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C H A P l t R  1 

_I_c_____ I n t r o d u c t i o n  

The SSC l a t t i c e  cons is ts  of two c l u s t e r s  of i n t e r a c t i o n  reg ions connected 

by two arcs,  each c o n s i s t i n g  o f  a long s t r i n g  o f  c e l l s .  The c e l l  l a t t i c e  

parameters a re  impor tant  i n  t h a t  they e n t e r  t h e  eva lua t i on  o f  t h e  l i n e a r  aper- 

t u re *  on t h e  one hand and t h e  cos t  on t h e  o ther .  I n  t h e  Conceptual Design 

2 Report ( C D R ) l  and the  preceding aper tu re  eva lua t i on  e f f o r t s ,  at tempts were 

made t o  op t im ize  t h e  SSC des ign t a k i n g  i n t o  cons idera t ion  t h e  i n t e r p l a y  among 

t h e  c e l l  leng th ,  t h e  l i n e a r  aper ture,  t h e  magnet c o i l  diameter, and the  cos t .  

These r e s u l t s  were subsequently used i n  the  CDR.  

The o p t i m i z a t i o n  process has now been repeated by a s tudy group organized 

by the  Cent ra l  Design Group (COG). There a r e  b a s i c a l l y  two reasons f o r  t he  

r e p e t i t i o n :  

1) The cos t  model and the  a n a l y t i c a l  and numerical  techniques t o  evaluate 

l i n e a r  ape r tu re  have been improved s ince  t h e  pre-CDR studies,  a l l ow ing  

more accurate cos t  and l i n e a r  aper tu re  c a l c u l a t i o n s .  

I n  t h e  prev ious s tud ies ,  t h e  be ta t ron  phase advance per  ce l l - -ano the r  2) 

impor tan t  c e l l  l a t t i c e  parameter--was f i x e d  a t  60 degrees. An a l t e r n a t i v e  

va lue o f  phase advance would have been 90 degrees. P re l im ina ry  r e s u l t s  

were obta ined f o r  90-degree c e l l s ,  b u t  a systemat ic o p t i m i z a t i o n  study was 

miss ing  except f o r  an i n d i c a t i o n  t h a t ,  under t h e  c o n d i t i o n  t h a t  t he  c o s t  

' i s  he ld  f i x e d ,  t h e  d i f f e r e n c e  between 60- and 90-degree c e l l s  was smal l3  

and was considered t o  be below the  no ise  l e v e l  us ing  t h e  then a v a i l a b l e  

t o o l s .  The more accurate cos t  model and l i n e a r  aper tu re  c a l c u l a t i o n  now 

have al lowed us t o  rev iew t h i s  issue more c a r e f u l l y .  

"L inear aper tu re  i s  t h e  aper tu re  w i t h i n  which p a r t i c l e  mot ion i s  approximately 
l i n e a r .  
beam operat ions.  For  more discussions, see Refs. 1 and 2. 

-. 

The c e l l  des ign must permi t  s u f f i c i e n t  l i n e a r  aper tu re  f o r  r o u t i n e  
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The study group thus he ld  a meeting on August 13, 1986, a t  Lawrence 

Berkeley Laboratory  t o  d iscuss t h e  issues invo lved and t o  prepare f o r  a l a t e r  

C e l l  L a t t i c e  Workshop, which was he ld  on September 17-18, 1986, a t  LBL. 

Results o f  t h e  study a re  g iven i n  t h i s  repo r t .  Although t h e  p rec i se  value o f  

t h e  magnet c o i l  d iameter may s t i l l  r e q u i r e  l a t e r  inpu ts ,  based on t h i s  study 

i t  has been poss ib le  f o r  t h e  group t o  make concrete recommendations. 

The s t r u c t u r e  o f  t h i s  r e p o r t  i s  as fo l l ows :  Chapter I1 descr ibes t h e  90- 

and 60-degree c e l l  l a t t i c e s  f o r  var ious c e l l  lengths.  Chapter 111 s p e c i f i e s  

the  needed l i n e a r  aper ture,  i n c l u d i n g  off-momentum requirements, f o r  each of 

these l a t t i c e s .  

COR case. Magnet e r r o r s  depend on t h e  c o i l  diameter; t h e  expected magnet 

m u l t i p o l e  e r r o r s  f o r  a range o f  c o i l  diameters a r e  g iven i n  Chapter I V .  Hav- 

i n g  s p e c i f i e d  t h e  c e l l  l a t t i c e  and t h e  magnet e r ro rs ,  a n a l y t i c  and t r a c k i n g  

techniques a re  app l i ed  t o  c a l c u l a t e  t h e  l i n e a r  aper tu re  i n  Chapter V. 

c a l c u l a t e d  aper tu re  and t h e  needed one a r e  then compared i n  Chapter V I  t o  

o b t a i n  two curves, one f o r  60-degree c e l l s  and one f o r  90-degree c e l l s ,  which 

represent  the  t rade -o f f  between c e l l  l eng th  and magnet c o i l  d iameter.  Along a 

t rade -o f f  curve, t h e  ca l cu la ted  and the  needed aper tures a r e  equal. Any p o i n t  

a long t h e  t rade -o f f  curve t h e r e f o r e  represents  a v i a b l e  SSC des ign as f a r  as 

t h e  l i n e a r  aper tu re  i s  concerned. A c o s t  model i s  descr ibed i n  Chapter V I 1  

which g ives  the  cos t  o f  t h e  SSC as a f u n c t i o n  o f  c e l l  l eng th  and magnet c o i l  

d iameter  f o r  60- and 90-degree designs. There a re  a few a d d i t i o n a l  e f f e c t s ,  

o the r  than the  l i n e a r  aper ture,  which a r e  i n f l uenced  by t h e  choice o f  c e l l  

parameters and c o i l  d iameter.  Examples a r e  t h e  dynamic aper ture,  t he  tune 

s h i f t s  caused by the  p e r s i s t e n t  cu r ren ts  and the  systemat ic m u l t i p o l e  t o l e r -  

ances and t h e  number o f  needed c o r r e c t i o n  systems, t h e  i n f l u e n c e  o f  beam p ipe  

s i z e  on t h e  var ious c o l l e c t i v e  e f f e c t s ,  and the  i n t e r a c t i o n  reg ion  l a t t i c e  

design. Discussions o f  these a d d i t i o n a l  cons idera t ions  a r e  descr ibed i n  

This  needed l i n e a r  aper tu re  i s  normal ized w i t h  respec t  t o  t h e  

The 
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Chapter VIII. Having obta ined the cos t  model, t he  cheapest des ign along t h e  

t rade -o f f  curve i s  then i d e n t i f i e d  t o  be t h e  optimum SSC design. These d i s -  

cussions a r e  g iven i n  t h e  concluding Chapter IX. 

The CDR has 60-degree c e l l s  w i t h  f i v e  d i p o l e  

long, per  h a l f  c e l l .  The main recommendation o f  

magnets, each 16.54 meters 

t h i s  study i s  t o  adopt 90 

degree c e l l s  w i t h  s i x  d i p o l e  magnets ( o f  t h e  same length)  per  h a l f  c e l l  f o r  

t h e  SSC a rc  design. The improvements over  t h e  COR a re  again n o t  overwhelming, 

b u t  w i t h  t h e  more accurate c a l c u l a t i o n s  t h e  r e l a t i v e  d i f f e r e n c e  i s  be l ieved t o  

be r e a l ,  i . e .  above,the no ise  l e v e l .  Th is  change, i f  adopted, w i l l  cause 

numerous smal l  changes on t h e  conceptual design, i n c l u d i n g  l a t t i c e  design, 

engineer ing des ign and cos t  o f  var ious systems, and convent ional  f a c i l i t i e s .  

3 





CHAPTER 11 

C e l l  L a t t i c e s  

The f i r s t  s tep  i n  eva lua t i ng  t h e  var ious c e l l  con f i gu ra t i ons  cons is t s  o f  

c a l c u l a t i n g  t h e  c e l l  l a t t i c e  parameters associated w i t h  each con f igu ra t i on .  

The method chosen t o  do t h i s  i s  as fo l l ows :  

1) For a g iven number o f  d ipo les  pe r  h a l f  c e l l  N, t h e  h a l f  c e l l  l eng th  i s  

g iven  by 

L = N d i p o l e  + quadrupole + spool p iece  + magnet in te rconnect ions  (1 )  

For  t h e  case o f  t h e  CDR, N = 

t h e  e f f e c t i v e  lengths  a re  16 

g i v i n g  a h a l f  c e l l  l eng th  o f  

u n i t  d i p o l e  length .  The va r  

N. 

5, t h e  d ipo le ,  quadrupole, spool p iece,  and 

54 m, 3.32 m, 4.52 m, and 5.46 m respec t i ve l y ,  

L = 96 m. I n  t h i s  study, we have f i x e d  the  

a t i o n  o f  c e l l  l e n g t h  i s  obta ined by vary ing  

2) For g iven  phase advance p e r t c e l l  p,  t h e  f o c a l  l eng th  f o f  t h e  quadrupole 

i n  t h i s  c e l l  i s  g iven  by 

L 
2 - 2 f '  s i n  E - - 

Using a va lue o f  212 T/m a t  20 TeV f o r  B' then  B't' where f = 

determines t h e  l eng th  o f  t h e  quadrupole, a .  

3)  The spool p iece  l eng th  i s  ca l cu la ted  by assuming t h a t  t h e  change i n  length  

o f  t h e  c o r r e c t i o n  element package i s  de f ined by the  needed sextupole 

s t reng th  t o  c o r r e c t  t h e  ch romat i c i t y  o f  t h i s  l a t t i c e .  The r ing-wide chro- 

m a t i c i t y  i s  assumed t o  c o n s i s t  o f  a constant  value f rom t h e  i n t e r a c t i o n  

reg ions p l u s  t h e  n a t u r a l  ch romat i c i t y  o f  t he  c e l l s .  The c o n t r i b u t i o n  t o  

sextupole l eng th  requ i red  t o  c o r r e c t  f o r  t he  c e l l  c h r o m a t i c i t i e s  i s  

approx imate ly  p r o p o r t i o n a l  t o  ( s i n  ,.,/~)VL~. 
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4 )  The c e l l  l eng th  i s  then reca lcu la ted  w i t h  t h e  new quadrupole and spool 

p iece  engths and steps 1 t o  3 a re  i t e r a t e d  u n t i l  t h e  s o l u t i o n  converges. 

l y p i c a  l y  i t  requ i res  4 i t e r a t i o n s  t o  converge t o  w i t h i n  1 cm. 

A f t e r  t h e  c e l l  l eng th  i s  def ined,  t h e  

according t o  t h e  t h i n  lens  formulae 

1 + sin; 

1 - sin; 

Qmax s i n  p 

’mi n s i n  p 

= 2L 

= 2L 

a t t i c e  parameters a r e  evaluated 

L 

1 [I - 2 s i n  , - - 
s i n 2  I “mi n 

where 0 i s  t h e  h a l f  c e l l  bend angle.  

The r e s u l t s  o f  t h e  c a l c u l a t i o n  a r e  g iven i n  Figs.  1 and 2 which show the  

c e l l  parameters as a func t i on  o f  N, t h e  number o f  d ipo les  pe r  h a l f  c e l l ,  f o r  

60- and 90-degree phase advances. Inc reas ing  t h e  phase advance per  c e l l  has 

very  l i t t l e  e f f e c t  on pmax b u t  produces a subs tan t i a l  reduc t ion  i n  pmin, 

Qmax’ and omin.  

The h a l f  c e l l  l eng th  f o r  both phase advances i s  shown i n  F ig .  3, t h e  

s t ronger  focuss ing r e s u l t s  approximately a 5 m increase i n  c e l l  leng th  f o r  t he  

same number o f  d ipo les .  The corresponding change i n  machine circumference i s  

shown i n  F ig .  4, which assumes t h a t  t he  i n t e r a c t i o n  reg ions remain the  same 

and t h e  arcs  a re  adjusted so as t o  preserve t h e  o v e r a l l  2n bending. The 

number o f  h a l f  c e l l s  pe r  r i n g  and packing f a c t o r s  a r e  shown i n  F ig .  5.1 and 

5.2. The number o f  h a l f  c e l l s  i s  g iven  by t h e  t o t a l  number o f  d ipo les  i n  the  

r i n g  (3840) d i v i d e d  by t h e  number o f  d ipo les  per  h a l f  c e l l .  The packing 

6 
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f a c t o r  i s  ca lcu la ted  f o r  t h e  whole r i n g  and i s  def ined by t h e  t o t a l  e f f e c t i v e  

bend length  (3840 x 16.54 m) d iv ided  by t h e  machine circumference and as such 

r e f l e c t s  t h e  e f f e c t  o f  t h e  i n t e r a c t i o n  regions as w e l l  as the  c e l l  parameters. 

n 
E 
v 

i 

I l l  I 1  I I I  I I I I I  I I I 1  I I I I l l  I l i  

3 4 5 6 7 a 
Number of Dipoles per Half Cell 

F i g .  3 
h a l f  c e l l .  

Normal c e l l  h a l f  l ength  as a funct ion  o f  t h e  number of  d ipoles  per  
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Fig. 5 Total number of half cells and overall machine packing factor as a 
function of the number of dipoles per half cell. 
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CHAPTER 111 

Needed Aperture 

The aper tu re  needed f o r  beam storage and opera t ion  depends on t h e  h a l f  

c e l l  l eng th  L and phase advance per  c e l l  p. I n  general ,  a l a t t i c e  w i t h  

s t ronger  focuss ing  requ i res  a smal le r  aper tu re  f o r  t h e  beam. As i n  the  CDR, 

we i d e n t i f y  two types o f  aper tures,  t h e  l i n e a r  aper tu re  and the  dynamic 

aper ture,  and i t  i s  t h e  l i n e a r  aper tu re  t h a t  i s  regarded as the  pr imary 

ape r tu re  requ i  rement. 

1 

I n  t h e  f o l  owing ana lys is ,  t he  CDR aper tu re  i s  de f ined as t h e  normal i -  

The CDR case (p = 60 degrees, 5 d ipo les  per  h a l f  c e l l ,  L = 96 z a t i o n  p o i n t .  

m) i s  thus def ned t o  be t h e  standard f o r  which the  needed l i n e a r  aper tu re  i s  

e x a c t l y  equal t o  the  achieved one. What w i l l  be obta ined i s  a curve t h a t  

shows t h e  percentage v a r i a t i o n  o f  t h e  needed l i n e a r  aper ture,  r e l a t i v e  t o  the  

CDR case, w i t h  respect  t o  L and p. 

To o b t a i n  t h i s  curve, t h e  needed l i n e a r  aper tu re  rad ius  i s  f i r s t  

decomposed i n t o  fou r  components. Each component has i t s  own s c a l i n g  w i t h  the  

c e l l  l a t t i c e  parameters. These f o u r  components a r e  

1 )  N i n t y - f i v e  pe r  cent  o f  t h e  beam i s  contained i n  a beam s i z e  of v%-u, 

which f o r  t h e  CDR i s  1.35 mm a t  pma, i n  t h e  c e l l s .  

w i t h  dTmax. 

This  component scales 

2) Residual  be ta t ron  o s c i l l a t i o n  du r ing  i n j e c t i o n  can be as l a r g e  as 1 . 5  mm 

i n  t h e  CDR case. This  requirement on l i n e a r  aper tu re  scales as dFma,. 

ue o f  0.43 mm 

rement i s  taken 

o f  t h e  o r b i t  

misal ignment o f  

quadrupoles, d ipo les ,  and t h e  beam p o s i t i o n  moni tors  t h e  same, i t  i s  found 

3 )  Closed o r b i t  d i s t o r t i o n s  a t  Bmax i n  t h e  c e l l s  have rms va 

f o r  t h e  CDR case. The corresponding l i n e a r  aper tu re  requ 

t o  be 3 t imes t h e  rms value, i .e . ,  1.29 mm. On the  bas is  

c o r r e c t i o n  scheme proposed i n  t h e  CDR and keeping t h e  rms 

11 



t h a t  when t h e  phase advance i s  increased t o  90 degrees, t h e  o r b i t  d i s t o r -  

t i o n  requirement decreases t o  1.16 mm. However, t h e  o r b i t  d i s t o r t i o n  

remains t h e  same as c e l l  l e n g t h  i s  changed i n  bo th  t h e  60- and 90-degree 

cases. 

4) Miscel laneous e f f e c t s  such as l a t t i c e  mismatching, and power supply 

120 

110 

100 

90 

80 

r i p p l e s  and noises a l s o  c o n t r i b u t e  a smal l  l i n e a r  aper tu re  requirement. 

For t h e  COR case, t h i s  i s  taken t o  be 0.52 mm. 

sca led w i t h  ‘1Tmax and t h e  o the r  h a l f  i s  scaled w i t h  nmax. 

Ha l f  o f  t h i s  component i s  
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Fig.  6 Needed l i n e a r  aper tu re  f o r  i n j e c t i o n  f o r  a beam w i t h  6 = AE/E = 0 as 
a f u n c t i o n  o f  t h e  number of d ipo les  pe r  h a l f  c e l l .  
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As we w i l l  see a t e r ,  t h e  achieved l i n e a r  aper tu re  f o r  t he  CDR case o f  

60-degree and f i v e  magnets per  h a l f  c e l l  i s  a c t u a l l y  9.9 mm, which i s  l a r g e r  

than t h e  va lue 4.7 mm obta ined by reading t h e  scale on t h e  r ight -hand s ide  o f  

F ig .  6. Since t h e  e x t r a  aper tu re  i s  necessary as a s a f e t y  margin, t h e  needed 

l i n e a r  aper tu re  f o r  t h e  CDR case i s  re-normalized t o  be 9.9 mm. The o ther  

cases a r e  then obta ined by t h e  percentage sca le  on t h e  le f t -hand s ide  o f  

F ig .  6. 

The needed l i n e a r  aper tu re  shown i n  F ig .  6 i s  f o r  on-momentum p a r t i c l e s .  

For off-momentum p a r t i c l e s ,  t h e  needed l i n e a r  aper tu re  depends on t h e  momentum 

e r r o r  be ing considered. For extreme off-momentum p a r t i c l e s  w i t h  a value o f  

d = AE/E = t h e  res idua l  be ta t ron  o s c i l l a t i o n  requirement i s  removed. 

The r e s u l t i n g  needed l i n e a r  aper ture,  as a f u n c t i o n  o f  c e l l  l a t t i c e  

parameters, i s  shown i n  F ig .  7. It i s  a l s o  shown as a percentage o f  t h e  

needed on-momentum l i n e a r  aper tu re  f o r  t h e  CDR case. 

u 
K 

F i g .  7 Needed l i n e a r  aper tu re  f o r  i n j e c t i o n  f o r  a beam w i t h  d = as a 
func t i on  o f  the number o f  d ipo les  pe r  h a l f  c e l l ,  

13 



It i s  be l i eved  t h a t  t h e  on-momentum l i n e a r  aper tu re  requirement, shown i n  

F ig .  6, should be app l i ed  t o  off-momentum p a r t i c l e s  up t o  d 6 u  

t h e  SSC has t h e  value o f  4.3 x l ov4 .  

has been c a r r i e d  ou t  i n  t h e  f o l l o w i n g  study o f  l i n e a r  aper tu re  evaluat ion.  

Although regarded impor tant ,  i t  was found t h a t  t h i s  off-momentum requirement 

does n o t  have any s i g n i f i c a n t  impact on t h e  ac tua l  r e s u l t s .  

t h i s  p a r t  o f  t h e  s tudy a r e  t h e r e f o r e  n o t  inc luded i n  t h i s  repo r t .  

which f o r  6 ’  

I n  f a c t ,  t h i s  off-momentum requirement 

The d e t a i l s  o f  

14 



CHAPTER I V  

Magnet E r ro rs  

The rms v a r i a t i o n  o f  random magnetic mu l t i po les  f o r  t,,e severa l  magnet 

c o i l  s izes  were scaled f rom t h e  values f o r  t h e  CDR case t h a t  a re  l i s t e d  i n  

Ref. 4. The s c a l i n g  equat ion f o r  n 2 2 i s  
a(an) and u(bn) a: dc -( n+%) 

9 ( 4 )  

where dc i s  t he  i n n e r  diameter o f  t h e  magnet c o i l  package. 

The r e s u l t i n g  est imates o f  t h e  rms  v a r i a t i o n s  i n  t h e  m u l t i p o l e  s t rengths 

t o  be expected i n  t h e  d ipo les  w i t h  dc = 3.5, 4.0, 4.5, and 5.0 cm a re  l i s t e d  

i n  Table 1. 

Ref. 4. The same data a re  d isp layed a l s o  i n  F igs.  8.1 and 8.2. 

The est imates f o r  t he  4.0 cm case a re  s imply  those l i s t e d  i n  
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10-2 

10-3 

4 m 

2 
* 
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10-4 
0 1 2 3 4 5 6 7 8 91011121314 

Multipole Index n 
Figure 8.1 

101 

100 

10-1 

10-2 

10-3 

10-4 

F i g .  8 
m u l t i p o l e  s t rengths  p ro jec ted  f o r  d ipo les  w i t h  c o i l  diameters 3.5, 4.0, 4.5, 
and 5.0 cm. 

RMS v a r i a t i o n s  i n  t h e  skew (F ig .  8.1) and the  normal (F ig .  8.2) 
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In the linear aperture evaluation to be described later, the random a and 

b multipoles are not included. These errors cause linear distortion of  the 

lattice, which can be compensated by the correction elements. Furthermore, 

the random b used in aperture evaluation has been reduced by a factor of 5. 

This reduction is adopted assuming the "binning" correctionss have been 

applied, using 7 bins. These changes made for aperture evaluation are listed 

in parentheses in Table 1. 

1 

1 

1 

2 

6 
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Table 1 

Estimated rms v a r i a t i o n s  i n  t h e  random mut ipole  strengths a n t i c i p a t e d  f o r  SSC 
d ipoles  having c o i l  i . d . s  o f  3.5, 4.0, 4.5, and 5.0 cm. Un i ts  are 10-4 of  t h e  
d i p o l e  f i e l d  a t  1.0 cm. 

d =5.0 cm 
0.60 (0) 
0.60 (0) 

-c - Mu1 t i p o l e  
a 
b 
1 

1 

a 
b 

2 

2 

3 

3 

a 
b 

4 
a 
b 

4 

a 
b 

S 

5 

a 
b 

6 

6 

a 
b 

7 

7 

a 
b 

8 

8 

a 
b 

9 

9 

a 
b 
10 

10 

d =4.0 cm 
0.70 (0) 

0.70 (0) 

-C 
d =4.5 cm 
-C 

0.65 (0) 
0.65 (0) 

d =3.5 cm 
0.76 (0) 

0.76 (0) 

-C 

0.76 
2.50 (0.625) 

0.61 
2.01 (0.402) 

0.50 
1.65 (0.33) 

0.41 
1.37 (0.274) 

0.69 
0.35 

0.94 
0.47 

0.52 
0.26 

0.40 
0.20 

0.21 
0.87 

0.14 
0.59 

0.10 
0.41 

0.070 
0.30 

0.26 
0.095 

0.16 
0.059 

0.10 
0.038 

0.069 
0.025 

0.012 
0.028 

0.060 
0.13 

0.034 
0.075 

0.020 
0.045 

0.058 
0.031 

0.030 
0.016 

0.016 
0.0088 

0.0094 
0.0050 

0.0134 
0.044 

0.0064 
0.021 

0.0032 
0.01 1 

0.0017 
0.0057 

0.0128 
0.0069 

0.0056 
0.0030 

0.0026 
0.0014 

0.0013 
0.0007 

0.0030 
0.018 

0.0012 
0.0071 

0.0005 
0.0031 

0.0002 
0.0014 
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C H A P l E K  V 

Calcu lated Aper ture 

Given t h e  l a t t i c e  and t h e  magnet e r ro rs ,  t he  l i n e a r  aper tu re  can be c a l -  

8 cu la ted  e i t h e r  a n a l y t i c a l l y ’  o r  by numerical  p a r t i c l e  t rack ing .  

f o l l o w i n g ,  t h e  l i n e a r  aper tu re  A i s  de f ined t o  be 

I n  the  

L 

AL = ‘rPmax(Ex + “ J  ? (5) 

where pmax i s  t h e  maximum @-func t ion  i n  t h e  c e l l s  and t h e  emittances E 

E taken t o  be equal by t h e  i n i t i a l  cond i t ions ,  a re  determined by r e q u i r i n g  

the  smear t o  be l e s s  than 10%. The smear i s  de f ined by 

and 
X 

Y ’  

( 6 )  
max Ax - min Ax max A - min A 

Y Y 
max A + min A x )  ’ (max A + min A 

2 S = - max 3 

where max A and min A a re  t h e  maximum and minimum x and y i n v a r i a n t  

ampl i tudes. In a t r a c k i n g  s imu la t ion ,  they  a re  obta ined t y p i c a l l y  by 400 

tu rns  o f  t r a c k i n g .  

X,Y X,Y 

To c a l c u l a t e  t h e  smear, t he  t e s t  l a t t i c e  o f  t h e  e n t i r e  r i n g  i s  obtained as 

fo l lows.  Given t h e  u n i t  c e l l  s t ruc tu re ,  s u f f i c i e n t  number o f  u n i t  c e l l s  a re  

connected toge the r  t o  form t h e  two arcs.  Magnets i n  these c e l l s  have e r r o r s  

as descr ibed i n  Table 1. 

c o n t r i b u t e  d i r e c t l y  t o  the  aper tu re  eva lua t ion .  The i r  o n l y  e f f e c t  inc luded i n  

t h e  s imu la t i on  i s  t h e i r  c o n t r i b u t i o n  t o  t h e  n a t u r a l  ch romat i c i t i es ,  whose cor -  

r e c t i o n  r e q u i r e  s t ronger  s e t t i n g s  o f  t h e  ch romat i c i t y  sextupoles.  

The s t r a i g h t  sec t ions  between t h e  two arcs  do n o t  

For  t h i s  

purpose, each s t r a i g h t  sec t i on  i s  represented as a s t r i n g  o f  u n i t  c e l l s  whose 

d ipo les  do n o t  con ta in  e r r o r s  and whose c o n t r i b u t i o n  t o  c h r o m a t i c i t i e s  equals 

t h a t  f rom a low-p i n s e r t i o n .  This  s i m p l i f i c a t i o n  i s  n o t  expected t o  a f f e c t  

t h e  aper tu re  eva lua t ion .  
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7 I n  the  a n a l y t i c  ca l cu la t i on ,  t he  rms smear i s  obta ined 

9 

where 

n ume r 

found 

J a r e  the  l i n e a r  i n v a r i a n t s  o f  t h e  two 

c a l  f a c t o r  on t h e  r ight-hand s ide  o f  Eq. 

t o  r e l a t e  t h e  two d e f i n i t i o n s  (7)  and (6)  

remains the  adopted d e f i n i t i o n ;  however, having 

X 9 Y  
degrees o f  motion. The 

7 )  i s  an emp i r i ca l  f a c t o r  

numer ica l ly .  Equation (6)  

in t roduced the  numerical 

f a c t o r ,  Eq. ( 7 )  g ives the  value o f  t h e  smear r a t h e r  accura te ly  over t h e  reg ion  

o f  i n t e r e s t .  

The advantage o f  having an a n a l y t i c a l  c a l c u l a t i o n  i s  t h a t  t he  r e s u l t s  over 

Spot checking by p a r t i c l e  a wide range o f  parameters can be obtained qu ick l y .  

t r a c k i n g  us ing  the  program RACETRACK has been performed on several  cases t o  

convince o u r s e l f  t h a t  these r e s u l t s  a re  r e l i a b l e .  Exce l len t  agreements were 

obta ined i n  cases s tud ied.  Tracking a l s o  provided in fo rmat ion  on the  spread 

o f  t h e  smear value due t o  d i f f e r e n t  d e t a i l e d  arrangement o f  t h e  magnet e r r o r s  

through the  dependence on random number seeds. The r e s u l t  o f  these s tud ies  

a re  summarized i n  Tables 2.1 t o  2.4. The same r e s u l t s  a re  a l s o  g iven as 

F i g s .  9.1 t o  9.4. 

8 
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On-Momentum Linear Aperture-60 Deg 
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Table 2.1 

A n a l y t i c a l l y  c a l c u l a t e d  l i n e a r  aper ture ( i n  mm) f o r  var ious cases o f  c e l l  
s t r u c t u r e  and magnet c o i l  diameter. Phase advance pe r  c e l l  i s  60 degrees and 
t h e  l i n e a r  ape r tu re  i s  f o r  on-momentum p a r t i c l e s .  

c o i  1 

diameter 4 -- 
# of  d i p o l e s  per  h a l f  c e l l  

5 6 

3.5 cm 

4.0 cm 
4.5 cm 
5.0 cm 

9.3 

10.9 
12.6 
14.2 

8.4 

9.9 
11.5 
13.1 

7.7 
9.1 

10.5 
12.0 

7.1 

8.4a 
9.7 

17 -1  

Table 2.2 

A n a l y t i c a l l y  c a l c u l a t e d  l i n e a r  aper ture ( i n  mm) f o r  var ious cases o f  c e l l  
s t r u c t u r e  and magnet c o i l  diameter. Phase advance pe r  c e l l  i s  90 degrees and 
t h e  l i n e a r  ape r tu re  i s  f o r  on-momentum p a r t i c l e s .  

c o i  1 
d i amet e r 4 

# of d ipo les  pe r  h a l f  c e l l  
5 6 7 

3.5 cm 
4.0 cm 
4.5 cm 
5.0 cm 
6.0 cm 

9.6 

10.5a 
11.1 
11.5 
12.0 

9.6 
11 -1 

12.6 
13.9 
16.1 

9.0 

10.5a 
12.1 
13.8 
17.1a 

8.4 

9.8a 
11 - 4  
13.0 
16.4 

a Ex tens i ve l y  checked aga ins t  t r a c k i n g  w i t h  r r i u l t i p le  random number seeds. 
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Table 2.3 

Analytically calculated l i n e a r  aper ture  ( i n  mm) f o r  various cases of c e l l  
s t ruc ture  and magnet co i l  diameter. Phase advance per c e l l  i s  60 degrees and 
the l i n e a r  aper ture  i s  f o r  p a r t i c l e s  w i t h  d = 

coi 1 
- d i ame ter  4 

3.5 cm 
4.0 cm 
4.5 cm 
5.0 cm 

8.4 

10.0 

11.7 
13.4 

# o f  dipoles per half c e l l  
5 6 

6.8 

8.3 

9.8 

11.5 

5.4 

6.7 

8.1 
9.6 

7 

3.9 

5 .1a  
6.4 
7.7 

Table 2.4 

Analytically calculated l i n e a r  aper ture  ( i n  mm) f o r  various cases of c e l l  
s t r u c t u r e  and magnet co i l  diameter. Phase advance per c e l l  i s  90 degrees and 
the  l i n e a r  aper ture  i s  f o r  p a r t i c l e s  w i t h  d = l O ' - 3 .  

- diameter 5 
coi 1 # o f  dipoles per half c e l l  

6 --- 4 

3.5 cm 
4.0 cm 
4.5 cm 
5.0 cm 
6.0 cm 

9.5 

10.4 
1 1  .o 
11.5 
12.0 

9.3 

10.8 

12.3 
13.7 

16.0 

8.4 

10.oa 
11.6 
13.2 
16.7 

7.4 

8.ga 

10.5 
12.1 
15.6 

Extensively checked against  tracking w i t h  multiple random number seeds. a 
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C H A P T E R  VI 

The Tradedof f Curves 

As discussed i n  Chapter 111, the needed l i n e a r  apertures f o r  various cases 

a r e  shown i n  Figs. 6 and 7.  These l i n e a r  aper tures  have been normalized t o  

t h e  C D R  calculated l i n e a r  aperture, and the other cases a r e  scaled t o  i t  u s i n g  

the  percentage values given i n  F igs .  6 and 7 .  

In the previous chapter,  we found f o r  the COR case (60 degrees phase 

advance, 4 cm coi l  diameter, and 5 dipoles per half c e l l )  t h a t  the on-momentum 

calculated l inear  aperture  i s  9.9 mm. The needed l i n e a r  aper tures  f o r  the 

other cases, ob ta ined  by scal ing,  are g i v e n  i n  Tables 3.1 and 3.2. 

Table 3.1 

Needed l i n e a r  aper ture  f o r  various c e l l  s t ruc tures  f o r  on-momentum p a r t i c l e s .  

Phase Advance # of Dipoles needed 1 i near 
Per Cell per half c e l l  aper ture  (mm) 

60 deg. 

90 deg. 

9 . 2  
9.9 ( reference point)  

10.7 
11.5 

8.8 
9.5 

10.1 
10.7 
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Table 3.2 

Needed l i n e a r  ape r tu re  f o r  var ious c e l l  s t r u c t u r e s  and d = 

Phase Advance 
Per C e l l  

60 deg. 

9 0  deg. 

# o f  Dipo les 
Per Ha l f  C e l l  

Needed L inea r  
Aper ture (mm) 

6.2 
6.7 
7.2 
7.6 

5.8 
6.2 
6.6 
7.0 

Having es tab l i shed t h e  needed apertures,  t h e  t rade -o f f  curves between c e l l  

Take t h e  case o f  f o u r  d ipo les  length  and magnet c o i l  d iameter can be found. 

per  h a l f  c e l l  and 60-degree c e l l s .  Table 2.1 shows t h a t  i n  o rder  t o  reach t h e  

needed aper tu re  o f  9.2 mn f o r  t h e  on-momentum p a r t i c l e s ,  t h e  c o i l  d iameter 

must be 2 3.47 cm. 

l i n e a r  ape r tu re  a t  d = 

more s t r i n g e n t  o f  these cond i t i ons  then determines the  minimum c o i l  d iameter 

t h a t  f u l f i l l s  t he  l i n e a r  aper tu re  requirement f o r  t h e  case user  study. This  

procedure i s  repeated f o r  a l l  cases t o  produce the  t rade -o f f  curves shown i n  

Figs.  10.1 and 10.2. 

S i m i l a r l y  Table 2.3 shows t h a t  i n  o rder  t o  reach 6.2 mm 

t h e  c o i l  d iameter  has t o  be 2 2.8 cm. The 
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d .e 
0 u 

60 Deg Trade-off Curve 

Fig.  10.1 l r a d e - o f f  curve f o r  t h e  case o f  60-degree c e l l s .  The s o l i d  curve i s  
t h e  r e s u l t  f o r  t h e  on-momentum case. The do t ted  curve i s  f o r  t h e  case w i t h  
d = Below t h e  t rade -o f f  curve, t h e  ca l cu la ted  l i n e a r  aper tu re  i s  l ess  
than t h e  needed one and i s  thus n o t  acceptable.  Since t h e  on-momentum 
requirement ( s o l i d  curve)  imposes a s t ronger  cond i t i on ,  t h e  n e t  t rade -o f f  
curve i s  g iven  by t h e  s o l i d  curve. 

90 Deg Trade-off Curve 

4 .- 
0 u 
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Fig .  10.2 l r a d e - o f f  curve f o r  t he  case o f  90-degree c e l l s .  
on-momentum curve i s  shown. 
dc being considered and i s  w e l l - f u l f i l l e d .  

Only t h e  
The d = requirement i s  below t h e  range of 





CHAPTER V I 1  

Cost Model 

The i n p u t  parameters requ i red  by t h e  cos t  model c o n s i s t  o f  t h e  quadrupole 

and spool p iece  lengths and t h e  number o f  d ipo les  per  h a l f  c e l l .  Th is  

i n fo rma t ion  de f ines  t h e  c e l l  l eng th  and t h e  number o f  c e l l s ,  which i n  t u r n  

g i v e  t h e  machine circumference ( f o r  a f i x e d  I R  l ayou t ) .  

d iameter  i s  t he  o n l y  o the r  a d d i t i o n a l  data needed t o  de f i ne  the  cos t  o f  t he  

machine. Using t h i s  i npu t ,  a program was w r i t t e n  t o  sca le  the  c o s t  i n f o r -  

mat ion as g ven i n  Appendix D o f  t h e  CDR’ and t o  produce t h e  f i n a l  r e s u l t .  

Th is  method r e l i e s  on t h e  f a c t  t h a t  each o f  t h e  major cos t  elements can be 

broken down a t  t h e  WBS l e v e l  5 i n t o  a f i x e d  cost ,  and/or a component t h a t  

The magnet c o i l  

va r ies  w i th  machine circumference ( tunne l  costs,  cryogenic,  and power 

d i s t r i b u t i o n ,  e tc . ) ,  and/or a component t h a t  depends on t h e  number o f  h a l f  

c e l l s  ( t h e  acce le ra to r  i n t e r f a c e  and c o n t r o l  po in ts ,  number o f  quadrupoles and 

spools) ,  and/or a p a r t  t h a t  depends on t h e  magnet c o i l  d iameter.  

The r e l a t i v e  cos ts  of t h e  magnetic elements as a f u n c t i o n  o f  c o i l  diameter 
9 dc were obta ined f rom t h e  Brookhaven Magnet Cost Model. 

model a re  shown i n  F ig .  11, which g ives t h e  percentage change i n  d i p o l e  cos t  

(normal ized t o  d = 4 cm) as a f u n c t i o n  o f  d . These r e s u l t s  d i f f e r  o n l y  

marg ina l l y  f rom e a r l i e r  sca l i ng  curves and r e s u l t  i n  a 10% change i n  magnet 

d i f f e r e n t i a l  cos ts  f o r  a 5 mm change i n  c o i l  d iameter.  Th is  curve was app l i ed  

t o  t h e  quadrupole and c o r r e c t i o n  elements as w e l l  as the  d ipo les .  

The r e s u l t s  o f  t h i s  

C C 

The cos ts  ca l cu la ted  i n  t h i s  chapter  a r e  the  component cos ts  f o r  the  

machine t h a t  amounted t o  $2000M i n  the  CDR and do n o t  i nc lude  contingency, 

system engineer ing and design, and management and support  (WBS elements 3 , 4 ,  

and 5) which amounted t o  another $1010M. A l l  cos ts  a re  expressed i n  BFY86. 
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Dipole Magnet Cost Scaling 

Coil Diameter (cm) 

Fig.  11 
as a percentage o f  t he  CDR d i p o l e  costs .  

D ipo le  costs  as a func t i on  o f  d i p o l e  c o i l  winding diameter i n  $M and 

D e t a i l s  o f  how t h e  major subsystem costs  vary w i t h  c e l l  parameters a re  

descr ibed i n  Appendix A. The e f f e c t s  o f  vary ing  t h e  c e l l  l eng th  ( through t h e  

number o f  d ipo les  per  h a l f  c e l l )  and phase advance on t h e  quadrupole and spool 

p iece  cos ts  a re  shown r e s p e c t i v e l y  i n  Figs.  12.1 and 12.2 f o r  a f i x e d  c o i l  

d iameter o f  4 cm. 

advance f rom 60 t o  90 degrees i s  approximately constant  w i t h  respect  t o  t he  

c e l l  leng h; t h e  o v e r a l l  cos t ,  however, i s  s i g n i f i c a n t l y  reduced as t h e  c e l l  

l eng th  i s  increased. The reason f o r  t h i s  i s  n o t  so much t h a t  t he  p r i c e  o f  an 

i r i d i v idua  element i s  decreased as the  c e l l  i s  lengthened, b u t  r a t h e r  t h a t  t he  

number o f  elements, 8 quadrupoles, spool pieces, e tc . ,  requ i red  i n  the  r i n g  i s  

s u b s t a n t i a l l y  reduced. Thus the  cos t  o f  i nc reas ing  the  phase advance t o  90 

degrees per  c e l l  can be negated by adding one more d i p o l e  t o  each h a l f  c e l l .  

The percentage cos t  increase incu r red  by changing t h e  phase 

30 



Following the magnets, the largest cost elements are the conventional 

construction and the cryogenic system. These cost curves are shown in 

Figs. 12.3  and 12 .4 .  

Dhase advance; the conventional construction reflects the increased machine 

circumference more strongly. In both cases the percentage variation is 

relatively small (-5%) across the range of the parameters considered. 

The cryogenic system cost is effectively independent of 

Figures 13.1 and 13.2, show the total component cost (i.e., all the cost 

elements), as a function of the cell length and coil diameter for both 60- and 

90-degree cases. 

4 . 0  cm coil diameter, 5 dipoles per half cell lattice used in the COR. At 

this point in the parameter space, changing the coil diameter by 5 mm changes 

the cost by -5%. 

-2%, and adding one more dipole to the half cell results in a saving of -2% 

for the 60-degree lattice, -3% for the 90-degree one. 

The costs are expressed as a percentage o f  the 6#-degree, 

Inceasing the phase advance from 60 to 90 degrees costs 
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Figure 12.1 

Spool Costs (4cm Coil Diameter) 
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Figure 12.2 
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600 

590 

580 

2: 
## 

570 

Conventional Construction Costs 

550 
3 4 5 6 7 8 

Number o f  Dipoles per Half Cell 
Figure 12.3 

Cryogenic Costs 
130.0 

127.5 

125.0 

122.5 

120.0 

117.5 

115.0 

Number of Dipoles per Half Cell 
Figure 12.4 

F i g .  12.1 - 1 2 . 4  Component costs as a funct ion  o f  t h e  number o f  d ipo les  per 
half c e l l .  
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Percentage CDR C o s t  - 60 Deg 

Fig. 13.1 Total component cost contours in percentage of the CDR as a function 
of the number of dipoles per half cell plotted against the dipole coil winding 
diameter for 60" cells. 

Percentage CDR C o s t  - 90 Deg 
6 1 1 1 1  1 1 1 1  1 1 1 1  1 1 1 1  I I I I  

- 
- 110% 
- 

- 
105% 5 -  

- 

- 100% 

- 

95% 

- 

2 3 ;; 1 1 1 1 1 " 1 1 1 " 1 1 1 1 1 1 1 1 1  4 5 6 7 a 

4 

3 

Number of Dipoles per Half Cell 

Fig. 13.2 Total component cost contours in percentage of the COR as a function 
o f  the number of dipoles per half cell plotted against the dipole coil winding 
diameter for 90" cells. 
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CHAPTtR VJII  ' 

Add i t i ona l  Considerat ions 

Several  issues o t h e r  than the  l i n e a r  aper tu re  need t o  be considered. 

Although they  a r e  n o t  t he  determin ing issues as f a r  as t h e  c e l l  l a t t i c e  

parameters a re  concerned, i t  i s  impor tan t  t o  show t h a t  our  choice does no t  

cause any unacceptable e f f e c t s  concerning these issues. I n  t h i s  chapter, we 

w i l l  cons ider  these a d d i t i o n a l  e f f e c t s .  

1. Systematic M u l t i p o l e  Tolerances 

The to le rance  on t h e  systemat ic magnetic mu l t i po les  i n  t h e  d i p o l e  magnets 

i s  determined by t h e  be ta t ron  tune s h i f t s  t h a t  they produce. 

Au, produced by t h e  llnormal" 2(n+l)  m u l t i p o l e  c o e f f i c i e n t  bn f o r  one- 

dimensional, h o r i z o n t a l  mot ion i s  g iven  by 

The tune s h i f t  

(8) B '  Au = f3bn < ( n d  + A COS+ > /A 
n B 

where p i s  the h o r i z o n t a l  beta func t ion ,  Q t he  d i spe rs ion  func t ion ,  d t he  

f r a c t i o n a l  energy dev ia t i on ,  and A t h e  be ta t ron  ampl i tude. The brackets  

i n d i c a t e  an average over +, and t h e  whole expression i s  t o  be averaged over 

t h e  l a t t i c e .  

B 

The l a t t i c e  parameters a f f e c t  t h e  tune s h i f t  through the  p and rl 

f unc t i ons  and a l s o  through t h e  be ta t ron  ampl i tude. The t o t a l  tune s h i f t  

produced by a l l  o f  t h e  systemat ic mu l t i po les  i s  the  sum over n o f  a l l  t he  

c o n t r i b u t i o n s  A U  . Since t h e  r e l a t i v e  values and signs o f  t he  b a r e  n o t  

known, we est imate t h e  b,, to lerances i n d i v i d u a l l y  by t h e  c r i t e r i o n  t h a t  

Aun< 0.005 a t  be ta t ron  amplitudes t h a t  a re  roughly  +'?-larger than t h e  

n n 

-3 requ i red  l i n e a r  aper tures,  both on-momentum and a t  d = 10 , f o r  the COR 

l a t t i c e .  

= 10 . For the  o the r  l a t t i c e s ,  t he  ampl i tudes used a r e  scaled r e l a t i v e  t o  

The be ta t ron  ampl i tude i s  7 mm a t  Pmax a t  d = 0 and 5 mm a t  d 
-3 
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these COR values from t h e  respec t i ve  needed l i n e a r  aper tures a t  d = 0 and 6 

= 

these corresponding t o  t h e  average value of t h e  respec t i ve  b e t a t r o n  func t i ons  

us ing Figs.  6 and 7. The ampli tudes t h a t  e n t e r  t h e  Aun formula are 

B. The l a t t i c e  parameters and average be ta t ron  ampli tudes used a re  tabulated 

i n  Table 4. 

Table 4 

L a t t i c e  Parameters 
(N = number o f  d ipo les  p e r  h a l f  c e l l )  

N 

60" 
60" 
60" 
60 " 
goo 
90" 
90" 
90" 

B n 

79.9m 185m 2.09m 5.251~1 3.78m 
96.0 222 3.14 5.72 4.09 

112.6 260 4.42 6.19 4.43 
129 - 4  299 5.93 6.66 4.78 

83.3 166 1.09 4.74 3.33 
98.5 197 1.61 5.12 3.56 

114.5 229 2.25 5.48 3.80 
130.9 262 3.00 5.85 4.04 

The r e s u l t i n g  to lerances on t h e  systematic m u l t i p o l e  c o e f f i c i e n t s  ( i n  

u n i t s  o f  of t h e  d i p o l e  f i e l d  a t  1 cm) a r e  tabu la ted  i n  Table 5. (Since 

f o r  even-n AV, i s  p r o p o r t i o n a l  t o  6 ,  no r e a l i s t i c  t o le rance  f o r  even-n bn 

can be de r i ved  i n  t h i s  approximat ion a t  d = 0.) 

The sma l le r  to lerances i n  each case a re  p l o t t e d  i n  F ig.  14. I n  a d d i t i o n ,  

a band o f  " a n t i c i p a t e d "  values o f  non-allowed systemat ic m u l t i p o l e s  f o r  t h e  

SSC d i p o l e s  i s  i nd i ca ted .  These "an t i c ipa ted '  values were s imply  scaled from 

t h e  average values o f  t h e  non-allowed m u l t i p o l e s  observed i n  t h e  Tevatron 

d ipo les .  

SSC d i p o l e  (00001) a r e  n o t  i n c o n s i s t e n t  w i th  t h i s  band o f  values. 

The average values o f  t h e  non-allowed m u l t i p o l e s  i n  t h e  f i r s t  long 

A 1  so 10 

i n d i c a t e d  a r e  t h e  a n t i c i p a t e d  p e r s i s t e n t - c u r r e n t  m u l t i p o l e  s t rengths a t  

i n j e c t i o n  f o r  n = 4,6,8, and 10 f o r  t h e  4-cm c o i l  i . d .  
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Table 5 

Systematic Mu l t i po le  Tolerances 

U n i t s :  Strength a t  1 cm r e l a t i v e  t o  d ipo le  f i e l d  x 

A t  &=O: 

N 
- 

4 
5 
6 
7 

b2 - I.r bl - 
60" .0054 --- 
60" .0045 -- 
60" .0039 -- 
60" .0033 

b4 - 43 - 
.026 -- 
.018 --- 

.013 -- 

.010 -- 

b6 - b5 - 
-- .ll 

.067 --- 

.042 -- 

.027 

.47 

.23 

.12 
-069 

-- 
I- 

-- - 

90" 

90" 
90" 
90" 

.0060 

.0051 

.0044 

.0038 

.031 --- 
-023 -- 
.017 -.- 

.013 -- 

.140 

.091 
-060 
.040 

.64 

.35 

.20 

.12 

A t  

60" .0054 
60" .0045 
60" -0039 
60' .0033 

.013 

.007 2 

.0044 
-0028 

.023 .043 .080 

. O l l  .016 ,024 
-0052 .0064 .0077 
.0027 .0027 .0027 

.15 

.035 

.0092 

.0026 

-26 .48 
-051 .074 
-01 1 .13 
.0026 ,0025 

90" .0060 

90" .005 1 

90" .0044 
90" .0038 

.028 .051 -15 .33 

-01 6 .029 -065 .13 
-010 -017 -03'1 .054 
-0064 .010 .015 -023 

.83 2.0 

.28 .57 

.10 . I 7  

.034 .052 

4.7 

1.2 
.29 

.077 
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Systematic Multipole Tolerances 

Fig.  14 
by l a t t i c e s  having 4 t o  7 d ipo les  per  h a l f  c e l l  and e i t h e r  60° o r  90° phase 
s h i f t  per  c e l l .  
m u l t i p o l e s  a n t i c i p a t e d  f o r  t h e  SSC on t h e  bas is  o f  TEVATRON experience. 
shown a r e  t h e  systemat ic m u l t i p o l e  s t rengths  a t  i n j e c t i o n  f o r  n = 4, 6, 8, and 
10 due t o  p e r s i s t e n t  cu r ren ts  f o r  5-micron f i l amen ts  i n  a 4-cm i . d .  c o i l .  
[The b p e r s i s t e n t  c u r r e n t  s t reng th  i s  o f f - s c a l e  (about 5 u n i t s ) . ]  

Systematic normal m u l t i p o l e  s t rengths  i n  the  d i p o l e  magnet t o l e r a t e d  

Also i n d i c a t e d  i s  t he  band o f  systemat ic non-al lowed 
Also 

2 

I n  conclus ion,  we f i n d  the  f o l l o w i n g :  

1 )  The 90" l a t t i c e s  are  more t o l e r a n t  than t h e  60" l a t t i c e s .  The s h o r t - c e l l  

l a t t i c e s  a re  more t o l e r a n t  than t h e  l ong -ce l l  l a t t i c e s .  The t o t a l  spread 

i n  to le rances  i s  on l y  a f a c t o r  o f  2 a t  n = 1 and a f a c t o r  o f  almost 2,000 

a t  n = 8. Q u a l i t a t i v e l y ,  t h i s  behavior  i s  understandable i n  terms o f  t he  

r e l a t i v e  values o f  t h e  d i spe rs ion  and be ta t ron  func t i ons  l i s t e d  i n  Table 4 .  

2) A p r a c t i c a l  conc lus ion f rom F ig .  14  i s  t h a t  the  number o f  p o t e n t i a l l y  

needed c o r r e c t i o n  c i r c u i t s  i s  s t r o n g l y  a f f e c t e d  by the  l a t t i c e  para-  

meters. Using the  i nd i ca ted  band o f  a n t i c i p a t e d  m u l t i p o l e  s t rengths  due 

bo th  t o  geometric e f f e c t s  (sca led f rom the  Tevatron data)  and t o  pe rs i s -  

t e n t  cu r ren ts  a t  i n j e c t i o n ,  one concludes t h a t  c o r r e c t i o n  c i r c u i t s  w i l l  be 
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needed only up t o  n = 4 f o r  the best  case ( N  = 4,  p = 90') and up t o  n 11 

f o r  the  worst ( N  = 7 ,  p = 6 0 ° ) ,  as  l i s t e d  i n  Table 6 f o r  four values of co i l  

diameter. Bet ter  data on the systematic multipole values i n  the SSC dipoles 

wi l l  be needed before the  exact number of required c i r c u i t s  can be determined. 

Table 6 

Maximum order of systematic multipole poten t ia l ly  
requiring correct ion ( N  = number of dipoles per half c e l l )  

N 1! dc = 3.5 4.0 4.5 5.0 cm 
- - 
4 60" 4-5 4-5 4-5 4-5 
5 60 O 8 5 -6 5 -6 5 -6 
6 60 O 10 10 8-1 0 7-1 0 
7 60 O >11 >11 >l 1 >11 

4 90" 4 
5 900 4 
6 90" 6 
7 900 8 

4 4 3 
4 4 4 

4-5 4-5 4-5 
6 5 -6 5 -6 

2 .  Impact o f  Cell Parameters on the  IR Lat t ice  

The IR opt ics  a r e  ind i rec t ly  affected by the l a t t i c e  parameters, mainly 

through t h e i r  influence on the s t ra ight-sect ion lengths. The  shor te r  c e l l s ,  

and/or the 90-degree phase advance, permit shor te r  dispersion suppressors, 

which i n  t u r n  permit longer s t r a i g h t  sect ions and/or shor te r  dis tance between 

adjacent in te rac t ion  points.  Longer s t r a i g h t  sections allow e i t h e r  lower 

secondary maxima i n  the  betatron functions,  o r  longer central  free-spaces i n  

the  medium-beta IRs and the u t i l i t y  s t r a i g h t  sect ions,  the l a t t e r  relaxing the 

abort  requi rements. 

An addi t ional  advantage o f  shor te r  s t r a i g h t  sect ions and/or shor te r  

dispersion suppressors i s  t h a t  the  cos t  of providing a by-pass version of IR 
c 

I1 layout i s  lower. There a r e  several designs o f  dispersion suppressors, a l l  

of which e i t h e r  automatically provide, o r  can be modified s l i g h t l y  t o  provide, 

enough f r e e  space f o r  scrapers and col l imators .  
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The 90-degree c e l l  a l lows t h e  sho r tes t  d i spe rs ion  suppressor. For 

example, t h e  90-degree " s h o r t  c e l l "  design can be r e a l i z e d  i n  t h e  l eng th  o f  

1 .5  normal c e l l s ;  however, t h e r e  i s  a min imum a l lowab le  length  o f  d i spe rs ion  

suppressor because o f  t h e  minimum amount o f  bend needed t o  s h i e l d  one I R  from 

the  muons f rom t h e  adjacent  1R.S. 

I n  summary, t he  I R  l a t t i c e  design favors  90-degree c e l l s  and, t o  a l esse r  

extent ,  s h o r t  c e l l  leng th .  As an example and an ex is tence proo f  a 90-degree 

l a t t i c e  w i th  s i x  d i p o l e  magnets pe r  h a l f  c e l l  i s  descr ibed i n  Appendix B. 

12 3. Impact o f  Magnet S ize  on Beam I n s t a b i l i t i e s  and P a r a s i t i c  Heat ing 

The impedance c o n t r i b u t i o n s  f rom rf c a v i t i e s ,  vacuum-chamber wa l l s ,  space 

charge, be l lows,  beam c o l l i m a t o r s  ( n e g l i g i b l e ) ,  beam p o s i t i o n  monitors,  i n j e c -  

t i o n  and a b o r t  k ickers ,  and coherent synchrot ron r a d i a t i o n  w e r e  considered as 

func t i ons  o f  t h e  chamber s ize .  

The vacuum chamber s i z e  depends on t h e  magnet c o i l  s i ze .  As a r e s u l t ,  t h e  

magnet c o i l  s i z e  a f f e c t s  t h e  impedance seen by the  SSC beam. The var ious 

sources o f  impedance have been examined as func t i ons  o f  t he  vacuum chamber 

rad ius .  The r e a c t i v e  p a r t s  o f  t h e  t ransverse impedance sources a re  l i s t e d  i 

'Table 7. The t o t a l  Im(2 ) ranges from 32 t o  64 w/m f o r  chamber r a d i i  

between 1.15 and 2.15 cm (1.65 cm i s  t h e  nominal CDR value.) .  The t o t a l  
I 

l o n g i t u d i n a l  impedance I Z  / n l  i s  n o t  s e n s i t i v e  t o  t h i s  geometr ica l  change and 

d i f f e r s  f rom t h e  CDR value (0.2 ohm) on ly  by 5% over  t h i s  range. 
II 

Single-Bunch I n s t a b i l i t i e s  

The impedance thresholds f o r  single-bunch i n s t a b i l i t i e s  a re  ca l cu la ted  t o  

be1 

Microwave 
Mode-coup1 i n g  

Long Threshold ---II_ Trans. Threshold 
12 /nl=15.5 Q 12 I=590 MQ/m II I 

Im(2 )=250 MQ/m 
I 

Im(2 /n)=87 Q II 
Thus t h e  SSC i s  w e l l  below th resho ld  f o r  t h e  single-bunch i n s t a b i l i t i e s .  
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Table 7 

Low Frequency React ive Par ts  o f  Z ( i n  MWm) f o r  

d i f f e r e n t  chamber r a d i i  b ( i n  cm) 

b=l -1 5 - 1.4 1.65 - 1.9 2.15 

I 

Space charge 0 21 21 21 21 21 

Bel  1 ows 20 12 7 4.5 3.2 

K ickers  1.4 1.4 1.4 1.4 1.4 

6.5 BPMs 22 15 11 

To ta l  64 49 39 35 32 

- 8 . 3  - 

Mult i -Bu h I n s t a b i l i t i e s  

As noted i n  t h e  CDR, t h e  growth ra tes  o f  t h e  coupled bunch i n s t a b i l i t i e s ,  

both l o n g i t u d i n a l  and transverse, a r e  almost e x c l u s i v e l y  determined by t h e  

h igher  o rde r  p a r a s i t i c  modes o f  t he  rf c a v i t y  c e l l s .  Since these modes a re  

i n s e n s i t i v e  t o  t h e  s i z e  o f  t h e  vacuum chamber f i t t i n g  i n t o  the  rf c a v i t y  

noses, t h e  growth ra tes  a re  almost unaf fec ted  by a change i n  chamber rad ius  up 

t o  2 0.5 cm and t h e  COR values remains i n t a c t .  

The o n l y  except ion t o  the  above statement i s  t h e  t ransverse  d i p o l e  modes 

due t o  r e s i s t i v e  w a l l  a t  low frequency. This  i s  because t h e  t ransverse  

impedance Z l ( o )  f o r  r e s i s t i v e  w a l l  peaks sharp ly  l i k e  u-’ as 04 and i t s  

s t reng th  increases as b-3 f o r  decreasing rad ius  b. 

we need a feedback system t o  damp these unstable modes i n  any case. The ga in  

As discussed i n  the  CDR, 

o f  t h e  feedback loop requ i red  may have t o  be increased by a f a c t o r  o f  (bo/b)’, 

o r  about th ree  f o r  the  worst  case b = 1.15 cm. However, t he  bandwidth o f  t h i s  

feedback system t o  damp the  r e s i s t i v e  w a l l  i s  q u i t e  narrow (comparable t o  

r e v o l u t i o n  frequency); t h e  increase o f  ga in  does n o t  impose a s i g n i f i c a n t  

problem. 

The rea1 frequency s h i f t s  o f  t h e  t ransverse modes a re  determined by the  

low frequency r e a c t i v e  p a r t s  o f  2 . I n  general ,  these s h i f t s  increase 
I 
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l i n e a r l y  w i t h  Im(ZL) .  

increase by -50% f o r  t h e  worst  case b = 1.15 cm. 

damping f o r  a l l  n o n r i g i d  t ransverse  modes can be insured by e i t h e r  inc reas ing  

the  momentum spread Ap/p by 20%, or by increas ing  t h e  be ta t ron  tune spread t o  

t w i c e  t he  CDR value 

requirements can be met should t h e  smal le r  chamber be adopted. 

From Table 7, we expect t h a t  t h e  frequency s h i f t s  

For t h i s  case, Landau 

These m i l d  mod i f i ca t i ons  t o  the  s t a b i l i t y  

The r e a l  frequency s h i f t s  o f  t h e  l o n g i t u d i n a l  modes are  determined by the  

low frequency r e a c t i v e  p a r t s  o f  Z /n. However, t h e  t o t a l  I /n i s  r a t h e r  

i n s e n s i t i v e  t o  t h e  change o f  vacuum chamber rad ius .  Therefore,  t he  CDR 

conclus ions f o r  t he  l o n g i t u d i n a l  i n s t a b i l i t i e s  remain valid--namely t h a t  a l l  

modes, except the  d i p o l e  mode (n = 1)  a t  1 TeW, a re  Landau damped w i t h  Ap/p 

= 1.75 x l o e 4 .  
system, o r  can be Landau damped as w e l l  by a l a r g e r  Ap/p = 2 x lo-* ,  as 

r e c e n t l y  suggested by Zo t te r .  

P a r a s i t i c  Heat ing 

ll II 

The unstable d i p o l e  mode a t  1 TeV e i t h e r  needs a feedback 

13 

The impact o f  vary ing  the  rad ius  o f  t h e  vacuum chamber on the  p a r a s i t i c  

heat ing  i n  t h e  cryogenic regions o f  t h e  s torage r i n g s  can be summarized by t h e  

formula12 

P = 320 + 524 b /b (wat ts ,  t o t a l  f o r  both r i n g s )  ( 9 )  
0 

The p a r a s i t i c  heat ing  var ies  f rom 0.72 kW a t  a chamber rad ius  o f  2.15 cm t o  

1.1 kW a t  1.15 cm. Thus the re  i s  no s i g n i f i c a n t  change i n  t h e  cryogenic load 

over  t h i s  range o f  chamber s i z e  f rom t h a t  g iven i n  t h e  CDR (0.9 kW). The 

p a r a s i t i c  heat ing  i n  the  rf c a v i t i e s  and i n  t h e  k i c k e r  magnets s tay  w i t h  t h e i r  

CDR values; they a re  no t  inc luded i n  Eq. (9 )  because those components a re  i n  

t h e  warm-bore regions o f  t h e  r i ngs .  



To summarize t h e  impact o f  vacuum chamber radius on i n s t a b i l i t y  and 

p a r a s i t i c  heat ing,  we found t h a t  these e f f e c t s  favor  l a r g e r  chambers. 

t h e  range considered, however, no e f f e c t s  a r e  s u f f i c i e n t l y  strong t o  per turb  

t h e  CDR design s p e c i f i c a t i o n s .  

Over 
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CHAPTtH I X  

- Conclusion_ 

Conclusions a re  drawn f rom the  t rade -o f f  curves, shown i n  Figs.  10.1 and 

10.2, and t h e  c o s t  contour  curves, shown i n  F igs.  13.1 and 13.2. They a r e  

r e a d i l y  obta ined by superimposing these f i gu res ,  as shown i n  F igs.  15.1 and 

15.2. The des ign w i t h  minimum cos t  a long t h e  t rade -o f f  curves i s ,  i n  

p r i n c i p l e ,  the op t ima l  design and t h e  one f o r  which we a r e  look ing .  

We f i r s t  d iscuss the  case w i t h  60-degree c e l l s .  F igure  15.1 i n d i c a t e s  

t h a t  t h e  CDR case i s  very c lose  t o  be ing t h e  optimum, i .e . ,  we have as one 

poss ib le  SSC design: 

Case 1 ( t h e  CDR case): 60-degree c e l l s ,  5 

diameter, c o s t  = 100% by d e f i n i t i o n .  

another p o s s i b i l i t y ,  

15, 4 d ipo les  pe r  ha 

However, F ig .  15.1 shows 

Case 2: 60-degree ce 

c o s t  = 99.34%. 

d ipo les  per  h a l f  c e l l ,  4 cm c o i l  

i .e., 

f c e l l ,  3.47 cm c o i l  diameter, 

S t r i c t l y  f rom these analyses, Case 2 i s  found t o  be cheaper than t h e  CDR case 

by about 813.2M. It i s  be l ieved t h a t  t h e  cos t  contours a r e  accurate t o  t h i s  

l e v e l  o r  b e t t e r .  Note t h a t  Case 2 invo lved a d d i t i o n a l  cos t  ( n o t  inc luded i n  

t h e  cos t  model) f o r  t he  development o f  a d i f f e r e n t  d i p o l e  magnet des ign w i t h  a 

3.47 cm c o i l  diameter. 

S i m i l a r l y  f rom F ig .  15.2, we f i n d  two more p o s s i b i l i t i e s :  

Case 3: 90-degree c e l l s ,  5 d ipo les  per  h a l f  c e l l ,  3.47 cm c o i l  diameter, 

cos t  = 97.39%. 

Case 4: 90-degree c e l l s ,  6 d ipo les  per  h a l f  c e l l ,  3.87 cm c o i l  diameter, 

cos t  = 97.83%. 
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Figure 15.1 

90 Degree Phase Advance 
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Figure 15.2 

F i g .  15.1 and 1 5 . 2  Trade-off  curve o v e r l a i d  on total cost  curves f o r  600 and 
g o o  c e l l s .  Cases 1-5 a r e  ind ica ted  on t h e  p l o t s .  
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Cases 3 and 4 o f f e r  t h e  p o s s i b i l i t y  o f  subs tan t i a l  savings o f  $52.2M and 

$43.5M, respec t i ve l y ,  w i th  respect  t o  the  CDR case. 

between them i s  about t h a t  o f  t h e  accuracy o f  t h e  cos t  model, and e i t h e r  one 

w i l l  be a s t rong  candidate f o r  our  recommended con f igu ra t i on .  However, t a k i n g  

i n t o  account t h e  e f f o r t  and expense requ i red  t o  develop new d i p o l e  designs, 

t h e  case t h a t  t h e  s tudy group recommends i s  

The cos t  d i f f e r e n c e  

Case 5 ( t h e  recommended case): 90-degree c e l l s ,  6 d ipo les  per  h a l f  c e l l ,  

4 cm c o i l  diameter, cos t  = 98.96%. 

Note t h a t  Case 5 i s  above t h e  t rade -o f f  curve f o r  90-degree c e l l s .  

w i t h  the  CDR case, Case 5 has the  f o l l o w i n g  advantages: 

(1) It has a p o t e n t i a l  cos t  savings o f  820.9M. 

( 2 )  It has t h e  same magnet c o i l  d iameter and the re fo re  no a d d i t i o n a l  

development t o  be performed on d i p o l e  magnet design. 

Compared 

(3)  The expected l i n e a r  aper tu re  exceeds t h e  needed l i n e a r  aper tu re  by 4% 

( w i t h  t h e  no rma l i za t i on  t h a t  t h e  CDR case has e x a c t l y  t h e  same expected 

and needed l i n e a r  aper tures) .  Th is  means 4% more sa fe ty  margin than the  

CDR case. F igure  16 g ives  the  ca l cu la ted  l i n e a r  aper tu re  o f  Case 5 as a 

f u n c t i o n  o f  AE/E. Also  shown a re  da ta  o f  l i n e a r  and dynamic aper tures 

obta ined by t r a c k  ng. 

(4 )  The systemat ic mu t i p o l e  to le rances  a re  more relaxed, as shown i n  

F ig .  14. I f ,  as a r e s u l t ,  fewer c o r r e c t i o n  c i r c u i t s  a r e  requi red,  t h i s  

w i l l  add t o  t h e  p o t e n t i a l  c o s t  saving r e l a t i v e  t o  t h e  CDR case. 

( 5 )  It a l lows t h e  p o s s i b i l i t y  o f  shor ten ing the  d is tance between adjacent  

i n t e r a c t i o n  reg ions i n  t h e  IR c l u s t e r s .  
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Calculated Aperture for Case #5 
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AE/E 

F i g .  16 
shown a r e  da ta  o f  l i n e a r  and dynamic apertures obtained by t rack ing .  

Calculated l i n e a r  aper ture  f o r  Case 5 as a funct ion o f  AE/E. A l s o  
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APPENDIX A. DETAILS OF THE COST MODEL 

The cos t  model descr ibed i n  Chapter VI1 assumes the  f o l l o w i n g  c o s t  s c a l i n g  

f o r  t h e  SSC major  subsystems ( a l l  cos t  numbers i n  parentheses a r e  f o r  t h e  CDR 

case) : 

1 )  The I n j e c t o r  c o s t  ($189M) i s  constant.  

2) The d i p o l e  magnet costs  (8746H) a r e  constant  w i th  respect  t o  t h e  

parameters and vary w i t h  c o i l  d iameter as shown i n  F ig .  11. 

3) The u n i t  c o s t  o f  t h e  arc  quadrupoles ($29K) va r ies  l i n e a r l y  w i t h  

quadrupole l e n g t h  and scales w 

m u l t i p l i e d  by t h e  number o f  ha 

cos ts .  

l a t t i c e  

the  

t h  c o i l  diameter. Th is  u n i t  c o s t  i s  then 

f c e l l s  t o  ge t  t he  t o t a l  quadrupo e 

4)  The u n i t  cos ts  o f  t h e  spool p iece  assemblies ($43.410 a r e  dominated by a 

f i x e d  c o s t  o f  $35.91( which conta ins t h e  cryogenic plumbing, power leads, 

c o r r e c t i o n  element leads, cryogenic and vacuum ins t rumenta t ion  and 

con t ro l s ,  and end assemblies. 

p iece  costs  ($7.510 vary l i n e a r l y  w i t h  length  and sca le  w i t h  c o i l  

d iameter.  The pr imary and secondary spool p ieces a re  t r e a t e d  i n  an 

i d e n t i c a l  fash ion.  The t o t a l  cos t  o f  t h e  spool p iece  assemblies i s  g iven 

The c o r r e c t i o n  element p a r t  o f  t h e  spool 

by t h e  u n i t  c o s t  m u l t i p l i e d  by the  t o t a l  number o f  spool pieces. The 

number o f  secondary spool p ieces i s  constant,  t h e  number o f  p r imary  spools 

i s  de f ined by t h e  number o f  h a l f  c e l l s .  

5) The magnet t o o l i n g  costs  (856M) independent o f  t h e  l a t t i c e  parameters and 

assumed t o  vary  by 2.5% f o r  each 5 mm change i n  c o i l  d iameter.  

6 )  The I n t e r a c t i o n  Region magnet cos ts  ($39M) are  independent o f  t h e  c e l l  

parameters and sca le  w i th  magnet c o i l  d iameter.  

49 



7)  The magnet i n s t a l l a t i o n  cos ts  (842.5M) vary l i n e a r l y  w i t h  t h e  t o t a l  number 

o f  machine elements, where a machine element i s  de f ined as a d ipo le ,  a 

quadrupole, o r  a spool p iece.  

The cryogenic system cos ts  have been estimated" assuming 

o f  amperes o f  superconducting magnet c u r r e n t  of a l l  types remains 

constant.  The var ious components o f  t h e  t o t a l  i nc lude  a f i x e d  c o s t  o f  

$50M ( r e f r i g e r a t o r  s t a t i o n s  exc lud ing  compressors, t r a n s f e r  l i n e  modules, 

I R  regions, magnet t e s t i n g  s t a t i o n ) ,  a f r a c t i o n  (353.7M) which va r ies  

s low ly  w i t h  t h e  number o f  h a l f  c e l l s  (compressor s i z e  and l i q u i d  n i t r o g e n  

p l a n t s ) ,  a p o r t i o n  ($7.5M) which va r ies  almost l i n e a r l y  w i t h  machine 

c i rcumference (gas d i s t r i b u t i o n  system), and a p o r t i o n  ($9.8#) which 

va r ies  l i n e a r l y  w i t h  t h e  number o f  h a l f  c e l l s  ( i ns t rumen ta t i on  and 

c o n t r o l s )  . 
The vacuum costs  a re  g iven by a f i x e d  cos t  o f  $5.5M ( I R  reg ions and warm 

beam tube areas such as i n j e c t i o n  l i n e s ) ,  a component which var ies  

l i n e a r l y  w i t h  t h e  c i rcumference ( c o l d  beam tube, $3.1M), and a p o r t i o n  

which i s  p ropor t i ona l  t o  t h e  number o f  h a l f  c e l l s  ( i n s u l a t i n g  vacuum and 

suppor t  serv ices $8.7M). 

10) The main power supp l ies  and quench p r o t e c t i o n  systems comprise a f i x e d  

c o s t  (main suppl ies and software,  $8.7#) and components t h a t  vary l i n e a r l y  

w i t h  t h e  number o f  h a l f  c e l l s  (de tec t ion ,  bypass, and energy e x t r a c t i o n  

systems, $17.8M). 

8) t h a t  t he  number 

9)  

11) The c o r r e c t i o n  element power supp l ies  c o n s i s t  o f  a f i x e d  cos t  ( t h e  se r ies  

c i r c u i t s  and t h e  secondary elements, $3.7M) and t h e  c o r r e c t i o n  d i p o l e  

supp l ies  (83.1M) which vary w i t h  t h e  number o f  h a l f  c e l l s .  

12 )  The beam ins t rumenta t ion  ( p o s i t i o n  de tec tors  and loss  monitors,  812.2M) 

vary  w i t h  t h e  number o f  h a l f  c e l l s ;  t h e  p r o f i l e  measuring devices s tay  

f i x e d  (80.6M). 
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13) The major cos ts  o f  t h e  c o n t r o l  system (hos t  and sec to r  computers, 

consoles, and software,  $13.5#) s tay  f i xed ;  t h e  tunne l  i n t e r f a c e  c ra tes  

($3.7M) a r e  p r o p o r t i o n a l  t o  t h e  number o f  h a l f  c e l l s ;  t h e  r i n g  i n fo rma t ion  

network ($1.6#) va r ies  w i t h  t h e  machine circumference. 

14) The personnel s a f e t y  system i n  t h e  tunne l  va r ies  w i th  t h e  machine 

circumference ($Z.lM), t h e  access, con t ro l ,  and above-ground mon i to r i ng  

s tays f i x e d  (82 .M) .  

15) The i n j e c t i o n  ($5.2#), abo r t  ($9.7M), rf ($7.3M), and beam feedback 

(84.3M) systems s tay  t h e  same. 

16) The f i x e d  c o s t  overhead i n  t h e  Conventional F a c i l i t i e s  i s  g iven  by t h e  

s i t e  and i n f r a s t r u c t u r e  ($85.3M), t h e  Campus area ($42.9#), t h e  I n j e c t o r  

($39.7M), and t h e  East and West c l u s t e r  reg ions ($72.1M), t h e  sur face  

b u i l d i n g s  ($1.7M), t h e  cryogenic f a c i l i t i e s  ($13.75#), and t h e  

exper imental  areas ($61.4M). The change i n  cos ts  associated w i t h  vary ing  

t h e  machine circumference were then ca l cu la ted  by averaging t h e  n o r t h  and 

south arc  cos ts  (8260M) t o  ob ta in  an average cos t  per  u n i t  l eng th  o f  

tunnel ,  u t i l i t i e s ,  and alcoves. This  average cos t  was then m u l t i p l i e d  by 

t h e  new a rc  l e n g t h  t o  o b t a i n  the f i n a l  r e s u l t .  
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APPENDIX B. EXAMPLE OF A 90" CELL SSC LATlICE 

I n  t h i s  appendix, an SSC l a t t i c e ,  based on 90 c e l l s ,  w i l l  be descr ibed. 

As mentioned i n  t h e  t e x t ,  t h e  90" c e l l s  o f f e r  t h e  p o s s i b i l i t y  o f  improvements 

o f  t h e  I R  module design over t h a t  o f  t h e  COR. 

The l a t t i c e  has two c l u s t e r s  o f  s t r a i g h t  sec t ions  connected by two n e a r l y  

semic i r cu la r  arcs.  

vening bending sect ions,  w h l l e  each a rc  conta ins 143 r e g u l a r  c e l l s .  

CDR, each c l u s t e r  con ta ins  f o u r  modules o f  i d e n t i c a l  l e n g t h  and h o r i z o n t a l  

bending, and t h e  types o f  modules a r e  t h e  same, i.e., two u t i l i t y  and two 

Each c l u s t e r  con ta ins  f o u r  s t r a i g h t  sec t ions  w i t h  i n t e r -  

As i n  t h e  

low-8 modules i n  t h e  west c l u s t e r ,  and two u t i l i t y - t y p e  f u t u r e  I R  and two 

low-8 modules i n  t h e  eas t  c l u s t e r .  

The main parameters o f  t h e  l a t t i c e  a r e  g iven i n  Table B 

descr ibe  t h e  components t h a t  e n t e r  i n t o  t h i s  l a t t i c e  des ign 

. Below we 

- Arc C e l l s  

Each 114 meter h a l f - c e l l  conta ins s i x  16.54 m, 6.61 t e s l a  d i p o l e s  ( a t  20 

TeV) w i t h  0.8 m separat ions,  one 3.96 m, 211.4 T/m quadrupole, and one 6.0 m 

c o r r e c t i o n  spool (magnetic e f f e c t i v e  lengths) .  

C lus te r  Modules 

The modules have a gener ic  s t ruc tu re ,  i l l u s t r a t e d  i n  F igs.  B1 and B2, 

which show t h e  module t h a t  con ta ins  a low-8 I R .  Every module cons is t s  of f i v e  

blocks:  a normal h a l f - c e l l ,  a d i spe rs ion  suppressor, a ( h o r i z o n t a l l y )  s t r a i g h t  

sect ion,  another  d i spe rs ion  suppressor, and a normal f u l l  c e l l .  Corresponding 

suppressors i n  each module a r e  i d e n t i c a l ,  342 m long, compared t o  576 m i n  t h e  

CDR and every s t r a i g h t  sec t i on  i s  1254 m long, compared. t o  1152 m, so t h a t  t h e  

t o t a l  module l e n g t h  i s  2280 meters, compared t o  2400 meters. 
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Table B1 

Parameters o f  900 C e l l  SSC L a t t i c e  

C i  rcumf erence 83.448 

St ruc ture :  2 arcs,  2 c l u s t e r s  
East c l u s t e r  modules: 2 u t i l i t y ,  2 medium-p 
West c l u s t e r  modules: 2 u t i l i t y ,  2 1ow-B 

C e l l  phase advance 900 

Shor t  I R ,  l ong  I R ,  u t i l i t y  module tunes 3.75 
94.41 

Y 
Beta t ron  tunes vX, v 

i n  arc  388 
i n  a rc  3.03 

%ax, ’min 
“max’ “min 
c o l l i s i o n ,  i n j e c t i o n  B* i n  s h o r t  IR 0.5 
c o l l i s i o n ,  i n j e c t i o n  p i n  s h o r t  I R  8.27 max 

Lengths about 1 P  i n  s h o r t  I R  
I P - I P  d is tance,  bending angle 
Crossing angle range 

+_20 

2280 
75 . 

Cel ls /a rc ,  modules/c luster  143 
C e l l ,  c l u s t e r  module lengths 228 
Number d ipo les  per  h a l f - c e l l  6 
C e l l ,  d i spe rs ion  suppressor d ipo les  pe r  r i n g  3576 

Magnet f i e l d ,  g rad ien t  6.61 
Average, magnetic rad ius  13.281 
Ce l l ,  d i spe rs ion  suppressor d i p o l e  lengths  16.54 
C e l l  quadrupole l eng th  3.96 
V e r t i c a l  beam 1 i ne separat ion 0.70 

94.40 
3.25 

67 
1.45 
33.4 

0.67 

82 
150 

4 

2280 

256 

211.4 

10.085 
16.4854 

km 

2.25 

m 
m 
m 
km 

m 
m, mrad 
prad 

m 

T, T/m 
km 
m 
m 
m 
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The advantage o f  900 c e l l s ,  so f a r  as t h e  i n s e r t i o n s  a r e  concerned, i s  

As a t h a t  they  a l l o w  use o f  sho r te r  d i spe rs ion  suppressors than 60° c e l l s .  

r e s u l t ,  t h e  s t r a i g h t  sec t ions  can be lengthened w i thou t  i nc reas ing  the  I P - I P  

separat ion.  The lengthened s t r a i g h t  sec t ions  lead t o  much smal le r  secondary 

be ta  f u n c t i o n  maxima i n  t h e  M = -1 channels. I n  add i t i on ,  t h e  space a v a i l a b l e  

f o r  de tec tors  i n  t h e  medium-p and " f u t u r e "  IRs can be increased above t h e  

+_lo2 m o f  t h e  CDR. 

D ispers ion Suppressors 

Each suppressor, see F , J s .  B1 and B2, cons is t s  o two 14 length,  0" 

These d i p o l e s  a r e  c e l l s  w i t h  f o u r  r a t h e r  than s i x  d ipo les  per  h a l f - c e l l .  

s l i g h t l y  s h o r t e r  than r e g u l a r  ones. 

such t h a t  t h e i r  d i spe rs ion  i s  j u s t  h a l f  t h a t  o f  t h e  a r c  c e l l s .  

The l e n g t h  and bending o f  these c e l l s  i s  

As a r e s u l t  

t h e  d i spe rs ion  i n  them makes h a l f  a be ta t ron  o s c i l l a t i o n  about t h e i r  proper  

value rl /2, f rom 11 t o  zero. 
C C 

With t h i n  lens  approximations, rl = Le, where L and e a re  t h e  h a l f - c e l l  

l eng th  and bend angle, so i n  the  suppressor c e l l s  we want Le = (L8)/2. 

t h e  choices L = (3/4)Lc, e = (2/3)eC, t h e  suppressor c e l l s  a r e  l e s s  densely 

packed w i th  d ipo les  than t h e  arc  c e l l s ,  so the re  a r e  enlarged d r i f t  spaces 

With 

nex t  t o  t h e  quadrupoles f o r  scrapers, beam monitors,  e tc .  

S t  r a  i g h t  Sect i ons 

The th ree  types o f  modules a r e  d i s t i ngu ished  by t h e i r  s t r a i g h t  sect ions.  

I n  t h i s  note we w i l l  con f i ne  ourselves t o  t h e  low-f3 IRs. 

The design o f  these s t r a i g h t  sec t ions  i s  s i m i l a r  t o  t h a t  i n  t h e  CDR, b u t  

t he re  a r e  f o u r  changes: i n  t h e  t o t a l  length,  t h e  M = -1 channels, t h e  v e r t i c a l  

bends, and t h e  matching sec t ions  a t  t h e  ends. 

The s t r a i g h t  sec t ions  a re  longer  than those o f  t h e  CDR. Hence t h e  @s 

r i s e  more s low ly  from t h e  ou te r  t r i p l e t ,  96, Q5, 94, t o  t h e  i n n e r  one, Q3, Q2, 
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Ql, see F ig .  61. Consequently they e n t e r  t h e  M = -1 channel w i t h  lower values 

and r i s e  t o  a lower  maximum value. 

As before,  t h e  M = -1 channel i s  made o f  two s h o r t  90" c e l l s ,  b u t  t h e i r  

s t r u c t u r e  i s  FOFOOO r a t h e r  than FODO. Th is  change a l s o  con t r i bu tes  t o  the  

smal ler  be ta  peaks, and leaves an open space a t  t he  center  o f  t he  channel f o r  

a spec ia l  quadrupole 97, which i s  used i n  t h e  i n j e c t i o n  o p t i c s  o n l y  (see 

Fig.  B3). Being shor t ,  i t  has l i t t l e  e f f e c t  on t h e  v e r t i c a l  d ispers ion .  The 

v e r t i c a l  bends o f  t h e  second s tep  away f rom t h e  I P  invade t h e  o u t e r  d r i f t  

space o f  t h e  channel, which again he lps by b r i n g i n g  the channel c l o s e r  t o  94. 

The added s t r a i g h t  sec t i on  l eng th  i s  en t  

and t h e  channel, so t h e  d ipo les  o f  t h e  f i r s t  

f rom 8 t o  5 meters each. I n  t h e  second step 

r e l y  i n  t h e  i n t e r v a l  between Q3 

v e r t i c a l  s tep  can be shortened 

s ince  t h e  beta func t i ons  a re  now 

r e l a t i v e l y  low, we use h igh  f i e l d  d ipo les  r a t h e r  than the  weaker ones o f  t he  

CDR. This  a l s o  reduces the  d is tance between t h e  channel and 94. 

F i n a l l y ,  another quadrupole has been added t o  t h e  ou te r  matching sec t ion ,  

which g ives  a d d i t i o n a l  f l e x i b i l i t y  i n  going from i n j e c t i o n  t o  c o l l i s i o n  o p t i c s .  
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