i o n .  The outermost  su r face  o f  t h e  
c o i l  was covered w i t h  t h e  Cu s t r i p  w i t h  t h e  c o o l i n g  channel .  

S t e e r i n g  d i p o l e  and back leg  w ind ing  44 v e r t i c a l  s t e e r i n g  d i p o l e s  a r e  used f o r  t h e  
v e r t i c a l  o r b i t  cont ro- l  and 10 h o r i z o n t a l  s t e e r i n g  d i p o l e s  and 56 back leg wind ings 
wound around t h e  yokes o f  t h e  main d i p o l e s  f o r  t h e  h o r i z o n t a l  o r b i t  c o n t r o l .  Each 
s t e e r i n g  d i p o l e  o r  back leg  w ind ing  i s  energ ized i n d i v i d u a l l y .  

I1  - PERFORMANCES OF MAGNETS 

The f i e l d  p r o p e r t i e s  o f  a l l  magnets were measured. The f i e l d  measuring systems were 
designed t o  a l l o w  t h e  f a s t  and accura te  measurements w i t h  few persons. The main  
d i p o l e s  were measured s t a t i c a l l y  w i t h  t h e  3 m  l o n g  f l i p  c o i l  d r i v e n  w i t h  t h e  pu l se  
motors a t  bo th  ends. The induced v o l t a g e  was i n t e g r a t e d  d u r i n g  t h e  r o t a t i o n  o f  t h e  
c o i l  w i t h  t h e  accu ra te  i n t e g r a t o r  and then measured w i t h  a  d i g i t a l  vo l tme te r ,  FLUKE 
8502 A. The d i g i t a l  da ta  were s t o r e d  i n  t h e  minicomputer,  PDP11/34, v i a  GPIB 
i n t e r f a c e  i n  t h e  CAMAC c r a t e  /2/. The e f f e c t  o f  t h e  i n c l i n e d  two cores  was c o r r e c t e d  
w i t h  t h e  da ta  o f  t h e  p o i n t  measurements. 
The d i f f e r e n t  measurements were made t o  t h e  quadrupoles,  because t h e  r o t a t i o n  o f  t h e  
l o n g  t w i n  c o i l s  was d i f f i c u l t  i n  t h e  smal l  gap. P l a c i n g  t h e  l o n g  t w i n  c o i l s  p a r a l l e l  
t o  t h e  co re  a x i s ,  t h e  f i e l d  g r a d i e n t s  were measured a t  10 f i e l d  l e v e l s  d u r i n g  a  
p u l  s a t o r y  e x c i t a t i o n .  A t  each predetermined f i e l d  l e v e l  t h e  t r i g g e r  pu l se  was 
genera ted by comparing i t  w i t h  t h e  f i e l d  g r a d i e n t  o f  t h e  re fe rence  quadrupole which 
was connected s e r i a l l y  t o  t h e  concerned quadrupole.  The t r i g g e r  pu l se  was used t o  
measure t h e  ins tantaneous o u t p u t  o f  t h e  i n t e g r a t o r  wh ich  i n t e g r a t e d  t h e  induced 
v o l t a g e  o f  t h e  l o n g  t w i n  c o i l s .  The remanent f i e l d  g r a d i e n t  was measured by r o t a t i n g  
t h e  same t w i n  c o i l s  around t h e  core  a x i s  and added t o  t h e  dynamica l l y  measured data.  
The sex tupo les  and t h e  s t e e r i n g  d i p o l e s  were measured w i t h  t h e  commerc ia l ly  a v a i l  - 
a b l e  r o t a t i n g  c o i l .  The sex tupo le  component was ob ta ined  by  d i f f e r e n t i a t i n g  t w i c e  
t h e  raw data.  
The f i e l d  measur ing c o i l s  were moved a u t o m a t i c a l l y  p r o v i d i n g  t h e  accu ra te  number o f  
t h e  d r i v i n g  pu lses  t o  t h e  pu l se  motors t h rough  t h e  s t e p p i n g  motor c o n t r o l l e r s  f r om 
t h e  computers. A  s e r i e s  o f  measurements was done o n l i n e  f o r  t h e  d i p o l e  and t h e  
quadrupole. Tab le  2  g i v e s  t h e  summary o f  t h e  f i e l d  measurements. 
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F ig .  1 Radia l  d i s t r i b u t i o k s  o f  ' t h e  e ' f f e c t i v e  
d i p o l e  l e n g t h  a f t e r  t h e  end shim c o r r e c t i o n .  



D i p o l e  The r a d i a l  d i s t r i b u t i o n s  o f  t h e  e f f e c t i v e  d i p o l e  l e n g t h  a r e  shown i n  Fig.  
1. The s l i g h t  c o r r e c t i o n  o f  t h e  f i e l d  was made a t t a c h i n g  t h e  s imp le  shims shown i n  
t h e  same f i g u r e  a t  b o t h  magnet ends. The e f f e c t i v e  l e n g t h  i nc reased  by 0.01 % 0.02 % 
a t  t h e  bo th  a p e r t u r e  ends and t h e  a lmost  f l a t  d i s t r i b u t i o n  was obtained. 
The s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e  e f f e c t i v e  l e n g t h s  a t  6.5 GeV i s  g i ven  i n  F i g .  
2(a).  The s tanda rd  d e v i a t i o n  i s  0.038 % r e f l e c t i n g  m a i n l y  t h e  c o r e  l e n g t h  d i s t r i b u -  
t i o n  r a t h e r  t han  t h e  gap h e i g h t  e r r o r s  and t h e  p e r m e a b i l i t y  f l u c t u a t i o n s .  The e f f e c -  
t i v e  l e n g t h  d i s t r i b u t i o n  o f  t h e  remanent f i e l d  ( F i g .  2 ( d ) )  r e f l e c t s  t h e  v a r i a t i o n  o f  
t h e  c o e r c i v e  f o r c e .  

Quadrupo le  The r a d i a l  d i s t r i b u t i o n  o f  t he  e f f e c t i v e  l e n g t h  o f  t h e  f i e l d  g r a d i e n t  
had t o  be c o r r e c t e d  due t o  t h e  l a r g e  v a r i a t i o n  i n  t h e  a p e r t u r e  as shown i n  F i g .  3. 
The b e s t  c o r r e c t i o n  was found a f t e r  t r y i n g  v a r i o u s  types o f  t h e  l am ina ted  shims a t  
a l l  p o l e  ends. Several  r e s u l t s  a r e  shown i n  F i g .  3  w i t h  t h e  shim s t r u c t u r e .  Apply-  
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F i g .  2  S t a t i s t i c a l  d i s t r i b u t i o n s  o f  t h e  F i g .  3 Rad ia l  d i s t r i b u t i o n s  o f  t h e  
e f f e c t i v e  d i p o l e  l e n g t h ,  f a b r i c a t i o n  e r r o r s  e f f e c t i v e  quadrupole l e n g t h  a f t e r  t h e  
and magnet ic  p r o p e r t i e s  o f  t h e  s i l i c o n  v a r i o u s  end shim c o r r e c t i o n s  f o r  t h e  
s t e e l  H23 (S23 grade)  f o r  t h e  d i p o l e s .  normal quadrupoles.  

i n g  t h e  shims t h u s  determined, i t  was p o s s i b l e  t o  l e v e l  t h e  r a d i a l  d i s t r i b u t i o n  
w i t h i n  ? 0.01 % i n  t h e  ape r tu re .  
The e f f e c t i v e  l e n g t h s  o f  t h e  f i e l d  g r a d i e n t s  o f  t h e  normal quadrupoles d i s t r i b u t e  
s t a t i s t i c a l l y  as shown i n  F ig .  4 (a) .  T h e i r  s tandard  d e v i a t i o n  i s  0.089 % r e f l e c t i n g  
a l s o  t h e  co re  l e n g t h  d i s t r i b u t i o n .  T h i s  va lue  corresponds t o  t h e  t h i c k n e s s  o f  a  
sheet  o f  t h e  l a m i n a t i o n .  The mechanical d e v i a t i o n s  o f  t h e  bore  d iameters  a r e  w i t h i n  
t h e  t o l e r a b l e  l i m i t  and t h e  symmetry o f  4  po les  i s  s a t i s f a c t o r y .  The mechanical  
d i f f e r e n c e s  o f  t h e  minimum gap h e i g h t s  a t  t h e  h o r i z o n t a l  and v e r t i c a l  p lanes a r e  
0.003 k 0.015 mm and 0.002 i 0.015 mm, r e s p e c t i v e l y .  The f i e l d  g r a d i e n t  e r r o r  
a r i s i n g  f r om t h e  p o l e  asymmetry i s  i gno rab le .  The e f f e c t i v e  l e n g t h s  o f  t h e  remanent 
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field grcdient (6.5 GeV) 
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F ig .  4  S t a t i s t i c a l  d i s t r i b u t i o n s  o f  t h e  
e f f e c t i v e  quadrupo le  l e n g t h ,  f a b r i c a t i o n  
e r r o r s  and magnet ic  p r o p e r t i e s  o f  t h e  
s i l i c o n  s t e e l  RM23 (S23 grade) f o r  t h e  
normal quadrupoles.  

l o )  Effednve ImgIh lb)  Core length (c l  Bwt dm error 
of field gradmnt (65-V) ,(L1 =0035X <Ad)= -002mm 

r = 0 0 2 7 X  w ( d ~ = O O l O ~  

F i g .  5 S t a t i s t i c a l  d i s t r i b u t i o n s  o f  t h e  
e f f e c t i v e  quadrupo le  l e n g t h  and f a b r i c a -  
t i o n  e r r o r s  f o r  t h e  i n s e r t i o n  
quadrupoles.  
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f i e l d  g r a d i e n t s  a r e  g i ven  i n  F ig .  4 (d) .  T h e i r  v a r i a t i o n  a l s o  r e f l e c t s  t h e  d i s -  
t r i b u t i o n  o f  t h e  c o e r c i v e  f o r ce .  
For  t h e  i n s e r t i o n  quadrupoles,  t h e  s i m i l a r  s t a t i s t i c a l  d i s t r i b u t i o n s  a r e  g i ven  i n  
F ig .  5. The s t e e l  p r o p e r t i e s  a r e  same as F ig .  4. The asymmetries o f  t h e  po les  
measured a t  t h e  minimum gaps a r e  0.015 + 0.013 mm h o r i z o n t a l l y  and 0.003 +- 0.010 mm 
v e r t i c a l l y .  The e f f e c t i v e  l e n g t h  o f  one quadrupole was sma l l e r  by 0.2 1 and was 
c o r r e c t e d  by i n c r e a s i n g  t h e  th i ckness  o f  t h e  p o l e  end shims. F ig .  5 (a)  was ob ta ined  
a f t e r  t h i s  c o r r e c t i o n .  

Sextupole The e f f e c t i v e  l e n g t h s  o f  t h e  sex tupo le  f i e l d  o f  Table 3  were ob ta ined  

Table 3 Effective leng th  of t h e  rex tupo le  
Table 4 Effective lengths o f  s tee r ing  dipoles 

e f f e c t i v e  sextupole l eng th  Inn) 
core l eng th  STV 1 STV 2 STH i STH 2 

(""0 30A 80A 100A 

SXF 170 191 190 191  
gap he igh t  (m) 130 154 70 154 

SXD 270 274 278 278 
e f f .  l eng th  (m) 356 214 275 291 

f rom t h e  f i e l d  mapping o f  each t y p e  o f  t h e  sex tupo les .  The two dimensional  d i s t r i b u -  
t i o n s  o f  a l l  sex tupo les  were measured a t  t h e  l o n g i t u d i n a l  cen te rs  o f  t h e  magnets. 
F ig .  6  shows t h e  r e s u l t s  w i t h  t h e  f a b r i c a t i o n  e r r o r s .  The v a r i a t i o n  o f  t h e  co re  
l e n g t h s  i s  ve ry  smal l  and t h e  d i s t r i b u t i o n  o f  t h e  e f f e c t i v e  sex tupo le  l e n g t h s  may be 
es t imated f rom F i g .  6 ( a ) .  

S t e e r i n g  d i p o l e  The i r o n  core  was n o t  laminated b u t  t h e  ramped e x c i t a t i o n  from 0  
t o  10 A  d u r i n g  10 sec d i d  n o t  show t h e  f i e l d  d e t e r i o r a t i o n  due t o  t h e  eddy c u r r e n t .  
The e f f e c t i v e  l eng ths  o f  each t y p e  a r e  g i ven  i n  Table 4. 

I 1 1  - SPECULATIONS ON BEAM PROPERTIES 
101 B " l x = y = s = o l  I bl  Bore dim error 

01 IOOA -0036mm 
0 = 0 7 3 %  

1 1r=0 .02%I  
n 

E s t i m a t i n g  f rom t h e  e f f e c t i v e  l e n g t h  
v a r i a t i o n ,  t h e  c l osed  o r b i t  d i s t o r t i o n  
i s  about  1 mm a t  6.5 GeV. Other  sources 
o f  t h e  d i s t o r t i o n  a r e  t h e  a l ignment  
e r r o r s  o f  t h e  quadrupoles,  s t r a y  f i e l d  AB'I%I r)d (mm) 

and t h e  t i l t s  o f  t h e  d ipo les .  Tak ing (Cl Average cote length dtrtribvtron 
these sources i n t o  cons ide ra t i on ,  a  few SXF SXD 

mm o f  t h e  o r b i t  d i s t o r t i o n  w i l l  - b e  ex- e = 0 0 3 %  r = 0 0 3 %  

pected. 
For t h e  s to rage  a c c e l e r a t o r ,  i t  u s u a l l y  -015 L & z  -& 
takes f o r  a  l o n g  t ime  t o  accumulate t h e  AL lmm) AL  lmml 

i n t e n s e  beam. Sometimes t h e  m is - tun ing  
o f  t h e  a c c e l e r a t o r  happens t o  l o s e  t h e  F i g .  6  S t a t i s t i c a l  d i s t r i b u t i o n s  o f  t h e  
s t o r e d  beam. It i s  d e s i r a b l e  t o  keep sex tupo le  s t r e n g t h  and f a b r i c a t i o n  e r r o r s .  
t h e  beam l o s s  a t  a  minimum. To a t t a i n  
t h e  h i g h l y  r e l i a b l e  machine, t h e  beam shou ld  remain a t  t h e  same c o n d i t i o n  i f  i t  
d i sp laced  w i t h i n  t h e  ape r tu re .  The e f f e c t i v e  l e n g t h  d i s t r i b u t i o n s  o f  F ig .  1 and F ig .  
3  a f t e r  t h e  c o r r e c t i o n s  w i t h  t h e  p o l e  end shims w i l l  assure  t h i s  c o n d i t i o n .  
The w i d t h  o f  t h e  h a l f  i n t e g r a l  stopband es t ima ted  f rom t h e  e f f e c t i v e  g r a d i e n t  l e n g t h  
o f  F ig .  4 (a )  i s  0.02. It i s  f a i r l y  smal l .  The tune s h i f t s  a r e  es t ima ted  t o  be l e s s  
than 0.0002 f o r  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  mot ions f rom t h e  o c t u p o l a r  f i e l d  
d e t e r i o r a t i o n  es t ima ted  f rom F ig .  3  a f t e r  t h e  shim c o r r e c t i o n .  The h o r i z o n t a l  and 
v e r t i c a l  t une  spreads due t o  t h e  chromat ic  a b e r r a t i o n  a r e  + 0.02 and + 0.03 a t  6.5 
GeV, r e s p e c t i v e l y .  Both  spreads can be compensated w i t h  t h e  sex tupo les  wh ich  a r e  
e x c i t e d  i n  4  f a m i l i e s .  
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