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PREFACE 

The summer o f  1976 saw a number of v i s i t i n g  p h y s i c i s t s  a t  Brook- 

haven. Many came t o  p a r t i c i p a t e  i n  t h e  seven ISABELLE-sponsored . '  

workshops t h a t  were h e l d  from May through August. Each workshop 

d e a l t  wi th  a s p e c i f i c  s u b j e c t  concerning the  des ign  o f  s t o r a g e  r i n g s .  

:hnical  m a t t e r s  rang ing  from t h e  confinement of  h igh  i n t e n s i t y  
" 

uns of  p ro tons  and a n t i p r o t o n s  t o  the  des ign  o f  experimental  appara- ' 

t u s  were addressed.  This  booklet  inc ludes  t h e  summary papers  f o r  t h e  

workshops a s  w e l l  a s  a number of  c o n t r i b u t e d  p a p e r s .  

We a r e  indebted  t o  John H e r r e r a  and Alan Thorndike f o r  e d i t i n g  

a l l  t h e  m a t e r i a l  whi le  main ta in ing  t h e i r  good humor. The typing of 

t h e  Proceedings has  been done by Paula  Hughes and Judy Fer re ro  i n  

t h e i r  usua l  competent manner. 

I p a r t i c u l a r l y  want t o  thank .the o r g a n i z e r s  o f  t h e  Workshops. 

With t h e i r  h e l p  and enthusiasm we a l l  enjoyed a s t i m u l a t i n g  s e t  of  

meet ings.  The i n d i v i d u a l s  a r e :  

A. Thorndike Workshop on Experimental H a l l s  

D o  Brown Workshop on Cryogenics 

M. S a k i t t  Workshop on Lepton Detec tors  

H. White Workshop on Hadron Spectrometers  

R. Chasman Workshop on Longi tud ina l  I n s t a b i l i t i e s  

J. Sandweiss and M. Month Workshop on Experimental  I n s e r t i o n s  

E. Courant Workshop on Phase-Space Cooling 

James R. Sanford 

December,'-1976 
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Alan Thorndike 

Brookhaven Nat iona l  Laboratory 

I. INTRODUCTION 

On May 26 and 27 approximately 50 people met f o r  an informal  

workshop on p l a n s  f o r  experimental  h a l l s  f o r  ISABELLE. A schedule 

t h e  workshop, which was followed w i t h  minor m o d i f i c a t i o n s ,  is 

Luded a s  Appendix I. The morning of  t h e  26 th  was s p e n t  i n  pre-  

s e n t i n g  p l a n s  a s  they e x i s t  i n  t h e  May 1976 v e r s i o n  of t h e  ISABELLE 

proposa l .  The remainder of t h e  26 th  and t h e  f i r s t  p a r t  o f  the  27th 

were s p e n t  i n  d i s c u s s i o n s  of  f o u r  g e n e r a l  t o p i c s  by s e p a r a t e  working 

groups : 

1. Pros  and cons of  open a r e a s  a s  compared wi th  enc losed  h a l l s .  - 
2. Experimental h a l l  needs of  e p ,  pp, and o t h e r  op t ions .  

3. H a l l  f o r  t h e  l e p t o n  d e t e c t o r .  

4. H a l l  f o r  t h e  hadron spec t rometer .  

Many p a r t i c i p a n t s  s p e n t  some time w i t h  more than one group,  s o  t h e  

workshop developed i n  a f l u i d  and informal  way. 

The l a t t e r  p a r t  o f  t h e  a f te rnoon  o f  t h e  27th was devoted t o  an 

o v e r a l l  summary. P i e r  Oddone expla ined  t h e  p lanning  f o r  exper imenta l  

h a l l s  a t  PEP, Mike K r e i s l e r  summarized t h e  d i s c u s s i o n s  on t h e  h a l l  

f o r  t h e  l e p t o n  d e t e c t o r ,  S a t o s h i  Ozaki those  on t h e  hadron spec t rometer ,  

Dave Ayres those on open a r e a s ,  and Lee Pondrom t h o s e  on o p t i o n s .  

The genera l  o r g a n i z a t i o n  of  t h e  workshop was t h e  r e s p o n s i b i l i t y  

o f  Alan Thorndike, and t h e  fol lowing n o t e s  have been prepared by him, 

based l a r g e l y  on t h e  f i n a l  a f te rnoon  s e s s i o n ,  w i t h  thanks t o  those  who 

e s e n t e d  summaries a t  i t .  

.. A g o r i t s a s ,  J. A l s p e c t o r ,  D. Ayres, H. Brown, A. C a r r o l l ,  R. Chasman, 
C.Y. Chien, Y .  Cho, S.U. Chung, E.D. Courant,  R. Drucker, A. E t k i n ,  
A. Fainberg,  T. F e r b e l ,  H. Foe lsche ,  K. Fo ley ,  W. F r i s k e n ,  H. Gordon, 
H. Hahn, J. Humphrey, S. Jacobs ,  M. K r e i s l e r ,  T. Kycia, R. Lanou, 
Y.Y. Lee, S. Lindenbaum, D. Lowenstein, H. McChesney, K. McDonald, 
P. Mohn, M. Month, S. Ozaki, L. Pondrom, A. P r o d e l l ,  N. Samios, 
J. Sandweiss, J. Sanford,  J. S k e l l y ,  J .  Spi ro ,  A. S tevens ,  L. Su lak ,  
w. walker ,  C. Waag, ti. w i l l e n ,  K. W ~ L S O ~ ,  M. w i e h e r e l l ,  Y .  ~ a m f 6 .  



11. PROS AND CONS OF OPEN ARIAS 

The main reason f o r  i n t e r e s t  i n  having open a r e a s  w i t h  movable 

c o n c r e t e  b lock  s h i e l d i n g  a t  some i n s e r t i o n s  i s  t h e  f l e x i b i l i t y  t o  make 

s u b s t a n t i a l  changes i n  arrangements t h e r e  a f t e r  ISABELLE has been i n  

o p e r a t i o n  f o r  some time. This could be used t o  t a k e  c a r e  of  needs 

t h a t  one could no t  a n t i c i p a t e  before  t h e  machine had been i n  use .  I n  

a d d i t i o n ,  such a r e a s  would be l i k e l y  t o  be a v a i l a b l e  i n i t i a l l y  f o r  

smal l  experiments  (of t h e  "nook and cranny'' v a r i e t y ) ,  which would be 

va luab le .  Open a r e a s  probably could be completed i n  a s h o r t e r  time 

than  an enc losed  b u i l d i n g ,  and t h i s  cou ld  be v a l u a b l e  i n  p e r m i t t i n g  

u s e  a t  a n  e a r l y  t ime f o r  access  t o  t h e  tunne l  and o t h e r  purposes in-  

volved i n  assembling and i n s t a l l i n g  magnets and o t h e r  components o f  

ISABELLE. 

The c o s t  of  open a r e a s  would be lower than  t h a t  of  enclosed 

b u i l d i n g s  by perhaps 50 p e r c e n t  do long  a s  t h e  c o n c r e t e  b lock  s h i e l d -  

i n g  could be ob ta ined  from. t h e  AGS inventory  a t  no charge.  I f  a l l  

s h i e l d i n g  had t o  be  purchased new, t h e  open a r e a  approach would be 

cons iderab ly  more expensive than f o r  enc losed  b u i l d i n g s .  A minimal 

s h i e l d  around t h e  beam p i p e  would r e q u i r e  about  5000 tons  of  s h i e l d -  

i n g ,  whi le  a n  e n c l o s u r e  b i g  enough t o  accommodate a modest experiment 

would need 1 0  000 tons  o r  more. The p r e s e n t  AGS inventory  is  84 000 

tons .  It seemed reasonable  t o  assume t h a t  when ISABELLE i s  running 

t h e r e  would be  some r e d u c t i o n  i n  scope of t h e  ACS r e s e a r c h  program 

and t h a t  some f r a c t i o n  o f  t h e  s h i e l d i n g  could  be used a t  ISABELLE. 

Such a c o n d i t i o n  would make open a r e a s  a t t r a c t i v e ,  from a c o s t  s tand-  

p o i n t .  At t h e  p r e s e n t  t ime ,  however, a l l  AGS.shielding i s  i n  use  and 

no s u r p l u s  is envis ioned .  One would be r e l u c t a n t  t o  reduce t h e  AGS 

r e s e a r c h  program j u s t  t o  p rov ide  s h i e l d i n g  f o r  ISABELLE a r e a s ,  even 

though ISABELLE r e s e a r c h  w i l l  have a v e r y  h i g h  p r i o r i t y  when t h e  

machine begins o p e r a t i o n .  C l e a r l y  p l a n s  f o r  ISABELLE must ffr inro 

a n  o v e r a l l  p l a n  f o r  high-energy phys ics  a t  Brookhaven (and e l sewhere) .  

One p o s s i b i l i t y  is  g iven  i n  t h e  r e p o r t  of  t h e  s c e n a r i o  group of  the 

I n s e r t i o n  ~ o r k s h o p s . '  A t  t h e  workshop i t  was assumed t h a t  up C 6  

30 000 tons  o f  s h i e l d i n g  might be a v a i l a b l e .  

1. A.M. Thorndike, t h e s e  Proc.  

- 2 -  



To be u s e f u l  f o r  doing experiments  t h e  space i n  an open a r e a  

must be p r o t e c t e d  a g a i n s t  r a i n  and snow and t h e r e  must be some way t o  

g e t  equipment i n  and o u t  and t o  move i t  around. I n  t h e s e  r e s p e c t s  

i t  w i l l  be l e s s  e f f i c i e n t  than  t h e  enclosed b u i l d i n g s  w i t h  permanent 

c rane  coverage t h a t  a r e  included i n  t h e  p r e s e n t  des ign .  

Taking t h e s e  pros  and cons i n t o  account ,  t h e  working group was 

i n  g e n e r a l  agreement t h a t  very  s e r i o u s  c o n s i d e r a t i o n  should be g iven  

prov id ing  two open a r e a s  i n s t e a d  of  t h e  L i t t l e  Hadron and L i t t l e  

ton  h a l l s .  Severa l  o t h e r  sugges t ions  were made: 

1. Provide road access  t o  bo th  s i d e s  o f  a r e a s  i f  p o s s i b l e .  

2 .  Make dimensions about  40 m by 6 0  m, w i t h  beam h e i g h t  a t  

l e a s t  3 m, and 4 m i f  p r a c t i c a l .  

3 .  E a s t  and Southeas t  i n s e r t i o n s  seem t o  be the  b e s t  l o c a t i o n s  

f o r  open a r e a s .  

4 .  Provide a  wider  tunne l  f o r  20 - 30 m a d j a c e n t  t o  t h e  open 

a r e a s  i f  t h e  c o s t  is n o t  excess ive .  

5. Sh ie ld ing  block e n c l o s u r e s  should be designed f o r  s e v e r a l  

experiments  from t h e  1975 summer s tudy  w i t h  r e a l  s h i e l d i n g  block 

d i ~ ~ a s L l s l l s  t o  check f e a s i b i l i t y .  

6 .  Probably some b locks  f o r  t h e  roof  about  1 5  m long  should be 

made. 

Two arrangements were d i s c u s s e d .  I n  t h e  f i r s t  t h e  c o n c r e t e  

b lock  e n c l o s u r e  would be l a r g e  enough t o  house a smal l  c rane ,  perhaps 

r o l l i n g  on wheels l i k e  t h e  T r a v e l l i f t ,  t o  handle p i e c e s  of  exper i -  

mental  equipment. In t h e  second t h e  c o n c r e t e  b lock  e n c l o s u r e  would 

be o f  minimum s i z e ,  and an e x t e r n a l  c r a n e  would remove t h e  s h i e l d i n g  

when access  was r e q u i r e d .  This  would probably be i n  a  s imple  bu i ld -  

ing ,  l i k e  EEBA, but  much s m a l l e r  i n  s i z e .  There was no agreement as 

I which arrangement was p r e f e r a b l e .  



A .  . pp Option: 

The experimental equipment f o r  pp i n t e r ac t ions  would be the same 

a s  t h a t  f o r  pp, o r  much l i k e  i t ,  i n  many cases .  The pp opt ion  has 

bending magnets t o  reduce the  cross ing  angle t o  3 mrad which reduce 

the  f r e e  space a t  the i n t e r s e c t i o n s  t o  about f 1 3  m ins tead  of f 20 m. 

The lep ton  de t ec to r  would f i t  between, but  some arrangements would 

have t o  be modified, o r  the  l a r g e r  c ross ing  angle and lower luminosit! 

accepted.  In  the case of the  hadron spectrometer  described i n  the 

1975 Sumer  Study those magnets i n t e r f e r e  wi th  the "E-magnet" loca- 

t i on .  I n  genera l ,  however, experimental h a l l s  s u i t a b l e  f o r  pp a r e  

a l s o  s u i t a b l e  f o r  pp. 

In  experiments involving ep in t e r ac t ions  the aim w i l l  genera l ly  

be t o  extend the range i n  q2 and s t o  higher values than have pre- 

v ious ly  been poss ib le .  This means an a b i l i t y  t o  observe e l ec t rons  a t  

l a r g e  angles ,  and over a l a rge  range of angles and momenta. Secondary 

nucleons w i l l  tend to  be a t  angles c lo se  t o  the  inc ident  proton beam. 

This would seem t o  imply a h a l l  with wide c e n t r a l  p a r t  and beam arms, 

resembling t h a t  f o r  the  hadron spectrometer .  I n  the  2-day workshop, 

however, d e t a i l e d  designs wi th  dimensions were not  prepared. 

To make i t  easy t o  switch e l ec t ron  r i n g  opera t ion  on and o f f , i t  

i s  envisaged t h a t  the  e l ec t rons  would cross  the  protons a t  some in t e r -  

s ec t ions  but  not a t  a l l  of them. The e l ec t rons  might pass s t r a i g h t  

through the  i n s e r t i o n  above o r  below the  proton cross ing  (about 

90 cm away), but t h i s  would i n t e r f e r e  with most experiments t h a t  might 

be i n s t a l l e d  and would usual ly  not  be poss ib le .  The e l e c t r o n  ring can 

have a "bulge" which allows i t  t o  pass f a r  enough outs ide  t he  pp cros- 

s i n g  to go around the experimental equipment i n s t a l l e d  the re .  'l'his 

ho r i zon ta l  d is tance  could be a s  much a s  6 meters.  The present  experi-  

mental h a l l  designs do not  provide space f o r  t h i s  bulge, which would 

begin t o  depar t  from the  proton beam l i n e s  about 75 m away from the  



cross ing  poin t .  They should be designed s o  t h a t  a bulge can be 

added when and where i t  i s  necessary t o  do so. Deciding which i n t e r -  

s ec t i ons  should have "bulges" i s  a complex t op i c  which was discussed 

at  some l eng th ,  bu t  without  a f i rm conclusion. 

Perhaps i t  w i l l  be pos s ib l e  t o  use one proton r i n g  f o r  e l e c t r o n s ,  

somehow, i n  t he  end. That would be t he  s imples t  s o l u t i o n  with r e spec t  

t o  experimental h a l l s .  Various ideas  f o r  doing s o  were discussed,  bu t  

was not  c l e a r  whether they would r e a l l y  work, o r  would produce an 

kquate e l e c t r o n  energy. It seemed good t o  pursue any such p o s s i b i l i -  

t i e s ,  though t h a t  s u b j e c t  i s  c l e a r l y  ou t s ide  the  scope of  the  work- 

shop. . 

IV .  LEPTON DETECTOR IIALL 

A. Conclusions on Building: 

The enclosed bui ld ing  wi th  poured concrete wal l s  i s  s a t i s f a c t o r y ,  

and a cons t ruc t i on  schedule with main magnet p ieces  i n s t a l l e d  before 

completion of  wa l l s  and roof would probably work b e s t s 2  A 40-ton crane 

would be adequate,  permi t t ing  ca lor imeter  modules of 30 - 40 tons ,  with 

hook a t  l e a s t  20 f t  above the  beam l i n e .  The dimensions of  the  build-  

ing should be increased  t o  a length  of 150 f t  and width of 80 f t  t o  

provide adequate working space and room f o r  de t ec to r s  along the  beam 

l i n e .  Heat and humidity con t ro l  s i m i l a r  t o  EEBA would be adequate. 

Ven t i l a t i on  and o the r  provis ion  f o r  combustible gases a r e  required.  

B. Fur ther  Comments on Design: 

Various e l e c t r o n  d e t e c t o r  and hadron ca lor imeter  modules have t o  

be i n se r t ed  i.nto t h e  main magnet and removed from i t ,  probably s l i d i n g  

on r a i l s .  Scaf fo ld ing  andwalkways w i l l  he needed f o r  people t o  work 

rom,and space i s  needed f o r  fu tu r e  "end caps" t o  d e t e c t  p a r t i c l e s  

n i t t e d  near  the  beam d i r e c t i o n s .  The dimensions above provide room 

f o r  these  components i n  add i t i on  t o  the  ba s i c  magnet s t r u c t u r e .  

2. These conclusions were modified t o  some degree i n  the  Lepton 
Detector  Workshop he ld  subsequently. See M. S a k i t t ,  these  Proc. 



Cons idera t ion  should be g iven  t o  p l a c i n g  a  count ing  room r i g h t  

at  the s i d e  o f  t h e  magnet wi th  s u f f i c i e n t  s h i e l d i n g  provided t h a t  i t  

can be occupied when t h e  pro ton  beams a r e  c i r c u l a t i n g .  f i e  main 

exper imenta l  l i v i n g  space would be i n  t r a i l e r s  o r  temporary b u i l d i n g s  

e r e c t e d  on t h e  e x t e r n a l  pad a s  envisaged i n  t h e  p r e s e n t  experimental  

h a l l  p l a n s .  

V. HADRON SPECTROMETER HALL 

The enc losed  b u i l d i n g  w i t h  poured c o n c r e t e  w a l l s  i s  s a t i s f a c t o r y ,  

b u t  t h e r e  would be an advantage t o  having heavy concre te  s h i e l d i n g  be- 

tween t h e  h a l l  and f a s t  e l e c t r o n i c s  room t o  make 'cables  a s  s h o r t  a s  

p o s s i b l e .  I f  t h i s  w a l l  could be movable b locks  o r  a t  l e a s t  easy  t o  

p e n e t r a t e  f o r  beam l i n e s  o r  m o d i f i c a t i o n s  i t  would be va luab le .  The 

d i s t a n c e  from f l o o r  t o  beam l i n e  i n  t h e  beam arms should be adequate 

f o r  the  "IY' and "E" magnets and d e t e c t o r s  t h a t  go i n  them, which may 

r e q u i r e  a n  i n c r e a s e  from p r e s e n t  p l a n s .  There may be advantages t o  

having beam l i n e s  o f f - c e n t e r  i n  the  h a l l ,  and l o c a t i o n  a t  a  d i f f e r e n t  

i n s e r t i o n  (now a t  t h e  West i n s e r t i o n )  may be p r e f e r a b l e .  

While t h e  f a s t  e l e c t r o n i c s  room ( f o r  t r i g g e r  c i r c u i t r y )  can be 

about  16 f t  x 40 f t ,  a  l a r g e r  c o n t r o l  room f o r  d a t a  a c q u i s i t i o n  e l e c -  

t r o n i c s  and computers w i l l  a l s o  be needed, about  40 f t  x 50 f t  i n  

s i z e .  It should  be c l o s e  t o  t h e  h a l l  s i n c e  several thousand c a h l e s  

are a i i t i c i p a t e d ,  probably s e t  i n t o  t h e  sand s h i e l d i n g  w i t h  a  r e t a i n i n g  

w a l l  . 
Magnets a r e  planned t o  be superconductir.g. Power s u p p l i e s  a r e  

s m a l l ,  b u t  t h e r e  w i l l  need t o  be space  f o r  compressors and gas-handling 

equipment t o  p rov ide  r e f r i g e r a t i o n .  Experimental magnets would be o f f  

d u r i n g  i n j e c t i o n  and a c c e l e r a t i o n ,  and then tiirned on a t  a  c o n t r o l l e d  

r a t e  s o  a s  not  t o  d i s t u r b  t h e  c i r c u l a t i n g  beams. Some a d d i t i o n a l  s e r -  

v i c e  b u i l d i n g  space  may be needed f o r  those  magnet-support f u n c t i o n s .  

It would be d e s i r a b l e  t o  schedule  t h e  c o n s t r u c t i o n  of  t h e  hadron 

spec t rometer  s o  t h a t  major magnet components cniild h~ pit i_n p l a c e  



before cons t ruc t i on  of  ISABELLE i s  completed. Present  spectrometer  

designs may not  be f i n a l ,  however. During the  two days t he re  was an 

a c t i v e  d iscuss ion  of the  mer i t s  of  d i f f e r e n t  types of  c e n t r a l  spec- 

t rometers .  The summary of t he  Hadron Spectrometer Workshop., he ld  i n  

Ju ly  provides f u r t h e r  information on hadron spectrometer  needs. 
3 

3. D.H. White, these  Proc. 



APPENDIX I 

ISABELLE EXPERTMENTAL HALLS WORKSHOP 

May 26 - 27', 1976 

This  workshop w i l l  p rov ide  an o p p o r t u n i t y  f o r  d i s c u s s i o n  of 

t o p i c s  such  a s :  a)  improved exper imenta l  f l e x i b i l i t y  through inc lu-  

s i o n  of  open a r e a s ,  b) t h e  experimental  a r e a  needs of  experiments  - 
u s i n g  e p ,  pp, and o t h e r  o p t i o n s ,  and c) t h e  needs of  l a r g e  mul t ipur -  

pose d e t e c t o r s  i n  terms of  space ,  suppor t  f a c i l i t i e s ,  i n s t a l l a t i o n  

s c h e d u l e s ,  . e t c .  The workshop is QR& t~ a l l  those interested in 
a t t e n d i n g .  There w i l l  be a  g e n e r a l  HEDG meeting on t h e  28th.  

Space f o r  p a r t i c i p a n t s  w i l l  be a v a i l a b l e  i n  t h e  "Blue Building" 

(923) e a s t  o f  t h e  AGS o f f i c e  b u i l d i n g .  The t e n t a t i v e  schedule  f o r  t h e  

workshop is  t h e  fo l lowing:  

Wednesday, May 26 

ISABELLE S t a t u s  

S i t e  P l a n  and H a l l s  i n  Proposal  and 
Open Area A l t e r n a t i v e  

S h i e l d i n g  C o n s t r a i n t s  

Coffee 

2p, pp, and Other  Options 

Lepton Detec tor  

Hadron Spectrometer  

General Discr1gs6gn; 

a )  Pros and cons o f  open a r e a s  - 
b) Needs of  e p ,  pp, and o t h e r  o p t i o n s  

c) Needs of  l a r g e .  d e t e c t o r s  

d) Any o t h e r  t o p i c s  

Lunch 

Formation of  working groups,  and group 
d i s c u s s i o n s  

Walk around ISABELLE l o c a t i o n  

Dinner 

Working group a c t i v i t y  

Sanford 

Mohn 

Thorndike 

Chasman 

Michael 

Foley 



Thursday, May 27 . . 

8:30 Continued Working group a c t i v i t y  

Informal v i s i t s  t o  magnet R&D area 

4:OO General s e s s ion  to  ident i fy:  

a) Any conclusions reached 

b) Spec i f i c  questions for  further study 

6:OO Cocktails and Dinner - Berkner Hall 

jay, May 28 

HEDG Meeting 



D.P. Brown 

Brookhaven National  Labora tory  

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

Twenty-four people p a r t i c i p a t e d  i n  t h e  ISABELLE Cryogenic Sys- 

tem Workshop which was h e l d  on June 2  and 3, 1976. 

The magnet coo l ing  system f o r  ISABELLE, a s  descr ibed  i n  t h e  new 

proposa l ,  u t i l i z e s  s u p e r c r i t i c a l  hel ium a s  the  r e f r i g e r a n t  i n s t e a d  

o f  pool -bo i l ing  helium a s  i n  e a r l i e r  p roposa l s .  Th is  new and more 

c o s t - e f f e c t i v e  s y s  tem was descr ibed  i n  d e t a i l  w i t h  d i s c u s s i o n  of  t h e  

design parameters  f o r  t h e  r e f r i g e r a t o r  i t s e l f ,  turbomachinery re-  

qu i red  and t h e  r e f r i g e r a n t  d i s t r i b u t i o n  system. The t e s t i n g  and 

pro to type  development program f ~ 1 ;  1SABEJJ.E cryogenic system rnrnponPnt.6 

was a l s o  reviewed. A smal l  cryogenic turbocompressor/expander sys-  

tem is  now on o r d e r  f o r  t e s t i n g  wi th  an ISABELLE h a l f - c e l l  (2 d i p o l e s  

and 1 quadrupole ) .  

The main o u t p u t  of  t h e  workshop i s  a  c h e c k l i s t  of  p o i n t s  which 

should be reviewed a s  t h e  ISABELLE d e s i g n  proceeds.  

The f i r s t  morning was s p e n t  i n  a  d e t a i l e d  d e s c r i p t i o n  of  t h e  mag- 

n e t  coo i ing  system which i s  summarized i n  t h e  new (Map 1976) ISABELLE 

proposal: A summary o f  t h i s  m a t e r i a l  fol lows:  

E s t i ~ u a t a d  Heat Loads 

The magnets (see .Fig.  1 )  t o  be used in.ISABELLE a r e  o f  t h e  

"warm boret '  and "co ld  i ron" type .  The magnet vessel, which c o n t a i n s  

* 
J.A. Bamberger, W. Colyer ,  A. E t k i n ,  W.B, Fowler, R.J. Gibbs, H. Hahn 
J.W. Humphrey, D. J a p i k s e ,  J.E. Jensen ,  R.I. L o u t t i t ,  I.J. Polk,  
A.G. P r o d e l l ,  C.H. Rode, W.B. Sampson, A.P. Sch la fke ,  W.J. Schne ider ,  
R.P. S h u t t ,  R.P. Smith, J. Sonder icker ,  T.R. S t r o b r i d g e ,  P.C. Vander 
Arend, A.P. Werner, L.R. Young: 

1. ISABELLE A Proposal  f o r  Cons t ruc t ion  o f  a  Proton-Proton S torage  
.. A c c e l e r a t o r  F a c i l i t y ,  BNL 50519 (May 1976). 
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Fig. 1.  Dipole dewar cross sect ion.  



t h e  i r o n  core  a s  wel l  a s  t h e  superconduct ing c o i l ,  surrounds t h e  beam 

p ipe  which i s  a t  room temperature.  I n  t h e  vacuum annulus r a d i a l l y  

outward from t h e  magnet v e s s e l  is  l o c a t e d  a  h e a t  s h i e l d .  This  s h i e l d  

enc loses  the  o u t s i d e  of  t h e  magnet v e s s e l  and t h r e e  tubes .  One tube 

c a r r i e s  t h e  hel ium r e f r i g e r a n t  which c o o l s  t h e  h e a t  s h i e l d .  The 

o t h e r  two tubes a r e  r e f r i g e r a n t  supply and r e t u r n  headers  which a r e  

cont inuous completely around t h e  r i n g .  A m u l t i l a y e r  i n s u l a t i o n  sys- 

tem is  used i n s i d e  and o u t s i d e  of  t h e  h e a t  s h i e l d  and between t h e  

warm beam tube and t h e  i n s i d e  wal l  of  t h e  magnet v e s s e l .  

Each d i p o l e  magnet (with a  nominal l e n g t h  of  4.15 m) c o n t r i b u t e s  

12.70 W t o  t h e  h e a t  load .  Each quadrupole magnet (with a  nominal 

l e n g t h  o f  1 . 5  m) c o n t r i b u t e s  6.54 W. These l o s s e s  do n o t  inc lude  

magnet power l e a d  l o s s e s  which have been cons idered  s e p a r a t e l y .  

Where t h e r e  a r e  long  gaps ( p r i m a r i l y  a t  t h e  exper imenta l  h a l l s  

where t h e  beams i n t e r s e c t )  i n  the  magnet l a t t i c e ,  i t  is necessary  

t o  t r a n s p o r t  t h e  r e f r i g e r a n t  i n  t r a n s f e r  l i n e s .  A supply  header  

and a  r e t u r n  header  a r e  c a r r i e d  through t h e s e  r e g i o n s  i n  a  common 

vacuum e n c l o s u r e .  A h e a t  s h i e l d  surrounding t h e  supply  header  i s  

. a t t ached  t o  t h e  r e t u r n  header  i n  o r d e r  t o  minimize t h e  l o s s  t o  t h e  

r e f r i g e r a n t  supply .  About 1440 rn o f  such l i n e  is  requi red .  

The main magnet c u r r e n t  l e a d s  a r e  r a t e d  a t  4000 A and one p a i r  

i s  r e q u i r e d  i n  each o c t a n t  of  each r i n g ,  i . e . ,  t h e  magnets of  each 

o c t a n t  a r e  powered i n  s e r i e s .  The main r e f r i g e r a t i o n  load  from 

magnet c u r r e n t  l e a d s  comes, n o t  trom t h e s e  l e a d s ,  bu t  from t h e  

" p r o t e c t i v e  l e a d s t r  which a r e  i n s t a l l e d  w i t h  one l e a d  a t  each d i p o l e .  

These l e a d s  do n o t  normally c a r r y  any c u r r e n t  b u t  a r e  on ly  used t o  

shunt  c u r r e n t  around a  magnet which h a s  quenched dur ing  t h e  s h o r t  

per iod  o f  time r e q u i r e d  t o  b r i n g  t h e  main magnet c u r r e n t  t o  ze ro .  

Thus, they  " p r o t e c t f t  t h e  quenched magnet from overhea t ing  due t o  

r e s i s t i v e  h e a t i n g .  These "pro tec t ive"  l e a d s  c o n t r i b u t e  almost  h a l f  

o f  the t o t a l  l e a d  l o s s .  



The e s t i m a t e d  h e a t  loads  a r e  l i s t e d  i n  Table I. The l o a d s  a r e  

d iv ided  i n t o  two groups,  primary and secondary. Those i n  the  primary 

column a r e  h e a t  l o s s e s  which cause a  temperature r i s e  i n  the  hel ium 

r e f r i g e r a n t  a s  it p a s s e s  through t h e  magnets. The h e a t  l o a d s  i n  t h e  

secondary column a r e  t h o s e  which cause  t h e  temperature o f  t h e  r e f r i g -  

e r a n t  t o  r i s e  a f t e r  i t  has  passed through t h e  magnets, i . e .  i t  is  t h e  

h e a t  s h i e l d  and suppor t  h e a t  i n t e r c e p t  coo l ing  l o a d .  The l e a d  flow 
'c o f  course ,  the  hel ium flow r e q u i r e d  f o r  t h e  gas-cooled magnet 

:ent l e a d s . .  

Design Heat Load and Temperatures 

Protons a r e  a c c e l e r a t e d  i n  ISABELLE from t h e i r  i n j e c t i o n  energy 

of  30 GeV t o  t h e  d e s i g n  o p e r a t i n g  energy of  200 GeV. This  a c c e l e r a -  

t i o n  cyc le  occurs  only i n f r e q u e n t l y ,  perhaps once p e r  day. During 

t h e  a c c e l e r a t i o n  c y c l e  a d d i t i o n a l  l o s s e s  a r e  imposed on t h e  system 

due t o  magne t iza t ion  l o s s e s ,  eddy c u r r e n t s ,  e t c .  and beam r a d i a t i o n  

h e a t i n g  due t o  p a r t i c l e s  which a r e  " l o s t "  o r  escape from t h e  beam 

dur ing  t h e  a c c e l e r a t i o n  cyc le .  

These l o s s e s  have been es t imated  t o  be l e s s  than 2 W p e r  meter  
2  

o f  magnet l e n g t h  dur ing  t h e  100 second a c c e l e r a t i o n  c y c l e .  R.P. S h u t t  

h a s  c a l c u l a t e d  t h e  e f f e c t  of  t h i s  h e a t  load  on t h e  magnet c o i l  tem- 

p e r a t u r e .  The conc lus ion  t h a t  can be drawn from t h e s e  c a l c u l a t i o n s  

i s  t h a t  t h e  temperature of  t h e  magnets before  the  a c c e l e r a t i o n  c y c l e  

should be a t  l e a s t  0.2 K below t h e  magnet des ign  temperature o f  4.5 K. 

For  t h i s  reason ,  t h e  s t e a d y  s t a t e  des ign  temperature f o r  t h e  r e f r i g -  

e r a t i o n  system i s  chosen a t  4 .3 K.  

On t h e  b a s i s  of  our  p a s t  exper ience ,  and t h a t  of  o t h e r s ,  i t  is 

c l e a r  t h a t  t h e  r e f r i g e r a t o r  c a p a c i t y  i n s t a l l e d  must be s u b s t a n t i a l l y  

: a te r  than t h e  load  i f  t h e  sys  tem i s  t o  perform r e l i a b l y .  We have 

Isen t o  m u l t i p l y  our  es t imated  h e a t  load  by a  f a c t o r  o f  1 .5 i n  

o r d e r  t o  a r r i v e  a t  t h e  h e a t  load  which i s  used t o  s i z e  the  r e f r i g e r a t o r .  

2. R.P. S h u t t ,  ISA Technical  Note No. 8 (1976). 



TABLE I. ISABELLE Estimated Steady-State Heat Load 

4.15 m Dipole 

Supports 
Vacuum TankIInner 

Vessel 
Beam Tube/Inner 
Vessel 

Connccting Piping 
3 f ~ e a l  /Miigne t 
Total1528 Magnets 

1 .5  m Quad 

Supports 
Vacuum TankIInner 

Vessel 
Beam TubeIInner 
Vessel 

Connecting Piping 
Tot a1  /Magne t 
Total /368 Magnets 

3.0 m Quad 

Supports 
Vacuum TankIInner 

Vessel 
Beam Tube/ Inner 
Vessel 

Connecting Pip ing  
Ti-, ~al./Magn~. k 
TU ~ a l  IG4 Mague Ls 

Magnet power ~ e a d s  

Main Current  
Quad Main Correc- 
t ion 

6 t h e r  Correct ion 
P ro t ec t i ve  
I n s e r t i o n  Quads 
Tota l IAl l  Power 
~ e a d s  

Transfer  Lines 

ISABELLE ~ o t a l  

Primary 
Load 
(W) 

0.05 

0.16 

2.06 
0.90 
3.17 

0.03 

0.11 

1.05 
0.95 
2.1'1 

0.04 

0.21 

2.10 
0.95 
3.30 

153.6 

92.8 
163.2 
614.4 
153.6 

Secondary 
Load 

Tota l  
Load 

1674 

788 

211. 

1177 

5 - 
3ns.5 

OJ) 

4.95 

4.22 

+$ 

2.97 

1.63 

0.58 
5.18 

3.96 

3.14 

0.58 
7.68 

153.6 

(W) 

5.00 

4.38 

2.06 * 
3.00 

1.74 

1.05 
1.53 
7.32 

4.00 

3.35 

2.10 
1.53 

10.98 

153.6 

92.8 
163.2 
'614.4 
307.2 

Lead 
Flow 

5132 

1906 

492 

154 

573 - 
n257 

6806 

2694 

7 11 3 

1331 

- -. 578 

33112 

PIS 

7.68 

4.64 
8.16 

.18.40 
15.36 

54.2 

. .-..-- . 

5 h . 3  



Table I1 summarizes t h e  des ign  h e a t  l o a d s  and temperatures  used 

i n  t h e  r e f r i g e r a t o r  des ign .  

TABLE 11. Design Heat Loads and Temperatures 

Primary Load 5200 W 

Secondary Load 12000 W 

Lead Flow 81 g / s e c  

Maximum Magnet Temperature 4.5 K 

Maximum Steady-Sta te  Magnet Temperature 4 . 3  K 

R e f r i g e r a t o r  Design 

Only a s i n g l e  r e f r i g e r a t o r  is  proposed f o r  ISABELLE. S u f f i c i e n t  

d i s t a n c e s  can be covered,  u s i n g  t h e  d i s t r i b u t i o n  system envisaged and 

wi thout  undue p r e s s u r e  drop o r  o t h e r  p e n a l t i e s ,  s o  t h a t  a l l  the 

r e f r i g e r a t i o n  can be s u p p l i e d  from a s i n g l e  p o i n t .  More than one 

s m a l l e r  r e f r i g e r a t o r  could have been used a t  t h i s  p o i n t ,  bu t  a s i n g l e  

u n i t  was chosen p r i m a r i l y  on t h e  b a s i s  of  r e l i a b i l i t y  and c o s t  con- 

s i d e r a t i o n s .  

The magnets i n  ISABELLE a r e  designed t o  be cooled w i t h  r e f r i g -  

e r a n t  a t  an e l e v a t e d  p r e s s u r e ,  1 5  a tm,a t  t h e  i n l e t .  Because t h i s  

type of  system i s  nonisothermal ,  it i s  d e s i r a b l e  t o  e n t e r  t h e  magnets 

t o  be cooled a t  a low temperature.  This  reduces t h e  mass f low r a t e  

r e q u i r e d  t o  remove a g iven  amount of  h e a t  below a f i x e d  temperature 

l e v e l  and/or  a l lows  more magnets t o  be  cooled i n  s e r i e s  before  t h e  

maximum d e s i r e d  temperature i s  reached.  We have s t u d i e d  s e v e r a l  

systems which could be used t o  produce t h e  d e s i r e d  low temperature.  

The system chosen f o r  use  w i t h  ISABELLE u t i l i z e s  a turbocom- 

p r e s s o r  t o  lower t h e  p r e s s u r e  o f  t h e  subcoole r  h e a t  exchanger ba th .  
-- 

is system is shown s c h e m a t i c a l l y  i n  Fig. 2 and a T-S diagram of  

e c y c l e  is shown i n  Fig.  3. A turbocompressor/expander o p e r a t i n g  

a t  t h i s  temperature and p r e s s u r e  range h a s  n o t ,  t o  d a t e ,  been r e p o r t e d  

i n  t h e  l i t e r a t u r e .  BNL, therefore. ,  ob ta ined  t h e  s e r v i c e s  of  a turbo- 

machinery c o n s u l t a n t ,  Creare ,  I n c . ,  t o  perform a f e a s i b i l i t y  s tudy  of  
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NO S C A L E  

FLUID PROPERTIES 
SHOWN AR6: 

Fig .  3 .  Helium ~ e f r i ~ e r a t o r  T-S Diagram. 



t h e  requirements  f o r  t h i s  system. They r e p o r t e d  favorab ly  and BNL 

is  now proceeding toward a  f i n a l  design and subsequent  procurement 

o f  a  p r o t o t y p e  subcoole r  system of t h i s  type.  

Other  than t h e  subcoole r ,  t h e  r e f r i g e r a t o r  r e q u i r e d  f o r  ISABELLE 

w i l l  be o f  convent iona l  design.  L iqu id  n i t r o g e n  w i l l  n o t  be used f o r  

p recool ing .  The use  o f  l i q u i d  n i t r o g e n  dur ing  cooldown was s t u d i e d  

and i t  was concluded t h a t  it was n o t  r e q u i r e d  a s  a  reasonable  coo l - '  

down time (12-14 days) could be ob ta ined  wi thout  i ts  use .  

R e f r i g e r a t i o n  D i s t r i b u t i o n  and Control  

A s i m p l i f i e d  flow schematic  f o r  t h e  r e f r i g e r a t i o n  d i s t r i b u t i o n  

system f o r  one of  t h e  two PSABELLE r i n g s  is shown i n  F ig .  4. A 

supply header  and a  r e t u r n  header  run  completely around t h e  r i n g .  

The f low f o r  s e r i e s  coo l ing  of  t h e  magnets i n  each o c t a n t  i s  rou ted  

from t h e  supply header ,  through the  magnets t o  be coo led ,  r e t u r n s  

through t h e  h e a t  s h i e l d  coo l ing  tube around those  same magnets and 

then flows through t h e  r e t u r n  header  t o  t h e  r e f r i g e r a t o r .  Not shown 

on t h i s  schematic  is t h e  f a c t  t h a t  t h e  8 quadrupole magnets i n  t h e  

i n s e r t i o n  s e c t i o n  a r e  n o t  i n  s e r i e s  w i t h  t h e  r e s t  of  t h e  magnets i n  

t h e  o c t a n t .  This  was done t o  avoid t h e  a d d i t i o n a l  t r a n s f e r  l i n e s  

r e q u i r e d  t o  a r r a n g e  f o r  them t o  be i n  s e r i e s  w i t h  t h e  o t h e r  52 mag- 

n e t s  i n  t h e i r  o c t a n t .  Also n o t  shown i s  a  warm r e t u r n  l i n e  t o  the  

compressors. This  r e t u r n  is  f o r  t h e  power l e a d  cool ing  flow which 

i s  taken from t h e  main r e f r i g e r a n t  s t ream a s  r e q u i r e d .  

The system i s  being designed t o  a c c e p t  a  f low r a t e  o f  117 g / s e c  

f o r  each o c t a n t .  With t h i s  f low r a t e ,  t h e  expected p r e s s u r e  drop i n  

t h e  supply header  ( f o r  t h e  o c t a n t  f u r t h e s t  from t h e  r e f r i g e r a t o r )  i s  

0.2 atm. The p r e s s u r e  drop throuph t h e  magnets i s  c a l c u l a t e d  a t  0 . 3  

atm. The expected p r e s s u r e  drop i n  the  r e t u r n  header  i s  0.2 atm. 

This  p r e s s u r e  drop i s  recognized a s  one o f  t h e  i n e f f i c i e n c i e s  i n  t h e  

system and every  e f f o r t ,  c o n s i s t e n t  wi th  good d e s i g n  o f  t h e  o v e r a l l  

m a g n e t l r e f r i g e r a t o r  system, t o  reduce i t  w i l l  be made. The p r e s s u r e  

drop,  a s  now c a l c u l a t e d ,  i s  f e l t  t o  be a c c e p t a b l e  and is regarded a s  



HEAT TEMPERATURE/FLOW 

LOOP \ / ,RE_TU_R_! 
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Fig. 4 .  S i m p l i f i e d  schematic  of  r e f r i g e r a n t  d i s t r i b u t i o n  system 
f o r  one r i n g  of  ISABELLE. 



a n  upper l i m i t .  For  a  ze ro  p r e s s u r e  drop d i s t r i b u t i o n  system t h e  

flow requirements  would be reduced by 8.3%. 

The superconduct ing magnet c o i l s  have f iberg lass -epoxy  bands 

i n s i d e  and o u t s i d e  of  them. The bands a r e  2.5 cm wide and a r e  spaced 

2.5 cm a p a r t .  These bands a r e  s l o t t e d  s o  t h a t  the  r e f r i g e r a n t  can 

f low a long  t h e  l e n g t h  o f  t h e  c o i l .  There a r e  a l s o  s l o t s  i n  t h e  out- 

s i d e  of i r o n  c o r e  t o  c a r r y  t h e  superconduct ing bus b a r s  which con- 

n e c t  t h e  magnets i n  s e r i e s  a s  wel l  a s  i n s t r u m e n t a t i o n  wi r ing .  The 

f low through t h e s e  s l o t s  can be a d j u s t e d  by r e s t r i c t i n g  t h e  flow 

passage a s  d e s i r e d .  Some o f  t h e  flow (perhaps a s  much a s  50%) w i l l  

be  allowed t o  go through t h e s e  passages .  This  permi t s  a  lower over- 

a l l  p r e s s u r e  drop. Because t h e  f lows recombine t o  pass  from one 

magnet t o  t h e  n e x t ,  t h e  i n c r e a s e d  temperature r i s e  i n  a  g iven  c o i l  

i s  no t  a  problem u n t i l  t h e  l a s t  magnet (assuming l e s s  than 50% is 

bypassed through t h e  i r o n  c o r e  s l o t s ) .  A s l i g h t  i n c r e a s e  i n  f low 

r a t e  would b r i n g  t h i s  l a s t  magnet below t h e  r e q u i r e d  maximum tempera- 

t u r e .  The reduced p r e s s u r e  drop should more than compensate f o r  t h e  

i n c r e a s e d  flow. The i n c r e a s e d  flow a r e a  and h e a t  exchange a r e a  pre-  

s e n t e d  by t h e  i r o n  c o r e  bypass a l s o  permi t s  f a s t e r  cooldown t imes.  

Because s o  many m a g n e t s a r e  i n  s e r i e s ,  only a  r e l a t i v e l y  few 

d i s t r i b u t i o n  c o n t r o l s  a r e  requ i red .  The 1 6  main o c t a n t  c o n t r o l  loops 

and the loops  r e q u i r e d  f o r  t h e  i n s e r t i o n  s e c t i o n  quadrupoles  w i l l  be 

i n  p a r a l l e l .  The temperature a t  t h e  o u t l e t  o f  each loop  w i l l  be mea- 

s u r e d  and used a s  t h e  c o n t r o l  p o i n t  f o r  a  modulat ing v a l v e .  A c o n t r o l  

system w i l l  monitor  t h e  supply header  p r e s s u r e  and i n c r e a s e  flow t o  

each l o o p  i n  p r o p o r t i o n  t o  i t s  h e a t  l o a d  u n t i l  t h e  e n t i r e  c a p a c i t y  of  

t h e  r e f r i g e r a t o r  is u t i l i z e d .  This would uniformly d r i v e  t h e  tempera- 

t u r e  of a l l  t h e  ISABELLE magnets t o  t h e  lowes t  temperature a t t a i n a b l e  

under  t h e  g iven  l o a d  c o n d i t i o n s .  The g a s  r e t u r n i n g  t o  t h e  r e f r i g e r a t o :  

a s  wel l  a s  t h e  magnets may be below des ign  temperature.  A h e a t e r  w i l l  

be i n s t a l l e d  i n  t h e  r e t u r n  l i n e  s o  t h a t  t h e  temperature of  t h e  gas  

e n t e r i n g  t h e  turboexpander i n  s e r i e s  wi th  t h e  load  can be r a i s e d  t o  

i t s  optimum o p e r a t i n g  temperature when t h a t  temperature i s  too  low. 



Redundant Components 

A s  a s i n g l e  r e f r i g e r a t o r  is t o  be used f o r  ISABELLE, i t  is very 

important t h a t  i t  be a s  r e l i a b l e  a s  poss ib le .  Toward t h i s  end, the 

following components ( a t  l e a s t )  w i l l  be completely redundant (see 

Fig.  2): 

Heat Exchangers 1 and 2 (HX1 and HX2), 

Turboexpander 1, 

Turboexpander 2. 

Turbomachinery 

Following t h i s  desc r ip t ion  of the  ISABELLE r e f r i g e r a t i o n  system, 

Larry Young of Creare, Inc.  gave a summary of the design work h i s  

f i rm had done f o r  turbomachinery which could meet the requirements f o r  

the  subcooler  i n  the cycle.  

Most of the  i n t e r e s t  of the  group focused on the  small  prototype 

expander/compressor u n i t  which BNL now has on order .  The small s i z e  

( the  expander wheel i s  0.200 inch diameter and the  compressor i s  

0.320 inch diameter) of t h i s  equipment presents  min ia tu r i za t ion  prob- 

lems which Creare f e e l s  can be overcome. Spec i f i c  problems were 

discussed:  (1) Tolerance stack-up,  (2) leakage of warm bearings gas 

i n t o  the  cryogenic stream, (3) mechanical i n t e g r i t y  of the wheel 

which has blade thicknesses of 0.004 to  0.006 inches,  (4) contamina- 

t i o n  of process stream, and (5) expense. This u n i t  i s  designed t o  

match the  c a p a b i l i t y  (200 W) of the  r e f r i g e r a t o r  cu r r en t ly  used f o r  

t e s t i n g  i n  the  ISABELLE Division.  One suggest ion was t o  design the 

u n i t  f o r  one of the  l a r g e r  BNL r e f r i g e r a t o r s  (700 W o r  1100 W). 

The group toured the  cryogenic f a c i l i t i e s  of the  ISABELLE Divi- 

on and v i s i t e d  the Superconducting Transmission Line screw com- 

e s so r  t e s t  f a c i l i t y  and t h e i r  r e f r i g e r a t o r  i n s t a l l a t i o n .  

A l i s t  of poin ts  which should be checked a s  t he  ISABELLE design 

proceeds was generated.  Many of the  po in t s  have been sub jec t  t o  some 

study a l ready and complete o r  p a r t i a l  answers on these  po in t s  a r e  

a l ready forthcoming. 



Suggested Areas of Engineering Study 

I. Steady-State Operation 

A. Re f r ige ra t i on  Cycle Design 

B.  Re f r i ge ra t i on  D i s t r i bu t i on  System 

1. Cost 

2. Ef f ic iency  

C. Turbomachinery 

1. Design requirements 

2. A v a i l a b i l i t y  of  gas bear ings  i n  l a r g e  s i z e s  

D. Compressor Type Se l ec t i on  Considerat ions 

1. R e l i a b i l i t y  

2 .  Ef f ic iency  

3. Cost 

4.  A v a i l a b i l i t y  i n  requi red  s i z e  range 

E. Gas p u r i f i c a t i o n  and h p u r i t y  Analysis  Equipment 

F. E s t a b l i s h  Maximum Helium Loss Ratelusage Allowable 

1. Component des ign  requirements 

11. Nons teady-State Operat ion 

A. Cryogenic System Purge Procedure 

B. Cooldown 

1. Liquid helium s to r age  d e s i r a b i l i t y  

2 .  Cooldown r a t e  thermal s t r e s s  l i m i t a t i o n s  

3. Warmup/cooldown of s i n g l e  oc t an t  t o r  r e p a i r s  

C. Quench Behavior and Propagation P a t t e r n s  

D. W a m p  Method 

E. F a i l u r e  Mode Analysis  

1. P ro t ec t i ve  diodes - on- l ine  d i agnos t i c s?  

F. Gas Recovery System Operation 

111. MagnetlCryogenic System In t e r f ace  

A. Review of S u i t a b i l i t y  of Ma te r i a l s  Used a t  Cryogenic 
Temperatures . 

B. Pos s ib l e  Cooldown Weight Reduction by "Holes" i n  
Laminations 



C. . Multilayer Cryogenic Insulation System Evaluation. 

1 .  Establish apparent thermal conductivity as instal led 

2 .  Pumpdown times 

3 .  Cost ef fect iveness .  
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1. WTROWCTION 

The s tudy  group met from June 7 t o  11, 1976,' w i t h  the dua l  pur- 

pose o f  reviewing the  e a r l i e r  Lepton Detec tor  repor t1  i n  o r d e r  t o  re -  

s o l v e  some of t h e  remaining des ign  problems and of  c o n s i d e r i n g  p o s s i b l e  

a l t e r n a t i v e s .  S ince  t h e  r o l e  of  t h i s  group was p r i m a r i l y  t h a t  of  pro- 

v i d i n g  a  c r i t i q u e  of  t h e  e a r l i e r  work, t h e  reader  i s  r e f e r r e d  t o  t h a t  

e a r l i e r  paper1 f o r  t h e  g e n e r a l  mot iva t ion  and des ign  of t h e  de.tcc t o r ,  

and we w i l l  h e r e  only d e s c r i b e  problems t h a t  were s t u d i e d  a t  t h i s  

1. R. Burns te in ,  W.C. C a r i t h e r g ,  M. h m g - v a n ,  R. Imlar, M. K r c i a l e r ,  
U .  Nauenberg, C .  Rubbia, L. Sulak,  G.  Snow, H..H. Wil l iams,  E .  Paschos, 
M. S a k i t t ,  C.L. Wang, and L.L. Wang, Proc. 1975 ISABELLE Sulmner Study,  
Brookhaven, BNL 20550, p  . 9 .  



s e s s i o n .  The g e n e r a l  c o n f i g u r a t i o n  of t h e  d e t e c t o r  i s  shown i n  

Fig.  1. 

During t h e  f i r s t  day of  the s tudy  we d i scussed  t h e  o l d  d e s i g n ,  

which l e d  u s  t o  focusing our  e f f o r t s  on the  c o s t  e s t i m a t e s  and on a  

more c a r e f u l  look  a t  t h e  i n n e r  d e t e c t o r  modules. I n  the  o r i g i n a l  

paper t h e r e  was a  f a i r  amount of  u n c e r t a & t y  in'.some of  t h e  c o s t  

e s t i m a t e s ,  and we f e l t  an e f f o r t  should,:be made t o  p i n p o i n t  where 

it seems f i r m  and where a  rough guess  was made. With regard  t o  

ler modules we wanted t o  examine t h e  r a t e  problem f o r  t h e  c l o s e s t  

e lements  more c a r e f u l l y  and t o  d i s c u s s  t h e  q u e s t i o n  whether one should 

use  argon o r  l e a d - l i q u i d  s c i n t i l l a t o r  c a l o r i m e t e r s .  As is  u s u a l l y  

the  c a s e ,  i n  d i s c u s s i o n  of  t h e s e  major t o p i c s  many s m a l l e r  problems 

were cons idered  and some of  them a r e  a l s o  d i scussed  below. 

We planned t o  spend t h e  l a s t  day o r  two on new des igns  which in -  

volved major m o d i f i c a t i o n s  t o  t h e  l e p t o n  d e t e c t o r .  The major motiva- 

t i o n s  f o r  a l t e r n a t i v e  des igns  were twofold.  One was t h a t  t h e  o r i g i n a l  

d e t e c t o r  looked q u i t e  expens ive ,  and a  s tudy  of t h e  t r a d e o f f  of  money 

v e r s u s  phys ics  had n o t  r e a l l y  been done y e t .  The second p o i n t  was 

t h a t ,  s i n c e  t h e  phys ics  r e g i o n  t o  be exp lored  was t o t a l l y  new ground, 

one would l i k e  t o  l e a v e  a s  many o p t i o n s  open a s  p o s s i b l e  and bu i ld  a  

d e t e c t o r  t h a t  was a s  f l e x i b l e  a s  p o s s i b l e .  While a t  t imes t h e s e  two 

p o i n t s  were i n  c o n f l i c t ,  t h e  r e a l  q u e s t i o n  t h a t  was asked was whether 

i t  would be p o s s i b l e  t o  b u i l d  a  cheaper ,  more modular s t r u c t u r e  which 

could  be reassembled i n  d i f f e r e n t  c o n f i g u r a t i o n s .  Three main a l t e r -  

n a t i v e s  were d i scussed .  The f i r s t  i s  a  scaled-down v e r s i o n  (Sec t ion  

111 A) of  t h e  o r i g i n a l  d e s i g n ,  which was s t r o n g l y  favored by t h i s  

s tudy .  It appears  t h a t  one can save  an a p p r e c i a b l e  amount of  money 

wi th  a  smal l  decrease  i n  t h e  i n i t i a l  phys ics  scope.  The more modular 

!s igns (Sec t ions  111 B, I11 C) seem q u i t e  a t t r a c t i v e  bu t  n o t  enough 

ime was s p e n t  t o  demonstrate  f e a s i b i l i t y .  They a r e  more i n  t h e  s p i r i t  

o f  a c o n j e c t u r e  than a dcs ign .  



Fig .  1. A schemat ic  drawing of t h e  ISA Summer Study 1975 Design f o r  
n Lepton D e t e c t o r .  



11. COMMENTS ON THE 1975 PLAN 

A. Data Col lec t ion  and Counting Rates i n  the  Liquid Argon 

Calorimeters 

A fundamental l i m i t  on t he  l i q u i d  argon calorimeter  da t a  

c o l l e c t i o n  i s  the  e l ec t ron  mobi l i ty  (- 5 mm/psec a t  1 kV/mm). I f  

s t e e l  e l ec t rodes  a r e  rounded, the breakdown vol tage  i s  b 10 kV f o r  

- " mm gap. Working chambers have been used a t  2 kVf2 mm gap wi th  

! r i f t  time of 180 nseclmm o r  - 0.4 psec time to c o l l e c t  a l l  charge 

across  the gap. The resolv ing  time of the  associa ted  c i r c u i t r y  i s  

- 0 .6  ksec ,  well  matched t o  the co l l ec t ion  time. 

Based on the  acceptance of t he  ca lor imeter  and s c a l i n g  from ISR 

energies  and luminos i t ies ,  we est imated - 3 p a r t i c l e s l e v e n t  and - 1 

event125 nsec,  o r  an average r a t e  of 1 p a r t i c l e  i n  the  de t ec to r  

array18 nsec ( a t  luminosity) .  Whether t h i s  is a problem f o r  

the l i q u i d  argon ca lor imeter  depends on the s i z e  of the indiv idual  

elements. 

There a r e  s i x  u n i t s ,  each about 1 meter wide by 2 meters long,  
2 

so the  a r ea  i s  about 6 x 1 m x 2 m - 12 m . 
Or ig ina l ly  5 cm x 5 cm Pb c o l l e c t i o n  p l a t e s  were proposed. I n  

t h i s  case: .  

Average counting counting r a t e  Area of 1 c o l l e c t i o n  p l a t e  
r a t e  i n  1 col lec-  = i n  t o t a l  detec- Area of e l ec t ron  de t ec to r  tor (all sex- t i o n  p l a t e  

t an t s )  

Thus the  acc identa l  r a t e  i n o n e  p l a t e ,  using a time window of 0.6 psec ,  

is  1.5%. However, f o r  complexity and c o s t  reasons (see next  s e c t i o n ) ,  

a  conf igura t ion  of 5 cm by 1 m s t r i p s  was proposed a s  an a l t e r n a t i v e .  



The average counting r a t e  i n  these  s t r i p s  would be 0.5 x l o 6  par-  

t i c l e s l s e c  l e a d i n g  t o  an a c c i d e n t a l  r a t e  o f  - 30%. 

These a c c i d e n t a l  r a t e s  a r e  q u i t e  h i g h .  By adding CH4 t o  the  

argon one can reduce ,  by roughly 114, t h e  c o l l e c t i o n  time i n  the  

c a l o r i m e t e r .  Then, i f  one speeds up t h e  a s s o c i a t e d  e l e c t r o n i c s ,  

which seems f e a s i b l e ,  t h e  a c c i d e n t a l  r a t e  can be s i g n i f i c a n t l y  re- 

duced. S ince  one is i n t e r e s t e d  on ly  i n  h i g h  PI p a r t i c l e s ,  one should 

n o t e  t h a t  most of  the  r a t e s  a r e  from very low momentum p a r t i c l e s  and 

c a n  be excluded by r a i s i n g  t h e  e l e c t r o n  c a l o r i m e t e r  t h r e s h o l d  and 

i n t r o d u c i n g  a  PI cu t -of f  on t h e  e l e c r r o n s  accep ted  i n  the Lrigger. 

For example, one expec ts  on ly  - 2000 TT'S w i t h  momentum > 5 GeV, even 

a t  luminos i ty  i n  t h e  e n t i r e  d e t e c t o r ,  compared wit!, a lo8 e s t i -  

mated t o t a l  counting r a t e .  Thus one may wish t o  r a i s e  the e l e c t r o n  

c a l o r i m e t e r  th reshold  b u t  t o  p r o t e c t  the  c a l o r i m e t e r  c i r c u i t r y  a g a i n s t  

"pile-up" ( a  number of smal l  p u l s e s  fak ing  a  l a r g e  one) by monitor ing 

t h e  p u l s e  shape. 

B. E l e c t r o n  Calorimeter :  S p a t i a l  Reso lu t ion  vs Cost 

O r i g i n a l l y  c o l l e c t i o n  p l a t e s  of  5  cm x 5 cm were proposed 

f o r  the  e l e c t r o n  c a l o r i m e t e r .  However, c o l l e c t i o n  p l a t e s  of 5 cm x 
5 cm throughout  t h e  e l e c t r o n  c a l o r i m e t e r  volume would imply 

# c h a n n e l s  - Area of  t o t a l  d e t e c t o r  p resen ted  t o  p a r t i c l e s  
sau ip l i l~g  plane Arca of p l a t o  

I f  one inc ludes  20-100 sampling p lanes  a s  was done i n  the  CERN device ,  

t h e  5 cm x 5  cm p l a t e s  q u i c k l y  g i v e  an i n t o l e r a b l y  l a r g e  number of  

channe ls ,  both i n  terms o f  c o s t  and i n  terms of  t h e  number o f  words 

read  i n t o  a  computer r e c o r d .  

Thus a  d e c i s i o n  was made t o  c o n s i d e r  a  system o f  5  cm crossed  

s t r i p s  r a t h e r  than 5 cm s q u a r e s ,  (60 channels/sextant/sampling p l a n e ,  

o r  360 c h a n n e l s / s m p l i n g  p lane)  and t o  gang s e v e r a l  sampling p l a n e s  

t o g e t h e r  s o  t h a t  one would on ly  r e q u i r e  e l e c t r o n i c s  readouts  f o r  



- 5 groups of sampling p lanes .  Using such a conf igura t ion  would re-  

duce the  number of channels t o  - 1800 and the cos t  f o r  . e l ec t ron ic s  

t o  1800 channels X $250/channel o r  - $450 K.  

The number of channels may be reduced s t i l l  f u r t h e r  by ca re fu l  

s tudy of the  design of the CERN experiment. I n  t h a t  experiment, a 

r e j e c t i o n  of 200:l wi th  85% e l ec t ron  e f f i c i ency  f o r  4 GeV e l ec t rons  

was achieved by looking only a t  the f i r s t  6 i n t e r a c t i o n  lengths  

epa ra t e ly  a t  the  f i r s t  three  and the second th ree  i n t e r a c t i o n  

ngths) and, i n  f a c t ,  the e n t i r e  calorimeter  i n  the CERN experiment 

(comparable t o  our proposed e l e c t r o n  ca lor imeter )  had only 112 channels .  

High an t i c ipa t ed  counting r a t e s  may d i c t a t e  a higher number of channels 

i n  our case ,  but  t h i s  po in t  should be reviewed with reference  t o  the  

CERN design.  

C. Other Questions Raised but  Not S e t t l e d ,  with Respect t o  

Calorimeters 

1. Magnetization of ca lor imeter  p l a t e s :  This has been 

suggested e i t h e r  adver tent ly ,  t o  ge t  more bending f o r  the  muon 

de t ec to r ,  o r  inadver tent ly ,  a s  a by-product of p lac ing  a magnet i n  

the inner  electron-hadron de t ec to r  .space. The quest ion here  is : 

how w i l l  the opera t ion  of the ca lor imeter  be af fec ted?  Have 

ca lor imeters  a c t u a l l y  been operated i n  magnetic f i e l d s ?  

2. How w i l l  the s t a b i l i t y  and performance of the l i q u i d  

argon compare i n  an experimental running s i t u a t i o n  with t h e  known 

r a d i a t i o n  damage problems of Pb-glass o r  with a poss ib l e  BaF2 - 
Decalin so lu t ion?  

3 .  The o r i g i n a l  design a l l oca t ed  30 cm i n  the  r a d i a l  d i rec-  

t i o n  f o r  the e l ec t ron  ca lor imeter .  One needs 30 cm f o r  the l ead  and 

rgon i n  order  t o  g e t  t he  necessary 20 r ad i a t i on  lengths .  In  t he  

ERN design 20 cm was used f o r  i n su l a t i on  which would l ead  t o  a t o t a l  

length  of 50 cm. Some compression might be accomplished by more care-  

f u l  s tudy but  c l e a r l y  a l i t t l e  more room i s  necessary. 



D. An A l t e r n a t i v e  S tee l -Liqu id  S c i n t i l l a t o r  Hadron Calor imete r  

A steel s c i n t i l l a t o r  hadron c a l o r i m e t e r  was d i s c u s s e d  a s  

a  p o s s i b l e  a l t e r n a t e  t o  t h e  l i q u i d  argon c a l o r i m e t e r  p r e v i o u s l y  pro- 

posed. The c a l o r i m e t e r  is assumed t o  be 1 . 4  m t h i c k  and t o  s t a r t  

1 . 3  m from the  beam l i n e .  It has 64 s t e e l  p l a t e s  1 . 5  cm t h i c k  sepa- 

r a t e d  by 0.66 cm gaps f i l l e d  w i t h  l i q u i d  s c i n t i l l a t o r .  It weighs 

500 t o  600 tons  ( t h e  same a s  t h e  argon c a l o r i m e t e r ) .  The c a l o r i m e t e r  

is  made up of 336 o p t i c a l  u n i t s  p a r a l l e l  t o  t h e  beam l i n e  wi th  a  

photo tube  a t  each end of  an o p t i c a l  u n i t .  Each phototube observes 

a n  a r e a  o f  approximately 32 cm by 17  cm (8 gaps) .  The l e n g t h s  of 

t h e  o p t i c a l  u n i t s  (from 2.75 m t o  5.25 m) a r e  chosen t o  cover  the  

angula r  r e g i o n  f 45". The u n i t s  a r e  assumed t o  be c o n s t r u c t e d  i n  

a fash ion  s i m i l a r  t o  e x i s t i n g  c a l o r i m e t e r s .  The on ly  s i g n i f i c a n t  

d i f f e r e n c e  is t h a t  some of  the proposed un i t s .  a r e  v e r y  long  (5.25 m) .  

It i s  f e l t  t o  be b e t t e r  t o  use  these  long  u n i t s  r a t h e r  than in t roduce  

phototubes and s u b s t a n t i a l  dead space  i n  t h e  c e n t e r  of  t h e  d e t e c t o r .  

The p o s i t i o n  of  the  energy depos i ted  i n  an o p t i c a l  u n i t  can be 

l o c a t e d  t o  a  few c e n t i m e t e r s  us ing  t h e  r a t i o  o f  t h e  p u l s e  h e i g h t  on 

t h e  phototubes a t  t h e  two ends.  The sum o f  the  p u l s e  h e i g h t s  a t  t h e  

two ends w i l l  g i v e  a  measurement of  t h e  energy d e p o s i t e d  a f t e r  a  cor rec-  

t i o n  f o r  t h e  p o s i t i o n  of  t h e  energy d e p o s i t .  For  t h e  l o n g e s t  u n i t s  

(5.25 m) i t  would probably be necessary  t o  make changes t o  o b t a i n  a  

more uni iorm response o t  t h e  Summed p u l s e  h e i g h t  rO Che position of 

t h e  energy depos i ted .  

Approximate c o s t s  a r e  (a) s t e e l  (530 tons)  $300 K, (b) s c i n t i l l a -  

t o r  (50 tons)  $100 K, (c) c o n t a i n e r s ,  Tef lon ,  assembly $250 K,  (d) 700 

phototubes and bases  $70 K. 

E. Cost Es t imate  f o r  1975 P lan  

The l a r g e s t  s i n g l e  element  i n  the  d e t e c t o r  c o s t  is t h e  muon 

d e t e c t o r  magnet, which has a  weight  o f  5000 t o n s  and a  copper c o i l  of  

20 tons.  We used $0.30 p e r  pound f o r  c o s t  o f  magnet i r o n  (with a  



minimum of machining) and $3.00 per  pound f o r  the  copper c o i l .  This 

l eads  t o  $3000 K f o r  i ron  and $120 K f o r  c o i l .  An es t imate  of $100 K 

was made f o r  t he  c o s t  of i n s t a l l a t i o n ,  assembly, welding, e t c . ,  lead- 

ing t o  a t o t a l  c o s t  of $3220 K.  

I n  add i t i on ,  the magnet needs t o  have dc power and cooling water 

f o r  a  maximum l eve l  of 4 MW. I f  a l l  cos t s  of providing t h i s  a r e  in-  

cluded the  cos t  might be a s  g r e a t  a s  $1000 K, but  some f r a c t i o n  of 

3 t  i s  needed is included i n  the general  f a c i l i t i e s  planned f o r  

iBELLE. The incremental c o s t  of the  lep ton  de t ec to r  may be con- 

s ide rab ly  l e s s ,  but  the  $1000 K sum i s  included t o  be conservative.  

The c o s t  of the t r a n s i t i o n  r ad i a t i on  u n i t  was taken t o  be $215 K 

a s  est imated i n  the summer s tudy.  

The cos t  of hadron and e l ec t ron  ca lor imeters  were est imated on 

the  bas i s  of $1.25 per  pound to  include machining p l a t e s ,  supports ,  

providing vacuum systems, e t c . ,  f o r  a  u n i t  cons i s t i ng  pr imar i ly  of 

s t e e l  p l a t e s ,  made wi th  moderate prec is ion .  The t o t a l  weight of the 

hadron ca lor imeter  was taken t o  be 550 tons and the  e l ec t ron  ca lo r i -  

meter 35 tons. The corresponding cos t s  (exclusive of e l ec t ron ic s )  

a r e  then $1400 K and $87 K. I n  addi t ion ,  a  r e f r i g e r a t o r  would be 

needed f o r  l i q u i d  argon ca lor imeters .  I t s  c o s t  was est imated 

(very roughly) a t  $40.K. To move these heavy ca lor imeter  u n i t s  i n  

and out  of the magnet s t r u c t u r e  w i l l  r equ i r e  a well-engineered mount- 

ing and support  system, which has not  been designed. To give some 

rough es t imate  of i ts  c o s t ,  10% of the ca lor imeter  cos t  was used, 

an add i t i ona l  $150 K. 

E lec t ronics  f o r  t h i s  l a r g e  ca lor imeter  system add a s u b s t a n t i a l  

cos t .  As described previously,  approximately 2600 analog channels 

were envisaged i n  order  to provide adequate space r e so lu t ion ,  1800 

>r the e l ec t ron  ca lor imeter ,  800 f o r  the hadron. Estimated cos t  

per  channel of $250 l e d  to  a t o t a l  e l ec t ron ic s  c o s t  of $650 K. 



D r i f t  chamber c o s t s  were taken a t  $30 per wire  f o r  c o n s t r u c t i o n  

and $50 p e r  wire  f o r  e l e c t r o n i c s ,  based on c u r r e n t  exper ience  w i t h  

l a r g e  d r i f t  chambers. About 50 chambers would be r e q u i r e d ,  each 

4 m x 4  m i n  s i z e  w i t h  160 w i r e s ,  f o r  a  t o t a l  o f  8000 w i r e s .  This  

l e a d s  t o  a  d r i f t  chamber c o n s t r u c t i o n  c o s t  of  $240 K and an e lec -  

t r o n i c s  c o s t  of $400 K.  

A  d a t a - a c q u i s i t i o n  computer w i l l  c e r t a i n l y  be needed. It might 

be p o s s i b l e  t o  use a  c e n t r a l  f a c i l i t y ,  bu t  s i n c e  d a t a  r a t e s  may be 

q u i t e  h i g h  it was thought  wise t o  p rov ide  $200 K f o r  d a t a  handl ing  

d e d i c a t e d  t o  t h e  l e p t o n  d e t e c t o r .  

Cost Summary 1975 Design 
( $  i n  t tuusands) 

Magnet 
Magnet power supply  and c o o l i n g  system 
T r a n s i t i o n  r a d i a t i o n  u n i t  
Hadron c a l o r i m e t e r  u n i t s  
E l e c t r o n  c a l o r i m e t e r  u n i t s  
R e f r i g e r a t o r  f o r  c a l o r i m e t e r s  
Ca lor imete r  s u p p o r t s  
Ca lor imete r  e l e c t r o n i c s  
D r i f t  chamber c o n s t r u c t i o n  
D r i f t  chamber e l e c t r o n i c s  
Data handl ing  computer 

TOTAL 

These e s t i m a t e s  a r e  q u i t e  rough, b u t  t h e  i n t e n t i o n  was t o  pu t  i n  

a l l  major i tems and t o  p u t  i n  amounts t h a t  ought t o  be adequate.  No 

l a r g e  a d d i t i o n a l  cont ingency should  be needed. The incrementa l  c o s t  

f o r  the  magnet power supply  and cool ing ,  es t imated  a t  $1000 K, due 

t o  t h e  l e p t o n  d e t e c t o r  may be much lower,  i f  these  needs a r e  met by 

genera l  ISABELLE f a c i l i t i e s .  The o v e r a l l  e s t i m a t e  might be rounded 

o f f  t o  $8 000 000. This does n o t  i n c l u d e  any c o s t  e s c a l a t i o n  t o  some 

f u t u r e  time a t  which i t  might  be b u i l t .  It does n o t  i n c l u d e  the  ex- 

per imenta l  h a l l  and suppor t ing  space t o  house e l e c t r o n i c s ,  which a r e  

assumed t o  be prov ided  a s  ISABELLE f a c i l i t i e s .  



F. C o n s t r u c t i o n  Schedule  f o r  1975 ~ u & m e r  Study Design 

The s c h e d u l e  o u t l i n e d  below is  aimed a t  hav ing  a  u s e f u l  

l e p t o n  d e t e c t o r  i n  June 1983, t h e  t ime schedu led  f o r  ISABELLE turn-on 

i n  t h e  May 1976 ISABELLE p r o p o s a l .  

F i s c a l  Years  A c t i v i t i e s  

P r e p a r e  p r o p o s a l  f o r  fund ing  
w i t h  g e n e r a l  d e s i g n  and c o s t s .  

1979 Design magnet i n  d e t a i l .  

F i n i s h  d e t e c t o r  d e s i g n .  
P rocure  main components o f  magnet.  
Bu i ld  f i r s t  d e t e c t o r  e l ements .  

I n s t a l l  magnet,  power supp ly ,  e t c .  
T e s t  d e t e c t o r s  a t  AGS. 
Bui ld  a d d i t i o n a l  d e t e c t o r s .  

I n s t a l l  i n i t i a l  d e t e c t o r s  i n  magnet.  
T e s t s  w i t h  f i r s t  ISA beam. 

1984 Begin r e s e a r c h  program. 
Take i n i t i a l  d a t a .  
I n s  t a l l  more complete  d e t e c t o r s .  

I n  t h e  ISABELLE proposa l  a l l  b u i l d i n g s  a r e  schedu led  t o  be  com- 

p l e t e d  by 1981. Th i s  p r o v i d e s  adequa te  t ime f o r  t h e  magnet t o  be 

assembled i n  i t s  b u i l d i n g  b e f o r e  ISABELLE o p e r a t i o n  b e g i n s ,  a s  i n  t h e  

above s c h e d u l e .  There  is  n o t  t ime f o r  much d e l a y ,  however,  and con- 

s e q u e n t l y  s u c h  a  p l a n  r e q u i r e s  fund ing  f o r  t h e  l e p t o n  d e t e c t o r  soon  

a f t e r  fund ing  f o r  ISABELLE. 

G .  Space Requirements f o r  1975 Summer Study Desivn 

The space  requ i rements  a r e  set by t h e  needs t o  g e t  ca lo r im-  

e r  modules i n  and o u t  o f  t h e  magnet s t r u c t u r e .  The magnet i s  hex- 

a g o n a l ,  s o  t h a t  t h e r e  would be 12 hadron c a l o r i m e t e r  modules i f  t h e y  

are d i v i d e d  a t  t h e  middle  and i n s t a l l e d  through t h e  open end.  I f  t h e  



t o t a l  weight  i s  550 tons  t h i s  g i v e s  47 tons  p e r  module. A s t r o n g  

suppor t  system w i l l  be needed f o r  s l i d i n g  modules i n  and o u t .  Out- . 

s i d e  they can be l i f t e d  by c r a n e .  A 40-ton c rane  would l i m i t  t h e  

module t o  a s m a l l e r  s i z e ,  s o  a 60-ton c rane  i s  p r e f e r a b l e .  

The magnet extends 5 mete rs  from the  c e n t r a l  l i n e ,  and t h e  

c a l o r i m e t e r  module i s  about  t h r e e  mete rs  long.  For a h igh- luminos i ty  

i n s e r t i o n  t h e  f r e e  space  i s  f 1 3  m e t e r s ,  which prov ides  a reasonable  

amount o f  e x t r a  space  excep t  f o r  t h e  need t o . p r o v i d e  f o r  f u t u r e  "end 

caps"'. The consensus was t o  postpone the  des ign  of  t h e  end cap  till 

a f t e r  t h e  i n i t i a l  d e t e c t o r  is working s i n c e  t h e  e a r l y  phys ics  r e s u l t s  

may s t r o n g l y  i n f l u e n c e  t h e  f i n a l  des ign .  

H. P o s s i b i l i t y  of  Measuring t h e  Di-Muon Continuum -- A Rough 

b t e  Calcu la r fon  

As p a r t  o f  the 1976 Workshop on t h e  Lepton Detec tor ,  we 

cons idered  t h e  p o s s i b l e  experimental  program f o r  t h e  d e t e c t o r  i n  

a d d i t i o n  t o  d i s c o v e r i n g  t h e  W. This  n o t e  cons iders  t h e  rough r a t e s  

f o r  a measurement of  t h e  c r o s s  s e c t i o n  p + p + A+ + A- + X a s  a func- 

t i o n  of  mil u s i n g  t h e  p r e s e n t  des ign  of  t h e  l e p t o n  d e t e c t o r .  

we use  a s  a s t a r t i n g  p o i n t  t h e  s c a l i n g  f u n c t i o n  m3 do/dmAA v s  
A A 

s / m t A  a s  shown i n  Fig.  2 ( o r i g i n a l l y  F ig .  4 ,  of  Ref. 1 ) .  

We cons ider  t h e  c a s e  of ISAEiELLE running a t  200 GeV x 200 G e V  

w i t h  a luminos i ty  of  1 0 ~ ~ .  The l e p t o n  d e t e c t o r  has  a minimum muon 

momentum c u t o f f  o f  % 8 GeV/c. For p r a c t i c a l  c o n s i d e r a t i o n s , ' t h i s  

impl ies  a minimum di-muon mass o f  20 GeV, corresponding t o  s/m2 = 400. 

From Fig .  2 ,  m3 do/dm i s  roughly f l a t  down t o  s/m2 = 40 and then f a l l s  

o f f  r a p i d l y .  (Sinca da/dm decreases  a s  t h e  cube of t h e  mass, we w i l l  
2 

n o t  c o n s i d e r  s / m  s m a l l e r  than 40 i n  much d e t a i l . )  s/m2 = 40 impl ies  

m = 65 GeV. 
PP 

The counting r a t e s  assuming A n / h  = a r e  shown i n  Fig.  3. We 

n o t e  wi th  some d i s t r e s s  t h a t  measurements above mAj - 70 GeV become 
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extremely d i f f i c u l t  -- even wi th  a  d e t e c t o r  a s  massive a s  t h e  l e p t o n  

d e t e c t o r  . 
In  o r d e r  t o  have 1 0  events  i n  t h e  h i g h e s t  mass b i n  (60 + 70 GeV), 

how long a  run is requi red?  S ince  t h e  momentum r e s o l u t i o n  i s  - 12%, 

hmlm - 15%. Thus, the  b i n  s i z e  is  - 1 0  GeV i n  mass. The counting 

r a t e  i n  t h i s  b i n  i s  t h e r e f o r e  

d O ~ 1 0 ~ ~ ~ ~ ~ f = 5 X 1 0 - 5  dm . ( a t  65 GeV) 

Therefore  i n  2 days ,  one would expec t  1 0  e v e n t s .  A one-week run would 

produce ample s t a t i s t i c s .  We no te  t h a t  a t  20 G e V ,  Am = 3 GeV, 

o r  approximately 60 e v e n t s  i n  a  3 G e V  b i n .  This  l e v e l  of  s t a t i s t i c s  

would be s u f f i c i e n t  t o  d i f f e r e n t i a t e  between t h e  v a r i o u s  quark pre-  

d i c t i o n s  -- we n o t e  t h a t  t h e  i n t r o d u c t i o n  of  c o l o r  reduces t h e  e s t i -  

mate by a f a c t o r  o f  3 .  Newer d a t a  on t h e  s c a l i n g  f u n c t i o n  l e a d s  one 

t o  expec t  the  lower curve ,  w i t h  t h e  r e d u c t i o n  of 3 t o  be more r e a l i s -  

t i c .  The p o s s i b l e  r e s u l t s  o f  a  2-day run  a r e  shown i n  Fig.  4. It 

t h e r e f o r e  appears  q u i t e  reasonable  t o  measure t h e  di-muon continuum 

w i t h  the l e p t o n  d e t e c t o r .  , 

111. OPTIONS AND NEW IDEAS 

A. Reduced S c a l e  Option 

1. General Concepl: 

Since t h e  magnet r e p r e s e n t s  a  l a r g e  f r a c t i o n  o f  t h e  t o t a l  

c o s t  of t h e  i n i t i a l  d e t e c t o r ,  we cons idered  reducing t h e  s i z e  of t h e  

i-nner d e t e c t o r  modules s o  t h a t  t h e  magnet cou ld  be s m a l l e r .  I n  t h e  

reduced s c a l e  o p t i o n  we propose t h a t  t h e  i n n e r  d e t e c t o r  e lements  no 

longer  have t h e  c a p a b i l i t y ,  i n  each s e c t o r ,  t o  i d e n l i f y  e l e c t r o n s  
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and have t h e  f u l l  e l e c t r o n  and hadron c a l b r i m e t e r s .  There would be 

two d i f f e r e n t  types of  modules. One would c o n t a i n  the t r a n s i t i o n  

r a d i a t o r s  and t h e  e l e c t r o n  c a l o r i m e t e r  and t h e  o t h e r  would c o n t a i n  

on ly  t h e  e l e c t r o n  and hadron c a l o r i m e t e r s .  We can  c o n s i d e r  a n  i n i -  

t i a l  experiment comprised of  a l t e r n a t i n g  types  o f  modules. I n  de- 

t e c t i n g  t h e  muonic decay of  t h e  W ,  t h e r e  i s  no l o s s  o f  s o l i d  ang le  

i n  t h i s  reduced v e r s i o n  compared t o  t h e  o r i g i n a l  des ign ,  whi le  f o r  

t h e  e l e c t r o n i c  decay we l o s e  a f a c t o r  o f  2 .  C l e a r l y  any pe  c o r r e l a -  

t i o n s  a r e  a l s o  reduced by a f a c t o r  of  2 i n  t h i s  i n i t i a l  c o n f i g u r a t i o n .  

Depending on t h e  e a r l y  performance of t h e  d e t e c t o r  and t h e  e a r l y  phys ics  

r e s u l t s ,  one always h a s  t h e  o p t i o n  o f  changing t h e  modular configura-  

t i o n .  

I f  we were o p t i m i s t i c  we could  b e l i e v e  t h e  c a l c u l a t i o n s  f o r  W 

p roduc t ion  and then a s k  i f  we could do phys ics  wi thout  any t r a n s i -  

t i o n  r a d i a t i o n  modules. F i l l i n g  a l l  t h e  s e c t o r s  With an elacLru-  

magnetic c a l o r i m e t e r  fol lowed by t h e  hadronic  c a l o r i m e t e r  would s t i l l  
2 

g i v e  us  hadron r e j e c t i o n  a g a i n s t  e l e c t r o n s  of  a t - l e a s t  1 0  . Taking 

t h e  W c r o s s  s e c t i o n s  l i t e r a l l y ,  we would have a n  background of  l e s s  

than 10% i n  our  e l e c t r o n  sample, which s t i l l  a l lows  us  t o  c l e a r l y  

s e e  t h e  W ,  wi thout  any l o s s  o f  s o l i d  ang le  i n  comparison t o  t h e  

l a r g e - s c a l e  d e t e c t o r .  C l e a r l y  one can f i l l  h a l t  the  s e c r o r u  FlrsL 

wi th  c a l o r i m e t e r s  and make t h e  f i n a l  d e c i s i o n  concerning what goes 

i n  t h e  o t h e r  h a l f  a f t e r  t h e  i n i t i a l  r u n .  Since ~hLs is more opc- 

c u l a t i v e  than  our  g e n e r a l  approach, we w i l l  do t h e  c o s t  e s t i m a t e  

assuming two d i f f e r e n t  type modules a s  d e s c r i b e d  prev ious ly .  The 

c o s t  e s t i m a t e  u s i n g  a l l  c a l o r i m e t e r s  would be aLuut $400 K more 

than the  e s t i m a t e s  t h a t  fol low.  

2.  Cost and Space Requirements 

The c o s t  o f  t h e  magnet s c a l e s  approximately a s  t h e  volume o f  

t h e  i r o n ,  which is es t imated  t o  be 62% o f  the  o r i g i n a l  i n  t h e  reduced 

s c a l e  'design. There is a sav ing  of 38% i n  bo th  magnet and power 



supply, e t c .  This i s  0.38 x 4220 = $1600 K. 

Since the  t r a n s i t i o n  r a d i a t i o n  u n i t  would only occupy three  

s ec to r s  i n s t ead  of six, a  reduction of $100 K i s  est imated.  

The number of hadron ca lor imeter  modules would a l s o  be reduced 

by a  f a c t o r  of two and the  s i z e  of each would be reduced. There i s  

a  saving i n  cons t ruc t ion ,  supports ,  and e l e c t r o n i c s ,  t o t a l l i n g  

$1300 K.  There i s ,  however, no s i g n i f i c a n t  reduction i n  the  c o s t  

e l e c t r o n  ca lor imeters  . 
The d r i f t  chambers w i l l  be smal ler  i n  s i z e ,  wi th  fewer wires .  

This w i l l  l e ad  t o  a  reduction i n  cos t  of about $200 K,  including 

e l ec t ron ic s .  These reductions a r e  summarized below: 

Cost Reduction with Reduced Scale  
($ i n  thousands) 

Magnet and power supply 

Trans i t ion  r a d i a t i o n  u n i t  

Hadron ca lor imeter  t o t a l  

D r i f t  chambers 

Total Reduction 

. Result ing Cost Estimate 

The o v e r a l l  r e s u l t  i s  t o  reduce the  c o s t  es t imate  from 

$7 752 000 t o  $4 552 000. This a l t e r n a t i v e  might, therefore ,  prove 

t o  be an a t t r a c t i v e  one s ince  it does not  r u l e  ou t  any of the kinds 

of experiments f o r  which the  lep ton  de t ec to r  would be b u i l t .  

No d e t a i l e d  cons idera t ion  was given to  the schedule f o r  imple- 

mentation of a seduced sca l e  design,  but i t  was t l~uught  t h a t  there  

ould no t  be any s i g n i f i c a n t  change i n  times required from those  of 

 he l a r g e r  vers ion .  



The space  requirements  would, on the  o t h e r  hand,  c l e a r l y  be 

l e s s  f o r  the  reduced s c a l e  v e r s i o n .  The d i f f e r e n c e  is  smal l  enough 

t o  be w i t h i n  t h e  u n c e r t a i n t i e s  of  t h e  d i s c u s s i o n s  h e l d .  There was 

some f e e l i n g  t h a t  t h e  exper imenta l  h a l l  dimensions i n  t h e  1976 

Proposal  would be  adequate f o r  t h e  reduced s c a l e  des ign  b u t  n o t  f o r  

t h e  f u l l  s c a l e .  I f  s o ,  t h e  reduced s c a l e  would be advantageous f o r  

t h a t  reason  a l s o .  

An e x t r a  o p t i o n  t h a t  was b r i e f l y  cons idered  f o r  the  scaled-down 

v e r s i o n  was an i n n e r  t o r o i d  magnet c r e a t i n g  a  f i e l d  c o n c e n t r a t i o n  

around t h e  beam. This  would a l low one to determine the s i g n  o f  t h e  

e l e c t r o n s .  It would however c u t  down on t h e  acceptance and r a i s e  

t h e  c o s t  of  t h e  d e t e c t o r .  More des ign  work would be rlr.crsaaLp Lcforc 

one could  dec ide  i f  t h i s  was a  f e a s i b l e  o p t i o n .  

B. A l t e r n a t i v e  Modular Magnet Assembly 

The i n n e r  d e t e c t o r s  were designed i n  a  modular f a s h i o n  t o  

a l l o w  some f l e x i b i l i t y  f o r  f u t u r e  innova t ion  r e s u l t i n g  from both  

technology advances and t h e  e a r l y  phys ics  r e s u l t s .  An a t tempt  was 

made w i t h  a  s i m i l a r  motive t o  s e e  i f  one could conceive of  t h e  l a r g e  

magnet a s  being composed of module s e c t i o n s .  

1. Hc~rngonal Con f i g l l r a t i o e  

A scheme was envisaged f o r  assembling a  hexagonal magnet i n  

two l a y e r s  wi th  t h e  o u t s i d e  edge 4.2 la f rom t h c  boam l i n e  wi th  blocks 

of  i r o n  w i t h  i n d i v i d u a l  windings b u i l t  i n t o  each of Ll~e blocks .  A 

s k e t c h  of t h e  i n d i v i d u a l  blocks is  shown i n  Fig.  5 and t h e  assembly 

i s  shown i n  F i g .  6 .  The magnetic c i r c u i t  goes around the hexagon a s  

i n  t h e  o r i g i n a l  des ign .  The u n i t  c o n s t r u c t i o n  means t h a t  i t  could be 

e n l a r g e d  by adding b locks ,  and a d d i t i o n a l  i r o n  s h e l l s  could be added 

w i t h  a  s i m i l a r  c o n s t r u c t i o n .  

The o u t e r  hexagon h a s  54 r e c t a n g u l a r  blocks and G c o r n e r  f i l l e r s ,  

whi le  the  i n n e r  one h a s  24 and 6 .  For s i m p l i c i t y  i n  assembly t h e  
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top and bottom blocks have no c o i l s .  The magnet blocks weigh. about 

30 tons ,  so  a 40-ton crane should be adequate. Each hexagon i s  

supported by an end frame which is a heavy channel t o  which the mag- 

ne t  blocks a r e  bol ted .  The end frame is 8.4 m high,  s o  it would 

have t o  be welded together i n ' t h e  bui ld ing .  The support ing frame- 

work i s  shown cross-hatched.  The outer  hexagon is supported from 

the  f l o o r  and the  inner  hexagon i s  supported from the ou te r  hexagon. 

For the bottom h a l f ,  the outer  hexagon is assembled f i r s t ,  then the 

Ler, while f o r  the  top ha l f  the inner i s  done f i r s t ,  then the ou te r .  

Bus bar and cooling manifolds mount t o  the  support ing frame i n  

the  areas  t h a t  have magnet windings. 

It would seem appropr ia te  t o  have a p i t  extending the f u l l  width 

of the  bui ld ing  sbmew~~at longer than the de t ec to r ,  but  the r e s t  of 

the bui ld ing  f l o o r  could be h igher ,  a t  a l e v e l  permi t t ing  the d r i f t  

chambers between magnets t o  s l i d e  i n  from the  ends. This would keep 

the he ight  of supports  and sca f fo ld ing  reasonable. Trucks could d r ive  

i n  a t  t h i s  l e v e l ,  s o  no separa te  loading platform would be needed. 

The lowest d r i f t  chambers would s l i d e  under the  magnet from the s i d e ,  

i n  the p i t .  They come i n  pieces about 4 x 4 m ,  presumably. Prob- 

ably the t o t a l  bui ld ing  width should be about 20 m, s ince  the hexagon 

i s  about 10 m. The 16-m width i n  the  '76 proposal seems a b i t  

skimpy. 

I n  some cases i t  might be u se fu l  to remove upper magnet blocks 

t o  g e t  a t  the  inner  de t ec to r  assembly, which would not  be impossible 

t o  do. 

2 .  Free Form Magnet Assembly 

An a l t e r n a t i v e  way of energizing the  i r o n  t h a t  avoids the 

- - :cess i ty  of cons t ruc t ing  the  f u l l  i r on  magnet a t  the beginning and 

.so allows new arrangements o f  the i ron  a t  a l a t e r  time i s  presen- 

ted .  The i r o n  hexagon i s  made up of square blocks with a thickness 



s u i t a b l e  f o r  l i f t i n g  with the crane .  Blocks stacked together  t o  

g ive  the  des i red  th ickness ,  say 1 rn, would then be energized a s  a 

s i n g l e  t o ro id ,  with the  magnetic f i e l d  perpendicular  t o  t racks  a t  

l a r g e  angle  t o  the beam. For example, a  5 m X 5 m block would have 

a 30-cm hole  c u t  i n  the  cen te r .  Each corner would be c u t . o f f  

(0.6 m x 0.6 m x 0.5 area)  so  a s  t o  provide a reasonable approxi- 

mation t o  a c i r c l e .  A c o i l  would run from the  cen te r  t o  each corner 

The l o s s  of a r e a  due t o  the missing c o m e r s  and the hole  i n  the cen- 

t e r  i s  approximately 3% of the t o t a l  a r ea .  The width of a  toro id  

would be cfinspn tn rnrrespond t~ One Side of che irurl Ilexagua, and 

thus two toro ids  s i d e  by s i d e  would be necessary to  give the des i red  

length  along the  beam. Thus the i ron  hexagon i n  the o r i g i n a l  pro- 

posal  o r  any f r a c t i o n  of i t  could be constructed out  of these  i ron  

toro ids  with a l o s s  of coverage of only 3%. 

C. Comments on the Central  Solenoid Option 

The mer i t s  of the solenoid magnet have been considered i n  

the  1975 ISABELLE Summer s tudy .' This note concerns 3 p o t e n t i a l  

drawbacks of the solenoid:  

- I n f e r i o r  on- l ine  hadron r e j e c t i o n  i n  the s i n g l e  e lec-  

t ron t r i g g e r .  

3 3 - High r a t e s  i n  the  magnet chambers a t  L = 10 . 
- What t o  do w i t h  the flux rccurn ? 

- 4 
We consider an on-l ine hadron r e j e c t i o n  of - 10 a s  a very 

des i r ab l e  f ea tu re .  The lep ton  de t ec to r  wit11 no solenoid hoe hadron 

r e j e c t i o n  f ac to r s  of 11400 from the t r a n s i t i o n  r ad i a to r  s ec t ions  and 

a t  l e a s t  1/10 from the  ca lor imeter  s ec t ion .  The ove ra l l  f a c t o r  of 

3. /LO00 makes an exce l l en t  t r i g g e r  . 
As discussed i n  the 1975 Summer Study, t he  e l ec t ron  t r i g g e r  

with t he  so lenoid  opt ion  would r e l y  on the longi tudina l  shower . 



development c r i t e r i o n  a lone ,  which i s  a  r a t h e r  l o o s e  t r i g g e r .  Using 

t h e  CCR formula, and an ell? - we have a t  L = roughly 0.2 

d i r e c t  e l e c t r o n s  p e r  s e c .  A t r i g g e r  wi th  on ly  11100 hadron r e j e c t -  

i o n  would g i v e  a  r a t e  of  20 /sec ,  which i s  h i g h ,  a l though  no t  com- 

p l e t e l y  p r o h i b i t i v e .  Addi t iona l  o f f - l i n e  r e j e c t i o n  i s  a v a i l a b l e  

by comparing t h e  energy measured i n  the shower w i t h  t h e  momentum 

measured i n  t h e  magnet. For example, a  requirement  t h a t  the  Eshower 1 
be l a r g e r  than  0.9 p rov ides  a  hadron r e j e c t i o n  of  a t  l e a s t  .gne t 

0 a t  5  GeV. 2-4 While t h e  s o l e n o i d ' s  momentum r e s o l u t i o n  d e t e r i -  

Ura tes  wi th  i n c r e a s i n g  energy,  the  shower c o u n t e r  improves. A more 

d e t a i l e d  c a l c u l a t i o n  of  t h e  hadron r e j e c t i o n  vs energy should be 

made. 

However, the combined o n - l i n e  and o f f - l i n e  hadron r e j e c t i o n  i s  

s t i l l  n o t  a t  t h e  l e v e l .  Therefore ,  we c o n s i d e r  t h e  p o s s i b i l i t y  

of  p u t t i n g  t r a n s i t i o n  r a d i a t o r  modules i n s i d e  the  s o l e n o i d  magnet a long  

w i t h  t h e  p o s i t i o n  measuring d r i f t  chambers. Suppose t h e r e  a r e  only 

3 p a i r s  o f  d r i f t  chamber p l a n e s ,  each r e q u i r i n g  5 cm r a d i a l l y .  To 

l e a v e  maximum space  f o r  t r a n s i t i o n  r a d i a t o r s ,  we contemplate  curved 

d r i f t  chambers, a s  w e l l  a s  curved TR modules. Then of t h e  - 60 cm 

a v a i l a b l e  i n s i d e  t h e  magnet, ,15 cm a r e  a l l o t t e d  t o  the d r i f t  chambers 

l e a v i n g  45 cm, perhaps 2 s h o r t  modules, o r  one long  module i n t e r r u p t e d  

by the  c e n t r a l  d r i f t  chamber p l a n e s .  F u r t h e r  s t u d y  is  c l e a r l y  needed. 

Hopeful ly a  hadron r e j e c t i o n  o f  1 /50  t o  11100 could  be ob ta ined  which 
- 3 

would provide a  f a i r l y  good t r i g g e r  (10 ) and should  c e r t a i n l y  g ive  
- 4  

a  f i n a l  r e j e c t i o n  of  b e t t e r  than  1 0  i n  the  o f f - l i n e  a n a l y s i s .  

2 .  J.S. Beale,  F.W. Biisser, L. C a m i l l e r i ,  L. DiLe l la ,  G .  Gladding, 
A. P l a c c i ,  B.G. Pope, A.M. Smith, B. Smith, J.K. Yoh, E. Z a v a t t i n i ,  
B.J.  Blumenfeld, L.M. Lederman, R.L. Cool, L. L i t t ,  and S.L. S e g l e r ,  
N~tcl.. Instrum. Methods 117, 501 (1974). 

W . J .  W i l l i s  and V. Radeka, Nucl. Instrum. Methods 120, 221 (1974). 

-t. J.A. Appel, M.H. Bourquin, J. Gaines, D.C. Hom, L.M. Lederman, 
H.P. P a a r ,  J.-P. R e p e l l i n ,  D.H. Saxon, H.D. Snyder, J.M. Weiss, 
J .K.  Yoh, B.C. Brown, C.N. Brown, J.-M. G a i l l a r d ,  J.R. Sauer ,  and 
T. Yamanouchi, Nucl. Instrum. Methods 127, .495 (1975). 



An important  f e a t u r e  of  an e l e c t r o n  t r i g g e r  is a  pulse  he igh t  

measurement d i r e c t l y  a f t e r  the beam pipe t o  guard a g a i n s t  e l e c t r o n s  

f r o m y  conversions a n d n o  Da l i t z  decays. Presumably t h i s  would be 

achieved with a  b a r r e l  of  narrow s c i n t i l l a t o r s .  With a  so lenoid ,  

these  would have long l i g h t  guides and P.M.'S mounted ou t s ide  the  

so lenoid  end cap. I f  the  bake-out r e s t r i c t i o n s  a r e  met by leaving 

a  gap between the  p ipe  and the  innermost d e t e c t o r s ,  t he  b a r r e l  might 

be a t  R  - 10 cm, and s o  might have - 60 1-cm s t a v e s .  

2 .  Rates 

It is somewhat ques t ionable  whether da t a  co l l ec t ed  a t  

luminosi ty i n  a  c e n t r a l  t r a c k  de t ec to r  can be analyzed.  At 

L = the  i n t e r a c t i o n  r a t e  is 

assuming r i s e  i n  t o t a l  c ro s s  s e c t i o n  from ISR ene rg i e s .  Supposing 

t he  m u l t i p l i c i t y  on the c e n t r a l  r a p i d i t y  p l a t eau  is m / d y  - 1 . 5 ,  

t h e r e  w i l l  be - 3 p a r t i c l e s / e v e n t  i n  the lep ton  d e t e c t o r  (Ay = 2 f o r  

f 45'). We cons ider  the innermost d r i f t  chamber, l oca t ed  a t  R  = 10  cm. 

Suppose we use 1110 c e l l s ,  so  t h a t  the c e l l  l eng th  i s  only + 3 mm. The 

d r i f t  time is  then - 75 nsec (assuming 2UU nsec/cm). During L l ~ l s  

75 nsec ,  on t he  average 3 add i t i ona l  beam-beam i n t e r a c t i o n s  occur,  

y i e l d i n g  9 add i t i ona l  t r acks  i n  the  de t e c t o r .  

These background t r acks  can be l a r g e l y  e l imina ted  i f  the  p a i r s  

of  d r i f t  chambers a r e  o f f s e t  h c e l l  (needed f 3 r  l e f t - r i g h t  

ambiguity r e so lu t i on  i n  any case)  by not ing  the sum of the  t r a n s i t  

times f o r  a  t r a c k  i n  the 2 s t r u c k  c e l l s .  For in-time events  the 

sum i s  75 nsec,  while f o r  out-of- t ime events  i t  is l e s s .  Timing 

accurac ies  of f 5 nsec could then e l im ina t e  - 90% of t he  background 

even t s .  This r e j e c t i o n  is  somewhat i e s s  f o r  low-luumentum t r acks  

which s t r i k e  the chambers a t  an angle .  



However, i f  a  c e l l  c o n t a i n s  two. t r a c k s ,  t h e  t iming t r i c k  o f  

background r e j e c t i o n  f a i l s ,  and t h e  d a t a  is l o s t .  With 9 background 

t r a c k s ,  the  p r o b a b i l i t y  of  any c e l l  con ta in ing  one is 91100. The 

f a i l u r e  p r o b a b i l i t y  is a c t u a l l y  3 t imes t h i s  p r o b a b i l i t y ,  s o  t h e  

chance of f a i l u r e  is  - 27% p e r  r e a l  t r a c k .  Thus a  system o f  f 3 mm 

c e l l s ,  r e q u i r i n g  1500 c e l l s  i n  a l l ,  would s t i l l  be s u b j e c t  t o  a  30% 

r e c o n s t r u c t i o n  f a i l u r e .  This  conc lus ion  may be a  b i t  gloomy, b u t  

undoubtedly m e r i t s  f u r t h e r  thought .  

Note t h a t  t h e  t r a n s i t i o n  r a d i a t o r  EIWPC's, w i t h  1 mm spac ing ,  

a r e  n o t  s u b j e c t  t o  s o  much t r o u b l e  a s  e x t r a  hadron t r a c k s  do n o t  

d e s t r o y  the e l e c t r o n  s i g n a l  u n l e s s  they f a l l  w i t h i n  one pu lse -he igh t -  

analyzed s u b u n i t .  This  should be only a  few percen t  a t  L = due 

t o  over laps  i n  t h e  s c i n t i l l - a t o r  b a r r e l .  

3. Flux Return 

The f l u x  r e t u r n  scheme presen ted  i n  the  1975 Summer Study 

may be t h e  b e s t .  

Assuming a  s o l e n o i d  r a d i u s  of  0.75 m, the  t o t a l  a r e a  of the  f i e l d  

is  1 . 8  mL. I f  t h e  f i e l d  is  1 0  kG, and t h e  f l u x  i n  t h e  i r o n  i s  a l s o  
2 t aken  t o  be 1 0  kG, the  i r o n  must have a  c r o s s  s e c t i o n  of  1.8 m every- 

where. For example,, i f  the  r e t u r n  p a t h  i s  a  hexagonal s h e l l  a t  R = 2.5 m 

( a f t e r  t h e  hadron c a l o r i m e t e r )  i t s  th ickness  rmlst be 1 0  cm. I f  t h e  

f l u x  i s  c a r r i e d  from t h e  s o l e n o i d  t o  t h e  s h e l l  a t  R = 2.5 by a  d i s c  end 

cap,  t h e  cap must be t h i c k e r  a t  t h e  c e n t e r  t o  main ta in  c o n s t a n t  1 . 8  m 
2 

c r o s s  s e c t i o n .  I n  p a r t i c u l a r ,  a t  R =  0.75,  1 . 8  = a (0.75) T o r  T =  

38 cm. Each end cap would weigh approximately 32 tons  which would 

\ have t o  be e a s i l y  movable t o  o b t a i n  a c c e s s  t o  t h e  inner  d e t e c t o r  

e lements  -- an i n t e r e s t i n g  engineer ing  problem. A view of t h i s  

c o n f i g u r a t i o n  i s  shown i n  F ig .  7. 

Reca l l  t h a t  t h e  d i r e c t i o n  of t h e  magnet ic  f i e l d  i n  the  f l u x  

r e t u r n  is  perpendicu la r  t o  t h a t  i n  t h e  o u t e r  muon magnet. I f  t h e  

hadron c a l o r i m e t e r  is  t o  have magnetized i r o n  (same d i r e c t i o n  a s  t h e  



Fig. 7 .  Return flux for central solenoid option. 



muon magnet), i t  may be bes t  t o  have the  f l ux  r e t u r n  e n t i r e l y  s epa ra t e  

from the  ca lor imeter ,  a  l o s s  of 10 cm f o r  a c t i v e  elements of the 

de t ec to r .  

We consider some a 1  t e rna t ive  conf igura t ions  t h a t  might al low 

the end cap t o  remain i n  place except f o r  access ins ide  the solenoid 

i t s e l f .  This might be obtained by dedicat ing a c e r t a i n  f r a c t i o n  of 

t he  azimuth of the ou te r  de t ec to r  t o  the f l ux  r e tu rn .  

I n  t he  region of the e l ec t ron  ca lor imeter  R goes from 0.8 t o  1 .3  

~ ~ , ~ ~ z r s .  The azimuth needed i s  given by: 

8 = 3.6 radians = 200' . 
This seems excess ive ,  corresponding to  an end view shown i n  Fig. 8a. 

I n  the region o f  the hadron ca lor imeter  R goes from 1 .3  t o  2 . 7  m. 

This time d = 40' which i s  not  too implausible.  One can contemplate 

t he  two cnnf igura t ions  shown i u  Figs.  8b and 8c.  However, the  t h in  

f l u x  r e tu rn  i n  one dimension must be compensated by a l a r g e  o the r  
2 dimension to  keep the t o t a l  c ross  s ec t ion  1 .8  m . So ins tead  of 

38 cm, the end cap must be 3 8 . 3 6 0 ~ 1 4 0 ~  = 3.4 m, and a s i d e  view i s  

shown i n  Fig.  8d. 

I V .  CONCLUSIONS AND FUTURE PLANS 

A. Size  of Detector 

The smal ler  vers ion  of  the lep ton  de t ec to r  system was prefer red  
- Eause i~ would be s i g n i f i c a n t l y  lower i n  c o s t  and e a s i e r  to bui ld  and 

s c a p a b i l i t i e s  fo r  muon de t ec t ion  were the same a s  those of t he  l a r g e r  

s i z e .  Elec t ron  and hadron energies  can be measured a s  well  a s  wi.th the 

l a r g e r  de t ec to r ,  the only s a c r i f i c e  being i n  the  s o l i d  angle f o r  e l ec t ron  
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Fjg. 8. Some a l t e r n a t i v e  approaches t o  t h e  r e t u r n  f l u x  problem f o  
t h e  c e n t r a l  s o l e n o i d  op t ion .  



and hadron de t ec t ion  when they a r e  t o  be done a t  the same time. The 

s o l i d  angle i s  s t i l l  a  l a r g e  one and seemed s a t i s f a c t o r y  f o r  an extensive 

program of experiments. 

For the present ,  therefore ,  fu r the r  work on the design of the de- 

t e c t o r  and experiments using i t  should be done with the smaller  vers ion .  

B. End Caps 

The de t ec t ion  of small-angle p a r t i c l e s  by means of end caps should 

,, , > f t  t o  a l a t e r  phase of the experimental program. I n i t i a l l y ,  the  

lep ton  de t ec to r  would concentrate on p a r t i c l e s  of high PI and r e l a t i v e l y  

l a rge  angle ,  without at tempting t o  observe a l l  secondary p a r t i c l e s  o r  

achieve ove ra l l  energy o r  momentum balance. Design of end caps t o  accom- 

pli.sh t h i s  might eventua l ly  be undertaken, but  only a f t e r  a  f i r s t  round 

of experiments i n  which the lep ton  de t ec to r  would cover angles wi th in  

2 45' of the 90' d i r e c t i o n ,  and i n i t i a l  information on small-angle p a r t i c l e s  

would come from experiments a t  o ther  i n se r t i ons  with equipment designed 

f o r  tha t  purpose. 

C. Cost Estimates 

The cos t  es t imates  made during the workshop a r e  very rough ones and 

may be s u b s t a n t i a l l y  d i f f e r e n t  from the f i n a l  c o s t  of an opera t ional  

system. To a r r i v e  a t  more accura te  c o s t  es t imates  a conceptual design 

f o r  the major components needs t o  be worked out  i n  engineering terms and 

cos t s  derived from it .  A d e f i n i t e  es t imate  should be poss ib le  f o r  the  

magnet, which i s  the most expensive item, s ince  i t  i s  of conventional 

cons t ruc t ion  though unusual conf igura t ion .  For the de t ec to r  modules the  

unce r t a in t i e s  would be somewhat l a r g e r ,  but es t imates  could he prrepared 

t h a t  would be adequate f o r  o proposal F I : I ~  funding. This should be done 

:he near fu tu re .  

D. F e a s i b i l i t y  of New Ideas 

Two ideas  were put  forward t h a t  involve q u a l i t a t i v e  changes i n  

design 8 t hc  0~1f-coi~LaLl~rcl  magnet biocks f o r  the  muon analyzing magnet, 

and the  t o ro ida l  i n t e r i o r  magnet f o r  ana lys i s  of e l ec t rons  and hadrons. 

The dura t ion  of the workshop was not adequate f o r  a ca re fu l  eva lua t ion  



of these  i d e a s ,  s o  t h i s  needs t o  be done from two v iewpoin ts .  In  t h e  

f i r s t  p l a c e ,  do t h e s e  i d e a s  have r e a l  advantages from t h e  h i g h  energy 

phys ics  viewpoint ;  do they make b e t t e r  measurements o r  b e t t e r  experiments  

p o s s i b l e ?  I n  the  second p l a c e ,  a r e  they p r a c t i c a l  from a n  engineer ing  

viewpoint ;  would they be c o s t - e f f e c t i v e  t o  b u i l d  and o p e r a t e ,  and r e l i a b l e  

and convenient  i n  o p e r a t i o n ?  

E. Need f o r  a  Working Design Group 

A working d e s i g n  group i s  needed t o  p repare  a  p roposa l  f o r  t h e  cc 

s t r u c t i o n  o f  a  l e p t o n  d e t e c t o r  system dur ing  t h e  n e x t  1 8  months. I f  a  

d e f i n i t e  des ign  and proposa l  a r e  needed by t h e  s p r i n g  of 1978, t h i s  could 

be done i n  two phases ,  w i t h  an e v a l u a t i o n  of  the  new i d e a s  f o r  nagnet  

c o n s t r u c t i o n  and des ign  of the  d e t e c t o r  system c a r r i e d  o u t  by summer 

o f  1977, inc lud ing  r e l i a b l e  c o s t  e s t i m a t e s .  At t h a t  time a  f u r t h e r  work- 

shop o r  summer s t u d y  could review t h i s  in format ion ,  and a r r i v e  a t  a  

d e c i s i o n  concern'ing which i d e a s ,  i f  any, t o  i n c o r p o r a t e ,  and r e s o l v e  

f u r t h e r  q u e s t i o n s  concerning t h e  conceptua l  des ign .  Using t h i s  f u r t h e r  

i n p u t ,  t h e  working group would determine f u r t h e r  d e t a i l s  and prepare  a  

p roposa l  f o r  submission t h e  fo l lowing  s p r i n g .  

To do t h i s  would r e q u i r e  a  major f r a c t i o n  o f  the  time o f  a  mechani.ca1 

e n g i n e e r  wi th  des ign  and d r a f t i n g  s u p p o r t ,  and part-clme parLicipcl t ion of  

p h y s i c i s t s  f a m i l i a r  w i t h  t h e  types  of d e t e c t o r s  used ( d r i f t  chambers, L i  

t r a n s i t i o n  d e t e c t o r s ,  l i q u i d  argon calorimeters) aurl a l s o  oupcrcondurt ing 

magnats . I n  a d d i t i o n ,  t h e  des ign  must be compatible wi th  t h e  d e t a i l s  o f  

ISABELLE i n s e r t i o n  and experimental  h a l l ,  and members of  t h e  h igh  energy 

phys ics  community i n t e r e s t e d  i n  l e p t o n  phys ics  aL ISADEUE ~ h o u l d  be 

informed of  t h e  p rogress  of t h e  working group. 

I n  conc lus ion ,  t h e r e  is a s u b s t a n t i a l  amount of work t h a t  s t i l l  has  

t o  be done on t h e  pre l iminary  des ign .  Considering t h e  v a r i o u s  op t ion :  

and a l t e r n a t i v e s  t h a t  have been d i s c u s s e d ,  a  p o s s i b l e  a r t i s t 1 €  concept-. 

o f  t h e  d e t e c t o r  i s  shown i n  F i g .  9 .  



Fig. 9 .  This could be considered an art i s t ' s  conception of our 
Lepton btectnr, We thank the, Escher FoundatSon, Haaga 
Gemeenternuseum, The Hague, for permission to  copy the 
work Verburn'' by M.C. Escher. 



LARGE HADRON SPECTRDMIZlER WORKSHOP SUMMARY* 

D. Hywel White 

Cornell University 

I n  July  1976 a l a rge  hadron spectrometer workshop was held at  

Brookhaven. I n  1975 there  had been a summer study, and one group had 

produced a design which i s  reported i n  the  proceedings.1 Although 

t h i s  ce r t a in ly  seemed viable  t o  us,  the pa r t i c ipan t s  i n  the  workshop 

became en thus ias t i c  about an a l t e rna t ive  approach which we describe 

here. The mandate f o r  the workshop was t o  propose a design f o r  a 

np~c t romete r  system t h a t  could be used soon a f t e r  the turn  on of ISA- 

BEUE t o  exp lo i t  the  po ten t i a l  tha t  there  would be f o r  exci t ing physics 

inherent in the energy t h a t  would be avai lable  i n  the c.m. system. 

I n  commDn with a l l  projects  t h a t  a re  scheduled f o r  completion i n  the  

f a r  fu ture ,  we had the d i f f i c u l t y  t h a t  our f l i g h t s  of fancy could 

e a s i l y  o u t s t r i p  reasonable bounds and t h a t  r a the r  than t r y  t o  demon- 

s t r a t e  the  po ten t i a l  fo r  complexity, we should a t  l e a s t  be sure t h a t  

we would have the most exc i t ing  physics a t  our disposal.  We f e l t  

t h a t  a primary motivation f o r  I S A U  a t  the  present time stemmed 

from the  p o t e n t i a l i t i e s  f o r  seeing weak in te rac t ion  e f f e c t s ,  and i n  

pa r t i cu la r ,  f o r  observing the intermediate vector boson both i n  i t s  

charged and neutra l  s t a t e s .  In  the design of t h i s  spectrometer sys- 

tem we have used t h i s  physics as  an example t o  guide our rhoughts. 

* 
D. Edwards, A. Etkin, W. Frisken, B. Gibbard, E. von Goeler, M. Good, 
J. Humphrey, M. Kramer, P. Kunz, T. Kycia, D. Leith,  W. Love, D. Nygren, 
S. Ozaki, R. Palmer, E. Pla tner ,  J. Russell, J. Sandweiss, A. Seiden, 
W. Selove, D. Smith, J. Thompson, A. Walenta, E. Willen, W. W i l l i s .  

1. L. Rosenson, S. Ting, J. Russell, W. Selove, S. Lindenbaum, W. Loy 
R. L o u t t i t ,  S. Ozaki, F. Paige, E. P la tner ,  and S. Protopopescu, 
Proc. 1975 ISABELLE Sunnner Study, Brookhaven, BNL 2UYiU, p. 52. 



S t a r t i n g  i n  the  1975 study a group2 concen'trated on the  des ign  of  a 

lep ton  de t ec to r  i n  which the  a b i l i t y  f o r  de t ec t i ng  and i den t i fy ing  ' 

muons and e l ec t rons  was optimized. The W i s  expected t o  decay , 10% 

o f  the  time i n t o  a l ep ton  and a neut r ino  and these  high t ransverse  

momentum l ep tons  should be a c l e a r  s i g n a l  of W production.  

I n  our approach we concentrated on the  problem of de t ec t i ng  the  

charged p a r t i c l e s ,  with i d e n t i f i c a t i o n ,  and a l s o  measuring the  energy 

the  photons from hadron decay. Given a high e f f i c i e n c y  of detec- 

In, the  t ransverse  momentum of the  neut r ino  i s  a good s igna tu re  of  

a weak decay and we have i nves t i ga t ed  t h i s  approach here.  We note 

t h a t  i f  the  W i s  produced moving slowly i n  the l abo ra to ry  then both 

t he  charged l ep ton  and the  neut r ino  w i l l  genera l ly  have high t ransverse  

momentum and may be separable  from the  hadrons i n  the  production pro- 

ce s s .  Knowledge of  these  two momenta allows the  c a l c u l a t i o n  of  the  

charged W mass d i r e c t l y .  

A more d i f f i c u l t  bu t  a l s o  a t t r a c t i v e  p o s s i b i l i t y  i s  t o  s ee  the  

W decay i n t o  hadronic j e t s ,  and t he re fo re ,  measure t he  branching r a t i o ,  

Rw. 
It is not  a t  a l l  c l e a r  i f  t he se  j e t s  can be d i s t i ngu i shed  from 

"normal" hadronic j e t s  by t h e i r  angular  d i s t r i b u t i o n  and by t h e i r  in- 

v a r i a n t  mass d i s t r i b u t i o n ,  bu t  we have a l s o  borne t h i s  p o s s i b i l i t y  i n  

mind i n  designing the spectrometer  system we desc r ibe  here.  

Apart from the  in te rmedia te  vec tor  boson, t he r e  i s  the f i e l d  of 

charmed p a r t i c l e  spectroscopy t h a t  beckons a t  ISABELLE. At high pro- 

duction energ ies  i n  nucleon-nucleon c o l l i s i o n s  t he  J / Y  has been iden- 

t i f i e d  a t  t he  ISR and at' FNAL through the  two l ep ton  decay mode, bu t  

n o t ,  a s  f a r  a s  we a r e  aware, d i r e c t l y  by decay i n t o  hadrons. The 

higher mass charmed bosons couple l e s s  s t rong ly  t o  l ep ton  p a i r s ,  and 

i f  the  spectroscopy is  t o  be pursued, the  decays i n t o  hadrons urnst be 

R. Burnstein,  W.C. Ca r i t he r s ,  M. Duong-van, R. Tmlay, M. ~ r e i s l e r ,  
U. Nauenberg, C. Rubbia, L .  Sulak, G. Snow, H.H. Williams, 
E. Paschos, M. S a k i t t ,  C.L. Wang, and L.L. Wang, Proc. 1975 ISA- 
BEILE Summer Study, Brookhaven, BNL 20550, p. 9; I.H. Chiang, 
R. Imlay, S. Iwata,  S. Jacobs, R. Kraemer, M. K r e i s l e r ,  
K. ~ c ~ o n a l d ,  P. McIntyre, M. S a k i t t ,  J. Thompson, A. Thorndike, 
A. Walenta, C .  Wang, L.L.  Wang, these  Proc.. 



seen.  The s t r a i g h t f o r w a r d  method of  looking  f o r  t h e  two p a r t i c l e  de- 
3 

cays o f  t h e  D meson e .g. ,  a t  F'NAL by two spec t rometers ,  was n o t  suc- 

c e s s f u l  and a  more c o n s t r a i n e d  s e t  of  e v e n t s  a r e  probably necessary.  

The l a r g e  accep tance  and good momentum r e s o l u t i o n  o f  t h e  spec t rometers  

we d e s c r i b e  below would provide a  good handle on the  m u l t i p a r t i c l e  

decays o f  charmed p a r t i c l e s .  We n o t e  t h a t  the  e x c i t e d  p a r t i c l e s  a r e  

a l l  expected t o  be produced i n  t h e  c e n t r a l  r e g i o n  w i t h  a  momentum d i s -  

t r i b u t i o n  dominated by t h e  x v a l u e s  of t h e  a n t i q u a r k s  i n  one of  t h e  

i n c i d e n t  p ro tons .  

Although we have made s p e c i f i c  sugges t ions  on t h e  phys ics  t h a t  we 

have used t o  gu ide  t h e  spec t rometer  des ign ,  we a r e  aware t h a t  a  program 

of  "conventional" hadron p h y s i c s  i s  necessary  and it i s  our b e l i e f  t h a t  

a  l a r g e  range of t h a t  phys ics  c a n  be done w i t h  an appara tus  l i k e  t h i s  one,  

u s i n g  it a s  a m u l t i p a r t i c l e  e f f e c t i v e  mass spec t rometer  system. 

11. FUNCTIONAL DESCRIPTION 

During the  workshop we have become q u i t e  impressed by t h e  d i f f i -  

c u l t i e s  o f  o p e r a t i n g  a  l a r g e  and complicated spec t rometer  system even 

when a c c e s s  is r e a d i l y  a v a i l a b l e .  S ince  exper ience  a t  a  s t o r a g e  r i n g  

l e a d s  u s  t o  b e l i e v e  t h a t  access  w i l l  be l i m i t e d ,  we have t r i e d  t o  make 

t h e  des ign  modular and t o  r e s t r i c t  t h e  interdependence of t h e  components 

o f  the  system. I n  Fig. 1, we show a b lock  schematic  o f  a spec t rometer  

syslem. I n  ehe fo&ard d i r e c t i o n  we' expec t  t o  measure the  h i g h  momen- 

tum hadrons i n  t h e  forward a n g l e  t agg ing  spec t rometers  FATS 1 and FATS 

2.  The nomenclature is  meant t o  imply t h a t  f u n c t i o n a l l y ,  a s  wel l  a s  

o p e r a t i o n a l l y ,  we can d i f f e r e n t i a t e  between t h e  d i s i n t e g r a t i o n  prod- 

u c t s  of t h e  i n c i d e n t  p r o t o n s  and the  p a r t i c l e s  t h a t  a r e  produced i n  

t h e  c e n t r a l  reg ion .  These two spec t rometers  can  measure momenta of 

charged p a r t i c l e s  and t h e  energy of  t h e  n e u t r a l s  t h a t  a r e  e m i t t e d  with- 

i n  t h e  cone o f  accep tance ,  wi thout  n e c e s s a r i l y  u s i n g  any equipment 

3.  D. B i n t i n g e r ,  R.A, Lundy, D.D. Yovanovitch, C.W. Aker lof ,  P. Al ley ,  
D o  K o l t i c k ,  R,L. Loveless, D . I .  Meyer, R .  Ttun, W.R. D i t z l e r ,  
D.A. P i n l e y ,  F.J. L o e f f l e r ,  E.I. S h i b a t a ,  and K.C. S t a n f i e l d ,  
Phys. Rev. L e t t .  37, 732 (1976). 



F i g .  1 .  Spectrometer system cons is t ing  o f  forward angle tagging spec- 
trometer, FATS, wide angle spectrometer p a i r ,  WASP, and central  
detector ,  CD. 



inboard of t h e i r  main d e f l e c t i o n  magnets. These a r e  expected t o  have 

improved momentum r e s o l u t i o n  when t he  knowledge of t h e  ve r t ex  p o s i t i o n  

provided by t he  c e n t r a l  dev ice  (CD) i s  used,  bu t  t h i s  coupl ing  i s  no t  

e s s e n t i a l .  The measurement of i n c l u s i v e  p a r t i c l e  production w i t h i n  a  

f a i r l y  ex tens ive  forward cone can be accomplished by these  two spec-  

t rometers  i n  a  s tand  a lone  running mode. 

The p a r t i c l e s  t h a t  a r e  produced a t  wide angles  i n  t h e  c e n t r a l  

r e g ion  a r e  measured by a  wide angle  spectrometer  p a i r ,  (WASP) i n  a  wa] 

s i m i l a r  t o  FATS. Neut ra l  d e t e c t o r s  w i l l  measure energy,  and the  char j ,  

p a r t i c l e s  have t h e i r  momentum measured w i th  t h e  p a r t i c l e  type i d e n t i f i e d .  

I n  our p r e sen t  des ign  t h e  ISABELLE beams pass through WASP. This i s  

n o t  e s s e n t i a l ,  a l though a s  we have drawn t h e  o v e r a l l  dev ice  i n  F ig .  2  

i t  has been necessary  t o  remove t h e  n e u t r a l  d e t e c t i o n  i n  t h e  cone of 

acceptance of FATS. There were many i dea s  o f f e r ed  a t  the  workshop 

f o r  ingenious and t e c h n i c a l l y  advanced d e t e c t o r s  t o  occupy t h e  a r e a  

around t h e  i n t e r a c t i o n  r eg ion  i t s e l f .  We have l a b e l l e d  it func t i ona l l y  

a s  t he  c e n t r a l  d e t e c t o r  (CD) and we f e e l  t h a t  a p a r t  from assuming t h a t  

t h e  ve r t ex  p o s i t i o n  w i l l  be measured by t h i s  dev ice ,  we should no t  

c o n s t r a i n  it f u r t h e r  a t  t h i s  time, and we mut te r  imprecat ions l i k e  

t r a n s i t i o n  r a d i a t i o n ,  photosensi ' t ive chambers, time p r o j e c t i o n  chambers, 

c a lo r ime t ry  and t h e  l i k e .  This  block i s  s u b s t a n t i a l l y  uncommitted i n  our  

des ign ,  t he r e fo r e ,  a l though we f e e l  t h a t  it i s  e s s e n t i a l  t o  any r e a l i s t i c  

approach t o  p a r t i c l e  d e t e c t i o n  i n  t h e  c e n t r a l  reg ion .  

The o v e r a l l  layout  of t h e  d e t e c t o r  i s  shown i n  F ig .  2. A t  200 GeV/c 

t h e  angles  of t he  emergent p a r t i c l e s  a r e  a l l  smal l ,  - m i l i i r a d i a n s ,  

t h e  magnetic f i e l d  i s  t h e  p r i n c i p a l  source  of t r an sve r se  momentum 

a v a i l a b l e  t o  d e f l e c t  p a r t i c l e s  ou t  of t he  vacuum chamber. We desc r i be  

t he  two magnetic spectrometers  below. 

A .  FATS 

These spectrometers  have a  s i n g l e  bending magnet w i th  a  peak f i e l d  

i n t e g r a l  of 60 kG-m. It was thought: t h a t  i n  t he  des ign  of t he se  magnets 

every  e f f o r t  would be made t o  r e s t r i c t  t he  f r i n g i n g  f i e l d  from extending 
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f a r  from t h e  magnets themselves. The i d e a  behind t h i s  i s  t h a t  we wish 

t o  r e c o n s t r u c t  s t r a i g h t  l i n e  t r a c k s  a s  f a r  a s  p o s s i b l e ,  making f o r  

s i m p l i c i t y  i n  t h e  sof tware .  The bending i s  i n  a  v e r t i c a l  plane f o r  

reasons expressed i n  t h e  1975 summer s tudy .  We have used Ax = 100 p a s  

t h e  s p a t i a l  r e s o l u t i o n  t o  be s p e c i f i e d  f o r  t h e  d r i f t  chambers (D i n  

t h e  f i g u r e ) ,  a g a i n  t h e  s i m p l i c i t y  of t r a c k  format ion  i n  t h e  f i e l d  f r e e  

reg ion  leads  us  t o  expec t  t h a t  we c a n  accomplish t h i s  ambit ious goal .  

This  g i v e s  u s  a r e s o l u t i o n  of hplp2 - 0.5 Ax (Ax i n  mete rs ,  p  i n  &v/-\ 
which a t  100 GeV/c and Ax = is 0.5 Gev/c. This  f i g u r e  i s  typic;  

of t h e  magnitude of t h e  charged p a r t i c l e  momentum u n c e r t a i n t y  t h a t  we 

c a n  expec t .  Mul t ip le  s c a t t e r i n g  i n  t h e  m a t e r i a l  of WASP and FATS 

t o g e t h e r  g ives  h P l p  - 5 x s o  t h i s  becomes t h e  dominant e r r o r  

below 10 Gev/c. I f  t h e  v e r t e x  is  n o t  measured any b e t t e r  than  t h e  

beam s p o t  s i z e ,  t h e s e  r e s o l u t i o n  numbers become worse by about  a  f a c t o r  

B.  WASP 

The p r i n c i p a l  of  o p e r a t i o n  o f  t h e s e  two spec t rometers  is  i d e n t i c a l  

t o  FATS i n  t h a t  t h e  d e t e c t i o n  i s  a l l  downstream of  t h e  bending magnet. 

There is  p r o v i s i o n  f o r  Cerenkov c o u n t e r s ,  and they a r e  d i scussed  i n  

some d e t a i l  below. The n e u t r a l  d e t e c t i o n  is l i k e l y  t o  be expensive i n  

t h e  volumes envisaged ,  and we f e e l  t h a t  i t  may be necessary  t o  look  

f o r  i n t e r i m  s o l u t i o n s  t o  the  problem o f  measuring t h e  neutral ,  pnargy 

roughly i n  t h e  e a r l y  s t a g e s .  The S ~ d l  of  each magnet is  10 kG-m g i v i n g  
2 

Ap/p2 - 2" Ax wi thout  t h e  i n t e r a c t i o n  p o i n t  and Aplp - 4.8 Ax wi th  a  

measurement o f  t h e  i n t e r a c t i o n  p o i n t  t o  t h e  same s p a t i a l  p r c c i s i o n  as 

e l sewhere .  (As b e f o r e ,  Ax is $n m e t e r s ,  p  i n  GeVIc.) Using t h i s  more 

p r e c i s e  number, below 3.8 GeV/c the  m a t e r i a l  ahead o f  the spec t rometer  

w i l l  dominate t h e  momentum r e s o l u t i o n  keeping i t  t o  0.5%. The l a r g e  

a p e r t u r e  magnet is of  convent iona l  type ,  i f  l a r g e  i n  s i z e ,  and no prnh 

a r e  f o r e s e e n .  The geometry of t h e  WASP system, symmetric about  t h e  

i n t e r a c t i o n  p o i n t ,  r e f l e c t s  our  p r e s e n t  p r e j u d i c e  t h a t  t h e  angula r  

c o r r e l a t i o n  o f  t h e  hadron j e t s  w i l l  be a noticeable l i m i t a t i n n  i n  the  



acceptance of a  wide angle system, and a l s o  t h a t  t he  production a t  low 

x w i l l  enhance the  y i e ld  of t h e  symmetrical p a i r .  I n  t he  l i m i t  of 

c o r r e l a t i o n  of the  lep ton  p a i r  from the  n e u t r a l  vec tor  bosons, t h i s  

c o r r e l a t i o n  i n  the  acceptance w i l l  be important. For W + lepton-neutr ino,  

t he r e  a l s o  should be a high p o t e n t i a l  f o r  observin-g the  p a r t i c l e ' i n  

coincidence w i th  t he  lep ton  t o  e s t a b l i s h  the  low i n t e r a c t i o n  r a t e  of the  

neut r ino .  

C .  CD 

The c e n t r a l  d e t e c t o r  i s  no t  spec i f i ed  except  t h a t  it should de f ine  

a ve r t ex  and must be self-compensat ing magnetical ly f o r  t he  r e s t  of the  

spectrometer  work. Otherwise i t  i s  independent of t he  o ther  two 

spectrometer  systems. The absence of s p e c i f i c a t i o n s  f o r  t h i s  device  

should not  be taken a s  evidence f o r  a  low p r i o r i t y  i n  our des ign  bu t  

only a s  app rec i a t i on  of the  l a rge  number of opt ions  p r e sen t ly  ava i l ab l e .  

A l i s t  of major components is  shown i n  Table I. 

TABLE I. Major Items 

(2) FATS Magnet 60 kG-m 1.5m x l m  ' gap 

(2) WASP Mngnet 10 kG-UI 4m x 2m gap 

2 each Cerenkov Hodoscopes H2, C02, Freon 114 

D r i f t  Chambers, t o t a l  no. of wi res  50 K 

"Major" on-l ine computer wi th  PDP KLlO 

preprocessors 

2x Hadron Calorimeter  

2x Photon (LA) Calorimetry 
Cen t r a l  Device 

D. Vacuum chamber 

The combination of FATS, WASP, and t he  compensating magnet i s  t o  

r e s t o r e  t he  c i r c u l a t i n g  beam t o  i t s  normal angle and p o s i t i o n  a f t e r  

t r ave r s ing  t he  appara tus .  The beam gymnastics a r e  not  t r i v i a l ,  e s p e c i a l l y ,  

i n  t he  s i t u a t i o n  t h a t  the  energy of t he  two beams d i f f e r s  from the  



maximum ava i l ab l e .  I n  t h i s  condi t ion  we would p re fe r  t h a t  WASP remains 

a t  the  nominal f u l l  f i e l d ,  s i nce  t he  momenta of the  p a r t i c l e s  i n  t he  

c e n t r a l  reg ion  a r e  not  changed, and t h a t  FATS and the  compensating 

magnets a r e  s e t  t o  r e s t o r e  t he  beam condi t ions .  We expect  t h a t  t h i s  

problem w i l l  be s tudied  fu r the r .  

E. Cerenkov Counters 

We have out l ined  a des ign  of the  counters  based on the  following 

p r inc ip l e s  : 

1. The geometry adopted by the  1976 Summer Workshop was adhered _. . 

2. Since the  counters a r e  of awkward shape, gases a t  atmospheric 

pressure  have been used a s  r a d i a t o r s .  

3 .  In genera l ,  multibody f i n a l  s t a t e s  w i l l  be involvcd,, so  a 

compromise has been chosen which w i l l  permit t h e  i d e n t i f i c a t i o n  of kaons 

down t o  - 11 &V/c. As we show l a t e r ,  t h i s  l i m i t s  t h e  momentum of 

f u l l y  i d e n t i f i e d  kaons t o  - 40 &v/c. Separat ion of pions plus kaotls 

from protons can be extended t o  h igher  than 120 G ~ V / C  by the  use of He 

i n  the t h i r d  Cerenkov counter .  

The gases chosen a r e  f r eon  114 f o r  counter  81, CO f o r  counter 
2 

#2, and H2 f o r  counter  Q3. The absolu te  thresholds  f o r  these  gases a t  

0' C ,  760 mmHg a r e  y FJ 20, 33 and 60 r e spec t ive ly .  I n  order  t o  

s epa ra t e  kaons, pions and protons,  two counters a r e  requi red .  Table 

I1 ou t l i nes  t he  logic  requirements f o r  the combinations C 1  + C2, C2 + C3. 

I n  add i t i on ,  a incc  wc p lan  an A/D conver ter  f o r  each phntomult ipl ier  

tube, one can use the  pulse  he ight  information fro111 cuul~ler. 1 3  tu 

extend t h e  range of p a r t i c l e  separa t ion .  By determining t h e  number of 

photoelectrons,  one can sepa ra t e  pions from kaons even though both 

a r e  above threshold.  This technique w i l l  work up t o  = 40 &V/C.  This 

p r i n c i p l e  can a l s o  be used i n  counter /I2 t o  ensure good overlap of the  

momentum range se l ec t ed  by t h e  two p a i r s  of counters.  



TABLE 11. P a r t i c l e  Se l ec t i on  by Cerenkov Counters 

P a r t i c l e  Se lec ted  Logic Momentum Range GeV/c 

C 1  + C2 

pion 

kaon 

proton 

+ C3 

pion 

kaon 

proton 

I V .  SOFTWARE 

There appear t o  be two major problems i n  software des ign  and 

opera t ion  i n  t he  . large spectrometer  systems p re sen t ly  i n  use .  The 

f i r s t  de r ive s  from the  o v e r a l l  complexity of t he  system, and t he  

second from the  l a rge  computing power t h a t  i s  needed. We cons ider  

the  modularizat ion of the  system t o  be a advantage i n  problem 

one, p a r t i c u l a r l y ,  given the  prospec t  of powerful minicomputers, o r  

even s p e c i a l l y  b u i l t  processors handling p a r t s  of the  system. The 

need f o r  reduct ion  i n  t he  i n t e r a c t i o n  between elements ,, p a r t i c u l a r l y  

i n  the  debugging phase, makes it i n t e r e s t i n g  t o  explore  a d i s t r i b u t e d  

computer network a s  a way t o  so lve  t h i s  problem. 

The second problem leads us t o  be l i eve  t h a t  t he  minicomputer o f f e r s  

the  p o t e n t i a l  of much l e s s  expensive computing pe r  cyc le  of the  C.P.U., 

so  t h a t  the  f i xed  t a s k  aspec t  of some of the  computing i s  conceivably 

bes t  dune i n  a disrribured fashi6i-1. Moreover, t he  simple a lgor i th ims  

   at we imagine w i l l  cope w i th  s t r a i g h t  l i n e  t r a c k  recogni t ion  and 

lbsequent momentum c a l c u l a t i o n ,  should a l s o  lend themselves t o  d i s t r i b u t e d  

computing. 



V . W PRODUCTION 

We have used the  paper of Palmer e t  a14 a s  a model f o r  es t imat ing  

r a t e s  f o r  production of .  the  intermediate vec tor  boson a s  we l l  a s  t o  

understand the kinematical  region i n  which production w i l l  occur. 

F ig .3  shows the  production cross  s ec t ion  of t he  W i n  p-p c o l l i s i o n s  

from t h i s  paper. For rough ca l cu l a t i ons ,  provided we a r e  above the  
2 

"knee" of t h i s  curve a t  S/m = 10 then we can suppose t h a t  t he  W 
-33 2 5 

production cross  s e c t i o n  i s  - 10 cm . W i l l i s  has reported running 

a d e t e c t o r  wi th  extens ive  l i qu id  argon devices a t  t he  ISR a t  a 
3 1  -2 -1 

luminosity of 10 cm sec  . Opt imis t i ca l ly  we assume t h a t  we expect 
-2 -1. 

t o  use lo3* cm sec  a t  ISABELLE, and then  the  r a t e  of W production i s  
4 

about lO/min, 10 /day. Even al lowing f o r  inadequacies i n  s o l i d  angle 

coverage, and a branching r a t i o  i n t o  lep ton  p a i r s  of 0.1, we can 

expect a s u b s t a n t i a l  d a t a  r a t e .  We show i n  Fig.  4 t he  d i s t r i b u t i o n  of 

W momentum according t o  the  model used i n  re ferences  5 and 6. It i s  

c l e a r  t h a t  the  W i s  produced a t  small  laboratory momenta, leading  us 

t o  propose the  l a rge  ape r tu re  centered a t  x = 0 represented by WASP. 

We note t h a t  the  lepton p a i r  i s  produced wi th  a center-of-mass angular  

d i s t r i b u t i o n  of ( 1  + cosLe) ,  and t h e  same d i s t r i b u t i o n  i s  expected 

t o  hold f o r  the  hadronic j e t s  fromW decay. We intend t o  pursue the 

c a l c u l a t i o n  of t h e  acckptance of the  c e n t r a l  de t ec to r  i n  d e t a i l ,  and 

we consider t h a t  t he  WASP conf igura t ion  i s  only t y p i c a l  of a number 

of geometries t h a t  we can envisage. 

The basic s t r a t e g y  t o r  de t ec t ing  the  W i n  a h igh  acceptance, 

good energy r e so lu t ion  apparatus fol lows.  F i r s t  a l a rge  (- 20 &V/C) 

t r ansve r se  component of momentum must be missing, corresponding t o  t he  

- 

4.  R.B. Palmer, E.A. Paschos, N.P. Samios, and Ling-Lie Wang, 

Phys. Rev. E, 118, 1376. 

5 .  W. W i l l i s  i n  a t a l k  given a t  t h e  workshop. 

6. D r .  Ling-Lie Wang has k indly  ca l cu l a t ed  these  d i s t r i b u t i o n s  

f o r  us.  
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neut r ino .  There w i l l  o f t en  be missing momentum of t h i s  magnitude i n  

any de t ec to r  a t  a  s torage  r i ng ,  but t he  d i r e c t i o n  w i l l  be predominantly 

down the  vacuum box, an a r ea  where de t ec t ion  is  d i f f i c u l t .  Look f o r  a  

charged p a r t i c l e  outs ide  the forward cones wi th  high t ransverse  momentum 

comparable t o  the  missing neu t r a l .  This p a r t i c l e  i s  i d e n t i f i e d  a s  t he  

charged lepton. The mass of t h e  charged W i s  t he  i nva r i an t  mass of t he  

n e u t r a l  missing momentum and t h e  charged lepton,  and the  r e s t  of t he  

de tec ted  p a r t i c l e s  give t he  motion of t h e  W i n  t he  lab.  Extra cons t r ;  

such a s  t he  W angular  d i s t r i b u t i o n  i n  i t s  center-of-mass system s h o u l ~  

e s t a b l i s h  t he  c r e d i b i l i t y  of t h i s  scheme. 

We have generated events wi th  a  reasonable d i s t r i b u t i o n  of momenta 

f o r  the p a r t i c l e s  i n  the  f i n a l  s t a t e  and ca l cu l a t ed  the  missing momenta. 

The p l o t  i s  shown i n  Fig .  5. The missing momentum i s  t he  sum of t he  - 
momenta of a l l  <, n, and n formed, of a l l  no poin t ing  i n t o  t h e  ape r tu re  

of FATS, and a l l  leading p a r t i c l e s  l o s t  down the  vacuum pipe. Note 

t h a t  t he  longi tudina l  momentum c l u s t e r s  i n  two groups, depending on 

whether a  leading p a r t i c l e  escapes,  and a l s o  t h a t  the  t o t a l  p~  r a r e l y  

exceeds 2 G ~ V / C .  We f e e l  t h a t  these  missing values of pl a r e  small  

enough t o  leave the  c r e d i b i l i t y  of our scheme i n t a c t .  The hadronic 

decay is  s i g n i f i c a n t l y  more d i f f i c u l t  t o  e s t a b l i s h ,  and ser ious  claims 

f o r  i t s  de t ec t ion  must await de t a i l ed  ca l cu l a t i ons .  The essence of the  

scheme, however, i s  t h a t  a l l  p a r t i c l e s  of s u b s t a n t i a l  t ransverse  momentum 

must be measured and any l a rge  t ransverse  missing momentum should occur 

i n  a  d i r e c t i o n  where the  de t ec t ion  e f f i c i e n c y  i s  high. 

Although we have concentrated on t h e  W a s  a  p a r t i c l e  whose p rope r t i e s  

have been predic ted ,  ( inc luding  production c h a r a c t e r i s t i c s )  we a r e  

s e n s i t i v e  t o  t h e  oppor tun i t i e s  f o r  new p a r t i c l e  spectroscopy and we 

be l ieve  many of t h e  same i d e n t i f i c a t i o n  techniques w i l l  apply. Namely, 

we need a n  e f f e c t i v e  mass spectrometer  of good energy r e so lu t ion  wi th  

t he  dominant u n c e r t a i n t i e s  coming from the  n e u t r a l  component. This 

design a t tempts  t o  e s t a b l i s h  a  balance between charged p a r t i c l e  

measurement and i d e n t i f i c a t i o n  and t h e  d i f f i c u l t i e s  of n e u t r a l  p a r t i c l e  
32 -2 -1 

recons t ruc t ion .  At the  luminosity of 10 cm set we do not  a n t i c i p a t e  
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difficulties with rate of production, but care must be taken with the

design of the computing system to cope with the large data flow.
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THOUGHTS ON LARGE ACCEPTANCE SPECTROMETER DESIGN I N  

LIGHT OF EXPERIENCE AS A SPLIT FIELD MAGNET USER 

Abe Seiden and Dennis B. Smith 

U n i v e r s i t y  of  C a l i f o r n i a  a t  S a n t a  Cruz 

The a u t h o r s ,  both former u s e r s  of t h e  S p l i t  F i e l d  Magnet, have been 

reaues ted  t o  comment on what they lea rned  about how such a  f a c i l i t y  should 

esigned and r e a l i z e d .  This  memo assumes some f a m i l i a r i t y  wi th  t h e  SFM. 

w e    eel t h a t ,  d e s p i t e  a  r e l a t i v e l y  slow s t a r t  of o p e r a t i o n ,  t h e  SFM i s  a 

very  u s e f u l  f a c i l i t y .  

I. Magnet Design 

The SFM i s  very convenient  f o r  looking a t  r e l a t i v e l y  h igh  momentum 

( 2 2  GeV/c) p a r t i c l e s  produced i n  t h e  forward d i r e c t i o n  (e .g .  by d i f f r a c -  

t i v e  p r o c e s s e s ) .  However, the  c o n s t a n t  magnetic f i e l d  i n  t h e  forward 

d i r e c t i o n  changes over t o  a  quadrupole f i e l d  a t  l a r g e  a n g l e s  wi th  r e s p e c t  

t o  t h e  i n c i d e n t  beams. The a n a l y s i s  of  p a r t i c l e s  which pass  through t h e  

in te rmedia te  reg ion  i s  awkward. Consequently, t h e  t r a j e c t o r i e s  of p a r t i c l e s  

of  a  few hundred MeV/c momentum a r e  not  e a s i l y  parametr ized f o r t r a c k  f i n d -  

i n g .  (Note: The l e n g t h  of  time t o  f u l l y  p rocess  an event  i s  about 1 sec  

of CDC 7600 t ime . )  

Because of  i t s  one-meter gap, t h e  magnet h a s  t h e  v a l u a b l e  f e a t u r e  of 

being w e l l  s u i t e d  f o r  use wi th  a  wide v a r i e t y  of e x t e r n a l  d e t e c t o r s .  

T h e r e a r e  s e v e r a l  a d d i t i o n a l  c o n s i d e r a t i o n s  t h a t  seem not  t o  have 

been suggested i n  t ime t o  be pu t  i n  t h e  des ign :  

a )  Design of shims t o  al low o p e r a t i o n  w i t h  unequal beam momenta. 

b)  Incorpora t ion  of small  h o l e s  i n  t h e  magnet t o  a l low probing t h e  

magnetic f i e l d  i n  t h e  magnet i r o n  which then could be used f o r  magnetic 

l y s i s  of h igh  energy muons (as  Sam T i n g ' s  group was c o n s i d e r i n g ) .  

,,. Detec tor  Design 

Since wi re  chamber technology h a s  advanced t h e  idea  of 70 000 MWPC 

w i r e s  would probably be r e v i s e d .  I f  d r i f t  chambers were used,  t h e  d r i f t  

space leng th  would have t o  be v a r i e d  depending upon t h e  a n t i c i p a t e d  r a t e s  



i n  t h e  chambers i n  d i f f e r e n t  p a r t s  of t h e  magnet. The p o s i t i v e  high 

v o l t a g e  read-out  proved d i f f i c u l t  t o  use r e l i a b l y  s o  perhaps one should 

c o n s i d e r  more w i r e  p lanes  (which would a l s o  h e l p  i n  t r a c k  r e c o g n i t i o n ) .  

The d e t e c t o r  l a y o u t  i s  a  d i f f i c u l t  problem, "p lay ing  of f1 '  quick 

chamber a c c e s s  ( f o r  r e p a i r s )  a g a i n s t  reasonably  f u l l  acceptance and 

good momentum r e s o l u t i o n .  (A minimum of f o u r  wi re  p lanes  h i t  by each 

t r a c k  would h e l p  t r a c k  r e c o g n i t i o n . )  More f l e x i b i l i t y  i n  t h e  mounting of 

t h e  chambers (e .g.  when a t t a c h i n g  t h e  chambers t o  t h e  magnet use  a  g r i d  

of b o l t - h o l e s  r a t h e r  than f ixed  n a i l s )  would be d e s i r a b l e .  

The l a y o u t  of  t h e  SFMD a l s o  favored t h e  s tudy of d i f f r a c t i v e  processes .  

There were consequently some l o s s e s  i n  acceptance f o r  low momenta ( s 2  GeV/c) 

p a r t i c l e s  both i n  azimuthal  and d i p  ang le .  Another r e s u l t  of t h i s  r i g i d i t y  

of l a y o u t  was d i f f i c u l t y  i n  forming MWPC t r i g g e r s  u s i n g  roads i n  t h e  

d e t e c t o r  (and "DC Logic") f o r  c e r t a i n  p a r t i c l e s  corresponding t o  nondif- 

f r a c t i v e  processes  (e .g .  wide a n g l e  h igh  pA) even where t h e i r  t r a j e c t o r y ' s  

c u r v a t u r e  was s u f f i c i e n t l y  small .  

Because d e l t a - r a y  s p i r a l s  o f t e n  obscure t r a c k s '  i n t e r c e p t s  wi th  a  g iven  

p lane ,  i t  might be worth c o n s i d e r i n g  o r i e n t i n g  t h e  chambers s o  t h a t  t h e i r  

gaps don ' t  c o n t a i n  any s i g n i f i c a n t  l e n g t h  of i n d i v i d u a l  magnetic f i e l d  l i n e s .  

I n  a d d i t i o n  t o  t r a c k  r e c o g n i t i o n  and momentum de te rmina t ion ,  many u s e r s  

wanted p a r t i c l e  i d e n t i f i c a t i o n  s o  t h e  d e t e c t o r  (and p o s s i b l y  magnet) des ign  

should probably a l low t o r  some Cerenkov, dE/dx, and TOF counte rs .  

111. 3 u l L w a ~ ' r  

Overa l l  we were very  happy w i t h  t h e  SFM sof tware .  The sof tware  l o s t  

some g e n e r a l i t y  because of t h e  i n i t i a l  u s e r  o r i e n t a t i o n  towards t h e  d i f f r a c t i v e  

processes .  Because t h e  i n i t i a l  d e t e c t o r  was o r i e n t e d  along some a r e a  of 

symmetry of  t h e  magnet, t h e r e  was a  tendency t o  code programs wi thout  a l lowing 

f o r  a l l  chamber o r i e n t a t i o n s .  

To conclude,  t h e  a u t h o r s  would l i k e  t o  s t r e s s  t h a t  one of t h e  b e s t  aspeccs 

of doing experiments  a t  t h e  SFM f a c i l i t y  was t h e  very  e x t e n s i v e  h e l p  given 

by t h e  support  groups,  both hardware and sof tware .  Both au thors  rece ived  

suppor t  from CERN and one (DBS) from t h e  IN2P3 (CNRS) and t h e  Swedish Atomic 

Research Counci l .  



SUMMARY OF LONGITUDINAL INSTABILITIES WORKSHOP* 

R. Chasman 

Brookhaven Nat iona l  Labora tory  

A f ive-day  ISABELLE workshop on 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  was 

h e l d  a t  Brookhaven August 9  - 1 3 ,  1976. About a  dozen o u t s i d e  

a c c e l e r a t o r  e x p e r t s ,  bo th  from Europe and t h e  USA, joined t h e  l o c a l  

s t a f f  f o r  d i s c u s s i o n s  o f  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  i n  ISABELLE. An 

mda of  t a l k s  was scheduled f o r  t h e  f i r s t  day of  t h e  workshop (Ap- 

ld ix  I ) .  L a t e r  dur ing  t h e  week, P. Channel gave a  p r e s e n t a t i o n  on 

t h e  s u b j e c t  "A more r igorous  t rea tment  o f  Landau damping i n  l o n g i t u -  

d i n a l  beam i n s t a b i l i t i e s " .  

Because t h e  number o f  p a r t i c i p a n t s  was n o t  unduly l a r g e ,  i t  was 

p o s s i b l e  t o  proceed w i t h  t h e  p r e p a r a t i o n  of  r e p o r t s  and very  informal  

d i s c u s s i o n s  among smal l  groups of  i n d i v i d u a l s .  A few progress  

meet ings were h e l d  i n  which disagreements  regard ing  c a l c u l a t i o n s  of  

coupl ing  impedances were c l a r i f i e d .  A summary s e s s i o n  was h e l d  on 

t h e  l a s t  day. 

Heavy emphasis was p u t  on s i n g l e  bunched beam i n s t a b i l i t i e s  i n  

t h e  microwaLe reg ion  ex tending  above t h e  c u t - o f f  frequency of t h e  ISA- 

BELLE vacuum chamber. During t h e  1975 Summer study1 i t  became c l e a r  

t h a t  t h e  p revent ion  of  l o n g i t u d i n a l  microwave i n s t a b i l i t i e s  might in -  

deed be one of  t h e  most d i f f i c u l t  des ign  problems i n  ISABELLE. This  

conc lus ion  was based on r e c e n t  observa t ions  of  such i n s t a b i l i t i e s  a t  

bo th  t h e  ISR and t h e  PS (CERN) and, fur ther ,  on t h e o r e t i c a l  work expla in-  

i n g  t h e i r  behavior  q u a n t i t a t i v e l y .  The e f f e c t  seemed most hazardous 

f o r  t h e  AGS bunches dur ing  t h e i r  a c c e l e r a t i o n  from t h e  i n j e c t i o n  o r b i t  

t o  t h e  s t a c k .  It could cause a  blow up of  t h e  l o n g i t u d i n a l  phase- 

space a r e a  of  t h e  bunches thus  l i m i t i n g  t h e  t o t a l  c u r r e n t  i n  ISABELLE 

'.J. Channel, A.W. Chao, E.D. Courant ,  A .  Garren,  R.L. Glucks te rn ,  
S. Giordano, H. Hahn, H.  Hereward, J .C .  Her re ra ,  D. Johnson, L.J. 
L a s l e t t ,  E. Messerschrnid, D. Mdhl, M. Month, G. Parzen, R.F. P e i e r l s ,  
E.C. Raka, F.J. Sacherer ,  P. Wilson, B. Z o t t e r .  

1. W. S c h n e l l ,  Proc. 1975 ISABELLE Summer Study,   rookh haven, BNL 20550, 
p .  126. 



t o  a  value below the  design i n t e n s i t y  of 10  A. To avoid these in- 

s t a b i l i t i e s  the  longi tudina l  coupling impedance (Z/n) of each r ing  

w i l l  have t o  be of  the order  of a  few ohms. 

The workshop was asked to  address i t s e l f  t o  three  major aspects  

of the above problem: Fur ther  understanding of the mechanism governing 

the i n s t a b i l i t y  and ca l cu l a t i ons  a s  well  a s  measurements of the  longi-  

tudina l  coupling impedances i n  the ISABELLE r ings .  

Regarding the  mechanism of the i n s t a b i l i t y ,  theory was fu r the r  

extended a t  the  workshop to  include the  dependence of the  threshold 

current  on not  only  the coupling impedance but  a l s o  on the  q u a l i t y  

f ac to r  (Q) of the p a r a s i t i c  resonator  whose induced vol tage  i s  t he  

cause of  the i n s t a b i l i t y .  Two main cont r ibut ions  t o  t h i s  sub jec t  were 

made. 

Numerical ca l cu l a t i ons  performed e a r l i e r  by Messerschmid and 
2 

Month had indica ted  t h a t  the  s i n g l e  bunch microwave i n s t a b i l i t y  was 

determined by the  l oca l  Keil-Schnell c r i t e r i o n  f o r  resonator band- 

widths of the order  of the  bunch width but  t h a t  h igher  threshold cur- 

r e n t s  were obtained f o r  increas ing  Q-values. Messerschmid and Month 
3 

ca r r i ed  out  f u r t h e r  computations during the workshop and a l s o  form- 

a l i z e d  a  theory t ry ing  t o  expla in  the  observed r e s u l t s  i n  a  quant i ta -  

t i v e  way. Their  continued computer s imulat ion showed t h a t  f o r  suf-  

f i c i e n t l y  high Q yalues ,  corresponding t o  a  bandwidth equal ro the  

spacing of indiv idual  normal r i ng  modessthe s i n g l e  bunch i n s t a b i l i t y  

was determined by the ordinary coas t ing  beam threshold c r i t e r i o n .  

Moreover, i t  was found t h a t  there  was a  t r a n s i t i o n  region f o r  i n t e r -  

mediate values of Q where t h re sho ld . cu r r en t s  l i e  between those pre- 

d ic ted  by the two c r i t e r i a .  

The theory pu t  forward i n  connection with these r e s u l t s  assumes 

t h a t  the  i n s t a b i l i t y  takes p lace  on a much f a s t e r  time s c a l e  than the  

2 .  E. Messerschmid and M. Month, Nucl. Instrum. Methods 136, 1 (1976). 

3. E. Messerschmid and M. Month, these  Proc. 



synchrotron motion. On t h i s  b a s i s  the  l a t t e r  is ignored and the  

ord inary  coas t ing  beam theory is  appl ied .  An e f f e c t i v e  impedance, 

Z e f f ,  i s  introduced descr ib ing  the  response of a  resonator  with im- 

pedance Z t o  a  normal mode pe r tu rba t i on  superimposed on the  unper- 

turbed charge d i s t r i b u t i o n  of the  bunch. It i s  shown t h a t  t h i s  com- 

b ina t i on ,  f o r  low Q va lues ,  e x c i t e s  a  s e r i e s  of modes, equal  t o  1 / B  

i n  number, where B is  the  bunching f a c t o r .  The e f f e c t i v e  impedance i s  

la1 t o  t he  sum of the  impedances of these  modes which equals  t o  

. In t h i s  way the  l o c a l  Keil-Schnell  c r i t e r i o n  is obtained.  As 

Q increases  t he  number of exc i t ed  modes decreases,and when a s i n g l e  

mode remains, the ord inary  coas t ing  beam c r i t e r i o n  app l i e s .  

sacherer4  a l s o  t r e a t s  the s i n g l e  bunch microwave i n s t a b i l i t y  

t h e o r e t i c a l l y .  According t o  h i s  e a r l i e r  cheory on l ong i tud ina l  

bunched beam i n s t a b i l i t y ,  the  s i n g l e  bunch mode is s t a b l e  t o  f i r s t  

approximation. However, he concluded during the  workshop t h a t  in- 

s t a b i l i t y  can occur due t o  coupling of  ad jacent  mul t ipo le  modes when 

the  beam induced vol tage  becomes comparable t o  the  app l i ed  r f  vo l t -  

age. I f  the  bandwidth of the  resonator  i s  smal le r  than the  spacing 

between the  normal r i n g  modes only one spectrum l i n e  a t  most con- 

t r i b u t e s  t o  t h e  i n s t a b i l i t y .  For growing bandwidth the  r e sona to r  

w i l l  cover more and more l i n e s  u n t i l  i t  reaches a va lue  of  117. Here 

rp i s  the  bunch width and a l s o  t he  width o f  the  over lap  o f  two adja- 

c en t  mul t ipo le  charge d i s t r i b u t i o n s .  This  leads  t o  the  same dependence 

of threshold  cu r r en t  on the  Q of  the  resonator  a s  was found both on a 

s imulated computation and t h e o r e t i c a l l y  by Hesserschmid' and Month. 
3 

Work i s  i n  progress  t o  determine t he  exac t  th reshold  dura t ion .  

Theore t ica l  e s t ima te s  of a c tua l  impedances seen by . t he  beam go t  a  

a  g r e a t  dea l  of o t t c n t i o n .  A more d e t a i l e d  summary of '  t h i s  sub j ec t  

.s prepared by z o t t e r 5  during the  workshop. 

Rela t ive  con t r i bu t ions  from c a v i t i e s  i n  the form of vacuum p o r t s ,  

e t c .  and from the  connecting vacuum tube s ec t i ons  a t  frequencies where 
. . 

4. F.J. Sacherer ,  these  Proc., p. 

5. B. Zo t t e r ,  these  Proc., p .  



the  pipe can support  propagating modes were discussed.  Cavity contribu- 

t i o n s  (resonance impedances) have been ca l cu l a t ed  i n  the  p a s t  a i d  a r e  

known t o  y i e l d  r a t h e r  high va lues .  (A procedure s i m i l a r  t o  t h a t  used 

a t  the  ISR w i l l  have t o  be used i n  order  t o  de-Q these  c a v i t i e s  and t o  

lower t h e i r  coupling impedances by s eve ra l  o rde r s  of magnitude.) 

The vacuum chamber con t r i bu t i ons  were evaluated i n  s eve ra l  ways. 

Impedance.calculat ions based on f i e l d  matching, pu t  f o r t h  by Month 

and p e i e r l s 6  p r i o r  t o  the  workshop, ind ica ted  extremely sharp resonance 

and high values f o r  Z/n, During the  workshop i t  was concluded t h a t  

these  f ind ings  were a r e s u i t  of neglec t ing  the  wall  r e s i s t i v i t y  of 

t h e  pipe s ec t i ons .   lucks stern' devdoped a d i f f e r e n t  approach i n  

which the  pe r iod i c  c a v i t i e s  were viewed only a s  means of bringing the  

phase v e l o c i t y  of propagating mode c lo se  t o  t he  beam v e l o c i t y .  The 

e f f e c t  of the  d i s con t inu i ty  reg ion  is charac ter ized  by two parameters 

r e l a t e d  t o  the  r e f l e c t i o n  and transmission c o e f f i c i e n t s  of the dis -  

con t inu i ty  alone.  Revised r e s u l t s  from the  f i e l d  matching ca lcu la-  

t i ons8  and those obtained by Gluckstern now y i e l d  a comparable va lue  

o f  s eve ra l  ohms f o r  Z/n of  the  pipe s e c t i o n s  i n  ISABELLE. (This a l s o  

agrees  wi th  e a r l i e r  es t imates  by Fa l tens  and ~ a s l e t t  ,' viewing the  

p ipe  s e c t i o n  themselves a s  resonance c a v i t i e s . )  

I n  view of t h i s ,  the  ISABELLE vacuum chamber ma te r i a l  i s  now 

being reconsidered.  Changing from aluminum t o  s t a i n l e s s  s t e e l  would 

reduce Z/n of the  r i ngs  by a f a c t o r  of seven,  bringing the contr ibu- 

t i o n s  of  the cube s e c t i o n s  down t o  the  o rde r  of one ohm. 

The sub j ec t  of  d i f f e r e n t  techniques o f  impedance measurements was 

only b r i e f l y  d e a l t  with.  I n  add i t i on  t o  the  measurements of  the d i s -  



c o n t i n u i t i e s  mentioned i n  the  previous paragraph, t he  pros and cons of 

more conventional  methods of  determining resonant  impedances of para- 

s i t i c  c a v i t i e s  were d iscussed .  

- ~p 

6. M. Month and R. P e i e r l s ,  "Coupling Impedance S t ruc tu re  above t h e  
Tube Cutoff Frequency" t o  be published.  

7. R.L. Glucks te rn ,  these  Proc. 

M. Month, p r i v a t e  communication. 

A. Fa l t ens  and L. J. L a s l e t t ,  Proc. 1975 ISABELLE Summer Study, 
Brookhaven, BNL 20550', p. 486. 
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THE EFFECTIVE COUPLING IMF'EDANCE 

AND THE "MICROWAVE" INSTABILITY 

E. Messerschmid 

Universi ty of Freiburg 

and 

M. Month 

Brookhaven National  Laboratory 

troduc t i on  

Recent observations on the growth of beam dens i ty  f l uc tua t ions  122 

have demonstrated the  exis tence  of longi tudina l  i n s t a b i l i t i e s  of in- 

d iv idual  bunches a t  very high frequencies.  It was sugges t ed l a2  t h a t  

a  quan t i t a t i ve  desc r ip t ion  could be obtained by t r e a t i n g  the d i f f e r e n t  

s ec to r s  a s  i f  each was a d i s t i n c t  coas t ing  beam and applying the usual  

coas t ing  beam theory,  3-5 while s u b s t i t u t i n g  loca l  values of cur rent  

and energy spread f o r  the  separa te  segments. This ad hoc procedure 

can be j u s t i f i e d  i f  the  underlying source of the bunched induced in-  

s t a b i l i t y  was a combination of low Q,  high frequency resonators .  
6 

The underlying agreement is t h a t  these  condi t ions  imply such a f a s t  

wakefield t h a t  connnunication between bunch sec to r s  i s  weakened, thereby 

allowing them t o  behave independently of each o the r .  The f a s t  growth 

r a t e  implied by the  high frequency uns table  o s c i l l a t i o n s  allows the  

i n s t a b i l i t y  t o  evolve t o  s i g n i f i c a n t  proport ions wi th in  a small  p a r t  o f a  

synchrotron cycle.  From t h i s  i t  can be i n fe r r ed  t h a t  a  s i n g l e  bunch 

could develop an uns table  condit ion i n  s p i t e  of the  damping charac ter  

f o r  uns table  waves propagating along the  top of a  bunch. 6 

1. D. Boussard, (=ERN, Keport Lab I I /RF/In t  . 75-2 (1975). 

. S. Hansen and A. Hofmann, CERN ISR Performance Report, ISR-TH/ 
RF-AH/SH, 25.6 .I975 and A. Hofmann, 1sR-T~/AH/amb, 10.12.1975 
(p r iva t e  communication) . 

3. V.K. Neil and A.M. Ses s l e r ,  Rev. Sc i .  ~ n s t r u m .  32, 256 (1961). 

4. A.G. Ruggiero and V.C. Vaccaro, CERN Report, ISR-TH/68-33 (1968). 

5. E. Keil  and W. Schnel l ,  CERN Report, 1s~/TH/RF/69-48 (1969). 

6 .  H.G. Hereward, Proc. 1975 ISABELLE Summer Study, Brookhaven, 
BNL 20550, p. 555. 



The dependence of the threshold impedance and growth r a t e  on the 

l oca l  c h a r a c t e r i s t i c s  of a  bunch was q u a l i t a t i v e l y  confirmed by nu- 

merical  s imulat ion7 of a  p a r t i c l e  bunch i n t e r a c t i n g  wi th  high frequency 

resonators  of low q u a l i t y  f a c t o r  ( i .e .  low Q).  However, when the 

qua l i t y  f a c t o r  of the resonant  ob j ec t s  was changed, while keeping the 

frequency of the  resonators  f i xed ,  a  very s t rong impact on the  re-  

s u l t s  was observed,thus i nd i ca t ing  t h a t  the simple p i c tu re  of l oca l  

bunch segments behaving independently i s  incomplete. 

Here we present  =he main r e s u l t s  of a theory8 f o r  the fast bunch 

blow-up. The p red ic t i ons  of t h i s  theory a r e  cons i s t en t  with both 

computational and experimental observations.  

The Ef fec t ive  Coupling Impedance 

The bas i c  pos tu l a t e  f o r  the f a s t  i n s t a b i l i t y  of a  s i n g l e  bunch 

is t h a t  a  s i n g l e  azimuthal beam mode, say n , can e x c i t e  f i e l d s  a t  

a l l  modes, n.  The l i m i t  of t h i s  coupling is  determined by the bunch 

spectrum, i . e .  the  bunch length.  The coupling s t r e n g t h  between a 

f i e l d  mode n t o  a beam mode n i s  assumed t o  be given by the usual 

coupling impedance of mode n.  Writing 

a = n - n  
0 ' 

and denoting the  coupling impedance of mode n by Z i t  can be shown a '  
t h a t  the e f f e c t i v e  coupling impedance f o r  Gaussian bunches is  given 

by 

7. E. Messerschmid and M. Month, Nucl. Instrum. Methods 136, 1 
(1976) . 

8. The o r i g i n a l  paper i s  t o  be submitted t o  Nucl. Instrum. Methods. 



where the  exponential  term represents  the "weighting" of the impe- 

dances Z due to  the  bunch spectrum. The bunch l eng th  i s  represented a 
i n  u n i t s  of  the azimuthal angle 0 nus' 

I n  a rough way the  Gaussian d i s t r i b u t i o n  funct ion  can be approxi- 

mated by a double s t e p  of the  same a r e a  and u n i t  he igh t ,  r e s u l t i n g  i n  

a cu t-off  mode number 

- is the bunching f a c t o r  defined by the r a t i o  of  bunch length  t o  

bunch separa t ion .  Thus we approximate Z e f f  by 

I n  the  resonance case ,  the  e f f e c t i v e  impedance i s  purely r e s i s t i v e ,  

s i nce  the  r eac t ive  component averages t o  zero.  Thus, wr i t i ng  Z R as 
the peak r e s i s t i v e  impedance ( i . e .  a t  resonance), we have f o r  Z a 

where Q is the  cav i ty  q u a l i t y  f ac to r .  I n  t h i s  case Z is  given by 
e f f  

'eff 
'C 1 = z R { l  + 2 a 2  2 m} , (5) 

~ = 1  a + 1 

where a = n i s  the damping time cons tant .  I n  the l i m i t  of h igh  Q 

the  e f f e c t i v e  impedance becomes Zg, and i n  the l i m i t  of l o w  Q it be- 

come8 Z /B f o r  m a l l  bunching f ac to r s  B. R 

I n  terms of the  ef fec ' t ive  coupling impedance, a s  discussed above 

the  threshold c r i t e r i o n  i s  found t o  be 

where E i s  the  p a r t i c l e  energy 
-2 -2 

TI i s  the  energy s l i pp ing  f a c t o r  equal t o  y - Y , where 

y i s  the energy i n  proton mass u n i t s ,  and y t  corresponds 

' t o  the t r a n s i t i o n  energy, 



I. is  the  dc cu r r en t ,  

( A E I E ) ~  is the  r e l a t i v e  f u l l  energy spread a t  ha l f  maximum 

i n  the  cen te r  of the  bunch, and 

F is a form f a c t o r ,  depending on the  na ture  of the en- 

ergy d i s t r i b u t i o n  function.  

The growth r a t e  may be obtained from 

where O 

f  i s  t h e  revolu t ion  frequency of a  c e n t r a l  p a r t i c l e  and Z I n  is 
t h  0 

given by thc rhs  of Eq. (6). 

Numerical Example 

The r e a l  p a r t  of t he  coupling impedance, corresponding t o  Z 
R as 

introduced i n  Eq. (4) ,  f o r  a  c y l i n d r i c a l  cav i ty  resonat ing  a t  the 

'Dlolo mode, i s  found to  be 9 

z, = Q G(x) 

where G(x) f o r  r e l a t i v i s t i c  p a r t i c l e s  only depends on the  number x 

equal t o  the l eng th  to  diameter r a t i o  of the  cavi ty :  

If we. c ~ n i e c t u r e  t h a t  the  coupling impedance is dominated a t  high 

frequencies by resonators ,  i t  i s  not  improbable t h a t  the sum of 

many such "low" Q elements can be simulated by a s i n g l e  s t rong "very 

low" Q resonator.  Then the  t o t a l  coupling impedance is the sum of 

t he  s i n g l e ,  say m ,  impedances. For x = 1 we f ind  

Z = 111 .4mQn . 
R 

9 .  E. Messerschmid, BNL Report, ISA 75-14 (1975) ; and E. Keil  and 
B. Zo t t e r ,  CERN Report, ISR-TH/70-30 and 70-33 (1970). 



With Eq. (9), the  e f f e c t i v e  impedance f o r  the Gaussian bunch spec- 

trum becomes 
" 

This impedance is  p l o t t e d  i n  Fig. 1 ( f u l l  l i n e s )  and compared, a s  

funct ion  of l / a ,  wi th  the impedance f o r  the case of a s i n g l e  rec- 

tangular  bunch spectrum (dashed l i n e s ) .  

It is obvious t h a t  the  l a t t e r  becomes a v a l i d  approximation f o r  

Q, = 1/2B > 1. The i n t e r e s t i n g  f ea tu re  of t h i s  impedance is t h a t  f o r  

l a r g e  a i t  does not  change very much over a wide range of values of 
C 

the  parameter of l / a .  For l a r g e  values of l / a  i t  becomes independent 

o f  the bunching f a c t o r  and f o r  decreasing values of l/'a i t  becomes a 

l i n e a r  funct ion  of l / a .  A comparison of the  e f f e c t i v e  impedance i n  the  

l i m i t  of  small  l / a  wi th  the impedance f o r  the  case  of an "unbunched" 

beam ( t h a t  is  lc = 0) y i e ld s  the  bunching f a c t o r ,  i n  o the r  words 

a s  i s  ev ident  from Fig. 2. 

For the numerical example used i n  re ferences  7 and 8,  where an 

ISR bunch was simulated ( ic  = 3 ) ,  Fig.  2 shows the e f f e c t i v e  impedance 

derived from the numerical s imula t ion  and compared with the  e f f e c t i v e  

impedance a s  obtained from Eq.  (10). We have a l s o  included the  r e s u l t s  

f o r  a very s h o r t  bunch (,a = 27), and f o r  a coas t ing  beam ( Q  = 0) 

having the  same ms .ene rgy  spread a s  the bunched beam. The correspond- 

ing growth r a t e s  of t h e  simulated bunched beam i n s t a b i l i t i e s  a r e  

.o t ted  i n  Fig.  3 a s  a funct ion  of the  inverse damping time constant  

'a and compared wi th  Eq. (7) . 

Discussion of the  Results  and Some Conclusions 

We have presented he're the r e s u l t s  of a theory f o r  the f a s t  

longi tudina l  blow-up of indiv idual  p a r t i c l e  bunches. The d ispers ion  



Fig .  1. E f f e c t i v e  coupling impedance of a  
s i n g l e  r e s o n a t o r ,  a s  f u n c t i o n  of 
t h e  damping time c o n s t a n t  l / a ,  f o r  
v a r i o u s  v a l u e s  of  .p, . 

Fig .  2. E f f e c t i v e  impedances, ob ta ined  
from theory  and numerical  simula- 
t i o n ,  a s  a  f u n c t i o n  of l / a .  



Fig .  3. Growth r a t e s ,  .ob ta ined  from theory  and numerical  s i m u l a t i o n ,  
a s  a  f u n c t i o n  o f  l / a .  The parameters  u n d e r l y i n g  t h e  simu- 
l a t i o n s  were: Y = 27.7, q = 0.011, f o  = 318 kHz, peak r f  
v o l t a g e s  8.27 kV (1, = 3) ,  410 kV (A, = 27) and 0  ( f o r  
coasti.ng heam), r f  f requency = 30xf0 - c o n s t a n t ,  m = 70, 
no = 6300, I, = 0.18 mA p e r  bunch, e l l i p t i c  d i s t r i b u t i o n  
f u n c t i o n  o f  ( A E I E ) ~  = 2.75 x 



r e l a t i o n  turned ou t  t o  have an exceedingly simple form. It has a 

form l i k e  the coas t ing  beam dispers ion  r e l a t i o n  except with t he  usual  

coupling impedance f o r  a  p a r t i c u l a r  frequency replaced by a quant i ty  

which we have termed the e f f e c t i v e  coupling impedance and which we have 

denoted by Z e f f .  

There a r e  i n  p a r t i c u l a r  two p rope r t i e s  of the bunch-environment 

i n t e r a c t i o n  system which have allowed us t o  a r r i v e  a t  such a simple 

p i c t u r e .  F i r s t ,  the  rapid  evolu t ion  of the  uns table  o s c i l l a t i o n  

modes means t h a t  phase motion can be neglected.  That i s ,  synchrotron 

motion i s  neg l ig ib l e  and only d i r e c t  energy l o s s  by the bunch to the 

cav i ty  p lays  a s i g n i f i c a n t  r o l e  i n  the  dynamics. Second, we recog- 

nized t h a t  f o r  t h i s  type of h igh  frequency i n t e r a c t i o n ,  a  given beam 

mode may couple t o  many f i e l d  o s c i l l a t i o n  modes and t h a t  the  range of 

such coupling was determined by the bunched charac ter  of the  i n t e r -  

ac t i ng  beam. Thus we a r r ived  a t  the  concept of an e f f e c t i v e  coupling 

impedance, e s s e n t i a l l y  a sum of the  usual  impedance funct ion  over t he  

bunch frequency spectrum. The novel na ture  of t h i s  Z is  t h a t ,  t o  e f f  
completely def ine  i t ,  we must include not only the p rope r t i e s  of the  

resonators  but  a l s o  the c h a r a c t e r i s t i c s  of the bunched beam. 

The theory was t e s t ed  using a computer s imula t ion  model. A 

comparison of the  theory wi th  the s imula t ion  experiments has yielded 

remarkably good agreement. There a r e  s l i g h t  d iscrepancies  i n  the 

range of intermediate values of t he  damping time cons tant .  For l a rge  

bunching f a c t o r s ,  i t  is c l e a r  t h a t  the  dominant inaccuracy i s  due t o  

the  small  number of l i n e s  i n  the  beam spectrum (low A ). This is con- 

firmed by the observation t h a t  the agreement of the  r e s u l t s  i s  b e t t e r  

f o r  small  bunching f ac to r s .  

The genera l  so lu t ions  of the d i spe r s ion  r e l a t i o n  f o r  i n s t a b i l i t y  

thresholds  and growth r a t e s  appear cons i s t en t  with experimental ob- 

s e rva t ions  of the f a s t  i n s t a b i l i t y  of proton bunches. Since e l ec t rons  

and protons a r e  equiva lent  on the  time s c a l e  f o r  t he  f a s t  i n s t a b i l i t y ,  

i t  might be of i n t e r e s t  t o  t e s t  our theory aga ins t  the  bunch lengthe- 

ning observat ions  made i n  e l ec t ron  s to rage  r ings .  
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SINGLE-BUNCH LONGITUDINAL INSTABILITY 
F.J .  Sachere r  

CE RN 

It h a s  long been recogn ized  t h a t  a  bunch can o s c i l l a t e  i n  v a r i o u s  

modes: d i p o l e ,  quadrupo le ,  s e x t u p o l e ,  e t c .  I n  each c a s e  t h e  l i n e  d e n s i  

X ( t )  can be  viewed a s  t h e  sum of two p a r t s ,  t h e  s t a t i o n a r y  d i s t r i b u t i o  

p l u s  t h e  o s c i l l a t i n g  p e r t u r b a t i o n :  

A- = + +,- DIPOLE MODE 

A = A + & QUADRUPOLE 
MODE 

STAT~ONARY OS'CILLATING 
DISTRIBUTION PERTURBATION 

Fig. 1. Bunch o s c i l l a t i o n  p a t t e r n s .  

The o s c i l l a t i n g  charge  d i s t r i b u t i o n  is apprbxiiuaeely ~ i u u u o i r l a l ,  and a 

l i t t l e  though t  shows i t  t o  b e  a  s t a n d i n g  wave w i t h  f i x e d  nodes .  The modes 

can b e  l a b e l l e d  by t h e  number of  nodes ,  m = 1 f o r  d i p o l e ,  m = 2 f u r  qua- 

d r u p o l e ,  e t c .  

In t h e  normal ized  phase p l a n e  w i t h  c i r c u l a r  o r b i t s ,  mode m has  an 

m-fold symmetry of  r o t a t i o n ,  and t h e  p a t t e r n  i s  c a r r i e d  aruund w i t h  t h c  

s y n c h r o t r o n  motion. The c i r c u l a r  wave moving around t h e  bunch can b e  

viewed as two t r a v e l l i n g  waves, one moving t o  t h e  l e f t  and t h e  o t h e r  t o  



Fig.  2. Phase p lane  f o r  mode m = 5 

t h e  r i g h t .  The sum o r  p r o j e c t i o n  X(t)  i s  a  s t a n d i n g  wave, and such 

p a t t e r n s  a r e  i n t r i n s i c a l l y  s t a b l e .  This  can be shown by t h e  fo l lowing  

argument due t o  Hereward.' A c o a s t i n g  beam suppor t s  two independent 

t r a v e l l i n g  waves, one n e a r  t h e  t o p  and one near  t h e  bottom of t h e  s t a c k .  

I f  one grows ( f a s t  wave), the  o t h e r  i s  damped a t  t h e  same r a t e .  Thus 

f o r  a  bunched beam, whatever grows along one s i d e  of t h e  bunch i s  damped 

on the  o t h e r ,  with no n e t  growth a f t e r  one synchro t ron  per iod .  There a r e  

o t h e r  ways of showing t h i s  a l s o .  

I f  t h i s  were t h e  whole s t o r y ,  i t  would be d i f f i c u l t  t o  e x p l a i n  t h e  

r e c e n t l y  observed microwave i n s t a b i l i t y  , and i t  a l s o  runs counte r  t o  our  

expec ta t ion  t h a t  i n  t h e  l i m i t  of long bunches and f a s t  growth-rates ,  t h e  

coasting-beam s t a b i l i t y  c r i t e r i o n  should apply t o  bunched beams. I n  f a c t ,  

t h e  above standing-wave modes a r e  v a l i d  only i n  t h e  l i m i t  of low i n t e n s i -  

t i e s ,  when t h e  frequency s h i f t  due t o  wake f i e l d s  i s  cons iderab ly  s m a l l e r  

than t h e  synchro t ron  frequency. For l a r g e r  frequency s h i f t s ,  t h e  s tanding-  

wave modes a r e  coupled,  and s i n c e  t h e  sum of two standing ralaves hac a 

t ravel l ing-wave r.nlllpl.inent, single-bunch i n s t a b i l i t y  is  p o s s i b l e .  

Mode-mode coupling means t h a t  t h e  wake f i e l d  due t o  one mode 

i n f l u e n c e s  t h e  o t h e r s .  The mathematical  procedure2 s t a r t s  w i t h  t h e  

1. 11. Ilcs+ward, P ~ u c .  1975 ISABELLE Summer study, Brookhaven, BNL 20550 
p .  555. 

2 .  P. S a c h r r e r ,  CEI;(N/PS/BR 76-20. 



Vlasov e q u a t i o n  and r e s u l t s  i n  a  m a t r i x  M; t h e  d iagona l  e lements  g i v e  

t h e  e f f e c t  of a  mode on i t s e l f ,  w h i l e  t h e  o f f -d iagona l  e lements  g i v e  

t h e  mode-mode coup l i n g .  Which modes a r e  coupled depends on t h e  f requency 

and bandwidth o f  t h e  r e s o n a t o r  o r  coup l ing  impedance t h a t  produces  t h e  

wake. 

For a  p u r e l y  r e a c t i v e  impedance (no l o s s e s ) ,  t h e  m a t r i x  i s  Hermi t i an ,  

and a l l  modes a r e  s t a b l e .  I f  l o s s e s  a r e  i n c l u d e d ,  i n s t a b i l i t y  occurs  ab 

a  c e r t a i n  t h r e s h o l d .  The t h r e s h o l d  a r i s e s  because  t h e  d i f f e r e n t  modes h  

d i f f e r e n t  n a t u r a l  f r e q u e n c i e s  (ws f o r  t h e  d i p o l e  mode, 2ws f o r  t h e  quadru- 

p o l e  mode, 3ws f o r  t h e  s e x t u p o l e  mode, and s o  on)  which must b e  overcome 

by t h e  coup l ing  terms.  

As an example, c o n s i d e r  a  narrowband r e s o n a t o r  t h a t  coup les  only 

d i p o l e  .and quadrupole  modes. The e igenva lues  a r e  g iven  by 

where M i s  r e a l  and an t i symmet r i c ,  M12 = - M Z l  = a .  Le t  w l  = ws - M1l and 

w2 = 2ws - M22 b e  t h e  low i n t e n s i t y  s o l u t i o n s .  Then i n  g e n e r a l  

1 
and t h c  t h r e s h o l d  f o r  i n s t a b i l i t y  i s  a = w l  - w3. 1 . 

S e v e r a l  p o i n t s  can b e  no ted .  1 )  The i n s t a b i l i t y  need ao t  b e  i o  t h e  

microwave reg ion .  2)  The d i p o l e  and quadrupo le  modes o f t e n  appear  t o  be  

coupled i n  p r a c t i c e ,  a l though  t h i s  might  a l s o  b e  due t o  t h e  n o n l i n e a r i t )  

o f  t h e  RF bucket .  3)  The u s u a l  Robinson beam-loading c r i t e r i o n  assumes 

r i g i d  bunches and t h e r e f o r e  n e g l e c t s  t h i s  coup l ing .  4)  Th i s  might a l s n  

e x p l a i n  t h e  t h r e s h o l d  obse lved  I or  tu r l ru l ruur  aull bunch l e n g t h ~ n i ~ g  i n  

e l e c t r o n  s t o r a g e  r i n g s .  

The q u a l i t a t i v e  f e a t u r e s  of  t h e  microwave i n s t a b i l i t y  can be d e r i v e d  



from t h e  form of  M, 

- 
which invo lves  a  sum o v e r  t h e  mode s p e c t r a  X ( n )  and t h e  coup l ing  impe- 

m 
dance Z(n) .  

The spectrum f o r  mode m i s  peaked n e a r  t h e  f requency (m + 1)/2T and 

has  an e x t e n t  l / ~  cor respond ing  t o  a  s i n u s o i d a l  wave X ( t )  w i t h  m nodes m 
and (m + 1 ) / 2  wavelengths  and d u r a t i o n  r seconds ,  where T i s  t h e  bunch 

l e n g t h .  It i s  a l i n e  spectrum w i t h  f r e q u e n c i e s  n f o  + mfs where f o  is  t h e  

r e v o l u t i o n  f requency and f s  i s  t h e  synchro t ron  frequency.  The s p e c t r a  

of  a d j a c e n t  modes o v e r l a p ,  b u t  t h e  o v e r l a p  f o r  modes f u r t l i e r  a p a r t  can he  

n e g l e c t e d .  As o r e s u l t ,  nnly t h e  main d i a g o n a l  a n d  t h e  d i a g n o a l s  imme- 

d i a t e l y  above and below need be  c o n s i d e r e d  i n  M. 

Because of t h e  even and odd symmetry of  t h e  modes, on ly  t h e  r e a c t i v e  

p a r t  of  Z c o n t r i b u t e s  t o  t h e  main d i a g o n a l ,  and on ly  t h e  r e s i s t i v e  p a r t  t o  - 
the  d i a g o n a l s  on e i t h e r  s i d e .  Fur thermore,  t h e  n o r m a l i z a t i o n  of X, can be  

clluusen s o  t h o &  M i s  r ~ a l  and an t i symmet r i c .  

Fig .  3. S p e c t r a  f o r  modes m and m + 1 

Mow c o n s i d e r  a r e s o n a t o r  w i t h  f i x e d  shun t  impedance Rs b u t  v a r i a b l e  

f requency and bandwidth Af. I f  t h e  bandwidth i s  s m a l l e r  than  t h e  spac ing  

between l i n e s ,  Af < f o ,  on ly  one spec t rum l i n e  a t  111ost c o n t r i b u t e s  t o  t h e  

sum (3) .  The w o r s t  case  o c c u r s  wheu ~ l l e  r e s o n a t o r  is c o n t ~ r e d  on n l i n e  

a s  shown in Fig .  4. I n  t h i s  c a s e ,  o b v i n ~ . ~ s l y  t h e  m a t r i x  e lement  s,m+l i s  

independent  of t h e  r e s o n a t o r  bandwidth provided Af < f o .  



Fig .  4. Narrow band r e s o n a t o r  t h a t  o v e r l a p s  on ly  one l i n e  

For l a r g e r  bandwidths, t h e  resona tor  over laps  more l i n e s ,  and t h e  

m a t r i x  element grows, i n  p r o p o r t i o n  t o  t h e  a r e a  under t h e  resonance 

curve. The growth s t o p s  when t h e  bandwidth exceeds t h e  width l / r  of t h e  - - 
XmXm+l envelope. The number of l i n e s  c o n t r i b u t i n g  i n  t h i s  case  i s  ahout 

1 / r  d iv ided  by f o  o r  TIT = B-l, where B i s  t h e  bunching f a c t o r .  

The o v e r a l l  behaviour  of M and presumably t h e  t h r e s h o l d  U M - ~ ,  
m , m + l y  

i s  sketched i n  Fig.  5. A s i m i l a r  th reshold  dependence has been found i n  
9 

the  computer s imula t ion  of Messerschmid and ~ o n t h . ' )  

I . BANDWIDTH At 

'0 I /r 

Fig.  5. Overa l l  behavior  of  m a t r i x  element. 

3. E. Messerschmid and M. Month, t h e s e  Proc.  



I n  summary, one expec ts  a  th reshold  p r o p o r t i o n a l  t o  impedance Rs 

i n  t h e  l i m i t  of very l a r g e  o r  smal l  resona tor  bandwidths, wi th  t h e  

t h r e s h o l d  lower by t h e  bunching f a c t o r  f o r  t h e  l a r g e  bandwidth case .  

For i n t e r m e d i a t e  bandwidths, t h e  th reshold  should b e  p r o p o r t i o n a l  t o  

the  a r e a  under t h e  resonance curve,  so  de-Qing resona tors  w i l l  have 

l i t t l e  e f f e c t  i n  t h i s  region.  It remains t o  compute e x p l i c i t l y  t h e  

m a t r i x  M and f i n d  t h e  e x a c t  th reshold  r e l a t i o n .  This  work i s  i n  p rogress .  



THE COUPLING IMPEDANCE OF A CIRCULAR TUBE 

WITH PERIODICALLY WIDENED REGIONS 

B. Z o t t e r  

CERN 

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

Because of t h e  s t r i n g e n t  requirements  on coupling impedance f o r  

beam s t a b i l i t y  ( i n  ISABELLE J z \ / ~  should be l e s s  than a  few ohms), 

a  number of  models have .been d i scussed  d u r i n g  t h e  workshop which 

y i e l d  an e s t i m a t e  of t h e  a c t u a l  impedance seen  by t h e  beam. S p e c i a l  

emphasis was given t o  t h e  frequency reg ion  of a  few g i g a h e r t z ,  where 

t h e  tube can suppor t  p ropaga t ing  modes. 

11. Comparison of  t h e  Various Models 

The comparison of t h e  v a r i o u s  approaches i s  complicated by t h e  

f a c t  t h a t  they do no t  c a l c u l a t e  t h e  same q u a n t i t i e s ,  and hence y i e l d  

d i f f e r e n t  r e s u l t s .  C a l c u l a t i o n s  of t h e  coupl ing  impedance made a t  

CERN s e v e r a l  y e a r s  ago,' u s i n g  f i e l d  matching and subsequent mat r ix  

i n v e r s i o n  by computer, i n d i c a t e  a  behavior  of t h e  coupling impedances 

a s  shown i n  Fig.  1. This  model w i l l  be d i s c u s s e d  f u r t h e r  i n  t h e  nex t  
2 

s e c t i n n .  The same approach w i t h  d i f f e r e n t  geometric s u b d i v i s i o n s  

i s  r e p o r t e d  t o  have b e t t e r  convergence p r o p e r t i e s  which s i m p l i f i e s  

, the  mat r ix  i n v e r s i o n  cons iderab ly .  

In a n  ex tens ion  o i  t h e  f i i ; S r  r n e ~ h o d , ~  whluh conver t s  t h e  mat r ix  

e q u a t i o n s  i n t o  an i n t e g r a l  e q u a t i o n ,  t h e  s u r p r i s i n g  r e s u l t  appeared 

t h a t  t h e r e  e x i s t s  a  s e t  of  narrow spaced resonances above c u t - o f f ,  

w i t h  extremely h igh  Q-values.  This  r e s u l t  can be exp la ined  by t h e  

f a c t  t h a t  t h e  "tube wal l "  r e s i s t i v i t y  was no t  inc luded ,  and long 

s e c t i o n s  of  t h e  tube  w a l l  were only damped by s m a l l  r e s l s L i v r  

s u r f a c e s  of a d j a c e n t  c a v i t i e s .  

1. E. K e i l ,  B. Z o t t e r ,  C E R N - I S R - T M / ~ ~ - ~ O  and 33 (1970);E. K e i l ,  
B. Z o t t e r ,  P a r t i c l e  Accel.  2, 11 (1972). 

2. H. Hahn, p r i v a t e  communication. 
3. M. Month, R. P e i e r l s ,  Nucl. Instrum. Methods, 137, 299 (1976). 



t 
TUBE CUTOFF 

Fig. 1 .  Coupling Impedance vs Frequency. 



Another model developed r e c e n t l y 4  c a l c u l a t e s  t h e  impedance of a  

s i n g l e  c r o s s - s e c t i o n  s t e p  w i t h  i n f i n i t e  p i p e s  on e i t h e r  s i d e .  This  

model y i e l d s  no resonances ,  b u t  t h e  averaged impedancesand i s  t h e r e f o r e  

independent of t h e  w a l l  r e s i s t i v i t y  t o  f i r s t  o r d e r .  

During t h e  workshop, a  model was developed5 which d i s r e g a r d s  

resonances  and c o n s i d e r s  t h e  p e r i o d i c  c a v i t i e s  on ly  a s  a  means of 

b r i n g i n g  t h e  phase v e l o c i t y  of t h e  propagat ing mode c l o s e  t o  t h e  

beam v e l o c i t y .  To my unders tand ing ,  t h i s  model w i l l  e s s e n t i a l l y  

y i e l d  t h e  bottom p a r t  of t h e  impedance curve between t h e  resonant  

peaks, and y i e l d s  indeed much lower numerical  va lues .  

Two more ambit ious approaches a t t empt  t o  c a l c u l a t e  impedances 

f o r  q u i t e  g e n e r a l  w a l l  c o n f i g u r a t i o n s  .6 '7  I f  t h e  c r o s s - s e c t i o n  

changes a r e  smal l ,  p e r t u r b a t i o n  methods can be used t o  y i e l d  

approximate r e s u l t s .  However, I suspec t  t h a t  t h e  numerical  

e v a l u a t i o n  w i l l  become d i f f i c u l t  o r  imposs ib le  i n  t h e  resonant  

r e g i o n ,  i f  t h e  s o l u t i o n s  a r e  no t  expressed i n  terms of  t h e  eigenmodes 

o f  the  c a v i t i e s .  

The r e c t a n g u l a r  c r o s s - s e c t i o n  v a r i a t i o n  assumed f o r  t h e  f i r s t  

two models may appear  u n r e a l i s t i c  f o r  many a c c i d e n t a l  c a v i t i e s  such 

a s  bel lows convolut ions.  However, t h e  rounding of  t h e  edges has  

u s u a l l y  n o t  a  s t r o n g  i n f l u e n c e  on t h e  Q-values of t h e  lowest modes, 

and t h e  model should be b e t t e r  t h a n  i t  looks a t  f i r s t  g lance .  This  

could be checked w i t h  t h e  computer program "Superfish". 

111. F i e l d  Matching 

The f i e l d  matching approach leads  t o  i n f i n i t e  mat r ix  equa t ions  

t h a t  can be solved numer ica l ly  i f  t h e  m a t r i c e s  may be t runca ted  t o  

a  reasonable  s i z e .  This  means t h a t  t h e  mode number should no t  be 

4 .  H. Hereward, C E R N - I S R - D E / ~ ~ - ~ ~  (1975). 
5. R. Glucks te rn ,  Longi tud ina l  Coupling Impedances i n  a  P e r i o d i c a l l y  

Loaded Guide Above C u t - o f f ,  t h e s e  Proc.  

6. R. P C l c F l o ,  6h0~0 Yr00. 
7. E. Courant,  p r i v a t e  communications. 



t o o  h igh ,  i . e .  t h e  per iod  leng th  should be much smal le r  than a c t u a l  

machine circumferences.  T h i s  may u s u a l l y  be assumed .if t h e  tube  

connect ing t h e  c a v i t i e s  i s  below c u t o f f ,  u n l e s s  t h e  c a v i t y  spac ing  

i s  smal le r  than t h e  d i s t a n c e  i n  which t h e  evanescent  modes decay 

( u s u a l l y  about  one tube  d iameter ) .  The same assumption can be made 

above c u t - o f f ,  i f  t h e  c a v i t y  spacing i s  l a r g e r  than t h e  a t t e n u a t i o n  

leng th  of t h e  mode under i n v e s t i g a t i o n  i n  a  tube  of a  given w a l l  

- - - - e r i a l .  

For t h e  c a s e  where t h e s e  assumptions a r e  not  f u l f i l l e d ,  t h e  

c a v i t i e s  a r e  s t r o n g l y  coupled and can no longer  be t r e a t e d  independently.  

The problem i s  changed a s  one can now g e t  a  c e r t a i n  phase r e l a t i o n  

between a d j a c e n t  c a v i t i e s ,  which was excluded i n  t h e  o r i g i n a l  f i e l d -  

matching approach wi th  t h e  assumption of s t r i c t  p e r i o d i c i t y .  

However, t h i s  case  has  a l s o  been t r e a t e d  s e v e r a l  y e a r s  ago8 and 

y i e l d s  t h e  r e s u l t  t h a t  t h e  coupl ing  impedance of N equa l  c a v i t i e s  

i s  a t  most N t imes t h e  s i n g l e  c a v i t y  impedance, depending on t h e  

p a r t i c u l a r  mode, w h i l e  it i s  s t r i c t l y  N t imes t h e  s i n g l e  c a v i t y  

impedance f o r  n e g l i g i b l e  coupling.  

I f  t h e  c a v i t i e s  i n  t h e  r i n g  a r e  n o t  geomet r ica l ly  e q u a l ,  i t  i s  

s t i l l  p o s s i b l e  t h a t  some of t h e i r  modes have a  s t r o n g l y  over lapp ing  

frequency response and should be t r e a t e d  by t h e  methods v a l i d  f o r  

e q u a l  c a v i t i e s .  This  i s  s p e c i a l l y  a p p l i c a b l e  when t h e  c a v i t i e s  a r e  

s t r o n g l y  damped, and have low Q-values. I f  t h i s  i s  n o t  t h e  case ,  

they  can be t r e a t e d  q u i t e  independently and t h e  t o t a l  impedance is  

j u s t  t h e  sum of t h e  c o n t r i b u t i o n s  which r e s o n a t e  a t  d i f f e r e n t  

f r e q u e n c i e s .  

I V  . Conclusions 

From e a r l i e r  work a t  CERN, one f i n d s  t h a t  t h e  coupling impedance 

i a  c i r c u l a r  tube w i t h  p e r i o d i c a l l y  widened s e c t i o n s  has resonant  . 

peaks e s s e n t i a l l y  only a t  t h e  resonances of  t h e  widened s e c t i o n s  

( "cav i t i es" )  , independent of whether the  f requenc ies  a r e  

- - 

8. E. K e i l ,  8 .  Z o t t e r ,  CERN-ISR-TM/71-15 (1971). 



below o r  above c u t - o f f  of  t h e  connect ing tube .  The tube  i t s e l f ,  

enclosed between two a d j a c e n t  c a v i t i e s ,  may a l s o  be considered a  

r e s o n a t o r .  However, t h r e e  d i f f e r e n t  mechanisms a c t  t o g e t h e r  t o  

reduce i t s  coupl ing  impedance: a )  t h e  long l e n g t h  and sma'll 

d iameter  g ive  a  low R/Q, b )  t h e  smal l  diameter  and t h e  open ends 

lead  t o  a  low Q*, c )  t h e  long leng th  y i e l d s  an unfavorable  t r a n s i t  

t ime f a c t o r .  The r e s u l t  of  a l l  t h i s  seems t o  e x p l a i n  t h e  f a c t  t h a t  

t u b e  resonances can be n e g l e c t e d ,  and t h a t  t h e  important  c o n t r i b u t i o n s  

t o  the coupl ing  impedance a r e  due t o  t h e  resonances of  r e a l  o r  a c c i -  

d e n t a l  c a v i t i e s .  

* Q i s ' a p p r o x i m a t e l y  t h e  tube r a d i u s  d iv ided  by t h e  s k i n  dep th ,  
reduced by a  f a c t o r  which depends on t h e  amount of energy leak ing  
out  a t  t h e  ends. 



Longitudinal  Coupling Impedance S t ruc tu re  

i n  Terms of  Green's  Functions 

Ronald F. P e i e r l s  

Brookhaven Nat iona l  Laboratory 

I. In t roduct ion  

In  d i s cus s ing  t h e  l ong i tud ina l  i n s t a b i l i t y  problem fo r  a  

~ a s t i n g  beam i n  a conducting r i n g ,  an important cons idera t ion  is  

t h e  electromagnetic  s e l f  coupling of a  p a r t i c u l a r  frequency com- 

ponent of  t h e  beam due t o  t h e  presence of  t h e  conducting wal l s .  

This  is  parametrised by t h e  l ong i tud ina l  coupling impedance, which 

i s  t h e  average vo l t age  change, pe r  u n i t  amplitude of beam cu r r en t  

a t  t h i s  frequency, experienced by a beam p a r t i c l e  i n  one turn .  

A number of   calculation^^-^ have been made t o  determine t h e  

va lue  of  t h i s  impedance under s p e c i f i c  circumstances,  each calcu- 

l a t i o n  involving a s p e c i f i c  assumption about t he  shape o f  t h e  

conducting su r f ace ,  t h e  l oca t i on  of  t h e  beam, e t c .  Evidently many 

of  t h e  gross  f ea tu re s  of  t h e  r e s u l t s  do n o t  depend on t h e  d e t a i l s  

of  t he  assumptions and some genera l  in ferences  can be  made a s  

d iscussed  by Zotte: i n  h i s  summary. 

The purpose of  t h i s  no t e  is  t o  po in t  ou t  t h a t  by using a 

more genera l  formulat ion of t h e  problem i n  terms of  Green's func- 

t i o n s  i n s t ead  of e l e c t r i c  f i e l d s ,  it i s  pos s ib l e  t o  understand 

t h e  o r i g i n s  of  t h e s e  genera l  f e a t u r e s  before  spec i fy ing  a p a r t i -  

c u l a r  conf igura t ion  and t o  lay  a convenient framework f o r  ca r ry ing  

ou t  d e t a i l e d  ca l cu l a t i ons  i n  some more complicated cases.  I n  

p a r t i c u l a r ,  t h e  r e l a t i o n s h i p  i s  c l a r i f i e d  between t h e  impedance 

r o p e r t i e s  o f  c a v i t i e s ,  p ipes ,  and o the r  components i n  i s o l a t i o n  

nd when combined if l to a  r e a l i s t i c  machine. 

1. E. Ke i l  and B. Zo t t e r ,  P a r t i c l e  Accelera tors  2, 11 (1972). 
2. M. Month and R. P e i e r l s ,  Nucl. Instirum. Methods 137, 299 

(1976). - - 

3.  E. Courant , these  Proc. ,  R. Gluckstern,  these  Proc. 
4 .  B. Zo t t e r ,  these  Proc. 



11. Formalism 

We make t h e  usual  assumption t h a t  t he  curvature  of t h e  r i ng  

i s  neg l ig ib l e ,  and t ake  i t s  closed na tu re  i n t o  account by imposing 

per iodic  boundary condi t ions  

In  o ther  words, t h e  s t r u c t u r e  we consider i s  a  conducting tubular  

sur face  of a r b i t r a r y  shape 'surrounding t h e  z a x i s ,  wi th  t h e  plane 

z = 0 equated t o  t h e  plane z = 2xR. V denotes t h e  i n t e r i o r  of t h e  

s t r u c t u r e  and S i t s  surface.  Considering a  component of the beam 

current  of frequency w, having current  dens i ty  

and r e s u l t i n g  i n  an e l e c t r i c  f i e l d  

t h e  longi tudina l  coupling impedance i s  

I being t h e  magnitude of t h e  beam cu r ren t  a t  t h i s  frequency. 
4. 

The usual  procedure i s  t o  expand E i n  terms of an appro- 

p r i a t e  s e t  of funct ions .  The boundary condi t ions  a t  t h e  wa l l s  of 

t h e  s t r u c t u r e  and a t  t h e  beam impose cons t r a in t s  r e s u l t i n g  i n  a  

l i n e a r  s e t  of equations f o r  t h e  components of E. The r e s u l t i n g  

matrix equations can be  solved s t ra ight forwardly ,  possibly requi r -  



ing extensive computer analysis; Z can then be'calculated. Care 

has to be exercised near resonances when the Gquation becomes 

singular (or nearly singular if the resistivity is nonzero), and 

the expansion functions have to be chosen with care to get reason- 

able convergence. 
-? -+ 

The field E(r) is linearly related to the current density 

.i f) : 

--.+ 5 
where g(r,rf) is the Green's function for the field, satisfying the -. -+ -+ 
same boundary conditions as E(r) at the wall of the machine. G is 

a dyadic, since it yields a vector when dotted into a vector. If 
+ + 

we choose an appropriate set of vector functions $(r), orthonormal 

in a region R which completely includes V; so that 

-+ 
a 

G can be expanded: 

is 

so that the impedance is given by 

. - -. 
I, E, 7, G all contain w as a parameter). 

The problem of finding the matrix coefficients G is essen- 
i j 

tially equivalent to that of finding the coefficients of the field 

5 .  P.M. Morse and H. Feshbach "Methods of Mathematical Physics" 
McGraw-Hill, New York (1953): Chapters 7 and 13. 



+ 
E,  and again  r e s u l t s  i n  a mat r ix  equation. There a r e  s eve ra l  advan- 

tages  t o  t h i s  representa t ion .  

F i r s t ,  t h e  c o e f f i c i e n t s  G depend only on t h e  charac ter -  
i l 

i s t i c s  o f  t h e  tube,  not t h e  beam, so  t h a t  once a so lu t ion  i s  

obtained,  t h e  e f f e c t s  of varying t h e  shape o r  loca t ion  of t h e  beam 

a r e  e a s i l y  seen. 

Secondly, t h e r e  e x i s t  a  l a rge  body of general  p rope r t i e s  of 

Green's funct ions ,  which al low what would otherwise be ted ious  

mqnlpulatlons t o  be ca r r i ed  out  more simply. I n  p a r t i c u l a r ,  t h e  

resonance s t r u c t u r e  appears i n  a very simple way. 

We use two p rope r t i e s  of t h e  Green's functions.  F i r s t  of 

a l l ,  suppose t h a t  Go i s  t h e  Green's  funct ion  s a t i s f y i n g  boundary 

condi t ions  f o r  a  p e r f e c t  conductor on a sur face  So surrounding a 

volume Vo, and G i s  t h e  Green's  funct ion  s a t i s f y i n g  t h e  same con- 

d i t i o n  on a su r f ace  S surrounding a volume V where V l i e s  wi th in  

vo 

* 0 
Then the Green's funct ion  G can be expressed i n  terms of G by a 

matr ix  equat ion .  

* 
The de r iva t ion  fol lows s t r a igh t fo rward ly  by appl'ying the  vec to r  form 
of  Gauss' Theorem, and w i l l  be given elsewhere. (No guarantee is made 
f o r  the  accuracy of  the formulas i n  t h i s  note: i ts  purpose is  t o  
develop the  q u a l i t a t i v e  conclusions,  and show the  p o t e n t i a l  advantage 
of Green's funct ion  techniques .) 



When Vo, S a r e  replaced by Vi Si (V ly ing  wi th in  Vo): 
0 

e r e  AV i s  t h e  region between S .and S 
0' 

S imi lar ly ,  l e t  G be t h e  Green's  funct ion  f o r  t h e  e l e c t r i c  

f i e l d  i n  a region V bounded by a pe r f ec t ly  conducting sur face  S ,  

and G '  t h e  Green's funct ion  f o r  t h e  same region bu t  wi th  a r e s i s -  

t i v e  sur face :  then 

\ 

o being t h e  conductivi ty of t h e  su r f ace  (not necessar i ly  cons t an t ) ,  
h 

and n being t h e  inward normal u n i t  vec tor  t o  S. 

Thus by using (6) and (7)  i n  succession t h e  Green's funct ion ,  

and hence t h e  impedance, of an a r b i t r a r i l y  shaped region can be  
+ 

determined. The choice o f  funct ion  Jr ( r )  and of t h e  reference  
i 

region Vo can be made t o  g r e a t l y  s impl i fy  t h e  ca lcula t ion .  I f  AV 

i s  a  small region then per turba t ion  methods, equivalent  t o  those 

iscussed by E. Courant?can be used. Since a i s  l a rge  f o r  cases  

f  i n t e r e s t ,  t i s  always small and a pe r tu rba t ive  so lu t ion  t o  (7) 

i s  always possible.  

111. Resonance S t ruc tu re  

For any enclosed region t h e r e  e x i s t  a  d i s c r e t e  s e t  of reson- 

a n t  modes. The f i e l d s  corresponding t o  t h e  modes form a complete 



set and the Green's function can be expressed5 in terms of them 

in the form 

-t 

where e is the normalised field associated with resonant frequency n 
w If we use these fields as expansion functions, the matrix G n' 
takes the simple form: 

Equation (6) has the form 

0 
G = G + G W G  0 (10) 

(We have suppressed the explicit matrix indices .) This has the 

formal solution 

0 
G, G and W all being matrix functions of w. Resonances will occur 
at those frequencies w at which 

Wc are interesLrd In che case when W is small; we write W = AW and 

consider what happens when A + 0. Then writhe GO in the form (9) 

we have the condition 
- [ "m det 6nm - 7 1  = 0 

w - w  o2 
n 

For small h ,  it is well known that 



thus 

This expression passes through a l l  r e a l  values i n  t h e  neighbor- 

hood of w = w '; and h ince  must vanish a t  some p o i n t ,  i n  t h a t  neigh- n 
borhood. To f i r s t  order  i n  A,  t he re fo re  

(The r e s u l t  i s  t r u e  a s  h + 0, provided W i s  a s u f f i c i e n t l y  slowly 

varying funct ion  of  w, even though t h e  expansion (15) breaks down 

f o r  1 w2-u o2 1 << A) .  n 

Now w r i t e  G i n  t h e  form 

- 
e* 

'nk km 
Grim-. Z 

k k 

where 9 is  t h e  over lap  between t h e  perturbed modes and t h e  o r i g i n a l  nk 
ones : 

Equation (6)  becomes 

Equating t h e  residuea of  t h a  poles a t  = hi2, we ohta in  

Subs t i t u t i ng  i n  (19) we obta in ,  f i n a l l y  



Hence w e  s ee  t h a t  t h e  per turba t ion  represented by W has two e f f e c t s  

(1)  t h e r e  is  a s h i f t  i n  t h e  resonant  frequency 

(2)  G i s  no longer diagonal  i n  t h e  o r i g i n a l  r ep re sen ta t i on ,  

t h e  nm element coupling t o  a l l  resonant  frequencies,  

wi th  a res idue  of  order  A2 f o r  k # n. 

Since we made no use  of t h e  p rope r t i e s  of t h e  matrix W ,  t h e  same con- 

clus ions  apply t o  Eq. (7) only i n  t h i s  case  t h e  frequency s h i f t  i s  

eamplcx. 

Iv. Example: perturbed smooth tube 

As an example, l e t  us cons ider  a  case  discussed i n  a previous ca l -  

culat ion12: A c i r c u l a r  tube  of r ad ius  b ,  widening 60 radius  d over 

a d i s t ance  g. 

For t he  i n i t i a l  unperturbed region Vo we choose a conducting 

c i r c u l a r  cy l inde r  of rad ius  d. Then, using t h e  normal modes of such 

a region (with per iodic  boundary condi t ions  a s  discussed i n  Sec. 

11) we can s u b s t i t u t e  i n  ( 5 )  and ( 9 )  t o  obta in  



-f * 
Here e a ( r ) ,  wa a r e  t h e  resonant f i e l d s  and frequencies f o r  t h e  mode 

l abe l l ed  by a .  
+- 

I f  t h e  current  dens i ty  j ( r )  i s  uniform wi th  radius  a ,  and 

!rely a x i a l ,  then using c y l i n d r i c a l  coordinates ( r ,e ,Z) :  

We consider a  s i n g l e  current  harmonic n. The frequency associa ted  

with t h i s  cur rent  component i s  

P C  being t h e  p a r t i c l e  velocity.  This cur rent  component i s  ortho- 

gonal t o  a l l  modes except t h e  a x i a l l y  symmetric TE modes. These 

a r e  l abe l l ed  by two in t ege r s :  a  m,a .  The f i e l d s  and frequencies 

a r e  

e ma ( r )  = N ma! e' [ -i(-) md J l ( j d ) , O , J  
N a  

Hence 



and 

Thus we s e e  t h a t  al though t h e  impedance has t h e  appearance i n  (22) 

of a sum o f  resonances, t h e  r e s idues  a l l  vanish. The sum over a 

i n  (27) gives t h e  usual  smooth wa l l  c a p a c i t a t i v e  irnpedanc.e, though 

c l e a r l y  t h i s  i s  no t  t h e  most convenient r ep re sen t a t i on  t o  eva lua t e  

it! 

Note t h a t  below c u t o f f ,  i . e . ,  f o r  w < Xa , resonances can 

n o t  be exc i t ed  because t h e  denominator does not  vanish. Above 

cu to f f  they  do no t  appear because t h e  r e s idue  vanishes,  and t h i s  
-+ 

i s  due t o  t h e  f a c t  t h a t  each mode f i e l d  en involves only one har-  

monic i n  z. Th i s  fol lows from t h e  uniformity o f  t h e  cy l inder .  

I f  we now use  t h e  r e s u l t s  of Sec, III we see from Eq. (7.1) 

t h a t  per turb ing  t h e  boundary shape so  t h a t  t he  c r o s s  s e c t i o n  v a r i e s  

mixes i n  o t h e r  modes. From Eq. (21) we can see  t h a t  a l l  t h e  reson- 

ances can now be exc i ted :  t h a t  corresponding t n  +he mode kp giv ing  

R rnntr i .hvtion t o  X of f h c  farm 

where w0 i s  given by (26) and 
n a  

-+ 
The mat r ix  W i s  j u s t  t h a t  given by (6) w i t h  the fnnc t ion  $ replaaod 

by t h e  mode funct ion  e def ined  i n  (27) and t h e  i n t e g r a t i o n  region 
n 



i s  t h e  shaded annular  region shown i n  t h e  f igure.  

Hence a  perturbed,  pe r f ec t ly  conducting closed r i n g  has an 

impedance which exh ib i t s  a  number of c lo se ly  spaced resonances whose 

frequencies a r e  given by 

+ W*O1 
m = 1,2, . .  . 

R d  a = 1,2,.. .  

When t h e  wa l l s  become r e s i s t i v e ,  t h e  major e f f e c t  i s  t h a t  

each resonance frequency acqui res  an imaginary pa r t .  I f  t h e  imaginary 

p a r t  of t he  resonant frequency is much l a r g e r  than t h e  resonance 

spacing then no resonant s t r u c t u r e  w i l l  be v i s i b l e  but  t h e  r e a l  p a r t  

of t h e  impedance w i l l  be dominated by t h e  value of t h e  res idue  a t  

t h e  neares t  pole. This i s  i n  q u a l i t a t i v e  agreement wi th  t h e  r e s u l t s  

ca l cu l a t ed  previously and w i l l  be  spe l l ed  out  i n  d e t a i l  elsewhere. 

V. Coupling of c a v i t i e s  due t o  t he  tube:  e f f e c t s  of a t t e n t u a t i o n .  

In  t h e  l a s t  s ec t ion ,  we discussed t h e  case of very small  

c a v i t i e s  regarded a s  a  per turba t ion  on t h e  tube. I n  t h i s  s ec t ion  

we consider t he  opposite case:  c a v i t i e s  of appreciable s i z e ,  where 

t h e  tube a c t s  a s  t he  per turba t ion  which s h i f t s  t he  resonant f r e -  

quency of t h e  cavi ty  and couples d i f f e r e n t  c a v i t i e s  together  

For a  s i n g l e  cav i ty ,  t h e  problem i s  s t ra ight forward:  t h e  perturba- 

t i o n  is t r e a t e d  e s s e n t i a l l y  a s  i n  t h e  previous s ec t ion  but  now t h e  

expansion functions a r e  those  of a  conducting cav i ty  and t h e  

region AV needed t o  cons t ruc t  t h e  per turba t ion  matrix W i s  t h e  shaded 



p a r t  of t h e  tube. Once again,  t h e  frequency s h i f t  can be  e x p l i c i t l y  

ca lcula ted .  

N o w  suppose t h a t  we have two i d e n t i c a l  c a v i t i e s  separated 

by a  d i s t ance  S 

Using t h e  same general  approach a s  before ,  t h e  unperturbed problem 

c o n s i s t s  of two independent c a v i t i e s :  t h e  unshaded a r e a  i n  t h e  f igure .  
, 

The e f f e c t  of t h e  tube per turba t ion  i s  t o  pick some p a r t i c u l a r  

l i n e a r  combination of t h e  independent resonances 

-3 d , 
where o1(r) ,  8 ( r )  vanish unless  r i s  i n  t h e  f i r s t  o r  second cav i ty  

2 
r e spec t ive ly ,  and k i s  t h e  propagation cons tant  f o r  t h e  mth cavi ty  

m 
m6de i n  t h e  Z d i r ec t ion .  In se r t i ng  t h i s  i n t o  (5) and (9)  we see  

t h a t  

where Z would be t h e  impedance of a  s i n g l e  cav i ty  leading  t o  the  1 
na tu ra l  conclusion t h a t  t h e  c a v i t i e s  i n t e r f e r e  cons t ruc t ive ly  o r  

des t ruc t ive ly  according t o  t h e i r  separat ion.  Note t h a t  t h i s  mixing 

of  l eve l s  and thus  t h e  i n t e r f e r ence  i s  poss ib l e  only if t h e  c a v i t i e s  

a r e  i d e n t i c a l  so  t h a t  t h e i r  resonances overlap. 

The e f f e c t  of mul t ip le  c a v i t i e s  can be  taken i n t o  account in  

j u s t  the  same way, t h e  impedance acqui r ing  a  f a c t o r  



S being t h e  d i s t ance  of t h e  rth cav i ty  from t h e  f i r s t .  r 

In  p rac t i ce ,  a t t enua t ion  w i l l  prevent t h e  coupling of more 

than a few adjacent  c a v i t i e s .  Pu t t i ng  r e s i s t i v e  l o s se s  i n  t h e  wa l l s  

ves  t he  resonance frequencies an imaginary p a r t ,  l eading  i n  t u rn  

an imaginary pa r t  f o r  k and a behaviour 
m y  

f o r  t h e  Green's funct ion ,  so  t h a t  t h e r e  i s  l i t t l e  coupling between 
- 1 current  elements a t  d i s t ances  l a r g e  compared with (Imk ) . 

m 

V I .  Conclusions 

I n  t h i s  note  we have sketched a desc r ip t ion  of coupling 

impedance i n  terms of Green's functions.  The problem has been 

defined a s  a s t a t i ona ry  one, dea l ing  wi th  f ixed frequency compon- 

en t s  of a coas t ing  beam. Brac t ly  the  same kind of t reatment can be 

given t o  a nonstat ionary s i t u a t i o n  by using a time dependent 

Green's function 

which may be  of use i n  understanding t h e  way i n s t a b i l i t i e s  grow. 



LONGITUDINAL COUPLING IMPEDANCES I N  A PERIODICALLY 

LOADED GUIDE ABOVE CUT OFF 

R.L. Gluckstern 

Univers i ty  of  Maryland 

I. In t roduct ion  

A bunched c i r c u l a t i n g  proton beam w i l l  cause electromagnetic  

f i e l d s  t o  be generated i n  a metal  w a l l  vacuum s t r u c t u r e .  For a 

s t r u c t u r e  with cons tan t  c ro s s  s e c t i o n ,  the  waves generated w i l l  be 

those a s soc i a t ed  wi th  waveguides, and the  modes which propagate 

w i l l  have phase v e l o c i t i e s  g r e a t e r  than the  ve loc i t y  of  l i g h t .  As 

a r e s u l t ,  the  i n t e r a c t i o n  of  these  waves on the  p a r t i c l e  bunch w i l l  

average t o  zero ,  and not  cause any undes i rab le  e f f e c t s .  

When the re  a r e  regions of the  vacuum pipe which have d i f f e r e n t  

geometrical  p r o p e r t i e s ?  such a s  vacuum p o r t s ,  p r ~ b s  regions,  cl.earing 

e l ec t rode  reg ions ,  e t c . ,  i t  'is pos s ib l e  f o r  the  beam t o  e x c i t e  modes 

which can t rave1 ,as  i n  a pe r iod i ca l l y  loaded waveguide, with the  

v e l o c i t y  of  the  beam bunch. In  t h i s  case ,  a l ong i tud ina l  beam in- 

s t a b i l i t y  can be s e t  up, l i m i t i n g  the cu r r en t  which can be c i rcu-  

l a t e d .  This  l i m i t  i s  r e l a t e d  t o  the "coupling impedance" of  the  

electromagnetic  s t r u c t u r e  and the  purpose of  t h i s  note i s  t o  calcu- 

l a t e  t h i s  coupling impedance approximately. 

1 
Keil  and Z o t t e r  have ca l cu l a t ed  the  coupling impedance f o r  a 

p a r t i c u l a r  geometry of  pe r iod i c  d i s c o n t i n u i t i e s  i n  a r i n g ,  i n  essence 

so lv ing  t he  complete electromagnetic  f i e l d  problem p r imar i l y  a t  f r e -  

quencies below the c u t  o f f  frequency i n  the  main p a r t  of  the  vacuum 

pipe .  Month and P e i e r l s 2  have reformulated the  ana ly s i s  f o r  f r e -  

quencies above the  c u t  o f f ,  but  a l s o  t r e a t  the  complete electromag- 

n e t i c  f i e l d  problem. In t he  present  c a l c u l a t i o n ,  the  main f i e l d s  a r e  

considered t o  be p r e sen t  i n  the  guide reg ion ,  r a t h e r  than ir! the 

d i s c o n t i n u i t i e s ,  and the  e f f e c t  of the  d i s con t inu i ty  reg ion  is  char- 

a c t e r i z e d  by two parameters  r e l a t e d  t o  t he  r e f l e c t i o n  and transmission 

c o e f f i c i e n t s  o f  the  d i s con t inu i ty .  I;n t h i s  way it ~ h n i ~ l d  he pnnnih l e  

t o  determine these  two parameters from simple r f  measurements on the 

1. E.  Kei l  and B. Zo t t e r ,  P a r t i c l e  Accelera tors  3, 11 (1972). 

2. M. Month and R.F. P e i e r l s ,  Nucl. I n s t r ~ ~ m .  Methods m, 299 (1976). 



d i scon t inu i ty  alone,  o r  from simple mode so lu t ions  of the d iscont inui ty  

using computer rout ines  l i k e  SUPER FISH.^ We s h a l l  assume a frequency 

above the  c u t  o f f  of the TMOl band, but  below the  c u t  o f f  of the  

TMO2 and higher TM bands, so t h a t  only one mode is-_able t o  propagate. 

The d i scon t inu i ty  regions w i l l  include enough of the  vacuum guide so  

t h a t  nonpropagating modes have decayed s u f f i c i e n t l y  t o  be neglected 

a t  the  boundaries. We s h a l l  f u r t h e r  assume t h a t  the beam bunches 

svel  with the  ve loc i ty  of l i g h t .  

LL. General Calcula t ion  of the Coupling Impedance 

- iWt 
I f  one assumes a time-dependence of e and a s inusoida l  

dr iv ing  cu r r en t  dens i ty  of the  form 

Jz = I' ei(dc)2e-iu*6 (x)6 (y) , (1 ) 

it  is poss ib l e  t o  so lve  Maxwell's equations f o r  the e l e c t r i c  f i e l d  

generated by t h i s  cur rent .  I f  the  vol tage  is defined a s  

one can obta in  an expression f o r  the coupling imp.edance Z = - V/I ,  
coup 

given by 

where t he  i n t e g r a l  i n  the numerator i s  taken along the beam a x i s ,  and 

the i n t e g r a l  i n  the  denominator i s  taken over the  complete volume of 
- i u j t  

the vacuum region,  with the  f a c t o r  e being suppressed. The l o s s e s  

have been incorporated i n  the q u a l i t y  f a c t o r  Qr i n  a form which 

neglec ts  the small  s h i f t  i n  resonance frequency due t o  f i n i t e  Qr ,  but  

which e x h i b i t s  Chc I:rsdi.tional resonance denominator. 

Our t a sk  is now two-fold. F i r s t ,  we must formulate the mode and 

- i e l d  s t r u c t u r e  i n  t h i s  r i ng  loaded with pe r iod ic  d i s c o n t i n u i t i e s .  

Then we must determine the l oca t ion  of the  resonant  modes, so a s  t o  

s ee  which resonance modes cont r ibute  t o  Z a t  a given frequency. coup 

3. K. Halbach and R.F. Holsinger, P a r t i c l e  Accelerators ( to  be pub- 
1 is hed) . 



111. Mode S t ruc tu re  i n  a  Periodically-Loaded Ring 

We s h a l l  assume a  s t r u c t u r e  l i k e  t h a t  shown 'in the  f i gu re ,  

c o n s i s t i n g  of a  r i n g  of   length.^^ conta in ing  N pe r iod i ca l l y  spaced 

d i s c o n t i n u i t i e s .  The r o t a t i o n  frequency i s  

and z = 0 i s  chosen a s  the  midpoint between d i s c o n t i n u i t i e s .  The 

vol tage  integrand i n  (3) must r epea t  when z increases  by Nl, r equ i r i ng  

t he  d r iv ing  frequency t o  be given by 

W"2nnc= 
NA ncuo ( 5 )  

where n  is an i n t ege r .  

Within t he  p ipe ,  the propagation cons t an t ,  B, i s  given by 
0 

where p = 2.405 i s  the  f i r s t  zero of  the  Bessel func t ion  f o r  the  TMOl 

mode and where the  c u t  o f f  harmonic nc (not  neces sa r i l y  an i n t ege r ) ,  

is def ined  by 

The presence o f  the pq r iod i c  d i s c o n t i n u i t i e s  changes the  phase 

advance i n  the  d i s t ance  from @?, t o  p ,  the  Floquet parameter (which 

is defined i n  such a way t h a t  i t  i s  i d e n t i c a l  t o  pa i n  the  absence of  



d i scon t inu i t i e s ) .  Because of the  r i ng  s t r u c t u r e ,  ~ ~ 1 %  must be an 

in t ege r ,  so  t h a t  

, k h  , P =  N 

and i n  the absence of d i s con t inu i t i e s  

n2 = n2 + h 
2 

The behavior.of  the f i e l d  EZ can be w r i t t e n ,  by v i r t u e  of the  Ploquet 

+h2orem, a s  

where bm,c a r e  the  harmonic c o e f f i c i e n t s  caused ( for  m # 0) by the  
m 

per iodic  d i s c o n t i n u i t i e s .  The vol tage  i n t e g r a l  i n  (3) w i l l  then be 

only f o r  t h a t  value of the i n t ege r  m which i s  given by 

u=- 
C a (12) 

The tasks  which now remain a r e  l i s t e d  below: 

1. We must es t imate  b and c f o r  the value of m appropr ia te  m m 
t o  (9) and (13). We s h a l l  do t h i s  by assuming t h a t  the  dominant f i e l d  

i s  the  propagating mode i n  the guide sec t ion ,  with s h i f t  of phase 

f C1 between adjacent  s ec t ions .  

2. We must ca l cu l a t e  the  energy s torage  term i n  (3) ,  which we 

s h a l l  a l s o  approximate by assuming t h a t  the major con t r ibu t ions  a r e  

from the  propagatine 111r:lile i n  t h e  guide ~ c c t i o n s .  

3. We must ca l cu l a t e  the resonant frequencies of these modes by 

determining the r e l a t i onsh ip  between pa [ r e l a t e d  t o  frequency by (6 ) l  

and C1 by measuring o r  computing the  electromagnetic p rope r t i e s  of the 

d i scon t inu i ty .  



IV.  Calcula t ion  of Coupling Impedance 

I n  es t imat ing  the  dependence of b c on m, we s h a l l  assume 
m y  m 

t h a t  the t ransverse  e l e c t r i c  f i e l d  is given,  i n  the jth waveguide 

sec t ion ,  by 
1 Er = (v: cos 82 + w . ~  s i n  PZ) : %(:) , (14) 

where we s h a l l  r e l a t e  V! and W i n  ad jacent  s ec t ions  by a 2 x 2 

matrix desc r ip t ion  which parameterizes the e f f e c t  of the d i scon t inu i t i e s .  

The t ransverse  f i e l d  E can be w r i t t e n  equal ly  well  near the a x i s  i n  r 
terms of b and c analogous t o  ( l o ) ,  a s  

m m y  

* 
We s h a l l  r e l a t e  bm and cm t o  V j  W' by equating these two expressions.  

0' 0 

The matrix transformation f o r  a s ec t ion  of waveguide with char- 

a c t e r i s t i c  impedance Z and with t he  elements of the vector being Er 
c '  

and i Z  H i s  
'P C c o s p a  s i n p a  

- s i n  pa cos pa I 
The equiva lent  mat r ix  f o r  the symmetric d i s con t inu i ty  a l s o  has u n i t  

determinant and equal  elements along the  diagonal ,  and can therefore  

be w r i t t e n  i n  terms of two parameters o and b a s  1 

o s i n  a C"Y .." . [ -.- .I" ] (17) 

o 

n' 
We match Er i n s t ead  of Ez because lumped shunt behavior by the d is -  
c o n t i n u i t i e s  w i l l  correspond t o  i n f i n i t e  Ez i n  the  vers ion  i n  (15), 
but not  i n  (14). 

'This mat r ix  corresponds to  t h e  d i scon t inu i ty  including enough guide 
on each s i d e  t o  guarantee decay of evanescent modes, uiul t ipl ied on 
each s i d e  by the  rec iprocal  of (16) f o r  h a l f  the  t o t a l  length  of 
obs tac le  and guide extensions.  I n  t h i s  way (17) corresponds t o  an 
element of zero length  loca ted  a t  t he  center  of each obs tac le .  



The parameters V! and W' a r e  then obtained from (M)', where 
0 

cosp PosiyL 

= [? cosp ] 
as i n q  lk 

= [-:I: : 1: 9 [-L:;:~ co:D] [-:I:; :: !] ( la)  

I can be wr i t t en  a s  

vJ = VO cos jp + W: PosinjW 
0 0 

After  much manipulation, b and c can be obtained by equating (14) m m * 
and (IS), using (19) and inver t ing  the Fourier  s e r i e s ,  leading t o  

2 
It i s  a l so  necessary t o  ca l cu la t e  SE dv. Again assuming t h a t  

the e s s e n t i a l  cont r ibut ion  comes from the sec t ions  of waveguide, one 

f inds  
4 2 2 a n a  J1 (P) 2 

J E ~ ~ v - ~  (21) 
P P2c2 

2 
One then f inds  from (31, (11) , (201, and (211, and J1 (P) ' 2/npY t h a t  

the coupling impedance can be written as 

s i n  ( ) - (1 - pol (n - h) s i n  ( .- ) ]L (22) 

* 
Note t h a t ,  i n  the  absence of an obs tac le  a = O a  b = 0,  p = pa, Po = 1 
and (20) vanishes f o r  m # 0, a s  i t  must. 



This equation should be understood a s  follows: 

1. The ex t e rna l ly  chosen frequency is determined from (5) by 

t h e  p a r t i c u l a r  choice of n. With n determined from the geometry 

through (7),one f i nds  h from (9). It is  necessary now t o  consider 

s eve ra l  i n t e p r a l  values of  h i n  t he  v i c i n i t y  of t h a t  determined by 

(9). The only values of h which can cont r ibute  a r e  those f o r  which 

m is an in t ege r  i n  (13). I n  each case,  is determined by (8). 

2. The parameters of the  d i scon t inu i ty ,  a and b, must e i t h e r  

be ca lcula ted  o r  measured f o r  a p a r t i c u l a r  d i s con t inu i ty  geometry. 

A poss ib l e  measurement scheme is  discussed b r i e f l y  i n  Sect ion  V I .  

3. One now determines the value of p necessary t o  s a t i s f y  (18). 

From ( 6 ) ,  one then determines the  resonant  frequency U, The param- r '  
e t e r  p i s  a l s o  found from (18). 

4 .  The q u a l i t y  f a c t o r  Qr i s  obtained i n  the usual  way from the 

conduct iv i ty ,  frequency and waveguide r ad ius ,  s i nce  i n  our assumption 

t h e  l o s s e s  a r e  dominated by the waveguide. 

5 .  The coupling impedance i s  now obtained from (22) a s  t he  sum 

of cont r ibut ions  from each resonance. I f  the  spacing of resonances 

is  such t h a t  a s i n g l e  resonance dominates (high Q), the  f i r s t  bracket  

i n  (22) w i l l  have a maximum value of Qr. Where s eve ra l  resonances 

con t r ibu t e  (low Q) the  bracket  w i l l  be approximately ~rw/6,~), where * 
6 w i s  t h e  spacing of the resonances, and where we assume a slow 
r 

variation o f  a l l  fe-s except  t he  resonant  term. I n  t h i s  case ,  approxi- 

mately f l i ~ . 1 / ~ ~ 6 ~ ~  resonances cont r ibute  a t  one time. 

V. Approximate Calcula t ion  of Coupling Impedance 

It i s  poss ib l e  t o  proceed f u r t h e r ,  i n  q very approximate manner, 

by assuming t h a t  each d i scon t inu i ty  can be represented by a low value 

* 
It can be r e a d i l y  shown t h a t  t he  value of Qr a t  which seve ra l  
resonances s t a r t  t o  con t r ibu t e  corresponds to  the  a t t enua t ion  i n  
t he  guide becoming s i g n i f i c a n t  between d i scon t inu i t i e s .  For low 
Qr the d i s c o n t i n u i t i e s  apparently a c t  independently. 



of the  shunt  susceptance B. This corresponds t o  a 4 0 ,  b = -BZ i n  

(18) leading  to  
b 

cosp c o s p ~  - 5 sinpa  (23) 

which, f o r  small b,  g ives  
b 

p -  p a = 7  

One f u r t h e r  f i nds  from (18) t h a t  

(1 - Po) s i n  2 (1 + Po) s i n  9 =f (25) 

The spacing of adjacent  modes which can couple t o  the  beam cor- 

responds t o  va lues  of p which d i f f e r  by &, and therefore  t o  va lues  

of h which d i f f e r  by N. From ( 9 ) ,  t h i s  corresponds t o  a spacing 

2 
I f  Q is s u f f i c i e n t l y  small so  t h a t  Q < n /Nh, one f inds  

z 3 
a n -% % b2 (low Q l i m i t )  . 

n 

It should he pointed ou t ,  however, t h a t  (28) i s  v a l i d  only f o r  ex- 

tremely low values of Q (< 100 f o r  ISABELLE parameters) which may be 

q u i t e  u n r e a l i s t i c .  Thus, the upper term i n  t he  bracket  i n  (26) 

should normally apply. 

I f  b is  indeed small ,  the parameters planned f o r  ISABELLE p red ic t  

a value of Z /n of order  1 ohm o r  l e s s .  However, i t  should be 
coup 

pointed out  again t h a t  t h i s  corresponds t o  modes dominated by f i e l d s  

'n t he  waveguide and assumes nonresonant behavior i n  the  d i s c o n t i n u i t i e s .  



V I .  Determination of Discont inui ty  Parameters 

It should be r e l a t i v e l y  simple t o  measure the  parameters a and b, , 

by measuring the  resonant  frequency of a  d i s con t inu i ty  containing a  

known l eng th  of guide on each s ide .  

I n  s imples t  form, i f  f i 2  is  chosen t o  be an even number of  

guide qua r t e r  wavelengths (@ = h f ,  the  condit ion f o r  resonance 2 
with  shor ted  terminations a t  A and B is 

I f  a2 is  chosen t o  be an odd number of guide qua r t e r  wavelengths 

, [pa2 = ( j  + em], resonance w i l l  occur f o r  

The parameters o and b  a r e  obtained simply from these two measure- 

ments. 

V I I  . Resonant D i scon t inu i t i e s  

A t  those frequencies a t  which the  d i s c o n t i n u i t i e s  resonate,  one 

must s t a r t  again wi th  (3). I f  the  d i s c o n t i n u i t i e s  each resonate a t  

a  frequency wi th in  t he  width of a  s i n g l e  resonance, one f i nds  t h a t  the 

f ac to r s  involving E lead  t o  a  f a c t o r  

where R /Q is  e s s e n t i a l l y  t he  r a t i o  of shunt  impedance per u n i t  l eng th  
s 

t o  q u a l i t y  f a c t o r  f o r  a  s i n g l e  resonant  d i s con t inu i ty .  I f  each d i s -  

con t inu i ty  is s u f f i c i e n t l y  detuned from the  o the r s ,  the  f a c t o r  N i n  (31, 

w i l l  be absent .  

In genera l ,  the  only resonant  frequenciee which w i l l  con t r ibu t e  

a r e  those  f o r  which the  v a r i a t i o n  of E with  z matches the phase 

f a c t o r  i n  (3) . Otherwise t he re  w i l l  be a  r ap id ly  f a l l i n g  t r a n s i t -  time 



l i k e  f a c t o r .  This implied con t r i bu t ing  resonances which a r e  widely 

spaced, suggest ing the  d e s i r a b i l i t y  of a major reduct ion  i n  the  q u a l i t y  

f a c t o r ,  i f  p r a c t i c a l .  

VII I .  Summary 

We have t r i e d  t o  e s t ima te  the  con t r i bu t ions  t o  the  coupling im- 

pedance i n  a r i ng - l i ke  s t r u c t u r e  i n  which t h e r e  a r e  pe r iod i c  per- 

.rbing d i s c o n t i n u i t i e s .  These s e t  up resonant  modes above c u t o f f ,  

,edominantly i n  the  waveguide s ec t i ons ,  which have components 

t r ave l i ng  with t he  beam bunch. Our r e s u l t s  a r e  parameterized with 

the  c h a r a c t e r i s t i c s  of  t he  per turb ing  d i s c o n t i n u i t i e s ,  assumed t o  be 

nonresonant. For t he  ISABELLE parameters, i t  appears t h a t  Zcoup/n 

i s  wel l  below 1 ohm, and t he re fo re  no t  troublesome. 
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Brookhaven National  Laboratory 

The l a s t  ISABELLE workshop of the summer 1976 s e r i e s ,  which was 

he ld  a t  Brookhaven August 16-20, focused on the design and u t i l i z a t i o n  

of  the experimental i n se r t i ons .  The workshop was at tended by approxi- 

mately 30 s c i e n t i s t s  and engineers drawn from Brookhaven, Fennilab, 

SLAC, CERN and the  Univers i ty  High-Energy Physics Community. 

The goals  of t he  workshop, which were somewhat more general  than 

might be suggested by the  t i t l e a a r e  l i s t e d  below: 

a)  Review the  ISABELLE proposal from the po in t  of view of  experi-  

mental use.  Especia l ly  study aspects  r e l a t e d  t o  the  experimental pro- 

gram taken i n  t o t o  r a t h e r  than a s  indiv idual  i s o l a t e d  experiments. 

b) Contribute u se fu l  information on the  "open questions' '  i n  the  

ISABELLE design p r i n c i p a l l y  : 

i) Is 8 the  c o r r e c t  number of i n se r t i ons?  Should the num- 

ber  perhaps be 61 

ii) What i s  the  optimum conf igura t ion  of experimental h a l l s ?  

i i i )  Are t he re  any ncw ideas  e i t h e r  i n  physics o r  technology 

which would have a s i g n i f i c a n t  impact on the  ISABELLE design? . 

c)  Develop d a t a  f o r  experimental equipment and opera t ing  cos t  

es t imates .  

d) P ro j ec t  a f i r s t  approximation t o  ISABEILE opera t ing  modes. I n  

essence prepare  a reasonable scenar io  f o r  t he  f i r s t  few years  of ISABEILE 

opera t ion .  

* 
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Given the  l i m i t a t i o n s  of a 0-n3,week study,  the s t r a t e g y  adopted 

was t o  make maximum use of r e s u l t s  from previous s tud i e s  - the  1975 

Summer Study, the ISA-E proposa1,and the  r epo r t s  of t he  var ious  

labora tory  working groups during the  p a s t  year  - and  t o  focus our 

e f f o r t s  on an i n i t i a l  review of the  e x i s t i n g  design and on the  new fea- 

t u r e s  addressed i n  the  workshop. 

The workshop was organized i n t o  f i v e  groups: 
- 

Scenarfos Group - Chairman, A. Thorndike 

This group attempted to  p ro j ec t  the f i r s t  f i v e  years  of ISABELLE 

opera t ion  under s eve ra l  d i f f e r e n t  assumptions about funding, manpower, 

e t c .  . 

11. Experimental DI2Sifc.n Group - Chairman, J. Sandweiss 

This group ca r r i ed  out  a physics review and an engineering design 

of a s e l ec t ed  s e t  of experiments chosen from the  1975 s u m e r  study. 

1x1. Machine Studies  Group - Chairman, M. Month 

This group had two general  objec t ives .  F i r s t  t o  e s t a b l i s h  t he  

ava i l ab l e  range of c o l l i s i o n  region  parameters allowed by the ISABELLE 

l a t t i c e  design; and second, t o  determine the  r e l a t i v e  mer i t s  of 6 and 

8 i n se r t i ons  wi th  respect  t o  machine performance. 

I V .  Radiat ion Studies  Group - Chairman. T. Toohip, 

This group examined the  d i f f e r e n t  aspects  associa ted  with r ad i a t i on  

problems including backgrounds, dumping and scraping  systems, e f f e c t s  

of magnetic trapping of muons, and poss ib l e  r a d i a t i o n  damage t o  experi-  

mental e l ec t ron ic s .  

V. Small Diamond Grouv - Chairman, W . J .  W i l l i s  

This group s tudied  the  poss ib le  designs and ways of using a small 

5 cm) beam cross ing  region.  I n  p a r t i c u l a r ,  h igh  r e so lu t ion  detec- 

L C ) ~ S  and imaging Cerenkov counter systems which r equ i r e  a small  diamond 

were s tud i ed  and evaluated.  



There was s u b s t a n t i a l  i n t e r a c t i o d  between the  groups and the  in- 

formation developed i n  one was q u i t e  o f t e n  use fu l  f o r  the work of 

another.  A summary of the  r e s u l t s  of  each group was w r i t t e n  by the 

r e spec t ive  chairman and these  a r e  included i n  the  following r epo r t s .  

It would be redundant t o  summarize these  r e s u l t s  aga in  here.  Never- 

t h e l e s s ,  i t  may be use fu l  t o  make a few general  remarks about- the re-  

s u l  ts . 
a)  The 'proposed ISABELLE design appears t o  be fundamentally sou 

A l l  the  experiments s tud i ed  were f ea s ib l e .  There a r e  no in t e r - expe r i  

ment i n t e r a c t i o n s  of  a f a t a l  na ture  and the  design has a remarkable 

f l e x i b i l i t y  t o  adapt  t o  new requirements, a s  i l l u s t r a t e d ,  f o r  example, 

by the small diamond modificat ion.  

b) This study shows t h a t  the choice of the number of i n s e r t i o n s  

(6 o r  8) is  not  a technica l  one but  r a t h e r  is  a f i s c a l  and po l i cy  choice. 

A v i ab l e  scenar io  and good machine opera t ion  f o r  experiments is  poss ib le  

wi th  6 o r  8 in se r t i ons .  Of course,  wi th  8, properly funded, the research  

program w i l l  have g r e a t e r  c a p a b i l i t i e s  than wi th  6. 

c) Even a cursory glance a t  the  in j , iv idual  r epo r t s  r evea l s  t h a t  a 

g r e a t  many ques t ions  remain t o  be s tudied  i n  d e t a i l .  They do not  seem 

t o  be ques t ions  of t he  s o r t  t h a t  would change the conclusions given above, 

bu t  they must be solved a t  some poin t  before t he  machine is f u l l y  opera- 

t i ona l .  Many of these  would be most u se fu l ly  addressed a t  t h i s  poin t  by 

the  continuing e f f o r t s  of t h e  ISABELLE group r a t h e r  than by workshops o r  

summer s f y d i e s t -  Some of them, on the  o the r  hand, a r e  s t i l l  a t  the  s t age  

where pe r iod ic  a t t e n t i o n  by a broadly based group - experimenters and 

acce l e ra to r  phys i c i s t s  - would be very usefu l .  An example of t he  l a t t e r  

is the  poss ib l e  s t anda rd i za t ion  of d a t a  t r a n s f e r  e l e c t r o n i c s  a t  ISABELLE. 



SUMMARY OF EXPERIMENTAL DESIGN GROUP 

J. Sandweiss 

Yale Universi ty 

h e  bas ic  goals of the  experimental design group were twofold. 

F i r s t ,  the  study was asked t o  provide information which would be use- 

f u l  i n  est imating experimental operation and equipment budgets, f o r  

IELLE. In addit ion,  the  study was t o  check i n  depth, a t  l e a s t  f o r .  

!w typ ica l  experiments, t h a t  t he  ISABELLE design, including inse r -  

t i ons  and 'ha l l s  was indeed compatible with the  successful  execution of 

the  experimetlt . 
Given the  l imi ta t ions  of a one week workshop, the s t r a t egy  adopted 

was t o  make f u l l  use of the  previous s tud ies  on the experimental u t i l i -  

za t ion of ISABELLE, and espec ia l ly  the  r a the r  de ta i l ed  1975 summer 

study. Thus, a small  s e t  of exper imnts ,  which had previously been 

w r i t t e n  up i n  the 1975 study were chosen f o r  more de ta i l ed  inves t iga-  

t i on .  Because there  had been separa te  workshops on the  large  hadron 

and lepton de tec to r s ,  these were excluded from our consideration.  

One pa r t i c ipan t  addressed the  general  problems of e l ac t ton ic  ins t ru -  

mentation a t  ISABELLE. The following l i s t s  the  experimental design 

e f f o r t s  ca r r i ed  out  during the  workshop and described i n  the  individual  

repor ts  following t h i s  summory. 

L'. Small Angle Single Arm Spectrometer (measurement of inc lus ive  

spect ra)  C.Y. Chien 

2. Large Aperture Two Arm Magnetic Spectrometer a t  ISABELLE 

(measurement of l a r g e  PI, p's and e '  s) B. Knapp and W. Lee 

3. Study of Hadrons a t  Large Transverse Momentum (two arm' 

magi~e tic upectromeeer f o r  j e t  s tudies)  J. Peoples 

4. E l a s t i c  Scat ter ing and Diffract , ion Dissociation i n  the Angular 

nge 0 - 50 mrad P. Limon and R. Majka 



5. Some Notes Concerning ISABELLE E lec t ron ic  Instrumentat ion 

M. Schwartz. 

For each experiment s tud i ed  an at tempt was made t o  ca r ry  out  the  

fol lowing analys is :  

1. Review physics goals  i n  the  l i g h t  of physics developments and 

the  evalua t ion  of the ISABELLE design s ince  summer 1975. 

2 .  Specify magnets, counter6, wire chambers, e t c .  

3. Specify cabl ing ,  e l e c t r o n i c s ,  cont ro l  computers, l oca t ions  o 

con t ro l  equipment and of experimenters. 

4. Specify the  vacuum chamber r e a l i s t i c a l l y ,  allowing c o r r e c t l y  

f o r  pumping requirements and c l ea r ing  e lec t rodes .  
, 

5. Study r a t e s  and backgrounds. Es t ab l i sh  luminosity require-  

ments. 

6. Estimate time requi red  fo r  

a) set-up and t e s t  

b) d a t a  c o l l e c t i o n  

c) demount o r  modify. 

7 .  Compile a "pnrts" l ist  and i f  pos s ib l e ,  a  f i r s t  at tempt a t  a  

c o s t  e s t ima te .  

8 .  Study thc  r e l a t i v e  u t i l i t y  of  the  var ious  TSABEZLE experimental 

h a l l s  f o r  t he  proposed experiment. 

The p a r t i c i p a n t s  were by and l a r g e  ab l e  t o  ca r ry  ou t  t h i s  ana lys i s  

and t h e i r  r e s u l t s  a r e  given i n  the ensuing r epo r t s .  These r epo r t s  a r e  

s h o r t  enough t h a t  t he re  is  not  much po in t  bo summarizing them here. It 

may, never the less ,  be u se fu l  t o  a b s t r a c t  a  few genera l  featureE from 

them. 

1. A l l  of the  experiments were indeed f e a s i b l e  and could be sue- 

c e s s f u l l y  ca r r i ed  out  wi th  t he  proposed ISABFLLE design. 



2 .  The physics i n t e r e s t  h i s  heightened i n  the  experiments a s  a  

r e s u l t  of  the  r ecen t  d i s cove r i e s .  As a  s i n g l e  example, Peoples notes  

t h a t  the  hadronic decay of the  W-boson w i l l  give r i s e  t o  h igh  PI j e t s  

car ry ing  charm, and i f  t he r e  a r e  more " f lavors  o f  quarks", high PI 

j e t s  c a r ry ing  the  new quantum numbers a s  wel l .  

3. 'Ihe complexity (and cos t )  of  the  experiments has tended t o  

grow r e l a t i v e  t o  the  1975 summer study es t imates .  Some of  t h i s  i s  due 

increased  c a p a b i l i t y  (as i n  t he  case  o f  the  h igh  PI experiments) 

t some is due t o  the  more r e a l i s t i c  eva lua t ion  c a r r i e d  ou t ,  i n  t he  

workshop. 

4. Careful  cons idera t ion  should be given t o  e s t a b l i s h i n g  a high 

degree o f  s t anda rd i za t i on  i n  e l e c t r o n i c s ,  no t  on ly  f a s t  e l e c t r o n i c s  

modules a s  is now common, but  a l s o  the  da t a  t r a n s f e r  systems from the  

experimental  h a l l s  t o  t he  t r a i l e r s .  This  l a t t e r  may be e s p e c i a l l y  use- 

f u l  a t  ISABELLE given the  neces sa r i l y  s t a t i c  s i t i n g  of the  experiments 

and " t r a i l e r "  l oca t i ons .  

5. High ISABELLE luminos i t i e s ,  the  use  of  d r i f t  chambers with 

N 0.5 ~hsec memory time, and t he  d e s i r e  t o  search  f o r  "rare" events  may 

l ead  t o  a  very g r e a t  u t i l i t y  f o r  u l t r a f a s t  microprocessor p a t t e r n  recog- 

n i t i o n .  

6. Computation i n  genera l  - a s  i t  always does - appears t o  o f f e r  

some d i f f i c u l t i e s  i f  present-day s t a t e -o f -  t h e - a r t  is  assumed. 



SCENARIO GROUP SUMMARY * 
Alan Thorndike 

Brookhaven Nat iona l  Laboratory 

I. ASSUMPTIONS ON GENERAL SCOPE OF OPERATION 

The fo l lowing  s c e n a r i o  provides a  p l a u s i b l e  sequence o f  even ts  

from FY 1980 t o  1990. No doubt r e a l i t y  w i l l  be q u i t e  d i f f e r e n t .  The 

s c e n a r i o  i s  based on t h e  c o n s t r u c t i o n  schedule  of  t h e  1976 proposa l .  

Assembly and t e s t i n g  of t h e  a c c e l e r a t o r  w i l l  occur  u n t i l  t h e  end of 

FY 1983, and t h e  nex t  s i x  y e a r s  w i l l  provide pp i n t e r a c t i o n s  f o r  t h e  

i n i t i a l  h i g h  energy phys ics  r e s e a r c h .  By 1990 ally temporary c o n d i t i o n s  

a s s o c i a t e d  w i t h  s t a r t - u p  of ISABELLE should be a  t h i n g  of t h e  pas t  and 

a l l  experimental  c a p a b i l i t i e s  f u l l y  u t i l i z e d .  

The o v e r a l l  scope of  t h e  program w i l l  be determined p r i m a r i l y  by 

t h e  f i n a n c i a l  support  provided by ERDA. A c o t  of numbers ij 8 l v t l l 1  111 

Table  I, which corresponds c l o s e l y  t o  t h e  curves  d e s c r i b i n g  t h e  fund- 

i n g  p lan  i n  "Long Term S t r a t e g y  f o r  Cons t ruc t ion  and Operat ion of 

High-Energy Physics  ~ a c i l i t i e s " ,  October 10 ,  1975, prepared by ERDA 

f o r  OMB. How t h e  r e a l i t i e s  of t h e  decade o f  t h e  8 0 ' s  may d e p a r t  from 

t h i s  p lan  we cannot say;  i t  i s  t h e  b a s i s  f o r  t h e  I n s e r t i o n  Worlcshop 

scenar io .  Table I i s  expressed i n  1976 d o l l n r o .  

The o p e r a t i n g  funds i n  1980 a r e  somewhat h igher  than t h o s e  

a v a i l a b l e  t o  DNL a t  p r e s e n t ,  and they cont inue t o  r ise  t n  1981, a t  

which time a t o t a l  i s  reached which i s  roughly c o n s i s t e n t  with t h e  

c o s t  of $17.5 M t o  o p e r a t e  ISABELLE ( i n  a d d i t i o n  t o  AGS) quoted i n  

t h e  ISABELLE proposa l .  It i s  wise  t o  a s c r i b e  u n c e r t a i n t i e s  t o  t h e s e  

q u a n t i t i e s  t y p i c a l  of measurements i n  high energy physics .  The curves 

i n  t h e  ERDA s t r a t e g y  s t o p  a t  1985, and we have extended them i n  an 

u111maginaKive way through 1989. 

The equipment funds must cover  some r a t h e r  c o n s t a n t  amount of 

smal l  , i tems, which we s e t  a t  $2  M per  year .  This  is  assumed t o  cover 

t h e  needs of AGS r e s e a r c h  a s  w e l l  (perhaps a  d o u b t f u l  p o i n t ) .  The 

* 
A. Abashian, T .  F e r b e l ,  H. Foelsche;  W.Y. Lee, P.  Limon, D. Lowenstein, 
3 .  Peoples ,  L. Pondrom, R. S h u t t ,  L. Smith, and W.  Walker. 



remaining $41 M over the 10 year period is to equip ISABELLE for 

research. In the proposal equipment needs were stated to be "nearly 

$50 MI'. The schedule in Table I permits building equipment rather 

early so that a good deal can be ready when ISABELLE starts operation. 

This is t'o be contrasted with some past assumptions that complex 

equipment would be introduced only after a few years of operation. In 

developing the physics scenario it appeared that major parts of these 

'---se devices would be required at the earliest moment. It is moreover 

ier to install equipment in experimental areas before the beam is 

on than after, so the present sequence is advantageous from the opera- 

tional point of view as well. 

Table I also includes an estimate of the number of physicists 

doing high energy physics at Brookhaven during this period. The 

figures are reduced to full-time equivalent since most university 

people are at Brookhaven only a small fraction of the time. During 

the last fiscal year, there were 275 high-energy experimentalists with 

guest appointments. The main significance of the manpower estimates 

is the belief that many physicists will want to do experiments at 

ISABELLE, and that such manpower will not be a limiting factor in 

determining the scope of the experimental program. 

TABLE I SCALE OF EFFORT 

F.Y. - 
80 

81 

8 2 

8 3 

84 

8 5 

86 

8 7 

88 

8 9 

Operating 

$34 M 

3 5 

3 9 

44 

44 

4 3 

4 3 

4 3 

4 3 

43  

Equipment 

$7 M 

9 

11 

9 

b 

4 

4 

4 

4 

4 

a 
Full time equivalent for experimental physicists doing experiments 
at AGS and TSA, mainly from universities. 



11. THE OVERALL AGS & ISA SYSTEM 

The AGS and ISA must be considered t o g e t h e r  because t h e  AGS i s  

r e q u i r e d  t o  provide 30 GeV pro tons  f o r  ISABELLE. The o p e r a t i o n  of 

t h e  two must be planned t o g e t h e r .  I n  a d d i t i o n ,  i t  i s  very  important  

t o  have p a r t i c l e  beams from t h e  AGS t h a t  can be used f o r  t e s t i n g  

d e t e c t o r  modules and exper imenta l  subsystems t h a t  a r e  t o  be used 

a t  ISABELLE. S ince  equipment i n  t h e  ISA i n s e r t i o n s  i s  not  a c c e s s i b l e  ' 

when t h e  ISA beams a r e  on, and t h e  beams should not  be turned o f f  t o  

s u i t  t h e  convenience of i n d i v i d u a l  experiments ,  i t  is  necessary  f o r  

equipment t o  be much more r e l i a b l e  and more modularized than  has  

normally been t h e  c a s e  f o r  AGS experiments .  Carefu l  t e s t i n g  of sub- 

assembl ies  is  necessary t o  a s s u r e  t h i s .  Consequently, a  s u b s t a n t i a l '  . 

i n c r e a s e  i n  t h e  number of  t e s t  beams i s  foreseen  from 1 t o  3, a s  

i n d i c a t e d  i n  Table 11. 

TABLE I1 NUMBER OF SPIGOTS 

F.Y. Tes t  AGS Res c ross innsa  - 
80 1 12 --- 
8 1 2 11 ---  
8 2 2  11 --- 
87 3 9 .? 

84 3  8  4 .  

8> 3 8 5 
86 3 7 7 

87 3 7 7 

88 3  6 7 

8 9 3  6 7 

aAssuming e i g h t - f o l d  symmetry 

There i s  a  corresponding d e c r e a s e  i n  t h e  number of AGS beams 

a v a i l a b l e  f o r  r e s e a r c h  from PY 80 t o  FY 83, a s  shown i n  Table  11. 

I n  FY 84 some of t h e  ISA c r o s s i n g  reg ions  have exper imenta l  equip-  

ment i n s t a l l e d  and ready f o r  t a k i n g  d a t a .  By FY 86 a l l  of them a r e  i n  

s e r v i c e  and t h e  ISA r e s e a r c h  program i s  i n  f u l l  swing. The r e s o u r c e s  



a v a i l a b l e  t o  Brookhaven would n o t  pe rmi t  t h i s  w i t h o u t  some d iminu t ion  

of  t h e  AGS r e s e a r c h  program. By FY 89 t h e  number o f  AGS r e s e a r c h  

beams is  reduced t o  6 from t h e  12 a v a i l a b l e  i n  FY 80. AGS e x p e r i -  

ments i n  t h e  1 9 8 0 ' s  w i l l  tend t o  be l o n g  and d e t a i l e d ,  w i t h  fewer  

t u r n o v e r s  p e r  beam t h a n  a t  t h e  p r e s e n t  t ime,  a s  w e l l .  FY 89 w i l l  

be  t h e  2 8 t h  y e a r  o f  r e s e a r c h  u s i n g  beams from the  AGS and i t  w i l l  be  

o l d e r  than  many of  p h y s i c i s t s  then  u s i n g  it f o r  t h e i r  r e s e a r c h .  

Some i n c r e a s e  i n  t h e  number o f  exper imenta l  suppor t  pe r sonne l  

Brookhaven w i l l  be r e q u i r e d  t o  i n s t a l l  equipment i n  t h e  ISA . 

i n s e r t i o n s  w h i l e  m a i n t a i n i n g  t h e  ongoing AGS program. E s p e c i a l l y  

d u r i n g  FY 82, 83  and 84 t h e r e  w i l l  be  much work a t  t h e  ISA, and new 

exper imenta l  s e t - u p s  and new AGS beams w i l l  be  few d u r i n g  t h i s  p e r i o d .  

C a r e f u l  phas ing  o f  ISA and AGS programs w i l l  be needed t o  meet e x p e r i -  

menta l  needs w i t h i n  c o n s t r a i n t s  of  machine s c h e d u l e s  and l i m i t a t i o n s  

i n  s t a f f .  

111. EQUIPMENT FUNDS ALLOCATION 

The $41 M t h a t  i s  a v a i l a b l e  t o  p r o v i d e  equipment of  long-term 

u s e f u l n c s s  f o r  ISABELLE i s  d i s t r i b u t e d  a s  shown i n  Tab le  111. 

TABLE I11 EQUIPMENT 

F.Y. - Lepton Hadron High I T  MiEC. 
80 $ 2 M  $ 1 M  $ 1 M  $ 1 M  

8 1  2  2  2  1 

8  2  2  3 2  2  

8  3  0  2  1 3  

84 1 0  0  3  

8  5 0  1 0  1 

86 1 0  1 0  

87 0  1 0  1 

88 1 0  1 0 

89 0  1 0  1 

TOTAL 9  11 8  13  

(These amounts a r e  f o r  major  a p p a r a t u s ,  i n  a d d i t i o n  t o  $2 M f o r  
s m a l l  i t e m s  p e r  yea r . )  



This  s c e n a r i o  i n c l u d e s  t h r e e  d e t e c t o r  systems of s u b s t a n t i a l  s i z e ,  

t h e  Lepton Detec tor ,  Hadron Spectrometer ,  and a  "High PT" system 

w i t h  l a r g e  acceptance spec t rometers  on both s i d e s  of t h e  i n t e r a c t i o n  

reg ion .  The Lepton Detec tor  i s  assumed t o  have t h e  reduced scope 

suggested a s  a  p o s s i b i l i t y  i n  t h e  Lepton Detec tor  workshop. The 

magnet can be procured e a r l y  enough f o r  i t  t o  be i n s t a l l e d  before  

machine t e s t i n g  beg ins .  S i m i l a r l y ,  t h e  funds f o r  Hadron Spectrometer  

and High PT system should make i t  p o s s i b l e  f o r  t h e i r  magnets t h a t  a r c  

placed around t h e  vacuum tank  t o  be i n s t a l l e d  e a r l y  enough t h a t  no 

i n t e r r u p t i o n  of machine t e s t i n g  a n d  i n i t i a l  running would be r c q u i r r d .  

The funds i n d i c a t e d  f o r  t h e  Hadron Spectrometer  match t h e  scope 

descr ibed  i n  t h e  workshop devoted t o  i t .  There is  a  p rov is ion  f o r  

ex tens ions  and improvements d u r i n g  t h e  y e a r s  84-89. 

The High PT system d e s c r i b e d  d u r i n g  t h i s  workshop would not c o s t  

a s  much a s  t h e  amount shown i n  Table 111. The s c e n a r i o  assumption 

i s  t h a t  t h e  system would become more e l a b o r a t e  and c o s t l y  when 

a c t u a l l y  b u i l t .  Thus t h r e e  i n s e r t i o n s  would be occupied e a r l y  i n  

t h e  exper imenta l  program by r a t h e r  l a r g e  systems which would provide 

in format ion  on t h e  e x i s t e n c e  and p r o p e r t i e s  of in te rmedia te  bosons 

a s  w e l l  a s  o t h e r  t o p i c s .  

T h i s  a l l o c a t i o n  would l e a v e  about  30% of t h e  equipment support  

f o r  o t h e r  magnets, d e t e c t o r  systems and perhaps d a t a - a c q u i s i s i t i o n  and 

o ~ i - l i n e  a n a l y s i s  systems,  t h a t  would be  of  long-term and widespread 

u s c f u l n e s s .  No aCCempt was made t o  complete a p a r t s  l i s t  fnt theso  

i tems.  As shown i n  Table  111 t h i s  would prov ide  an i n i t i a l  complement 

of  such equipment, but  t h e r e  i s  only l i m i t e d  p r o v i s i o n  f o r  addj t i ,ons 

and improvements d u r i n g  t h e  y e a r s  85-89. 

I V .  T I M I N G  OF ISA OPERATION 

With t h e  c o n s t r u c t i o n  schedule  o f  t h e  1.976 ISA proposa l ,  b c n e f i c j  

u s e  of  ISA b u i l d i n g s  w i l l  beg in  i n  FY 80 and a l l  w i l l  be i n  s e r v i c e  by 

t h e  end o f  FY 81. This  makes i t  p o s s i b l e  t o  i n s t a l l  exper imenta l  magnets 

and o t h e r  rkdjul p l e c e s  of equipment i n  t h e  experimental  h a l l s  a s  t h e  



equipment becomes a v a i l a b l e .  This can go on i n  p a r a l l e l  w i t h  i n s t a l l a -  

t i o n  of  ISABELLE components . ,  To the  e x t e n t  t h a t  t h i s  can  be done ahead 

of  turn-on,  t h e  need f o r  i n t e r r u p t i o n s  of  ISA o p e r a t i o n  i s  reduced. 

I n  FY 83 beam w i l l  be i n j e c t e d  i n t o  t h e  ISA r i n g s  and t e s t s ,  a d j u s t -  

ments ,  and debugging w i l l  be underway f o r  t h e  machine. AS t h i s  a c t i v i -  

t y  permi t s ,  i n s t a l l a t i o n  of  experimental  equipment w i l l  con t inue ,  follow- 

i n g  t e s t s  w i t h  AGS beams. By the  end of  t h e  y e a r ,  t h e  ISA beam w i l l  

adequate  i n t e n s i t y  and s t a b i l i t y  f o r  t e s t s  of  exper imenta l  equip- 

and i n i t i a l  d a t a - t a k i n g  runs w i l l  be p o s s i b l e ,  bu t  in f requent .  

During FY 84, ISABELLE o p e r a t i o n  w i l l  become more r o u t i n e .  

The luminos i ty  w i l l  i n c r e a s e ,  beam s t a b i l i t y  improve, and beam w i l l  

be a v a i l a b l e  f o r  experiments  more f r e q u e n t l y .  Background l e v e l s  

w i l l  become more accep tab le .  Most i n s t a l l e d  experiments  w i l l  a c q u i r e  

some u s e f u l  d a t a .  

I n s t a l l a t i o n  of equipment w i l l  con t inue  d u r i n g  t h i s  per iod t o  

make experiments  more complete, a n d . t o  a c t i v a t e  a d d i t i o n a l  i n s e r t i o n s .  

T h i s  w i l l  c o n s i s t  l a r g e l y  of  w i r e  p lanes  and Cerenkov c o u n t e r s ,  wi th  

most magnets add o t h e r  massive i tems a l r e a d y  i n s t a l l e d  before  tu rn-  

on of t h e  ISA. 

V. DUTY CYCLE 

The s c e n a r i o  group d i d  n o t  d i s c u s s  t h e  d e t a i l s  of day-to-day 

schedul ing  of t h e  ISA exper imenta l  program, but  t h e r e  was g e n e r a l  

agreement t h a t  t h e  o v e r a l l  du ty  c y c l e  would be  u n l i k e l y  t o  exceed 50%, 

and t h a t  t h e  schedule would have t h e  g e n e r a l  p r o p e r t i e s  shown i n  

Table  I V .  

TABLE I V  DUTY CYCLE 

2 month shutdown twice a  y e a r .  

Up t o  100 days beam per  4 month on-time. 

Limited access  time every  day or  two 



The shutdown d u r a t i o n  of 2 months i s  s e t  i n  p a r t  by t h e  time 

r e q u i r e d  f o r  warm-up and cooldown of t h e  superconduct ing magnet system. 

An o v e r a l l  time of  about  f o u r  weeks seems t o  be  necessary ,  and two 

months i s  considered adequate f o r  changes t o  ISABELLE t h a t  r e q u i r e  

t h e  magnets t o  be  warmed up. This  should no t  happen a s  o f t e n  a s  twice 

a  year .  Two months, however, is  a  reasonable  t ime i n  which t o  accom- 

p l i s h  major changes i n  exper imenta l  s e t - u p s  a l s o ,  and an average of 

two such shutdowns per  year  should permit t h e  necessary  work of t h i s  

s o r t  t o  be done t o  meet t h e  changing needs of t h e  r e s e a r c h  program. 

During t h e s e  per iods  people concerned w i t h  t h e  support  of t h e  exper i -  

mental  program would c o n c e n t r a t e  on ISA i n s e r t i o n s .  During t h e  

remainder of t h e  year  subsystem assembly and t e s t i n g ,  as w e l l  a s  work 

r e q u i r e d  i n  t h e  AGS exper imenta l  program could be done. 

Each four-month ISA r e s e a r c h  per iod  c o n t a i n s  about 120 days,  bu t  

t h e r e  w i l l  need t o  be some days,  perhaps even weeks,with t h e  beam o f f ,  

d i s t r i b u t e d  accord ing  t o  t h e  needs of t h e  ISA and t h e  experimental  

program. A t  t h e  beginning t h e s e  i n t e r r u p t i o n s  w i l l  be very frequent . '  

When t h e  machine i s  i n  r o u t i n e  o p e r a t i o n ,  up t o  100 days per r e s e a r c h  

pegiod should be p o s s i b l e ,  and i t  may be most e f f i c i e n t  t o  r u n  f o r  one 

o r  two weeks between beam-off days.  

The d u r a t i o n  of c i r c u l a t i n g  beam i n  ISABELLE w i l l  u s u a l l y  he 

more t h a n  10 hours  but  l e s s  t h a n  100 hours .  When t h e  beam i s  dumped 

and r e f i l l e d ,  some l i m i t e d  a c c e s s  t ime w i l l  normally he. prnvided, 

a l lowing  minor r e p a i r s  and adjustment  t n  exper imenta l  and machine 

equipment i n  t h e  h a l l s  and t u n n e l .  The d u r a t i o n  w i l l  be a t  most a  

few hours .  This  mode of  o p e r a t i o n  i s  e s s e n t i a l l y  t h a t  used a t  t h e  

ISR. D e t a i l s ,  of course ,  w i l l  vary accord ing  t o  t h e  needs and capa- 

b i l i t i e s  of machine and r e s e a r c h  program a t  ISABELLE. 

V1. PROGRAM WITH 8- FOLD CONFIGURATION 

A. Lepton H a l l  
1 

The magnet f o r  t h e  l e p t o n  d e t e c t o r  w i l l  b e  i n s t a l l e d  i n  82  

and t e s t e d .  T e s t i n g  of d e t e c t o r s  a t  t h e  t e s t  beam a r e a  w i l l  go on i n  

1. I.H. Chia t~g ,  R. Imlay, S.  Iwata,  S.  Jacobs ,  R. Kraemer, M. K r e i s l e r ,  
K. McDonald, B. McIntyre,  M. S a k i t t ,  J. Thompson, A. Thorndike, 
A.  Walenta, C. W a g ,  L.L, Wane, t h e s e  Proc. 



p a r a l l e l  and t h o s e  necessary  f o r  a  "muon-only" phase of t h e  program 

w i l l  be i n s t a l l e d  d u r i n g  83 and ready t o  use  whenever ISA beam i s  

a v a i l a b l e .  T e s t ,  c a l i b r a t i o n ,  and i n s t a l l a t i o n  of  a  p a r t i a l l y  

completed assembly of  hadron-calorimeter  and e l e c t r o n - i d e n t i f i e r  

modules w i l l  con t inue  d u r i n g  84 and 85. Based on i n i t i a l  r e s u l t s  

a  complete hexagonal i n n e r  d e t e c t o r  system w i l l  be i n s t a l l e d  and used 

d u r i n g  86 and 87 and end caps w i l l  be added. The inner  d e t e c t o r  w i l l  

L- rep laced  i n  88 and 89 w i t h  a  second v e r s i o n  prov id ing  magnetic 

! l y s i s  of t h e  e l e c t r o n  and hadron t r a c k s .  

B. Wide Angle H a l l  

This  h a l l  w i l l  house a  p a i r  of wide-angle spec t rometers  a t  

go0, i n i t i a l l y  used t o  measure muon and e l e c t r o n  s p e c t r a  t o  i n v e s t i -  

g a t e  weak i n t e r a c t i o n s  and in te rmedia te  boson proper tie^.^ Magnets 

w i l l  be i n s t a l l e d  i n  82 and t h e  a s s o c i a t e d  d e t e c t o r  systems i n  83, 

a f t e r  t h e  necessary  t e s t  and c a l i b r a t i o n .  The remaining s o l i d  a n g l e  

w i l l  be used f o r  a  v a r i e t y  of monopole-catchers. A f t e r  i n i t i a l  d a t a -  

t a k i n g  i n  84 and 85, t h e  spec t rometers  w i l l  be modified t o  emphasize 

h igh  PT hadrons d u r i n g  86 and 87. By s h i f t i n g  p o s i t i o n s , t h e  angula r  

range w i l l  be extended t o  explore  j e t s  and c o r r e l a t i o n  phenomena more 

completely,  w i t h  a  sequence of  experiments  ex tending  i n t o  88 and 89. 

C. Hadron H a l l  

It w i l l  be important  t o  i n s t a l l  t h e  magnets f o r  t h e  hadron 

spec t rometer  before  t h e  ISA beam i s  tu rned  on so  t h i s  w i l l  be done 

d u r i n g  82 and 83. T e s t i n g  of w i r e  p lanes ,  Cerenkov counte rs ,  and 

c a l o r i m e t e r  modules f o r  t h e  complete spec t rometer  w i l l  be a c t i v e l y  

pursued d u r i n g  those  y e a r s ,  w i t h  i n s t a l l a t i o n  d u r i n g  83 and 84, a s  

permi t ted  by schedule and t h e  experimental  suppor t  work load.  In 

84 t h e  e f f e c t  of spectrometer  magnets on the ISA beam w i l l  be exp lored ,  

id o p e r a t i n g  procedures e s t a b l i s h e d .  Complete system t e s t i n g  w i l l  

:gin i n  85 w i t h  e x t e n s i v e  d a t a - t a k i n g  runs  i n  86 t o  exp lore  bo th  

hadrnni ,c  s t a t e s  from i n t e r m e d i a t e  boson decay and t h e  dynamics of 

hadron i n t e r a c t i o n s  evidenced by m u l t i p a r t i c l e  c o r r e l a t i o n  phenomena. 

2. B. Knapp and W. Lee, these  Proc.  

3 .  D.H. White, t h e m  Proc. 



During t h i s  per iod ,  two c e n t r a l  d e t e c t o r  systems w i l l  be developed 

by r e g i o n a l  c o n s o r t i a  of  u n i v e r s i t i e s  which w i l l  be i n s t a l l e d  i n  a l t e r -  

n a t e  y e a r s  d u r i n g  87-89. This  w i l l  provide q u i t e  complete information 

concerning m u l t i p a r t i c l e  s t a t e s ,  a n a l y s i s  of which w i l l  r e q u i r e  i n c r e a s -  

i n g l y  s u b s t a n t i a l  e f f o r t .  

D .  E l a s t i c  H a l l  

The i n i t i a l  experiment i n  t h i s  h a l l  w i l l  be t h e  Coulomb 

i n t e r f e r e n c e  experiment: i n s t a l l e d  i n  83. During 84, however, machin, 

o p e r a t i o n  w i l l  not  be s u f f i c i e n t l y  s t a b l e  f o r  r e l i a b l e  r e s u l t s  i n  t h i  

d e l i c a t e  experiment. It w i l l  con t inue  d u r i n g  85 w h i l e  t h e  smal l  ang le  

spec t rometer  i s  i n s t a l l e d .  I n c l u s i v e  s p e c t r a  from d i s s o c i a t i o n  pro- 

c e s s e s  w i l l  be s t u d i e d  i n  86. During 87 the 4~ d e t e r t n r  system nf 

t h e  0 experiment5 w i l l  be moved t o  t h i s  l o c a t i o n .  This system w i l l  t n t a l  
permit  more d e t a i l e d  s tudy  of Pomeron processes  i n  88 and 89. 

E .  Small Angle H a l l  

The i n i t i a l  experiment i n  t h i s  h a l l  w i l l  be t h e  measure- 

ment of ototal by t h e  observa t ion  of secondar ies  i n  a  "4n1' d e t e c t o r .  
5  

This  w i l l  occupy 84 and some o f  85. A compatible  v e r s i o n  of  t h e  de- 

t e c t o r  f o r  e l a s  t i c  s c a t t e r i n g  and d i f f r a c t i o n  d i s s o c i a t i o n 6  w i l l  then 

be in t roduced .  This  w i l l  measure e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n ,  

O t o t a l  by e x t r a p o l a t i o n ,  and ,-J 
t o t a l  by combining t h e  two methods, 

dur ing  8 5  and 86. Going on t o  Phase I11 i n  87,  f u r t h e r  s tudy  of  d i f -  

fracrive processes  w i l l  con t inue  i,n 88 and 89. 

F. Opcll Areas 

The s c e n a r i o  assumes t h a t  t h e  remaining two i n s e r t i o n s  a r e  

implemented a s  open a r e a s , w i t h  c o n c r e t e  b lock  s h i e l d i n g  around t h e  

beam p ipe  a s  suggested dur ing  t h e  exper imenta l  h a l l s  workshop. In  

t h i s  e i g h t - f o l d  s c e n a r i o ,  t h e  two open a r e a s  a r e  near  t h e  beam i n j e c t i o n  

p o i n t s .  The s u s p i c i o n  t h a t  experimenters  i n  t h e  a r e a s  w i l l  s u f f e r  

from s p e c i a l  problems due t o  beam l o s s e s  a t  i n j e c t i o n  could no t  h e  

e n t i r e l y  l a i d  t o  r e s t .  

4. J .N.  Marx and R.D. Majka, Proc.  1975 ISABELLE Summer Study,  Brook- 
haven, BNL 20550, p. 204. 

5. S.U. Chung, P. Grannls ,  and D. Green, i b i d .  p. 183. 

6 .  R.M. E d e l s t e i n  and M. Z e l l e r ,  i b i d .  p. 234. 



During t h e  1975 Summer Study, a  number of very  s p e c u l a t i v e  e x p e r i -  

ments were descr ibed  i n  t h e  summary of  "New and Unthinkable Ideas". 7  

The open a r e a s  p rov ide  a  l o t  of  f l e x i b i l i t y  t o  accommodate unexpected 

geomet r ies ,  s o  they a r e  used f o r  experiments  of t h i s  k ind .  I n  f a c t ;  

t h e  s c e n a r i o  assumes t h a t  t h e  un th inkable  experiments  w i l l  l ook  q u i t e  

d i f f e r e n t  when they a r e  b u i l t  i n  1985 from what was thought i n  t h e  

1975 summer s tudy .  

I f ,  however, a  s c e n a r i o  i s  cons t ruc ted  from t h e  experiments  

x i b e d  i n  75, one open a r e a  would have equipment i n s t a l l e d  i n  i t  

i n  85 f o r  t h e  "Search f o r  Heavy Leptons v i a  Type of Experiments", 

w i t h  t h e  a d d i t i o n  i n  87 of t h e  "Metastable Neut ra l  P a r t i c l e  Arm".  The 

o t h e r  open a r e a  would have t h e  "New Object Detector"  i n s t a l l e d  i n  86, 

w i t h  exper imenta l  use  and f u r t h e r  development i n  subsequent y e a r s .  

During t h e  f i r s t  y e a r  o r  s o  t h e  open a r e a s  a r e  no t  u t i l i z e d  except  

f o r  p o s s i b l e  "nook and cranny" experiments  r e q u i r i n g  n e g l i g i b l e  s e t -  

up e f f o r t .  

G. Summary 

This  s c e n a r i o  has  a  conserva t ive  o r i e n t a t i o n ,  a s  might be 

expected f o r  a  schedule e s t a b l i s h e d  by a  committee. The l a r g e  systems 

g e t  s t a r t e d  f i r s t ,  and t h e  s p e c u l a t i v e  adventures  come l a t e r  i n  t h e  

sequence. Of course ,  a  s c e n a r i o  i s  no t  a  p r e d i c t i o n  of what 

happen, nor  a  v a l u e  judgment a s  t o  what should happen. It i s  a  s t a t e -  

ment of a  p l a u s i b l e  s e t  of e v e n t s ,  reasonably  c o n s i s t e n t  wi th  i n i t i a l  

c o n d i t i o n s  and de te rmin ing  f o r c e s .  

The main f e a t u r e s  of t h e  program w i t h  t h e  e i g h t - f o l d  c o n f i g u r a t i o n  

a r e  i n d i c a t e d  i n  Fig.  1. 

V I I .  OPTIONS 

The ISABELLE ~ r o ~ o k a l  mentions f o u r  major o p t i o n s :  1 )  pp c o l l i s i o n s ,  

,, a  muon s t o r a g e  c a p a b i l i t y ,  3 )  a  deu te ron  s t o r a g e  c a p a b i l i t y , a n d  

4 )  ep c o l l i s i o n s  w i t h  an a d d i t i o n a l  e l e c t r o n  s t o r a g e  r i n g .  In t h i s  

s c e n a r i o  only t h e  i5 opt ion  i s  i n  u s e  before  1990. The necessary  

7. L.M. Lederman, Proc. 1975 ISABELLE Summer Study, Brookhaven, BNL 
20550, p. 84. 
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funds ($3.26 M i n  t h e  p roposa l )  a r e  considered t o  become a v a i l a b l e  

fo l lowing  completion of t h e  pp machine, w i t h  5 t e s t i n g  i n  87 and 

l i m i t e d  beam f o r  exper imenta l  use  d u r i n g  88 and improved i n t e n s i t y  

by 89. 

Many e x i s t i n g  experiments  could u t i l i z e  $p c o l l i s i o n s  w i t h  l i t t l e  

o r  no modi f ica t ion ,  s o  t h i s  would be a  major p a r t  of t h e  in te rmedia te  

boson s t u d i e s ,  t h e  i n v e s t i g a t i o n  of d i f f r a c t i v e  processes ,  and mul t i -  

t i c l e  s t a t e  work by t h e  end of t h e  per iod .  Comparison of a 
t o t a l  (EP) 

O t o t a l  (pp) would be of immediate i n t e r e s t ,  bu t  experiments  of t h e  

h i g h e s t  p r e c i s i o n  would not  be done u n t i l  a f t e r  1990. 

While t h i s  s c e n a r i o  does no t  i n c l u d e  t h e  ep o p t i o n ,  a  number of 

i n d i v i d u a l s  considered s tudy  of ep c o l l i s i o n s  t o  have t h e  h i g h e s t  

p r i o r i t y .  It would be  an i n t e r e s t i n g  e x e r c i s e  t o  p repare  an a l t e r n a t i v e  

s c e n a r i o  w i t h  ep o p t i o n ,  perhaps cons t ra ined  t o  t h e  same i n t e g r a t e d  

BNL high-energy phys ics  funding t o  1990, bu t  w i t h  a  d i f f e r e n t  a l l o c a -  

t i o n ,  o r  perhaps w i t h  an a p p r o p r i a t e  increment i n  funding.  

V I I I .  PROGRAM WITH 6-FOLD CONFIGURATTDN 

With t h e  s i x - f o l d  c o n f i g u r a t i o n ,  5 experimental  i n s e r t i o n s  are 

a v a i l a b l e .  These were assumed t o  inc lude  f o u r  h a l l s  and one open a r e a .  

Again, two of t h e  f i v e  a r e a s  would be near  beam i n j e c t i o n  p o i n t s .  

There would be a  s i n g l e  long h a l l  i n  p l a c e  of e l a s t i c  and smal l  a n g l e  

h a l l s .  The s c e n a r i o  development appears  a s  fo l lows:  

' A. Lepton H a l l  

The program w i l l  develop i n  e s s e n t i a l l y  t h e  same way a s  

f o r  e i g h t - f o l d .  

B. Wide Angle H a l l  

The program w i l l  develop i n  e s s e n t i a l l y  t h e  same way a s  f o r  

.gh t - fo ld .  

C. Hadron H a l l  

The i n i t i a l  experiment i n  t h i s  h a l l  w i l l  be t h e  program of  

c l n s t i c  and a ' i f f rac t i .ve  s t u d i e s  ( E d e l s t e i n - Z e l l e r ) ,  which w i l l  con t inue  



through 84, 85 and 86. I f  p o s s i b l e ,  t h e  f i n a l  phase of t h i s  program 

would u s e  magnets designed f o r  t h e  hadron spec t rometer ,  which would 

be i n s t a l l e d  l a t e  i n  85. This  would permit i n s t a l l i n g  t h e  complete 

hadron spec t rometer  i n  87 a t  which time i t s  program would begin,  

about two y e a r s  l a t e r  t h a n  wi th  t h e  e i g h t - f o l d  c o n f i g u r a t i o n .  

D .  Small Angle H a l l  

The t o t a l  c r o s s  s e c t i o n  and Coulomb i n t e r f e r e n c e  experiments  

would occupy t h i s  h a l l  f o r  84 and 85. By 86 t h e  s m a l l  ang le  spec-  

t rometer  would be i n s t a l l e d ,  and it  would soon o p e r a t e  t o g e t h e r  w i t h  

t h e  4n d e t e c t o r .  Due t o  s h a r i n g  of space ,  t h i s  work would progress  

somewhat more s lowly than w i t h  t h e  e i g h t - f o l d  c o n f i g u r a t i o n .  

E. Open Area 

The open a r e a  would be devotcd t o  s p e c u l a t i v e  experiments  

a s  before ,  and it would be necessary  t o  s t a r t  i n  84. The New Object  

Detec tor  goes i n  a t  f i r s t ,  w i t h  t h e  Heavy Lepton Search i n  86, and 

t h e  m e t a s t a b l e  n e u t r a l s  b e f o r e  90. A l l  t h r e e  could be a c t i v e  i f  a  

v e r y  l a r g e  and complex s h i e l d i n g  e n c l o s u r e  was e r e c t e d .  

This  program f o r  t h e  s i x - f o l d  c o n f i g u r a t i o n  is  i n d i c a t e d  

i n  Fig. 2. The r e d u c t i o n  from 7 t o  5 experimental  Lnser t ions  causes 

t h e  program t o  go more s lowly ,  and i t  i .s g e n e r a l l y  c o n s i s t e n t  w i t h  

a reduced funding scope. Accomplishment o f  r e s e a r c h  o b j e c t i v e s  would 

be l a g g i n g  by about  one year o u t  of  six. (One year's nppra t inn  c o s t s  

$43 M.) Because of t h e  need t o  pack experirnentcrs i n t o  l i m i t e d  space,  

exper imenta l  tu rnover  f l e x i b i l i t y  is l o s t  and t h e  exper imenta l  suppor t  

t a s k  becomes more d i f f i c u l t .  (This could be eased  by makine exper i -  

mental  h a l l s  l a r g e r  and more expensive,  s o  they a r e  more "genera l  pur- 

pose".) As a  r e s u l t  of  t h e s e  o v e r a l l  c d n s i d e r a t i o n s ,  t h e  p opti,crn 

i s  d e f e r r e d  t o  a f t e r  1990 i n  t h i s  s c e n a r i o .  

I X .  MODIFICATIONS I N  SCOPE 

E x p l i c i t  s c e n a r i o s  were not  prepared f o r  genera l  l e v e l s  of suppor t  

h igher  o r  lower than t h o s e  of Table I. I t ,  seems c l e a r  t h a t  a  h igher  

l e v e l  would make i t  p o s s i b l e  t o  speed t h e  program up somewhat, t o  push 

~ p c c u l a t i v e  exper iu~eri ts  more a g g r e s s i v e l y  and t o  implement op t ions  a t  an 
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e a r l i e r  time. The AGS r e s e a r c h  program might w e l l  be cont inued a t  

a  h igher  l e v e l .  

Conversely a  reduced o v e r a l l  scope would probably involve  one or  

more of t h e  fol lowing:  a )  fo rced  choice  of  s i x - f o l d  r a t h e r  than e i g h t -  

f o l d  o p t i o n ,  b )  more d r a s t i c  r e d u c t i o n  of  AGS r e s e a r c h ,  c )  o p e r a t i o n  

w i t h  poorer  d u t y  c y c l e ,  and reduced beam t ime per  year ,  and d )  f a i l u r e  

t o  implement even t h e  op t ion .  O v e r a l l  t h i s  would mean a  much smal le r  

ou tpu t  of  r e s u l t s  per year  from t h e  r e s e a r c h  program. 



TWO SUGGESTIONS TO "IMPROVE THE UTILIZATION OF ISABELLE" 

Alan Thorndike 

Brookhaven National  Labora tory  

One of t h e  t o p i c s  ass igned  t o  t h e  Scenar io  Group was: "Are t h e r e  

any f e a t u r e s  of t h e  exper imenta l  a r e a  des ign  which improve t h e  u t i l i z a -  

t i o n  of ISABELLE, bu t  which have been overlooked a t  p resen t?"  There 

I l i t t l e  d i s c u s s i o n  of t h i s  t o p i c  d u r i n g  t h e  week of t h e  i n s e r t i o n  

,kshop. In  t h i s  note , two sugges t ions  a r e  o u t l i n e d  which a r e  aimed 

a t  improving t h e  e f f i c i e n c y  of work i n  experimental  a r e a s  by improving 

t h e  information a v a i l a b l e  t o  experimenters .  

I. COWNICATIONS BETWEEN EXPERDENTAL HALL AND DATA ACQUISITION ROOM 

Each experiment w i l l  have d e t e c t o r s  i n  t h e  exper imenta l  h a l l s  and 

d a t a  a c q u i s i t i o n  e l e c t r o n i c s  i n  a n  o u t s i d e  room.about 100 f e e t  away. 

T e s t s  and adjustments  f r e q u e n t l y  r e q u i r e  one experimenter  a t  each of 

t h e s e  l o c a t i o n s  w i t h  a  good way t o  communicate between them. L o s t  time 

and confusion a r e  comon i n  t h i s  s i t u a t i o n ,  and i t  would r e a l l y  pay t o  

have a  v e r y  good communication system t o  make work dur ing  times when beam 

i s  o f f  a s  e f f i c i e n t  a s  p o s s i b l e .  Here a r e  some i d e a s :  1 )  It should  be a  

d e d i c a t e d  system t h a t  i s  always on o r  can be turned on from e i t h e r  

p o s i t i o n .  It should be impossible  f o r  t h e  two ends t o  be on d i f f e r e n t  

channels .  2 )  TV is  d e s i r a b l e  s o  each i n d i v i d u a l  can watch what t h e  

o t h e r  i s  do ing  t o  avoid confusion.  3)  Slave  CRT u n i t s  would be d e s i r -  

a b l e  s o  both can watch a  g iven  waveform o r  o t h e r  t e s t  s i g n a l .  4 )  It 

should a l s o  be p o s s i b l e  t o  monitor key v o l t a g e s  from e i t h e r  l o c a t i o n .  

Such needs would seem t o  be common t o  most experiments .  Standard 

equipment should be a v a i l a b l e  t o  meet them. 

I '1. BEAM INFORMATION V U  CUMl'U'BR 

Each experiment needs t o  know about  t h e  beam c o n d i t i o n s  a t  i t s  

c r o s s i n g  reg ion .  It i s  probable,  however, t h a t  each c r o s s i n g  w i l l  

be  a f f e c t e d  t o  some degree  by c o n d i t i o n s  i n  t h e  o t h e r s .  The machine 

o p e r a t o r s ,  of  course ,  need t o  know about  a l l  of them. 

Experimenters probably w i l l  spend a  l o t  of time worrying about  

background, s o  they  w i l l  need t o  know condi t ions  t h a t  determine back- 

ground a s  w e l l  a s  s imple beam parameters  l i k e  energy,  c u r r e n t  and 



p o s i t i o n .  The v a l u e s  of  t h e s e  q u a n t i t i e s  should be a v a i l a b l e  t o  

each experimenter ,  bu t  t h a t  probably w i l l  no t  be,enough. I f ,  f o r  

example, t h e r e  i s  a  s e t  of background. monitors  i n  t h e  r i n g ,  exper i -  

menters  may need a c c e s s  t o  read ings  from a l l  of  them t o  e v a l u a t e  

c o n d i t i o n s  f o r  t h e i r  experiments .  Perhaps measurements of vacuum 

w i l l  be important .  Perhaps magnet c u r r e n t s  a t  o ther  i n s e r t i o n s  o r  

t h e i r  f l u c t u a t i o n s  w i l l  be r e q u i r e d .  

It seems r e a s o n a b l e  t o  imagine t h a t  t h i s  in format ion  would be  

s t o r e d  i n  one or  more f i l e s  on a  d i s c  i n  t h e  on- l ine  computer system. 

Each exper imente r ' s  computer could then  g e t  whatever information was 

d e s i r e d .  Handling t h e  in format ion  by computer i s  s t r a i g h t f o r w a r d ,  

and more o r  l e s s  s tandard  systems f o r  da ta -base  management should be 

a p p l i c a b l e .  Having s a t i s f a c t o r y  sensors  t o  monitor  t h e  information 

t h a t  is  needed seeps  l i k e  more of a  problem, bu t  they a r e  r e q u i r e d  i n  

any case.  

It i s  v e r y  l i k e l y  t h a t  in format ion  from experiments  should a l s o  

be  made a v a i l a b l e  t o  t h e  ISA c o n t r o l  room. This  could i n c l u d e  s e t t i n g s  

of any magnets o r  o t h e r  equipment which might a f f e c t  beam behavior ,  

t r i g g e r  r a t e s ,  measures of background o r  beam q u a l i t y  from exper imenta l  

d e t e c t o r s ,  and o t h e r  in format ion  on t h e  s t a t u s  of t h e  experiment. 

T h i s  would g ive  t h e  machine o p e r a t o r  a  b e t t e r  i d e a  whether condi t ions  

were good o r  bad f o r  each experiment .  ( I n  a  few c a s e s  experimental  

in format ion  h a s  been r e l a y e d  t o  t h e  AGS c o n t r o l  room a t  p r e s e n t .  

Means f o r  doing s o  should be b u i l t  i n  a t  ISABELLE.) 

T h i s  sugges t ion  does n o t  mean t h a t  d a t a  from which high-energy 

physics  r e s u l t s  a r e  e x t r a c t e d  would be included i n  t h e s e  o p e r a t i o n a l  

d a t a  f i l e s .  Such d a t a  would be s t o r e d ,  o r  analyzed o n - l i n e ,  a s . e a c h  

experiment d e s i r e d .  The o p e r a t i o n a l  d a t a  f i l e s  would only i n c l u d e  

in format ion  on t h e  s t a t u s  of  t h e  experiment ,  c o n d i t i o n s  t h a t  might 

a f f e c t  t h e  c i r c u l a t i n g  beams, and measures of beam q u a l i t i e s  and 

background t h a t  a r e  of g e n e r a l  o p e r a t i o n a l  i n t e r e s t .  



Such in format ion  would need t o  be updated s e v e r a l  t imes a n  hour ,  

and it  might be u s e f u l  t o  l o g  some of t h i s  o p e r a t i o n a l  in format ion  

from time t o  time on magnetic t a p e  o r  o t h e r  permanent s t o r a g e  medium. 

T h i s  record  would be  u s e f u l  t o  t h e  schedul ing  p h y s i c i s t  and might w e l l  

e l i m i n a t e  some manual record  keeping t h a t  i s  done f o r  a d m i n i s t r a t i v e  

purposes.  T h i s  would be a  by-product,  however, and t h e  niain purpose 

should be t o  a i d  i n  d e c i s i o n s  d u r i n g  normal high-energy physics  d a t a -  

- ing and t e s t  runs.  
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I. INTRODUCTION 

The Radia t ion  Group was charged t o  examine r a d i a t i o n  a s p e c t s  of 

t h e  c u r r e n t  ISABELLE d e s i g n  and t h e  p r o j e c t e d  exper imenta l  arrangements .  

Some examples of q u e s t i o n s  t o  be addressed were:  

1. How does t h e  o v e r a l l  s h i e l d i n g  d e s i g n  impact t h e  exper imenta l  

d e s i g n ?  

2 .  What backgrounds might be expected from t h e  proposed beam 

s c r a p i n g ,  shav ing ,  e t c .  schemes? 

3 .  What a r e  t h e  r a d i a t i o n  damage c o n s i d e r a t i o n s  f o r  exper imenta l  

e l e c t r o n i c s  near  t h e  beam? 

4. What backgrounds might be expected i n  a n  experiment from 

o p e r a t i o n  of ano ther  experiment i n  t h e  same o r  t h e  a d j a c e n t  i n t e r s e c t i o n  

reg ion?  

The review was based on t h e  ISABELLE Proposal , '  The Proceedings of 

t h e  1975 ISABELLE Summer and t h e  e s t i m a t e  of ISABELLE s h i e l d i n g  

requirements  by Stevens and Thorndike. 
3 

A. C r i t e r i a  

Based on more r e c e n t  o p e r a t i n g  exper ience ,  c r i t e r i a  were 

adopted f o r  t h e  r a d i a t i o n  s h i e l d  t h a t  d i f f e r  somewhat from Stevens 

and Thorndike. 

1. ISABELLE A Proposa l  f o r  Cons t ruc t ion  of a Proton-Pro'ton S torage  
A c c e l e r a t o r  F a c i l i t y ,  BNL 50519, May 1976. 

2. Proc. 1975 ISABELLE Summer Study,  Brookhaven, BNL 20550. 

3 .  A.J .  Stevens and A.M. Thorndike, BNL Report ISA 76-11 (1976). 



1. S i t e  boundary: 5 mrem per  year  a t  any po in t  on the  boundary. 

This  i s  - 3% of n a t u r a l  background and i s  ve ry  conserva t ive .  

2. 1 . 5  rem per  year  i n  a cce s s ib l e  reg ions  ou t s i de  t he  sh i e ld ing .  

This  i s  t he  PEP ~ r i t e r i o n . ~  It seems t o  be reasonable no t  t o  adopt  

more r e s t r i c t i v e  c r i t e r i a  un l e s s  t h e r e  i s  a  c l e a r  reason t o  do so .  
.-. 

I n  p r a c t i c e  t he  c r i t e r i o n  i s  t o  be appl ied  a longs ide  t he  s h i e l d i n g  
,' . 

berm where nonrad ia t ion  workers might reasonably be expected t o  have 

e s s .  I n  view of many years  of experience a t  BNL and Fermilab,  even 

u a l  occupancy of t he  top  of t h e  berm dur ing  machine ope ra t i on  i s  

s o  r a r e  a s  t o  be nonexis ten t  ou t s i de  of wel l -def ined  c ro s s ing  po in t s .  

Applying t he  c r i t e r i o n  a longs ide  t he  berm i s  c o n s i s t e n t  w i th  t h e  design 

of t he  BNL North Area Sh i e ld .  

3. The experimental  a r e a s  w i l l ,  i n  f a c t ,  be con t ro l l ed  a r e a s  a t  

a l l  a c c e l e r a t o r s .  The allowed r a d i a t i o n  l e v e l  i n  t he se  a r ea s  i s  t h a t  

f o r  r a d i a t i o n  workers ,  2.5 mrem/h. I n  p r a c t i c e  t h i s  would be he ld  

below 1 mrem/h f o r  continuously occupied a r e a s  such a s  experimental  

t r a i l e r s .  

B .  Approach 

As f a r  a s  pos s ib l e ,  experimental  da t a  were u t i l i z e d  i n  e s t ima t i ng  

t he  backgrounds and damage t o  be expected.  The o lder  s h i e l d i n g  d a t a  

a r e  summarized i u  t he  1971 review by Pa t t e r son  and ~ h o m s  .5 More 

r ece n t  da t a  a t  h igher  ene rg i e s  and i n t e n s i t i e s  a r e  a v a i l a b l e  from the  

ISR, SPS, and Fermilab. The Fermilab d a t a  a r e  e s p e c i a l l y  r e l e v a n t  a s  

being i n  t h e  same ene;gy reg ion  a s  ISABELLE. ISR d a t a  have a  s p e c i a l  

re levance  f o r  cons ide r a t i ons  of beam manipulat ion and s t a ck ing  a t  high 

i n t e n s i t i e s .  

, PEP, Conceptual Design Report ,  Feb.,  1976. 

, H.W. Pa t t e r son ,  R.H. Thomas, P a r t i c l e  Acce le ra tors  3, 77 (1971). 



11. TYPES & SOURCES OF RADIATION 

A t  ISABELLE ene rg i e s ,  s e r i ous  r a d i a t i o n  problems e x i s t  wi th  r e spec t  

t o  both hadrons and muons.6 The average m u l t i p l i c i t y  of hadrons 

increases  a s  < n > rr 312 < n charged > rr 3 Ins where 63% f o r  a - 
f ixed  t a r g e t  machine and '&= 2E0 f o r  s t o r age  r i n g s  ; E i s  t he  energy 

of the  acce l e r a t ed  beam. The average m u l t i p l i c i t y  of hadrons per  

c o l l i s i o n  w i l l  i n c r ea se  from - 12 a t  28.5 GeV (AGS) t o  - 18 a t  200 GeV 

f o r  beam lo s s  ( f ixed  t a r g e t )  and - 36 f o r  beam-beam c o l l i s i o n s .  The 

average energy per  secondary p a r t i c l e  w i l l  a l s o  i nc rea se  a s  a function 

of s s o  t h a t  secondary c o l l i s i o n s  w i l l  i n  t u r n  be more ene rge t i c ,  

producing more p a r t i c l e s  per ~ o l l i s i o n . ~  A l l  of these  p a r t i c l e s  may 

con t r i bu t e  t o  the  r a d i a t i o n  l eve l s  i n s i d e  t he  tunnels  and experimkntal 

h a l l s  and t o  damage t o  experimental  components. 

The neutron component of the  hadron cascade i s  t he  dominant 

f a c t o r  wf th  r e spec t  t o  the  r a d i a t i o n  l e v e l s  outs ide  the  hadron s h i e l d .  

The muon component of the  r a d i a t i o n  f i e l d ,  which had begun t o  be 

a problem a t  AGS ene rg i e s ,  i s  t he  dominant f a c t o r  a t  200 GeV i n  the  

forward d i r e c t i o n  downstream of c o l l i s i o n  po in t s .  The number of muons 

increases  wi th  beam energy a s  the  number of parent  R and  mesons 
inc rea se s .  I n  a d d i t i o n ,  the  pene t r a t i ng  power of the  muons increases  

approximately l i n e a r l y  wi th  energy. A t  200,GeV inc iden t  proton energy 

t he  s h i e l d i n g  i n  t he  forward d i r e c t i o n  requi red  t o  sh i e ld  aga in s t  muons 

6. c f .  e.g. G.R. Stevenson, CERN Rept. 76-4 (1976); K. Goebel,. Ed. 
CERN Rept. 71-21 (1971); A. Rindi and R.H. Thomas, LBL 1721 
(March 30, 1973). 

7. J. Ranft ,  P a r t i c l e  Accelera tors  3,  129 (1972). 



i s  more t h a n  a n  order  of magnitude g r e a t e r  than  t h e  s h i e l d  l eng th  

requ i red  t o  s t o p  t h e  hadron cascade.8 The muons c o n t r i b u t e  t o  t h e  

personnel  s h i e l d i n g  problem and t o  t h e  background i n  t h e  exper imenta l  

h a l l s .  They a r e  no t  a  c o n s i d e r a t i o n  w i t h  r e s p e c t  t o  r a d i a t i o n  damage 

because t h e  energy l o s s  r a t e  i s  s o  low. 

R o u t t i  & Van de Voorde have summarized9 t h e  sources  of r a d i a t i o n  

i n  t h e  ISR and t h e i r  r e l a t i v e  s t r e n g t h s .  van  Steenbergen and Teng 

re p r o j e c t e d  a  s i m i l a r  summary f o r  ISABELLE on which Stevens & 
10 . 

~ r n d i k e  base  t h e i r  e s t i m a t e s .  

The ISR d a t a  throw i n t o  r e l i e f  some of t h e  b a s i c  assumptions of  

t h e  c u r r e n t  ISABELLE des ign .  The ISR r e p o r t s  3% beam l o s s  a t  i n j e c t i o n ,  

which i s  downstream of a  c r o s s i n g  reg ion .  This  corresponds i n  i n t e g r a t e d  

l o s s  per  day t o  10% of what was t h e  allowed t a r g e t i n g  a t  G-10 of t h e  

AGS. The r e s i d u a l  r a d i a t i o n  l e v e l  a t  G-10 was t h e  order  of 10R a t  a  

f o o t .  I n  t h e  ISABELLE scheme, t h e  i n j e c t i o n  p o i n t s  a r e  immediately 

upstream of i n t e r s e c t i o n  r e g i o n s  f o r  experiments ,  on t h e  assumption of 

z e r o  l o s s  a t  i n j e c t i o n .  C a r e f u l  c o n s i d e r a t i o n  must be g iven  t o  whether 

( a )  one i s  w i l l i n g  t o  pay t h e  p r i c e  f o r  t h e  e x t r a  a p e r t u r e  r e q u i r e d  by 

t h e  p r e s e n t  des ign ,  and (b)  having paid t h e  p r i c e  whether t h e  p r e s s u r e  

t o  f i l l  t h e  a p e r t u r e  w i t h  more beam could be r e s i s t e d .  His to ry  seems 

t o  be on t h e  s i d e  of f i l l i n g  a l l  a v a i l a b l e  a p e r t u r e  w i t h  beam. From 

another  p o i n t  of view t h e  presence of experiments  j u s t  downstrearu of 

8. D. Keefe and C.M. Noble, "Radiat ion S h i e l d i n g  f o r  High Energy Muons: 
The Case o f  a  C y l i n d r i c a l l y  Symmetrical S h i e l d  and No Magnetic 
F ie lds" ,  UCRL 18117. 

9. J.M. R o u t t i  and M.H. Van de Voorde, Nuclear  Engineering & Design 
34, 293 (1975). - 

, A .  van Steenbergen and L. Teng, Proc.  1975 ISABELLE Summer Study, 
Brookhaven, BNL 20550, p. 243. 



i n j e c t i o n  may be t h e  i n g r e d i e n t  which i s  necessary  t o  f o r c e  a  r e s t r a i n t  

on excess ive  f i l l i n g  of t h e  r i n g s .  

A second f e a t u r e  of t h e  p r e s e n t  d e s i g n  which i s  thrown i n t o  r e l i e f  

by t h e  ISR exper ience  i s  t h e  beam i n j e c t i o n l a b o r t  phi losophy.  The ISR 

.uses  a n  i n t e r n a l  a b o r t  system t o  d i s p o s e  of t h e  s t o r e d  beam both  f o r  

r o u t i n e  d i s p o s a l  and a l s o  when t h e  beam begins  t o  g e t  ou t  of c o n t r o l .  

This  i s  a l s o  t h e  p r a c t i c e  a t  Fermilab where even a t  400 GeV and 1.5 x 10 
13 

c i r c u l a t i n g  pro tons  a  3 mm c r o s s  s e c t i o n  beam i s  r o u t i n e l y  abor ted  i n  

20 t o  4 0  psec  w i t h o u t  any apparen t  damage t o  a  c rude  aluminum a b o r t  

block.  These d a t i  sugges t  t h a t  a t  200 GeV and 7 x 1014 c i r c u l a t i n g  

i t  may be f e a s i b l e  t o  use  a n  i n t e r n a l  a b o r t  i n  ISABELLE i f  t h a t  

were d e s i r a b l e ,  e s p e c i a l l y  i f  Be were used. The r a d i a t i o n  problems 

t h a t  would be a s s o c i a t e d  w i t h  t h i s  a r e  i l l u s t r a t e d  i n  F i g .  1, which 

shows t h e  r e s i d u a l  r a d i a t i o n  p a t t e r n  downstream of t h e  Fermilab a b o r t  

dump..'' Measurements i n d i c a t e  t h a t  t h e  dynamic r a d i a t i o n  p a t t e r n  
4 

reproduces t h e  r e s i d u a l  p a t t e r n  w i t h  a  s c a l e  f a c t o r  of lo1 - 10 (Ref. 12) .  

The p o s s i b i l i t y  of i n t e r n a l  dumping o b v i a t e s  t h e  s t r i c t  n e c e s s i t y  

of e x t r a c t i n g  t h e  beam i n  c a s e  of problems. I n  t h i s  c ircumstance t h e  

q u e s t i o n  should be  examined of whether  one i s  w i l l i n g  t o  pay t h e  p r i c e  

of p rov id ing  e x t r a  a p e r t u r e  t o  ensure  t h a t  t h e  beam remains w i t h i n  t h e  

allowed phase space even when it beg ins  t o  go o u t  of c o n t r o l ,  o r  converse ly  

whether  one i s  w i l l i n g  t o  r e s t r i c t  t h e  beam t o  a  l i m i t e d  r e g i o n  of phase 

space which a l lows  i t  t o  be e x t r a c t e d  under a l l  c i rcumstances .  The 

quesciuil  s l ~ u u l d  a l s o  be examined whether one i s  w i l l i n g  t o  pay t h e  p r i c e  

f o r  e x t r a c t i o n  channe l  a p e r t u r e  requ i red  t o  match t h e  requirement  of 

11. J . H .  McCrary, H.H. C a s e b o l t ,  Jr., P a r t i c l e  A c c e l e r a t o r s  1, 111 (1976). 

12. J .H. McCrary, D.D.  Yovanovitch, P a r t i c l e  A c c e l e r a t o r s  L, 119 (1976). 
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e x t r a c t i n g  the  beam under a l l  c ircumstances.  The channel  f o r  e x t r a c t i n g  

we l l - con t ro l l ed  beam might be of  sma l l e r  ape r t u r e .  S ince  the  assumption 

of d i spos ing  of t he  beam i n t e r n a l l y  i s  more r e s t r i c t i v e  and c o n s i s t e n t  

w i th  c u r r e n t  p r a c t i c e ,  it w i l l  be adopted f o r  t he  purposes of t h i s  s tudy .  

111. SHIELDING FOR HADRONS 

A.  Sh i e ld ing  i n  Uncontrol led Areas 

An order  of magnitude argument can be made f o r  t he  average th ickness  

of t he  hadron s h i e l d  t o  reduce t he  i n t eg ra t ed  dose ou t s i de  t he  primary 

hadron s h i e l d  t o  t h e  requi red  l e v e l  of 1500 mrem/yr. For 6000 hours o: 

ope ra t i on  per  year  t h i s  l e v e l  impl ies  a n  average dose r a t e  of 0.25 mrem/h 

ou t s i de  t h e  s h i e l d .  From t h e  Fermilab measurements13 of McCrary and 

Yovanovitch, t h e  average dose r a t e  i n  t h e  Main King dur ing  opera t ions  
3 

i s  - 10 mrem/h a t  1 meter from t h e  beam. Assuming a f a l l o f f  a s  l / r  

f o r  the  geomet r ica l  dependence, p lu s  a  f a l l o f f  of 1 decade per  meter 

of s o i l ,  t h e  average s h i e l d  around t he  e n t i r e  r i n g  should be c rude ly  
13 

3 meters of s o i l  f o r  a  l o s s  r a t e  of 5 x 10 protons per hour.  Using 

t h e  e s t ima t e s  of Stevens and Thorndike, t h i s  i s  equ iva l en t  t o  dumping 

a l l  of t h e  acce l e r a t ed  beam i n  t he  r i n g .  S ince  t he  beam lo s s  i s  no t  

uniformly d i s t r i b u t e d  around the  r i n g ,  but  i s  l o s t  mainly on t he  abo r t  

dump, t h e  a b o r t  would r equ i r e  more than  3 meters  of s h i e l d ,  whi le  t h e  

q u i e t  r eg ions  would r equ i r e  l e s s  than  3 meters .  By p l ac ing  t he  high l o s s  

po in t s  i n  t h e  reg ions  of t he  machine where t he  n a t u r a l  contours  of the  land 

provide adequate s h i e l d i n g ,  t h e  above c rude  argument i n d i c a t e s  t h a t  3 meters  

of s h i e l d i n g  i s  adequate i n  t h e  q u i e t e r  reg ions  where t h e  beam must be 

b u i l t  up above t he  e x i s t i n g  land  contours .  When the s lope  r a t i o  f o r  che 

berm of 2 : l  i s  kep t  i n  mind and apply ing  t h e  1500 mrem/yr c r i t e r i o n  

a longs ide  t h e  berm a s  noted above; 3 meters  above t h e  r i n g  should be 

more t han  adequate.  

13. The F e m i l a b  exper ience  i s  an  e x c e l l e n t  t e s t  o f  t he  var ious  Monte 
Car lo  techniques of c a l c u l a t i n g  r a d i a t i o n  damage, e t c .  Before 
excess ive  r e l i a n c e  i s  p laced  on t he se  c a l c u l a t i o n a l  t echniques ,  they 
should be forced  t o  reproduce t he se  da ta .  They have not  been par- 
t i c u l a r l y  u se fu l  i n  Fermilab t a r g e t  and dump design.  I nd i ca t i ons  
a r e  t h a t  they g r o s s l y  overes t imate  t he  s i t u a t i o n .  



The s h i e l d i n g  above t h e  a b o r t  may be ob ta ined  from t h e  measured 

dose above t h e  Fermilab a b o r t  dump. McCrary14 h a s  measured t h e  dose 

above t h e  a b o r t  when 1.5 x 1013 pro tons  a t  400 GeV were be ing  a b o r t e d  

i n  - 4 0  p s e c .  The s h i e l d  t h i c k n e s s  i n  t h i s  r e g i o n  i s  6 .4  mete rs .  No 

r a d i a t i o n  i s  d e t e c t e d  above t h e  dump, bu t  a t  25 meters  downstream from 

t h e  a b o r t  t h e  l e v e l  i s  0.2 mradlh a t  t h e  peak of t h e  s p i l l ,  which i s  

es t imated  t o  conver t  t o  10 mrem/h dur ing  t h e  time when t h e  beam i s  

~g  a b o r t e d .  These d a t a  may be i n t e r p r e t e d  t o  i n d i c a t e  a  requirement  

4 5  meters  of d i r t  downstream of t h e  a b o r t  i f  a l l  t h e  beam i s  

dumped i n t e r n a l l y .  

B. S h i e l d i n g  i n  t h e  Experimental  H a l l s  

The Permilab exper ience  is t h a t  w i t h i n  1.25 cm o f  t h e  c i r c u -  

l a t i n g  beam of  1.5 X 1013 pro tons ,  t h e r e  is  a  beam h a l o  of  t h e  
-8  

order  of 10 of t h e  c i r c u l a t i n g  beam.15 Beyond 1.25 cm t h e r e  i s  a  

background due t o  beam-gas i n t e r a c t i o n s  such t h a t  a t  r = 1.5 cm t h e  

background i s  l e s s  t h a n  10-l2 of t h e  c i r c u l a t i n g  beam. The Fermilab 
-7 

vacuum under t h e s e  c o n d i t i o n s  is  10 Tor r .  Since t h e  p o s t u l a t e d  

ISABELLE vacuum i s  10-11 Tor r ,  background i n  t h e  q u i e t  reg ions  of t h e  

machine i s  completely n e g l i g i b l e  w i t h  r e s p e c t  t o  personne l  s h i e l d i n g .  

The personne l  s h i e l d i n g  i n  t h e  exper imenta l  h a l l s  when t h e  beams 

a r e  c o l l i d i n g  may be es t imated  from t h e  I n t e r n a l  Targe t  Area a t  

Fermilab.  The beam-jet ' i n t e r a c t i o n  r a t e '  a t  t h e  ITA i s  lo9 i n t e r a c t i o n s  

per  s,ec, which i s  comparable t o  t h e  beam-beam i n t e r a c t i o n  r a t e  a t  ISABELLE. 

The r e s i d u a l  a c t i v i t y  a t  C-0 i s  l e s s  than  1 mrem/h. Using t h e  
3 .  

a p p r o p r i a t e  McCrary-Yovanovitch s c a l i n g  f a c t o r  of < 10 , t h e  dynamic 

14. Memo J .H. McCrary, " ~ a d i a t i o n  Levels on Top of t h e  Main King Berm," 
( A U ~ U S L  18 ,  1976). 

. F.R. Huson, D.D. Yovanovitch, " ~ a i n  Ring Halo," Report  of t h e  1976 
Fermilab Summer Study.  



r a d i a t i o n  l e v e l s  a r e  much l e s s  than  1 rem/h. To reduce t h i s  t o  t h e  

d e s i r e d  l e v e l  of l e s s  t h a n  2.5 mrem/h i n  t h e  exper imenta l  h a l l  would 

r e q u i r e  6 '  of c o n c r e t e  w i t h  t h e  o u t s i d e  f a c e  of t h e  c o n c r e t e  6  meters  

from t h e  c i r c u l a t i n g  beam. 

These d a t a  r a i s e  t h e  p o s s i b i l i t y  of making a  more f l e x i b l e  

exper imenta l  h a 1 1  arrangement i n  those  a r e a s  where t h e  beam h e i g h t  i s  

a t  o r  above t h e  n a t u r a l  con tours  of t h e  l and ,  e. Wide Angle H a l l ,  

Small Angle H a l l ,  and Big ~ e p ' t o n  H a l l .  Such a  h a l l  would look l i k e  t l  

o r i g i n a l  Targe t  B u i l d i n g  f o r  t h e  AGS. It would be a n  i n d u s t r i a l  type 

b u i l d i n g  w i t h  a p p r o p r i a t e  c rane  coverage.  The beams and exper imenta l  

appara tus  would be enclosed by movable c o n c r e t e  blocks16 much l i k e  t h e  

o ld  G-10 Area. Note t h a t  t h e  i n t e r a c t i o n  r a t e  contemplated f o r  t h e  
-3 

ISABELLE c r o s s i n g  reg ions  is  w 10 t h e  G-10 r a t e ,  which t r a n s l a t e s  i n t o  

3  meters l e s s  of s h i e l d i n g .  F a s t  l o g i c ,  gas  systems,  e t c .  could be  

located j u s t  o u t s i d e  t h e  c o n c r e t e  s h i e l d .  Personne l ,  slow l o g i c ,  

e t c .  might be housed i n  a  t r a i l e r  s i t e d  o u t s i d e  t h e  1 mrem/h zone. 

I V .  SHIELDING FOR MUONS 

During t h e  course  of t h e  o r i g i n a l  200 GeV Design Study,  Denis 

ICeefel7 cons idered  i n  some d e t a i l  t h e  problem of muon s h i e l d i n g  i n  t h e  

presence of magnetic f i e l d s  i n  t h e  machine l a t t i c e .  The r e s u l t  of 

t h i s  d e t a i l e d  a n a l y s i s  i s  r a d i c a l l y  d i f f e r e n t  from t h e  s i m p l i f i e d  

approach of Stevens and Thorndike. It i s  c o n s i s t e n t  w i t h  t h e  lack  of 

o b s e r v a t i o n  of muons o u t s i d e  t h e  s h i e l d i n g  berm a t  Fermilab i n  t h e  D 

and E  s e c t o r s  where t h e  berm i s  a t  o r  above t h e  surrounding t e r r a i n .  

The s t r u c t u r e  of t h e  ISABELLE magnets i s  probably more favorab le  

16 .  A t y p i c a l  c o n c r e t e  roof  beam 1.5'  x 3' x 36' weighing 1 2  tons  
would c o s t  about  $600, s o  t h i s  is  n o t  a  l a r g e  investment  corn 
pared  w i t h  p i l i n g  up sand. 

17 .  D. Keefe and M. Sco ln ick ,  "Trapping of  b-mesons i n  Magnet S t ruc-  
t u r e s " ,  UCID 10143 (September 1 4 ,  1965). 



t h a n  t h e  open C-magnet d e s i g n  of t h e  200 GeV Design Report  f o r  t r a p p i n g  

and degrading muons. It i s  c l e a r  t h a t  t h e  d e t a i l e d  a n a l y s i s  of Keefe 

must be repeated f o r  ISABELLE. A p re l iminary  e s t i m a t e  fo l lows .  
18 

The requirements  f o r  muon s h i e l d i n g  around t h e  ISABELLE r i n g  a r e  

determined by t h e  behavior  of t h e  h i g h e s t  energy p ' s  which emerge 

t a n g e n t i a l l y  i n  a  narrow p e n c i l  from a  source  i n s i d e  t h e  r i n g  ( F i g .  2 ) .  

The c a l c u l a t i o n s 3  which have l e d  t o  t h e  p r e s e n t  des ign  berm th ick-  

; ( t  = 77 m) assume t h e  muons emerge a s  shown i n  Fig.  2  w i t h  no 

l e t i c  d e f l e c t i o n .  It  appears ,  however, t h a t  t h e  t r a p p i n g  of h igh  

energy IJ, mesons by t h e  r i n g  magnets may s u b s t a n t i a l l y  reduce t h e  

requ i red  amount of s h i e l d i n g .  To t h e  e x t e n t  t h a t  such t r a p p i n g  

occurs ,  i t  may tend t o  enhance t h e  muon background i n  experimental  

ha 11s. 

A .  Muon Trapping  

We r e l y  on t h e  r e s u l t s  of  Keefe, 17'19 a s  summarized i n  t h e  design 

s t u d y  f o r  t h e  Berkeley 200 GeV machine. A muon t r a v e r s i n g  a  magnet, 

once d e f l e c t e d  o u t ,  may encounter  t h e  reversed  f i e l d  of t h e  yoke which 

w i l l  reduce t h e  ang le  of d e f l e c t i o n  and i n  some c a s e s  may r e v e r s e  t h e  

s i g n  of t h e  ang le  of d ivergence .  For  a  p a r t i c u l a r  magnet geometry t h i s  

can r e s u l t  i n  a  l a r g e  f r a c t i o n  of t h e  h igh  energy muons be ing  confined 

t o  t h e  a c c e l e r a t o r  r i n g ,  ekpending t h e i r  energy i n  success ive  t r a v e r s a l s  

of magnet i r o n .  For t h e  Berkeley d e s i g n  Keefe came t o  t h e  fo l lowing  

conc lus ions  a f t e r  a  d e t a i l e d  computer t r a c i n g  of muons of v a r i o u s  

p roduc t ion  angles  and momenta: 

+ 
(1) The t r a p p i n g  of p  was e s s e n t i a l l y  "complete": The l o s s e s  

18. This  e s t i m a t e  h a s  been prepared by T. Ludlam. 

. D .  Keefe, Berkeley 200 BeV Design Study (1965). 



CONE OF FAST MUONS EA.RTH SHIELD 

Fig.  2 Muon shield geometry neglecting magnetic 
dispersion. (Source a t  X )  



from t h e  magnet s t r u c t u r e  were due p r i m a r i l y  t o  Coulomb s c a t t e r i n g ,  

which i s  s m a l l  f o r  t h e  h igh  energy p a r t  of t h e  p a t h ,  and ( f o r  t h e  
+ 

Berkeley des ign)  t h e  p, s h i e l d i n g  problem was e s s e n t i a l l y  e l i m i n a t e d .  
- 

( 2 )  The t r a p p i n g  e f f e c t  was of no h e l p  i n  degrad ing  t h e  p 

w i t h i n  t h e  r i n g .  

Some examples of ~ e e f e ' s  r e s u l t s  ( t aken  from Ref. 17) a r e  shown 

'- m i g s .  3 ,  4 and 5.  Note t h a t  t h e  t r a p p i n g  e f f e c t  occurs  even f o r  

: ly  l a r g e  ang les  of p roduc t ion :  The a n g l e  8 = 0 . 5 1 ~  corresponds t o  
C1 

muons w e l l  above t h e  average t r a n s v e r s e  momentum. Note a l s o  t h e  

focus ing  e f f e c t  which is  i l l u s t r a t e d  i n  t h e s e  examples: Rays s t a r t i n g  

a t  d i f f e r e n t  p roduc t ion  angles  e v e n t u a l l y  come t o g e t h e r  a g a i n ,  o f t e n  

s e v e r a l  t imes.  

+ 
For t h e  Berkeley d e s i g n  t h e  p t r a p p i n g  r e s u l t e d  d e s p i t e  t h e  FOFDOD 

magnet s t r u c t u r e  w i t h  a l t e r n a t i n g  r e t u r n  yokes of C type magnets. The - 
unfavorab le  r e s u l t  f o r  )I mesons r e s u l t e d  from t h e  l o c a t i o n  of t h e  

presumed sources  (septum wigne ts )  r e l a t i v e  t o  t h e  r e t u r n  yoke o r i e n t a t i o n .  

For t h e  ISABELLE magnets, w i t h  r e t u r n  f i e l d s  on e i t h e r  s i d e  of t h e  beam 

(and two s e t s  of magnets s ide-by-s ide)  t h e  s i t u a t i o n  may be  much b e t t e r .  

On t h e  o t h e r  hand, t h e  presence of quadrupoles  may h u r t .  A d e t a i l e d  

s tudy  i s  needed. I n  t h e  fo l lowing  we have used reasonable  ( i f  c rude)  

e s t i m a t e s  of what t h e  t r a p p i n g  e f f e c t s  might be i n  o rder  t o  a s s e s s  

t h e i r  impact on t h e  ISABELLE des ign .  

B . Shie  l d i n g  

The muon s h i e l d i n g  requirements  ob ta ined  by Stevens and Thorndike 
3 

r e s u l t  from t h e  fo l lowing  s e t  of c r i t e r i a  and assumptions:  

( i )  Maximum allowed l e v e l  a t  s i t e  boundary: 5  mremlyr 

(ii) , PIaxl~u~um a'llowed level on s i t e :  1000 mremlyr 
. .  . 

. i )  S t r e n g t h  of any source  w i t h i n  t h e  r i n g :  3 x loL5 i n t e r a c t i n g  

p r o t o n s l y r  

( i v )  Dis tance  t o  s i t e  boundary: 600 m 

(v)  Average f l i g h t  pa th  f o r  decay of p ions :  1 0  m 



CLOSED ORBIT 

F ig .  3 Muon orb i t s  from Keefe and Scolnick.  

F ig .  4 Muon o r b i t s  from Keefe and Scolnick.  



F i g .  5 Muon orbi ts  from Keefe and Scolnick. 



-11 With cond i t i on  ( i i i ) ,  the  s i te-boundary l e v e l  becomes 5 x 10 muonsper 
2  -8 2 

cm / i n t e r a c t i n g  proton,  and the  on - s i t e  l e v e l  becomes 10 muons/cm per 

i n t e r a c t i n g  proton.  

The f i g u r e  of 600 m f o r  the  d i s t ance  t o  the  s i t e  boundary i s  

appropr ia te  f o r  t h a t  p a r t  of the  r i n g  i n  t he  v i c i n i t y  of t h e  no r th  

i n t e r s e c t i o n  reg ion ,  where t a n g e n t i a l  rays  poin t  toward the  Wm. Floyd 

Parkway (Fig. 6 ) .  With t h i s  f i g u r e ,  t he  si te-boundary requirement 

determines t he  sh i e ld ing  th ickness  -- a s  d e t a i l e d  i n  Ref. 3. At 0th' 

po in ts  around the  r i n g  where t h e  s i t e  boundary i s  much f a r t h e r  away, 

o r  i s  pro tec ted  by the  n a t u r a l  contour of t he  land, t he  maximum 

allowable on - s i t e  l e v e l  determines t h e  requi red  s h i e l d i n g  th ickness .  

I n  any ca se ,  the  most s e n s i t i v e  a r e a  f o r  these  c a l c u l a t i o n s  i s  t he  

nor th  s i d e  of the  r i n g  where t h e  beam l i e s  above t he  e x i s t i n g  ground 

l eve l  and an e a r t h  berm must be cons t ruc ted .  

The c a l c u l a t i o n  of Stevens and Thorndike (Ref. 3 )  cons iders  the  

p o s i t i v e  muon f l u x  ca l cu l a t ed  f o r  0 < 1 m a d  us ing  the  empir ica l  
+ + 

f o r m l a  of wang20 f o r  pion production (n , and hence , dominate n- i n  

pp c o l l i s i o n s ) .  The procedure i s  t o  i n t e g r a t e  t he  muon spectrum 

above some momentum, f i nd  the  range, R ,  corresponding t o  t h a t  momentum, 

and then  apply the  appropr ia te  s o l i d  angle f a c t o r  t o  ob t a in  the  f l u x  

a t  the  edge of the  s h i e l d  -- a s s d d n g  s h i e l d  depL11 R -- a113 t l i t  f l u x  at 

the  s i t e  boundary (600 m). 

For c l a r i t y ,  we redo the  f l ux  c a l c u l a r i o n  he re ,  a s  we w i l l  need the  

res111 ks i n  s~mcwhat more genera l  fash ion .  'l'he Wang formula gives : 

20. C.L. Wang, Phys. Rev. m, 3876 (1974). 



Fig. 6 General site plan. 



where the  u n i t s  a re  mb and GeV, pM is  the maximum pion momentum 

(200 ~ e V / c ) ,  x = Pn/pM, pT = pne, and the coeff ic ients  a re  given 

i n  Table I. 

TABLE I. Coefficients fo r  Wang formula 

* 
Integrat ing over so l id  angle ( fo r  e < 0 ): 

* 
du C * 

- 2nA -Bx 
- 2 ( )  e [ l - e  - k p ~ e  ( 1  + DXPM' ) 1 

PM 
(2) 

A pion of r e l a t i v i s t i c  momentum p produces a decay muon according 
ll 

t o  a f l a t  spectrum with 0.57 p < p < p : 
n b n  

where L is the decay path length 

= 7 . 8 m  
ll 

I f  the pion momentum spectrum is  given [e.g. by Eq. (2)], then the muon 

spectrum i s  given by: 

1 
where p 18 the larger of - 

0 
P or  PM' 0.57 p 



F i n a l l y ,  t h e  c r o s s  s e c t i o n  f o r  producing muons w i t h  momentum g r e a t e r  
* 

t h a n  some minimum v a l u e  p i s  

The r e s u l t s  of t h i s  c a l c u l a t i o n ,  f o r  u n i t  decay pa th  and 8 < 1 m a d ,  

--? shown i n  F ig .  7. The r e s u l t i n g  f l u x e s  a t  t h e  s i t e  boundary and a t  

I edge .of t h e  s h i e l d ,  a s  a  f u n c t i o n  of s h i e l d  dep th ,  a r e  shown i n  

F i g s .  8  and 9. I n  t h e s e  l a t t e r  f i g u r e s ,  fo l lowing  Stevens and Thorndike, 

a n  average decay p a t h  of 10 m was chosen,  and t h e  range measurements 

of Theriot2 '  were employed. (S imi la r  energy l o s s  curves  a r e  g iven  by 
22 

Richard-Serre .  ) 

+ 
The p f l u x  a t  t h e  s i t e  boundary determines a  s h i e l d i n g  dep th  of - 240 meters  which, by s imple geometry ( s e e  F i g .  2)  d i c t a t e s  a  berm 

t h i c k n e s s  t = 77 meters .  The t h i c k n e s s  r e q u i r e d  t o  s a t i s f y  t h e  maximum 

o n - s i t e  l e v e l  ( a t  edge of s h i e l d )  i s  t= -  30 m (corresponding t o  a  dep th  

d 130 m). 

This  is  a n  ear thwork of c o n s i d e r a b l e  p r o p o r t i o n s ,  and s o  i t  i s  

a p p r o p r i a t e  t o  a s k  how t h e s e  r e s u l t s  might be a f f e c t e d  i f  t h e  t r a p p i n g  

phenomenon i.s t aken  i n t o  account .  The e f f e c t  w i l l  c l e a r l y  be h e l p f u l ,  

a s  i t  reduces t h e  h ighes t -energy ,  most p e n e t r a t i n g  component. As a  - + 
crude e s t i m a t e ,  we c o n s i d e r  s u b s t i t u t i n g  t h e  p f o r  t h e  p f l u x .  This  

is  l i k e l y  t o  be a  v e r y  c o n s e r v a t i v e  e s t i m a t e ,  f o r  even i n  t h e  absence - + 
of p t r a p p i n g ,  and w i t h  only p a r t i a l  p t r a p p i n g ,  t h e  magnetic f i e l d s  

w i l l  provide c o n s i d e r a b l e  d i s p e r s i o n  -- d e s t r o y i n g  t h e  s imple "search 

l i g h t "  geometry of F ig .  2  and i n t r o d u c i n g  l a r g e  s o l i d  a n g l e  f a c t o r s .  - 
I n  any e v e n t ,  f o r  t h c  JL calculat j .on shown i n  F igs .  8  and 9 t h e  

:duct ion i n  s h i e l d i n g  requirements  i s  s u b s t a n t i a l .  The r e q u i r e d  

21. D .  T h e r i o t ,  FNAL Report  TM - 260 ( J u l y ,  1970). 

22. C. Richard-Serre ,  CERN Report 71-18 (1971). 



Fig. 7 Effective production cross section for muons. 
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Fig .  8 Muon f l u x  a t  s i t e  boundary. 
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Fig .  9 Muon f l u x  a t  edge of s h i e l d .  
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depths  (d)  and berm th icknesses  ( t )  a r e :  

S i t e  boundary l e v e l  a t  600 m -- d = 165 m, t = 40 m 

on - s i t e  l e v e l  -- d =  9 0 m ,  t = 1 2 m  

It must be noted t h a t  t h e  t r app ing  mechanism i s  no t  l i k e l y  t o  be 

e f f e c t i v e  f o r  muons produced i n  a n  i n t e r s e c t i o n  reg ion ,  owing t o  the  

long f r e e  space.  (And, a l s o ,  t h a t  a  proton l o s s  a t  f u l l  energy of 
15 3 x 10 /yr  i s  n o t  l i k e l y  t o  occur a t  any po in t  on t h e  no r th  s i d e  of 

r i n g  except  a t  a n  i n t e r s e c t i o n . )  I f  s t e e l  s h i e l d i n g  i s  used a t  t he  

i n t e r s e c t i o n  r eg i ons ,  it appears  t h a t  a  berm s i z e  s u f f i c i e n t  f o r  

hadronic sh ie ld i r lg  would do a s  w e l l  f o r  t he  muons. The berm might  have 

t o  be b u i l t  up some a long  t h e  tangent  t o  t h a t  (small)  po r t i nn  nf t h o  

r i n g  near  t he  no r th  i n t e r s e c t i o n  which "points"  t o  t h e  s i t e  boundary 

a t  smal.1 distanro. 

The approximate depths of s t e e l  would be a s  g iven  i n  Table 11. 

TABLE 11. S t e e l  Sh i e ld ing  Depths a t  I n t e r s e c t i o n s  - 
clockwise counterclnckwise 

N.W. ( b ig  hadrn~) 25 111 none 

North ( smal l  angle)  25 m 50 m 

N.E. (wide angle)  nonc ? 25 m 

Fast ( Q  13s t i o )  none 25 m? 

A l l  ~L l l c rv  none none 

Quest ion marks r e f l e c t  my u n c e r t a i n t y  about  t he  e x i s t i n g  land 

contours .  



C .  Muon Backgrounds 

While on ly  a small  f r a c t i o n  of  the  muons produced i n  an i n t e r s e c t i o n  

r eg ion  a r e  l i k e l y  t o  be captured i n  t he  r i n g  (owing t o  t he  long f r e e  

spa c e ) ,  those  which a r e  may be t ranspor ted  f a r  enough t o  provide a 

background problem i n  t h e  next  experimental  As a rough measure 
+ 

of t h e  magnitude of t he  e f f e c t ,  we assume t h a t  a l l  p which e n t e r  t h e  

a p e r t u r e  ( o r  c o i l )  of t he  f i r s t  main r i n g  d ipo l e  (normally 70 m 

-'--instream of an  i n t e r s e c t i o n )  a r e  cap tured .  This  corresponds t o  muons 

angles  up t o  w 1 m a d .  

Not a l l  of t he  t rapped muons w i l l  make it through t o  t he  next  

i n t e r s e c t i o n .  We may assume t h a t  t h e r e  i s  some va lue  of p f o r  which 
b 

muons of lower momentum w i l l  be brought t o  r e s t  o r  s c a t t e r e d  ou t  of t he  

r i n g  w e l l  hefore they  have t raversed  118 of t h e  circumference.  For a 

given guess a s  t o  t h e  minimum momentum of c o n t r i b u t i n g  muons t h e  

background r a t e  (muons/sec) i s  obtained by read ing  t he  corresponding 

va lue  of q ,  from Fig .  7 and mul t ip ly ing  by t h e  app rop r i a t e  decay pa th  
P 

length and by t he  luminosi ty.  We assume L = 70 m and a luminosi ty of 
- 1 6 -1 -1 

cm-2 s e c  = 10 mb sec  . 
A s  a rough e s t ima t e  we might ( f o r  i n s t ance )  guess t h a t  muons must 

be a t  l e a s t  s t i f f  enough s o  t h a t  t he  bending power of t h e  d ipo l e s  i n  

one c e l l  of t h e  l a t t i c e  i s  no t  s u f f i c i e n t  t o  d e f l e c t  them ou t  of t he  ' 

ape r tu r e  80 G ~ v / c ) .  This  g ives  a n  es t imated  background r a t e  of 
(pp , min 

6 - 1 
(70 m) x (10 mb-I s ec  ) x mb/m) = 700 muons/sec. 

Such a n  e s t ima t e  must, of course ,  be mu l t i p l i ed  by 2 s i n c e  these  f l uxes  

impinge i n  each i n s e r t i o n  from'both d i r e c t i o n s .  The backgrounds we a r e  
3 

t a l k i n g  about  a r e  perhaps a s  l a r g e  a s  a few x 10 /set. 

,. L. Lederman, p r i v a t e  cormnunications. 



D. Conclusion 

These exe rc i s e s  i l l u s t r a t e  t h a t  the  magnetic t rapping  of muons 

i n  t he  r i n g  can e f f e c t  s i g n i f i c a n t l y  t h e  s i z e  (and hence c o s t )  of the  

requi red  muon s h i e l d .  Since t h i s  i s  p r e sen t ly  an i t em of - $1  mi l l i on  

i n  the  cons t ruc t i on  budget, i t  i n v i t e s  c a r e f u l  cons idera t ion .  The 

t r app ing  e f f e c t  w i l l  a l s o  r e s u l t  i n  muon backgrounds a t  t h e  var ious  

i n s e r t i o n s  which, while probably no t  i n t o l e r a b l e ,  should be borne i n  

mind i n  t he  des ign  of experiments. A more d e t a i l e d  study along the  

l i n e s  of  the  c a l c u l a t i o n s  done by Keefe19 should be c a r r i e d  ou t  i n  

order  KO pu t  t he se  semi-quant i ta t ive  r e s u l t s  on a f i rmer  h a ~ i s .  

V. RADIATION DAMAGE 

The  prul j le~r~ uf r a d i a t i o n  damage/quenching of t he  superconducting 

magnets has been i nves t i ga t ed  i n  t he  1975 Summer and by 

~ a u ~ e r t s ~ ~  and w i l l  no t  be considered here .  ' 

Some information on t he  e f f e c t s  of r a d i a t i o n  on e l e c t r o n i c  

components and d e t e c t i o n  devices i s  presented i n  t h i s  s e c t i o n  and t he  
.2 6 

impl ica t ions  f o r  ISABELLE a r e  considered.  

There has been cons iderable  r e sea rch  on r a d i a t i o n  damage t o  

e l e c t r o n i c  components f o r  both 'the space and t he  nuc lear  weapons 

programs. Table 111 summarizes the  r e s u l t s  presented i n  a  f e w  

se l ec t ed  papers. 
2 7 

24. r .  Sbnger, Yroc. 1975 ISABELLE Summer Study, Brookhaven,BNL 20550, 
p. 626. 

25. J. Kaugerts, ISA Technical  Note No. 20 (August 3, 1976). 

26. This  d iscuss ion  has been prepared by V. Kistiakowsky. 

27. We would l i k e  t o  thank R. Chase, Brookhaven National  Laboratory,  
f o r  bringing these  t n  o u r  a t t e n t i o n .  



Table 111. Radiat ion Damage t o  E l ec t ron i c  Devices 

Equivalent  
Device Result  i n  rem Ref. 

Bipolar  Some v a r i e t i e s  d e t e r i o r a t e  . 

Trans is  t o r s  unacceptably a t  5 x 10 12  

e l e c  trons/crn 
2 

1.7 x 10 
5 

2 8 

4 
10% f a i l u r e  a t  - 10 rads  

f o r  some v a r i e t i e s  1.4 x 10 
6 

2 9 

Amplif icat ion changed by 

< 10% f o r  5 x 10  
12 

electrons/cm2 f o r  some 

v a r i e t i e s  1.7 x 10 5 
30 

MOS Devices De te r io r a t e  unacceptably 

a t  5 x 1011 e l e c t r o n s  

per  cm 
2 

1.7 x 10  
4 

28 

Zener Diodes Not a f f ec t ed  a t  5 X 10 12 

electrons/cm 
2 

Power De te r io r a t e  unacceptably 

Trans is t o r s  a t  1013 neutrons/cm 
2 

31 

Logic De te r io r a t e  a t  7 X 10 
1 4  

C i r c u i t s  neutrons/cm 
2 

28. W O E .  P r i c e  and A.G. S tan ley ,  IEEE Trans. Nucl. Sci . ,  NS-22, 2669 
(December 1975) . 

29. W.E. Horne and J.A. Polsom, "Total-Dose Survival  P robab i l i t y  f o r  
b ipolar  Trans is tors" ,  The Bueir~g Cu., S e a t t l e ,  Washington. 

1. W. Poch and A.G. IIolmes-Siedle, "A P red i c t i on  and Se l ec t i on  Sys- 
tem f o r  Radiat ion E f f e c t s  i n  P lanar  Transistors",  RCA Astro- 
E l ec t ron i c s  Div is ion ,  Pr ince ton ,  N.J .  

31. C. Rosenberg, I.'Arimura and A.M. Unwin, " S t a t i s t i c a l  Analysis  
n f  N e l ~ t r n n -  Induced Gain Degradation o f  Power Trans is  to rs" ,  The 
Boeing Co., S e a t t l e ,  Washington. 

32. R.J. .Olson, D r .  R. Alexander and R.J. Antinore,  "Radiation Re- 
sponse Studv of New Radiation-Hardened Low Power TTL Ser ies , "  
Ai r  Force Weapons Laboratory,  Kir t l and ,  New Mexico. 



The e f f e c t  of r a d i a t i o n  f o r  t h e  b i p o l a r  t r a n s i s t o r s  v a r i e d  

c o n s i d e r a b l y  by t r a n s i s t o r  type and even by manufacturer .  P r i c e  and 

s t a n l e y Z 8  r e p o r t  t h a t  t h e  2 ~ 2 2 2 2 A ' s  suppl ied  by one manufacturer  

exceeded t h e  r e j e c t i o n  l i m i t  and those  from another  were a n  order  of 

magnitude below i t ,  References 28 - 32 i n d i c a t e  a n  e x t e n s i v e  

l i t e r a t u r e  on component s e l e c t i o n  and r a d i a t i o n  hardening.  

Three exper iences  w i t h  r a d i a t i o n  damage a t  h igh  energy a c c e l e r a t i o n  

should be mentioned, s i n c e  t h e y  p o i n t  t o  p o s s i b l e  problems a t  ISABELLI 

The f i r s t  i s  t h e  f a i l u r e  r a t e  of t h e  o i l - f i l l e d  c a p a c i t o r s  f o r  t h e  

beam e x t r a c t i o n  k i c k e r  magnets a t  Fermilab,  some of which must be 

rep laced  a f t e r  a  month of use.  

These s p e c i a l  c a p a c i t o r s  of t h e  f a s t  p u l s e r  e l e c t r o n i c s  must 

normally be changed every  few months. They s i t  on t h e  f l o o r  j u s t  

under t h e  k i c k e r s  t o  minimize t h e  k i c k e r  r i s e  t ime.  The r e s i d u a l  

r a d i a t i o n  l e v e l  h e r e  i n d i c a t e s  a  dynamic l e v e l  of - 50 rem/h. This  

datum should  be cons idered  w i t h  r e s p e c t  t o t h e  proposed scheme t o  pu t  

e x t r a c t i o n  k i c k e r s  i n  t h e  e  j e c t i o n / a b o r t  reg ion .  Secondly, a g a i n  a t  

Fermilab,  a  50% d e g r a d a t i o n  of t h e  r e s o l u t i o n  of s u r f a c e  l a y e r  s o l i d  

s t a t e  d e t e c t o r s  i s  observed when they  a r e  placed 1 meter  from t h e  beam 

i n  Co f o r  a  per iod  e q u i v a l e n t  t o  approximately h a l f  a  year  of 
32 -2 -1 

continuous running a t  luminos i ty  10 cm set . F i n a l l y ,  t h e r e  i s  

t h e  exper ience  of t h e  CERN-Saclay group a t  t h e  ISR, t h a t  i n t e g r a t e d  

c i r c u i t s  d e t e r i o r a t e  i n  approximately a  week when they  a r e  used c l o s e  

t o  t h e  vacuum p ipe  i n  a  l o c a t i o n  where t h e  r a d i a t i o n  l e v e l  i s  s e v e r a l  

t imes t h a t  from a  u s u a l  i n t e r s e c t i o n  reg ion .  

A rough e s t i m a t e  of the  r a d i a t i o n  l e v e l  1 meter  from a  cm 
2 

- 1 
s e c  luminos i ty  i n t e r s e c t i o n  r e g i o n  a t  ISABELLE y i e l d s  t h e  f i g u r e  

- 2  rem/h o r  - 300 r e m ~ w e e k . ~ ~  Thus, MDS devices  wbuld seem ~ ~ n s u i t n h l e  

f o r  use i n  t h e  exper imenta l  h a l l s ,  bu t  i n  g e n e r a l  b i p o l a r  t r a n s i s t o r s  

a r e  s a t i s f a c t o r y .  However, p rev ious  exper ience  i n d i c a t e s  t h a t  some 

c a r e  should  be e x e r c i s e d  i n  s e l e c t i o n  o f  components p a r t i c u l a r l y  i f  in -  

t e g r a t e d  c i r c u i t s  a r e  used where a m p l i f i c a t i o n  l e v e l s  a r e  impor tan t .  

33. See t h e  d i s c u s s i o n  i n  S e c t i o n  111 on s h i e l d i n g  f o r  hadrons.  



VI. CONCLUSIONS 

The present  s tudy i s  neces sa r i l y  somewhat sketchy because of time 

and resource l imi t a t i ons .  It seems c l e a r  t h a t  a c a r e f u l  reexamination 

should be made of var ious  philosophies and under lying assumptions of the . 
present  ISABELLE design i n  the  l i g h t  of cu r r en t  opera t ing  experience a t  

t he  high i n t e n s i t y  and high energy machines. 

No cons idera t ion  has been given t o  t he  ques t ion  of ground water 

ra t ion .  This i s  probably not  a s e r ious  problem, but  wi th  t he  

proximity of t h e  Long Is land water  t a b l e  t o  the sur face  and the  na ture  

of t he  s o i l  i n  t h a t  a r ea ,  the ques t ion  should be considered and resolved.  



TNTERACTION REGIONS WITH SMAZL SOURCE SIZE 

W . J .  W i l l i s  

CERN 

I. INTRODUCTION 

It i s  o f t e n  n o t  c l e a r  what c o n s i d e r a t i o n s  r e a l l y  determine t h e  

s i z e  o f  an experimental  appara tus .  S p a t i a l  r e s o l u t i o n  i n  a v a i l a b l e  

d e t e c t o r s  is  o f t e n  g iven  a s  t h e  answer; b u t  t h i s  may be an over- 

s i m p l i f i c a t i o n ,  s i n c e  t h e  s p a t i a l  r e s o l u t i o n  i s  i t s e l f  a  f u n c t i o n  of  

d e t e c t o r  s i z e .  The t h e s i s  o f  t h i s  n o t e  i s  t h a t  an Cmor tanf  defer- 
mining f a c t o r  is t h e  s i z e  of  t h e  source  of  t h e  i n t e r a c t i o n s .  

To i l l u s t r a t e  t h i s  p o i n t ,  we c o n s i d e r  t h e  des ign  o f  a  d e t e c t o r  

us ing  a  smal l  a x i a l  f i e l d  magnet and h i g h  r e s o l u t i o n  chambers and 

a n  imaging Cerenkov d e t e c t o r .  The c o n f i g u r a t i o n  of  t h e  i n t e r s e c t i o n  

reg ion  which prov ides  t h e  necessary  small source  s i z e  h a s  been de- 

termined by t h e  machine s tudy  group. 

11. A HIGH RESOLUTION CENTRAL DETECTOR 

A l a r g e  s c a l e  view of  t h e  a x i a l  f i e l d  magnet d e t e c t o r  i s  shown 

i n  F ig .  1. The s m a l l e s t  p o s s i b l e  vacuum p i p e  is  used i n  t h e  c e n t r a l  

reg ion ,  35 mu i .d .  This ,  t o g e t h e r  w i t h  a  s h o r t  (100 mm) i n t e r s e c t i o n  

diamond, a l lows  t h e  des ign  of  a  magnet c o n s i s t i n g  of  two smal l  c o i l s ,  

g e n e r a t i n g  about  1 . 5  T e s l a  on the  diamond. This  modest f i e l d  volume 

is s u f f i c i e n t  f o r  t h e  measurement of moderate momenta because of  t h e  

u s e  of  v e r y  high r e s o l u t i o n  c y l i n d r i c a l  d r i f t  chambers. This  d e t e c t o r  

i s  conta ined  w i t h i n  a  r a d i u s  o f  200 mu, and l e a v e s  most of  t h e  s o l i d  

ang le  unobs t ruc ted .  Thus, i t  is  p o s s i b l e  t o  surround t h e  i n n e r  de- 

t e c t o r  w i t h  ano ther  system which can i t s e l f  remain of  reasonable  s i z e ,  

f o r  example, a  c a l o r i m e t e r  o r  Cerenkov d e t e c t o r .  I n  t h e  c a s e s  where 

we wish t o  have t h r e e  l a y e r s  o f  d e t e c t o r s ,  such  a s  momentum measure- 

ment, Cerenkov, and c a l o r i m e t e r ,  i t  i s  even more u s e f u l  t o  keep t h e  

f i r s t  a s  smal l  a s  p o s s i b l e  t o  end w i t h  a  l a s t  l a y e r  of  f e a s i b l e  s i z e .  

The d e t e c t o r  of Fif i .  1 is compo~ed of  thc fo l lowing  elements:  

1. The beam p i p e ,  which is a  double w a l l  s t r u c t u r e  i n t e g r a l  

w i t h  t h e  inner  w a l l  of t h e  d r i f t  chamber c o n t a i n e r .  The i n n e r  



CALORIMETER 

Fig.  1 .  Central detector unit  consisting of compact axial  f i e l d  
magnet and very high resolution d r i f t  chambers. 



vacuum p ipe  can be q u i t e  t h i n ,  s i n c e  i t  bears  no p r e s s u r e .  The 

space between t h e  two tubes  i s  evacuated and s u p e r i n s u l a t e d ,  a l lowing 

bake-out of  t h e  inner  tube without  d i s t u r b i n g  . the experiment .  The 

c o n d u c t i v i t y  o f  t h e  inner  tube (0.2 mm Al) i s  s u f f i c i e n t  t o  a l low 

h e a t i n g  only a t  the  end. The p ipe  must be f l a r e d  i n  t h e  h o r i z o n t a l  

p lane ,  s t a r t i n g  a t f  100 mm from t h e  c r o s s i n g ,  t o  accommodate t h e  

c r o s s i n g  a n g l e ,  which w i l l  probably be - 50 mrad. Pumps a r e  mounted 

about 25 cm from t h e  c e n t e r ,  g i v i n g  a  s a f e  vacuum c o n d i t i o n  i n  t h e  

small  d iameter  p i p e ,  accord ing  t o  t h e  c a l c u l a t i o n s  of  D. Edwards. 

2 .  A s e t  o f  c y l i n d r i c a l  d r i f t  chambers w i t h  1 0  mm d r i f t  d i s t a n c e .  

These a r e  b u i l t  according t o  t h e  des ign  of  H. Walenta, wi th  f o u r  

atmospheres o f  propane-ethylene gas .  For  t h e s e  c o n d i t i o n s ,  the  reso-  

l u t i o n  has  been measured t o  be 2 30 ~ m ,  and p a r t i c l e  p a i r  reso lu-  

t i o n  is  2 mm. The wid th  of  the  dE/dx d i s t r i b u t i o n  has  a l s o  been found 

. t o  be s e v e r a l  times s m a l l e r  than f o r  argon a t  a tmospheric  p r e s s u r e ,  

while  t h e  p l a t e a u  of  t h e  r e l a t i v i s t i c  r i s e  i s  expected t o  be smal le r .  

A l l  t h e s e  p r o p e r t i e s  a r e  most va luab le  f o r  t h i s  a p p l i c a t i o n .  We 

show 1 3  l a y e r s  o f  d r i f t  chamber measurement t o  ensure  adequate p a t t e r n  

r e c o g n i t i o n  and t o  provide improved accuracy.  Each w i r e  h a s  c u r r e n t  

d i v i s i o n  readout ,  which should determine t h e  p o s i t i o n  along t h e  wi re  

with a n  accuracy of  a  few mm. Two . l a y e r s  of or thogonal  w i r e s ,  

formed on a  polygonal  c y l i n d e r ,  a r e  shown a s  w e l l .  These a r e  used t o  

determine the  a x i a l  coord ina te  more a c c u r a t e l y .  A l t e r n a t i v e l y ,  t h e  

high accuracy  cathode s t r i p ,  read  o u t  developed by Charpak can be used 

Lu ach ieve  chis  accuracy.  

3.  Superconducting c o i l s  a r e  used t o  provide t h e  f i e l d .  S ince  

t h e  s t o r e d  energy i s  s m a l l ,  t h e  c o i l s  can use i n t r i n s i c a l l y  s t a b l e  su- 
2 

perconductor  a t  a h i g h  c u r r e n t  d e n s i t y ,  up t o  lo5  .A/cm i n  t h e  o v e r a l l  

conductor .  I n  t h i s  case ,  t h e  conductor  c r o s s  s e c t i o n  provided,  -.. 8 c 
2 

should be adequate f o r  t h e  c u r r e n t ,  some 2 x 1 . 0 ~  A-turns,  d e s i r e d ,  

and may, i n  f a c t ,  a l l o w  a cons iderab ly  h igher  f i e l d .  

Although d e t a i l e d  c a l c u l a t i o n s  have no t  been performed, t h e  

machine group be l ieved  t h a t  t h e  s o l e n o i d a l  f i e l d  i n t e g r a l  was small 

enough so  t h a t  l o c a l  compensation would n o t  be r e q u i r e d .  



The magnetic f i e l d  v a r i e s  g r e a t l y  over  t h e  volume used i n  t h e  

d e t e c t o r ,  b u t  i t  does a t  l e a s t  have azimuthal  symmetry. This  v a r i a -  

t i o n  is  t h e  i n e v i t a b l e  p r i c e  pa id  f o r  t h e  l a r g e  open s o l i d  a n g l e ,  

and seems w e l l  worthwhile. 

These i tems complete t h e  c e n t r a l  d e t e c t o r .  Before d e s c r i b i n g  

t h e  p a r t i c u l a r  d e t e c t o r s  chosen a s  examples of t h e  o u t e r  l a y e r s ,  we 

proceed t o  ana lyze  t h e  performance of .  the  c e n t r a l  d e t e c t o r .  A 

ged t r a c k  can be r e p r e s e n t e d  approximately a s  t h r e e  p o i n t s  with 

t a l  l e n g t h  of  1 0  cm i n  a 1.0 T f i e l d  and a p o i n t  accuracy of  

20 ,,,m. I n  t h i s  case ,  t h e  momentum accuracy f o r  a 1 GeV/c p a r t i c l e  

i s  about  6%. For  s m a l l e r  momenta, the  e r r o r  remains roughly con- 

s t a n t  due t o  m u l t i p l e  s c a t t e r i n g ,  while  f o r  l a r g e r  momenta t h e r e  i s  

a l i n e a r  i n c r e a s e .  Thus, the  s i g n  of p a r t i c l e s  i s  measured up t o  

about  1 0  GeV. C l e a r l y ,  t h i s  d e t e c t o r  i s  intended t o  measure t h e  

momenta o n l y  f o r  low t r a n s v e r s e  momentum p a r t i c l e s ,  and must be 

supplemented by a d i f f e r e n t  e x t e r n a l  d e t e c t o r  capable of  measuring, 

h i g h  momenta, such a s  a c a l o r i m e t e r  o r  an imaging Cerenkov c o u n t e r ,  

o r  bo th .  I n  t h e  c a s e  o f  a good c a l o r i m e t e r ,  t h e  accuracy i n  energy 

is  b e t t e r  than t h a t  from t h e  momentum measurement above about  3 GeV, 

and t h e  combined measurement accuracy i n  t h e  wors t  case  is  l e s s  than 

15%. I n  t h e  c a s e  of  a n  imaging Cerenkov d e t e c t o r  w i t h  a th reshold  

of Y ;- 2 ,  t h e  wors t  c a s e  accuracy occurs  f o r  a p ro ton  of  6 2 GeV, 

and is  about  10%. 

One consequence of  t h e  smal l  d e t e c t o r  s i z e  which may be impor- 

t a n t  i s  t h a t  t h e  t r a n s v e r s e  momentum imparted by t h e  magnet ic  f i e l d  

i s  comparable o r  l e s s  than  t h a t  t y p i c a l  if t h e  p a r t i c l e s  r e l a t i v e  

t o  a j e t  a x i s .  For example, t h i s  p r o p e r t y ,  coupled w i t h  t h e  small 

source  s i z e ,  a l lows  t h e  i n t e r p r e t a t i o n  of t h e  p a t t e r n  of  energy de- 

i t e d  i n  a c a l o r i m e t e r  wi thout  d e t a i l e d  t r a c k  r e c o n s t r u c t i o n ,  f o r  

.ggering purposes.  It is  a l s o  c r u c i a l  f o r  t h e  o p t i c s  of  imaging 

Ccrcnlcov d e t e c t o r s ,  as mentioned l a t e r .  



Another property of the c e n t r a l  de t ec to r  is  the  measurement of 

d ~ / d x  to  some accuracy. A r e l a t i v e  i on i za t ion  of 1.2 times minimum 

should be d is t inguished from minimum by seve ra l  s tandard devia t ions .  

This would allow the  i d e n t i f i c a t i o n  of p a r t i c l e s  with Y < 1.5.  I f  

there  i s  a  Cerenkov de t ec to r  wi th  threshold around y = 2.2, the  

whole range of y can be covered without the need f o r  a  t ime-of- f l ight  

measurement, which becomes imprac t ica l  i n  a very compact setup.  

It may be noted t h a t  the  dE/dx measurement might be usefu l  i n  

another way. For a slow, heavy p a r t i c l e ,  such a s  a 400 MeV/c proton,  

t he  accuracy of t he  momentum measurement is spoi led  by the  1 / p  term 

i n  the mu l t i p l e  s c a t t e r i n g ,  and t h a t  derived from d ~ / d x  is a c t u a l l y  

more accura te .  

A r e a l  l i m i t a t i o n  of such a de t ec to r  may be the  p a r t i c l e  p a i r  

reso lu t ion .  Some p a r t i c l e s  i n  the core of a  j e t  w i l l  no t  be resolved 

i n  these chambers, and must be handled i n  the ou te r  de t ec to r s .  These 

w i l l  u sua l ly  be high-energy p a r t i c l e s  which were intended t o  be mea- 

sured the re  anyway, but  a  low-energy p a r t i c l e  may g e t  l o s t  t h i s  way. 

The measurement of  pulse  he ight  on each wire he lps  to i d e n t i f y  over- 

lapping t r acks .  

The po la r  angle  coverage of the  inner  de t ec to r  as s h o w  extends 

down to  20' o r  30°, depending on the  number of h i t s  demanded. The 

small  s i z e  means t h a t  no p a r t i c l e ,  even t h a t  passing through the c o i l ,  

passes through so  much ma te r i a l  t h a t  a  ca lor imeter  measurement i s  in- 

va l ida t ed .  That is ,  t o  say t h a t  the worst case  represents  only about 

2-3 r a d i a t i o n  lengths  and a f r a c t i o n  of an i n t e r a c t i o n  length.  Thus, 

a  general  knowledge of t he  cha rac t e r  of t he  event  can be gained over 

t he  f u l l  s o l i d  angle ,  while most magnetic de t ec to r s  l o s e  30% o r  more 

of the s o l i d  angle. This i s  an important f ea tu re  of the design. 

111. OUTER CERENKOV AND CALORIMETER DETECTORS 

We now turn  t o  a desc r ip t ion  of the f u r t h e r  de t ec to r s  i n  our 

sample design.  The ove ra l l  assembly i s  shown i n  Fig. 2. . 



HADRON CALORIMETER 

Fig.  2. Overall  de tec tor  assembly showing outer  de t ec to r s .  (Would 
extend symmetrically on o ther  s i d e  of beam l i n e  also.) 



1. The nex t  i t em i s  a n  imaging Cerenkov d e t e c t o r  des ign  ac- 

cord ing  t o  i d e a s  of  T. Y p s i l a n t i s .  The r a d i a t o r s  a r e  2 cm of  L i F  

and 4' cm of l i q u i d  neon, w i t h  t h r e s h o l d s  y = 1.35 and y = 2.39. 

The Cerenkov l i g h t  genera ted  i n  t h e  r a d i a t o r s  i s  r e f l e c t e d  from a 

s p h e r i c a l  aluminum m i r r o r  of  70 cm r a d i u s  and brought t o  a focus 

a t  a r a d i u s  of 35 cm from t h e  c e n t e r ' o f  t h e  source .  The Cerenkov 

photons with an energy of about  8 eV a r e  d e t e c t e d  by photo-ioniza-  

t i o n  o f  benzene i n  a p r o p o r t i o n a l  chamber, w i t h  a quantum e f f i c i e n c y  

of  about  50%. There a r e  about  30 d e t e c t e d  photons on t h e  c i r c u l a r  

image. The anodes i n  t h e  p r o p o r t i o n a l  chamber have t h e  form of 

need les  i n  an a r r a y  of  2 mm p i t c h  read  o u t w i t h  de lay  l i n e s .  

The e r r o r  on hy/y i n  such a d e t e c t o r  has, l i m i t a t i o n s  from spa- 

t i a l  r e s o l u t i o n ,  chromatic  a b e r r a t i o n s ,  m u l t i p l e  s c a t t e r i n g ,  and 

o t h e r  s o u r c e s ,  c a l c u l a t e d  i n  d e t a i l  by Y p s i l a n t i s .  It is found t h a t  
2 

hyly i s  a few p e r c e n t  n e a r  t h r e s h o l d  and i n c r e a s e s  a s  y . I f  t h e  

momentum o r  energy is  known roughly from measurements i n  t h e  mag- 

n e t i c  f i e l d  o r  a c a l o r i m e t e r ,  t h i s  dev ice  determines t h e  mass and f u r t h e r -  

more c a n  g i v e  t h e  most a c c u r a t e  measurement o f  t h e  momentum over  much 

of  t h e  range covered.  The accuracy becomes i n s u f f i c i e n t  t o  determine 

mass f o r  y 2 30. 

2 .  A second r a d i a t o r  us ing  kryp ton  a t  a tmospheric  p r e s s u r e  

s t a r t s  a t  a r a d i u s  of  - 75 cm and ends a t  a s p h e r i c a l  m i r r o r  a t  a 

r a d i u s  of  150 cm. It prov ides  a Cerenkov th reshold  of y = 28. The 

photons a r e  d e t e c t e d  i n  a p r o p o r t i o n a l  chamber a t  a r a d i u s  of  75 cm. 

This d e t e c t o r  p rov ides  K/v/p s e p a r a t i o n  up t o  about  60 GeV, where 

hy/y f o r  a K i s  - 20%. Note a l s o  t h a t  s e p a r a t i o n  can be made 

up t o  - 1 0  GeV and t h a t  n / e  s e p a r a t i o n  i s  ob ta ined  below about  1 5  GeV. 

These c a p a b i l i t i e s  a r e  most i n t e r e s t i n g  i n  t h a t  o t h e r  methods of  e 

and i d e n t i t i c a t i o n  do no t  work a s  wel l  a t  t h e s e  momenta, p a r t i -  

c u l a r l y  i n  t h e  c a s e  where e and a r e  t o  be d e t e c t e d  s imultaneously.  

The a b i l i t y  t o  i d e n t i f y  muons a t  a few GeV w i t h  very smal l  decay 
I p a t h s  seems almost  unique.  The h i g h  accuracy of the  measurements 

very c l o s e  t o  t h e  p roduc t ion  v e r t e x  a l lows  ' the e l i m i n a t i o n  o f  most 

n - ~  decays by f i n d i n g  d i s c r e p a n c i e s  i n  t h e  a n g l e  o r  c u r v a t u r e  of  t h e  

t r a c k ,  and t h e  comparison o f  energy measurement i n  t h e  magnet and 



i n  the  Cerenkov de t ec to r  e l iminates  o the r  V-L decays i n  the  i n t e r -  

vening region. 

I n  order t o  obta in  the quoted e r r o r s  on AY/Y i n  the imaging 

Cerenkov de t ec to r s ,  t he  op t i ca l  abe r r a t i ons  due t o  the f i n i t e  source 

s i z e  must be s u f f i c i e n t l y  small .  For a poin t  source,  the  abe r r a t i on  
3 

i s  a  combination of sphe r i ca l  abe r r a t i on  and coma, and v a r i e s  a s  0 . 
We f ind  t h a t  t he  e f f e c t  of the  source s i z e ,  S, can be neglected i f  

:< a .  For the LNe r a d i a t o r ,  

= 0.43 , R = 70 

S << 30 cm , 
while f o r  the krypton r a d i a t o r  

= 0.036 , R = 150 

S <<5 .4  cm . 
Thus, we see  t h a t  condit ion i s  e a s i l y  s a t i s f i e d  f o r  the LNe r a d i a t o r ,  

while there  s t a r t s  t o  be e f f e c t  on the  krypton r a d i a t o r  system. 

These a r e  l a rge ly  masked by o the r  e r r o r s ,  but  i t  is c l e a r  t h a t  i t  

would be out  of the quest ion t o  use t h i s  de t ec to r  with a standard 

i n t e r s e c t i o n  region with a meter long diamond. It i s  a l s o  important 

t h a t  the  c e n t r a l  magnet does not  increase  the  e f f e c t i v e  source s i z e  

appreciably,  t h a t  is, i t  must be kept  s u f f i c i e n t l y  small and weak. 

3. I n  our example, a  t h i r d  l aye r  of de t ec to r s  i s  included, a  s e t  

of ca lor imeters  covering the f u l l  s o l i d  angle .  This i s  t he  most 

e f f e c t i v e  element f o r  a  s e l e c t i v e  t r i g g e r ,  and i s  e s s e n t i a l  f o r  the  

measurement of neu t r a l  p a r t i c l e s .  It a l s o  covers p a r t s  of the  s o l i d  

angle not  covered by the  c e n t r a l  de t ec to r s .  

One element i s  a  high s p a t i a l  r e so lu t ion  de t ec to r  f o r  e l ec t ro -  

magnetical ly i n t e r a c t i n g  p a r t i c l e s ,  covering the l a r g e  angle region.  
- .  

I should have a photon p a i r  resuluLion of < 10 mm. This could be 

ieved by a ca lor imeter  with 2.5 mm uranium s t r i p s  with an average 
3 

dens i ty  of 10 g/cm . This de t ec to r  i s  a t  1.6 m and could not  be 

placed any c lo se r  t o  che source and s t i l l  reso lve  neu t r a l  pion decays, 

s o  t h a t  the s i z e  of the  inner de t ec to r s  is small enough i n  t h i s  sense. 



Fig. 3 .  Alternative overall detector a~sembly without Cerenkov 
counters. 



It is fol lowed by a hadron c a l o r i m e t e r ,  where the  use of uranium 

keeps t h e  t o t a l  c a l o r i m e t e r  depth t o  1 m. 

Forward c a l o r i m e t e r s  a r e  used t o  c a p t u r e  t h e  p a r t i c l e s  t r a v e r -  

s i n g  t h e  c o i l  r e g i o n  of  t h e  c e n t r a l  d e t e c t o r .  S t i l l  more forward 

c a l o r i m e t e r s  may be p laced  f u r t h e r  downstream t o  c a p t u r e  t h e  par- 

t i c l e s  w i t h  smal l  t r a n s v e r s e  momentum. 

A l t e r n a t i v e l y ,  Fig.  3 shows how a c a l o r i m e t e r  may be i n t r o -  

i a s  t h e  second d e t e c t o r  l a y e r ,  r e s u l t i n g  i n  a very compact s e t -  

up, wel l  s u i t e d  f o r  a s tudy '  of  j e t s  w i t h  an unbiased t r i g g e r .  

Thanks a r e  due t o  Drs. H. Walenta, M. Month and R. Majka f o r  

h e l p f u l  d i s c u s s i o n s .  
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COY. Chien 

The Johns Hopkins U n i v e r s i t y  

W e  review i n  t h i s  r e p o r t  t h e  experiment descr ibed  i n  t h e  1975 

Summer study. '  The purpose o f  t h i s  s tudy  i s  t o  t a k e  t h e  g e n e r a l  de- 

s i g n  and t o  review t h e  adequacy of  t h e  appara tus  f o r  i ts  p h y s i c s  g o a l s ,  

equipment needs,  l o g i s t i c  needs,  vacuum chambers, c o m p a t i b i l i t y  w i t  

o t h e r  experiments  and t o  summarize i t s  impacts on ISABELLE. 

1. Phys ics  Goals and General  Design 

The g e n e r a l  des ign  of t h e  spec t rometer  is shown i n . F i g .  1. I r  i s  

designed t o  s t u d y  s i n g l e  p a r t i c l e  i n c l u s i v e  s p e c t r a  n e a r  x = 1 w i t h  

p a r t i c l e  i d e n t i f i c a t i o n  and good momentum r e s o l u t i o n .  The genera l  char- 

a c t e r i s t i c s  of  t h e  spec t rometer  a r e  shown i n  Table I. The s o l i d  ang le  

i s  v e r y  smal l  (, 1 p s r )  due t o  t h e  h i g h  momentum r e s o l u t i o n  d e s i r e d ,  

d i f f i c u l t  c o n s t r a i n t s  i n  t h e  l a y o u t ,  and t h e  d e s i r e d  c o m p a t i b i l i t y  wi th  

o t h e r  experiments .  The counting r a t e  and acceptance a r e  shown i n  F ig .  2. 

Table I. Spectrometer  C h a r a c t e r i s  t i c s  

Space a n g l e  range 1 s 0 s 8 mrad p o s i t i v e s  

2 5 8 5 8 mrad nega t ives  

Momentum range f u r  
p a r t i c l e  i d e n t i f i c a t i o n  20 g p g 200 GeV/c 

S p a t i a l  s o l i d  a n g l e  sr 

Momentum acceptance 10% 

Momentum r e s o l u t i o n  - 0.15% 

It is  adequate t o  do t h e  experiment  i t  i s  designed f o r .  No new tech- 

nology i n  d e t e c t i o n  technique can apprec iab ly  improve the  des ign .  I. 

should  be noted t h a t  a l though  t h e  phys ics  in tended  i s  i n t e r e s t i n g ,  ti 

scope is  q u i t e  l i m i t e d  due t o  t h e  small  s o l i d  ang le .  On t h e  o t h e r  hand, 

t h e  spec t rometer  w i l l  be an impor tan t  a d d i t i o n  t o  o t h e r  experiments  t o  

1. C.Y. Chang, E. Enge ls ,  M. Kramer, R. Lanou, L. Pondrom, Proc.  
1975 ISABELLE Summer Study,  Brookhaven, BNL 20550, p. 244. 
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cover a wider range of physics.  Therefore,  i t  i s  important t o  have 

severa l  experiments i n  the  same experimental h a l l  wi th  t h i s  experiment 

(see s e c t i o n  9) .  

2. I n s e r t i o n  

The experiment i s  compatible with a s tandard  i n s e r t i o n  (Ql, 42 

a t  20 m). The only spec i a l  requirement i s  t o  modify Q 1  and 42 by 

separa t ing  t h e i r  windings to c r e a t e  a s l o t  f o r  secondary p a r t i c l e s  tc 

go through (Fig. 3): These ,pa r t i c l e s  w i l l  then be s e n t  by three  sepl 

magnets (with B = 4, 8 ,  10  kG, and r ~ d a  = 80 kG m) i n t o  the spectrom- 

e t e r .  Figure 4 shows an expanded view of these  magnets and approxi- 

mate p a r t i c l e  t r a j e c t o r i e s .  

The spectrometer  uses  two 10 m and one 50 m gas Cerenkov Counters, 

and ,  2500 channels of propor t ional  wire chambers. The c o s t  of these  

counters i s  est imated a t  , $150 K. Other c o s t s  of the  experiment a r e  

mainly magnets and cryogenics. 

4. Magnets and Cryogenics 

I n  addi t ion  t o  the modified QL and 42 and three  septum magnets, 

the spectrometer  r equ i r e s  two modest analyzing d ipole  magnets(with 

aper tures  5 cm high  and 25 cm wide) which could be superconducting to  

avoid powerbus and cooling problems i n  the tunnel .  The cryogenics f o r  

Q1 and 42 w i l l  be standard.  Cryogenics f o r  analyzing magnets a r e  q u i t e  

modest . 
5. Vacuum Chamber 

The vacuum chamber needed has a s i n g l e  f l a r e  on the  outs ide  of the 

r i ng  on one s i d e  of  the i n t e r a c t i o n  region.  Figure 5a slluws the plan 

view of the vacuum chamber. The e l eva t ion  view wi th  c l ea r ing  electrod,, 

and pumps is shown i n  Fig. 5b. A t i tan ium wire w i l l  a l s o  be used i n  

the f l a r e  t o  achieve high vacuum. Figure 5c shows the end view of the  

f l a r e  which i s  2 m th ick  with a 0.5 mm th i ck  s t a i n l e s s  s t e e l  window . 



Fig. 3 .  Schematic of quadrupole magnet with s l o t  for secondary par- 
t i c 1 . e ~ .  
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Fig.  4 .  Expanded view of  intersection region showing location of 
sep turn magnets for spectrometer . 
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f o r  secondary p a r t i c l e s .  The a p e r t u r e  of  t h e  window matches the  s l o t  

i n  Q 1  and 42. The ISA vacuum group f e e l s  t h a t  t h i s  schematic  design 

is  r e a l i s t i c .  The e x a c t  shape,  of  course ,  w i l l  depend on d e t a i l e d  

des igns .  

6. Arrangement f o r  E l e c t r o n i c s  and Cont ro l s  

The spec t rometer  is  r e l a t i v e l y  s imple:  t h r e e  septum magnets, two 

smal l  ana lyz ing  magnets, t h r e e  t h r e s h o l d  Cerenkov c o u n t e r s ,  , 2500 

channe ls  of p r o p o r t i o n a l  w i r e  chambers. The amounts o f  e l e c t r o n i c s  

and c o n t r o l s  a r e  thus  minimized. Besides,  t h e  smal l  s o l i d  ang le  and 

long  tunnel  l e n g t h  a l s o  reduces t h e  r a d i a t i o n  and background problems. 

Therefore ,  i t  can f i t  i n t o  most of  t h e  experimenLa1 h a l l s .  The im- 

p o r t a n t  p o i n t  i s  t o  p l a c e  i t  i n  a h a l l  w i t h  o t h e r  experiments  t o  

broaden the scope o f  t h e  experiment l a t e r  on. 

7. P a r t s  L i s t  

The p a r t s  needed f o r  t h i s  experiment a r e :  

Item - 
Modified Q1 and 42 

Sep tum magnets 
(4, 8 ,  1 0  kG, S ~ d a  = 80 kG m) 

Threshold gas  C 1 0  m l e n g t h  

Threshold gas  C 50 m l e n g t h  

Dipole magnets and c ryogenics  
( a p e r t u r e  5 cm h x 25 cm w ,  p r e I e r a b l y  
~ilpcreonduul;iug) 

P r o p o r t i o n a l  wi re  chambers 

E l e c t r o n i c s  f o r  p r o p o r t i o n a l  w i r e s  

Tunnel 

1 each 

2 

8 t r i p l e t s  

2500 channels  

1 

Miscel laneous S c i n t i l l a t i o n  c o u n t e r s  

8. T imeTable  

The c o n s t r u c t i o n  o f  t h e  tunne l  and t h e  s p e c i a l  s l o t s  on Q 1  and 

42 should  be  arranged a s  p a r t  o f  t h e  main r i n g  tunne l  and magnets 

schedule.  Due t o  t h e  modest s i z e  and scope of  t h e  a p p a r a t u s ,  the  



c o n s t r u c t i o n ,  s e t u p ,  and t e s t i n g  time o f  t h e  spec t rometer  is  q u i t e  

modest. The c o n s t r u c t i o n  is about  1-2 y e a r s ;  t h e  s e t u p  time i s  

about  2-6 months; and t h e  t e s t i n g  time i s  about  2 months w i t h  beam on. 

The running time depends on t h e  number o f  d a t a  p o i n t s  i n  Js, P I ( ,  and 

PI and p a r t i c l e  mass t o  be taken and,  of course ,  t h e  luminos i ty  a v a i l -  
31 -2 -1 a b l e .  Assuming L = 1 0  cm s e c  , i t  takes  1000 h of  running time t o  

measure n, K, P s p e c t r a  w i t h  1 0  d i f f e r e n t  s e t t i n g s  i n  x and 5 s e t t i n g s  

i n  PI a t  f i v e  d i f f e r e n t  e n e r g i e s  w i t h  about  3% accuracy.  If t h e  l a r g e  

x p o i n t s  a r e  done wi th  h igher  luminos i ty ,  t h e  running time w i l l  be 

c e r t a i n l y  s h o r t e r .  

9. Compat ib i l i ty  w i t h  Other  Experiments and P o s s i b l e  Growth 

A s ~ w e  d i scussed  i n  paragraph 1, t h e  p r e s e n t  des ign  is  adequate t o  
:4"i>. 

y i e l d  i n t e r e s t i n g  s i n g l e  p a r t i c l e  i n c l u s i v e  s p e c t r a  f o r  v ,  K and P 

w i t h  momentum 20 < P < 200 ~ e V / c  and 60 < J s  < 400 GeV. To measure - 
p a r t i c l e s  w i t h  very  low y i e l d  (e.g. d)  t h r e s h o l d  Cerenkov,counter  

w i l l  be needed. 

We want t o  emphasize t h e  fo l lowing  p o i n t s :  

a .  The spec t rometer  is compatible  w i t h  most o f  t h e  hadron ex- 

periments .  

b. The scope of  phys ics  is s p e c i a l i z e d  and l i m i t e d .  

c .  The spec t rometer  w i l l  be a v e r y  impor tan t  improvement t o  o t h e r  

experiments. 

Therefore ,  i t  i s  advantageous and a l s o  very important  t h a t  t h i s  

spec t rometer  be p laced  i n  an experimental  h a l l  w i t h  o t h e r  experiments .  

This  can be done e a s i l y  and i t  i s  very  important  t o  y i e l d  more i n t e r -  

e s t i n g  r e s u l t s  a f t e r  t h e  f i r s t  round experiment .  For example, t h e  

smal l  angle s i n g l e  arm spec t rometer  can be p laced  i n  t h e  wide angle  

h a l l .  It should have p r o v i s i o n s  f o r  the  a d d i t i o n  o f  a symmetrical 

second tunnel .  At turn-on,  t h i s  small  ang le  s i n g l e  p a r t i c l e  i n c l u s i v e  

experiment ,  t h e  h igh  PI experiment  a t  90' (Ref. 2) and p o s s i b l y  t h e  

4n d e t e c t o r  experiment3 can run  s e p a r a t e l y  alid s imul taneous ly  i n  t h e  

2. C.Y. Chien, H. Gordon, A. Kanofsky, M.A. ~ r a m e r ,  J. Russ, Proc. 
1975 ISABELLE Summer Study,  Brookhaven, ENL 20550, p. 255. 

3. Suh-Urk Chung, P. Grannis ,  D. Green, i b i d  p .  183. 



wide a n g l e  h a l l .  A f t e r  t h e  f i r s t  round o f  exper iments ,  a second smal l  

a n g l e  arm c o u l d  be added t o g e t h e r  w i t h  o t h e r  improvements and add i -  

  ti on^^'^ a s  d i c t a t e d  by t h e  p h y s i c s  r e s u l t s .  Then t h e s e  exper iments  

can run  w i t h  j o i n t  t r i g g e r  which w i l l  a l l o w  o t h e r  s t u d i e s ,  e .g . ,  double  

Regge exchange, double  d i f f r a c t i v e  p r o c e s s e s ,  m u l t i p a r t i c l e  c o r r e l a -  

t i o n s ,  e t c .  Th i s  k ind  of  s c e n a r i o  g i v e s  g r e a t  f l e x i b i l i t y  and p r o v i d e s  

optimum u s e  o f  equipment.  

4. J. K i r z ,  Proc.  1975 ISABELLE Summer Study,  Brookhaven, BNL 20550, 
p .  269. 

5 .  P. Grannis  and D. Green, i b i d ,  p .  277. 



ELASTIC SCATTERING AND, DIFFRACTION DISSOCIATION 

IN THE ANGULAR RANGE 0 - 50 mrad 

P o  Limon 

Fermi National  Acce le ra tor  Laboratory 

and 

R. Majka 

Yale U n i v e r s i t y  

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

1 
A t t e r  reviewing t h e  work of K. E d e l s t e i n  and M. X e l l e r  we have 

decided t o  emphasize e l a s t i c  s c a t t e r i n g .  The d i f f r a c t i o n  d i s s o c i a -  

t i o n  experiment r e q u i r e s  moving t h e  s t r a i g h t  s e c t i o n  quadrupoles  and 

is  n o t  l i k e l y  t o  be done i n  t h e  f i r s t  years  of  ISA o p e r a t i o n .  The 

d i f f r a c t i o n  d i s s o c i a t i o n  a l s o  p l a c e s  s t r i n g e n t  requirements  on the  

r a t e  c a p a b i l i t i e s  of t h e  d e t e c t o r s  and may be b e t t e r  done i n  a d i f -  

f e r e n t  s e t u p  such a s  t h e  l a r g e  hadron d e t e c t o r  designed a t  t h i s  y e a r ' s  

workshop. 

We a l s o  f e e l  t h a t  the  experiment should 'begin w i t h  t h e  magnets 

i n  p l a c e  (Fig. 1 )  r a t h e r  than s t a r t i n g  with the  magnet less  Phase I 

proposed by E d e l s t e i n  and Z e l l e r .  

11. Physics  Goals 

We s e e  t h r e e  n a t u r a l  r e g i o n s  t o  s tudy  which we l i s t  below. These 

r e g i o n s  may even be cons idered  two o r  t h r e e  d i f f e r e n t  phases of  t h e  

experiment s i n c e  t h e  luminos i ty  requirements  and t o  some e x t e n t  t h e  

d e t e c t o r  requirements  vary  from reg ion  t o  r e g i o n .  

A. Forward Slope and S t r u c t u r e :  0 .1 < - t < 1 . 0  GevL 

The ISR d a t a  i n d i c a t e  a b reak  o r  change of  s l o p e  i n  the  forward 

p-p e l a s t i c  c r o s s  s e c t i o n  a t  about  t = - 0.14 GevL. The s-dependenc 

1. R.M. E d e l s t e i n  and M. Z e l l e r ,  Proc.  1975 ISABELLE Summer Study 
Brookhavan, BNL 20550, p. 234. 
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Fig. 1. Magnets and d e t e c t o r s  f o r  e l a s t i c  s c a t t e r i n g .  



of t h i s  phenomenon should be s t u d i e d  a t  t h e  ISA. One w i l l  need 1 t o  

2 x lo6 events  a t  s e v e r a l  s v a l u e s .  

B. Dip Rkgion: 0.5 < -  t < 2 .0  GeV 
2 

The s-dependence o f  the  p o s i t i o n  and dep th  of t h e  d i p  and t h e  

h e i g h t  of  t h e  secondary maximum should be s t u d i e d .  For  a h igh  pre-  
4 

c i s i o n  s t u d y  of t h i s  phenomena one w i l l  need 1 0  events/O.l  G e V  
2 

through t h e  range of  t h e  d i p .  

C. Very High t E l a s t i c  S c a t t e r i n g :  - t > 5 GevL 

L i t t l e  d a t a  e x i s t s  on e l a s t i c  s c a t t e r i n g  f o r  - t > 5 G ~ v ~ .  The 

ISA p r e s e n t s  a unique o p p o r t u n i t y  t o  s t u d y  t h i s  region. '  A sample of 
3 2 2 

1 0  events/GeV f o r  - t > 5 GeV a t  s e v e r a l  v a l u e s  of  s w i l l  be very  

u s e f u l .  The des ign  of E d e l s t e i n  and Z e l l e r  can measure even ts  o u t  
2 

t o  t = - 100 GeV . 
W e  f e e l  t h a t  e l a s t i c  s c a t t e r i n g  should be s t u d i e d  e a r l y  i n  t h e  

ISA program. The appara tus  descr ibed  below is  s u f f i c i e n t l y  s imple t o  

l end  i t s e l f  t o  a f i r s t  round experiment .  

111. Mapne ts , Counters ,  Wire Chambers 

2 
The magnets needed f o r  e l a s t i c  s c a t t e r i n g  a r e  0.8 x 0.8 m aper- 

t u r e  w i t h  20 kG m f i e l d  i n t e g r a l .  Large superconduct ing d i p o l e s  a r e  

probably r e q u i r e d .  One could  accomplish a l l  but  t h e  very  h igh  t 

measurements w i t h  convent iona l  48D48 magnets by shimming t h e  gap f o r  

t h e  h i g h e s t  s and running a t  d i f f e r e n t  f i e l d s  f o r  each s .  The com- 

p e n s a t i n g  d i p o l e s  a r e  o u t s i d e  of  t h e  appara tus  and may be any. con- 

v e n i e n t  s i z e .  

2 
About 40 m of  s c i n t i l l a t i o n  c o u n t e r  i s  r e q u i r e d  f o r  v e t o e s  

around t h e  i n t e r a c t i o n  reg ion .  The chambers can  be used i n  t h e  t r i g -  

g e r  s o  very  few o t h e r  counte rs  a r e  needed. 

The chambers i n  the  experiment  d e s c r i b e d  by E d e l s t e i n  and Z e l l e r  

a r e ' p r o p o r t i o n a l  w i r e  chambers wi th  0.5 nmi w i r e  spac ing .  The smal l  



w i r e  spac ing  is  needed t o  t o l e r a t e  t h e  very h igh  counting r a t e s  a t  

smal l  ang les  s o  t h a t  one can s tudy  double d i f f r a c t i o n  d i s s o c i a t i o n  

u s i n g  t h e  h i g h e s t  luminos i ty .  This  r e q u i r e s  a  system of  about  40 000 

wi res .  I f  one des igns  a  system only  f o r  e l a s t i c  s c a t t e r i n g ,  h o w  

e v e r ,  d r i f t  chambers w i t h  1 cm wire spac ing  a r e  adequate.  I n  t h e  

forward d i r e c t i o n  where t h e  r a t e s  a r e  h i g h ,  t h e  c r o s s  s e c t i o n  is  

a l s o  h i g h  so  t h a t  one may run w i t h  reduced luminos i ty .  For h igher  

m e  can deaden t h e  c e n t r a l  r e g i o n  of  t h e  chambers and run wi th  

l e r  luminos i ty .  

One, g a i n s  f u r t h e r  with d r i f t  chambers. The r a t e  is  l i m i t e d  by 

t h e  f i r s t  chamber ( t h e  one c l o s e s t  t o  t h e  i n t e r a c t i o n  reg ion) .  S ince  

t h e  r e s o l u t i o n  of a  d r i f t  chamber v a r i e s  c l o s e l y  wi th  d r i f t  d i s t a n c e ,  

one may use a l a r g e r  w i r e  spac ing  i n  t h e  r e a r  chambers which a r e  almost  

twice a s  f a r  from t h e  i n t e r a c t i o n  r e g i o n  a s  t h e  f r o n t  chambers. 

A d r i f t  chamber system w i t h  1 cm wire  spac ing  i n  t h e  f r o n t  chambers 

and 2 cm spacing i n  t h e  r e a r  chambers would r e q u i r e  1400 w i r e s .  

I V .  Cabl ing,  E l e c t r o n i c s ,  e t c .  

The magnets w i l l  r e q u i r e  the u s u a l  c o n t r o l  and monitor  c a b l i n g  

and e l e c t r o n i c s  a v a i l a b l e  i n  t h e  counting house o u t s i d e  t h e  experimental  

h a l l .  

There w i l l  be about  50 s c i n t i l l a t i o n  counte rs  r e q u i r i n g  h i g h  v o l t -  

age and f a s t  s i g n a l  c a b l e s  t o  the  count ing  house. The counte rs  w i l l  

r e q u i r e  f a s t  d i s c r i m i n a t o r s  and co inc idence  l o g i c .  

Readout f o r  1400 wi res  of  d r i f t  chamber w i l l  be r e q u i r e d .  A f a s t  

p rocessor  o r  m a t r i x  l o g i c  w i l l  be used t o  i n c o r p o r a t e  t h e  chamber in-  

format'ion i o  the  t r i g g e r .  This  is most e a s i l y  accomplished by r a p i d l y  

. I i g i t i z i n g  Lt~s  chamber d a t a  and t r a n s f e r r i n e  t h e  coord ina tes  t o  t h e  

un t ing  house. This  impl ies  t h a t  i n  a d d i t i o n  t o  p r e a m p l i f i e r s  mounted 

on t h e  chambers t h e r e  w i l l  be encoding l o g i c  i n s i d e  t h e  experimental  

h a l l .  

About 120 f a s t  c a b l e s  w i l l  be r e q u i r e d  f o r  f a s t  p a r a l l e l  t r a n s -  

f e r  of  t h e  chamber coord ina tes  t o  t h e  count ing  house (Fig.  2 ) .  



A d a t a  a c q u i s i t i o n  system and smal l  computer w i l l  be  r e q u i r e d .  

Any s t a n d a r d  system such a s  CAMAC w i t h  a  PDP-11 and branch d r i v e r  

should be adequa te .  

The v a r i o u s  elements  r e q u i r e d  a r e  summarized i n  Table I along 

wi th  c o s t  e s t i m a t e s .  

V. Vacuum Chamber 

The vacuum chamber i s  shown i n  Fig. 3 .  The c e n t r a l  p o r t i o n  i s  

a  s imple c y l i n d r i c a l  t ank  about  70 cm i n  diameter .  S ince  no d e t e c t (  

excepr  v e t o e s  a r e  a t  90°, the  t h i c k n e s s ,  bake o u t ,  and yu~uping do n o t  

pose problems f o r  t h e  experiment .  Thin end windows a r e  r e q u i r e d  f o r  

the  c e n t r a l  s e c t i o n  f o r  p a r t i c l e s  e x i t i n g  a t  up t o  50 mrad from t h e  

i n t e r a c t i o n  reg ion .  The s e c t i o n  through the  d e t e c t o r s  is  tapered  i n  

thc v e r t i c a l  from 3 cm n e a r  t h e  i n t e r a c t i o n  r e g i o n  t o  6 cm a t  t h e  

l a s t  d e t e c t o r  s o  t h a t  i t  e s s e n t i a l l y  fol low$ the dump p r n f i l ~  Tn 

the h o r i z o n t a l ,  t h i s  s e c t i o n  may be a s  wide a s  necessary  t o  f a c i l i t a t e  

pumping. We have shown a  12 cm wide s e c t i o n  which should r e q u i r e  a  

pump e v e r y  2-3 m. The chambers a r e  a l l  s p l i t  i n  the  h o r i z o n t a l  t o  

accommodate t h e  vacuum p i p e  and t o  a l low v e r t i c a l  movement of  t h e  

d e t e c t o r s  away from t h e  vacuum p ipe  f o r  bake o u t .  Clear ing  e l e c t r o d e s  

may be t h i n ,  and should n o t  prove t o  be a  problem fo r  t h i s  e x p ~ r i m ~ n t .  

V I .  Luminosi ty and Background 

I n e l a s t i c  background has  been d i scussed  thoroughly i n  the  worlc 

o f  E d e l s t e i n  and Z e l l e r .  The imprnved r e s o l u t i o n  of  d r i f t  chambers 

(vs PWC) should h e l p  reduce t h e  i n e l a s t i c  background even f u r t h e r .  

The d r i f t  chambers cannot  t o l e r a t e  t h e  maximum luminos i ty  a t  t h e  

s m a l l e s t  a n g l e s  ( 1  mrad). A t  rm-2sec-1 t h e  wi res  c l o s e s t  t o  t h e  

beams w i l l  have r a t e s  a s  h igh  a s  1 MHz. As mentioned above, the  smal- 

ang le  s c a t t e r i n g  should be done wi th  reduced l1.1minosity. A luminosi t  
-2  -1 -2 -1 

of  lo3' cm s e c  can be t o l e r a t e d ,  b u t  lo2' cm s e c  i s  s u f f i c i e n t  

f o r  t h e  low t phase. For l a r g e  t ,  t h e  c e n t r a l  r e g i o n  o f  t h e  chambers 
-2  -1 

w i l l  be deadened and t h e  luminns i ty  cm coo w i l l  be rcqui'ed. 
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Fig.  2. Block diagram showing 'deployment o f  appara tus ,  l o g i c ,  and 

c a b l e s .  
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Fig.  3 .  Vacuum chamber f o r  e l a s t i c  s c a t t e r i n g .  



VII. Relevant  Times 

A .  I n s  t a l l a t  ion  

The major  r i g g i n g  w i l l  be f o r  t h e  i n s t a l l a t i o n  of t h e  magnets 

and vacuum chamber. T h i s  cou ld  be done e i t h e r  b e f o r e  t h e  machine 

t u r n s  on o r  d u r i n g  a  scheduled shutdown. Two months shou ld  be ade- 

qua te .  The d e t e c t o r s  a r e  r e l a t i v e l y  s imple and should  r e q u i r e  a  

minimum of  time f o r  i n s  t a l l a t  ion .  

W e  presume a l l  t h e  d e t e c t o r s  w i l l  be p r e t e s t e d  s o  t h a t  a  minimu 

amount ~f debugging will be required. 

B. Data C o l l e c t i o n  

6 
For t h e  low t r e g i o n  one would l i k e  1 t o  2  x 1 0  e v e n t s  i n  t h e  

2 
range 0.1 < - t < 1.0 GeV . For a  c r o s s  s e c t i o n :  

do/dt  = 80 o 1 2 t  

one h a s  2  mb i n  t h i s  t range.  A l u m i n o s i t y  .of lo2' cm-2sec-1 g i v e s  

200 e v e n t s  p e r  second s o  t h a t  about  2  hours  p e r  s is  r e q u i r e d .  The 

time r e q u i r e d  f o r  t h i s  ~ h a s e  is  c e r t a i n  t o  be dominated by t h e  time 

r e q u i r e d  t o  schedule  running a t  s e v e r a l  d i f f e r e n t  v a l u e s  o f  s .  

Through the  d i p  r e g i o n ,  t h e  e l a s t i c  c r o s s  s e c t i o n  a t  t h e  ISR i s  
2  - 2  -1 

about  mb/GeV . For a  l u m i n o s i t y  o f  lo3' cm s e c  one k i l l  g e t  
2 

about  8500 e v e n t s l 0 . l  GeV i n  one day. Thus, one day p e r  s v a l u e  

should be adequate .  A s c i n t i l l a t i o n  c o u n t e r  may be used t o  t a g  and 

p r e s c a l e  ve ry  s m a l l  a n g l e  e v e n t s  s o  t h a t  d a t a  on low and medium t may 

be t aken  s imul taneous ly .  

- h 
For - t > 5 G ~ v ~ ,  e l a s t i c  c r o s s  s e c t i o n s  a r e  t y p i c a l l y  10 t o  

mb/&v2. We assume t h a t  f o r  t h i s  phase o f  t h e  experiment ,  t h e  

c e n t r a l  r e g i o n  o f  t h e  chambers w i l l  be  deadened s o  t h a t  a  lumi- 
- 2  -1 

n o s i t y  of cm s e c  can be used.  This  i m p l i e s  about  one 
2  

even t  p e r  minute  p e r  C,ev2, o r  1400 events/GeV i n  one day. One t o  a  

few days p e r  s v a l u e . s h o u l d  be adequa te .  Some time (perhaps a  two 

month shutdown) w i l l  be r e q u i r e d  t o  deaden t h e  c e n t e r  o f  t h e  chambers. 



h .  

With some l o s s  of  accep tance  f o r  medium t e v e n t s ,  one could use  h i g h e r  

luminos i ty  by simply moving t h e  chambers away from t h e  beams. Since 

t h i s  can be done r a p i d l y  (and perhaps even remote ly) ,  and i s  provided 

f o r  anyway t o  a l low bake o u t  of  t h e  vacuum p i p e ,  t h i s  may be a p re f -  

e r a b l e  a l t e r n a t i v e  t o  deadening t h e  c e n t e r s  of  t h e  chambers. 

VIII. P a r t s  L i s t  

Table I summarizes ' t h e  elements requ i red  f o r  t h i s  exper iment .  

TABLE I 

Element S i z e  o r  Number Cost (k) 

Magnets 

S c i n t i l l a t i o n  
Counters 

D r i f t  Chambers 

Chamber readout .  
Encoding l o g i c  and 
i n t e r f a c e  

Cables 

F a s t  E lec t ron ics ,  

F a s t  Processor  

Small Computer 

Two w i t h  0.8 x 0.8 m 
2 

a p e r t u r e  and 20 kG m 
f i e l d  i n t e g r a l .  Two 
compensating d i p o l e s  

50 counte rs  w i t h  photo-2 
tubes and bases .  (40 m 
s c i n t i l l a t o r  f o r  ve toes  .) $ 60 

24 chambers up t o  
0 .3  x 0.7 m2 w i t h  1 and 
2 cm sense  wi re  spacing. .  50-100 

Readout f o r  1400 wi res  

210 coax, 70 high v o l t a g e  5 

50 channels  of  d i s c r i m i n a t o r . .  30 
Veto co inc idence  and misc.  
g a t i n g .  

1 0  

100 



LARGE APERTURE TWO ARM MAWTIC SPECTROMETER 

AT ISABELLE 

B. Knapp and W. Lee 

Columbia U n i v e r s i t y  

We c o n s i d e r  t h e  u s e  of  a  l a r g e  a p e r t u r e  double arm spec t rometer  

s i m i l a r  t o  experiments  descr ibed  i n  t h e  1975 ISABELLE Summer Study 
+ -  + -  

f o r  h i g h  r e s o l u t i o n  measurements o f  massive l e p t o n  p a i r s  (CI , e  e  , 
b e F )  and h i g h  p, s i n g l e  The primary o b j e c t i v e s  of  t h e  

experiment  a r e  t o  d e t e c t  the  (weak i n t e r m e d i a t e  n e u t r a l  boson) a] 

the  I8 (weak i n t e r m e d i a t e  charged boson). I n  a d d i t i o n ,  one might 

f i n d  v e r y  massive s t a b l e  v e c t o r  mesons and massive s t a b l e  hadrons w i t h  

l e p t o n i c  o r  s e m i l e p t o n i c  decays.  

The spcc t rometer ,  f o r  which a s i n g l e  arm is  shown i n  F ig .  1, is  

designed f o r  measurements a t  c o l l i s i o n  r a t e s  gf several. mj.ll.i.nn p e r  

second, but  w i t h  a  s u f f i c i e n t l y  l a r g e  a p e r t u r e  t o  a l low pre l iminary  ex- 

per iments  a t  lower r a t e s .  Each a m  c o n t a i n s  two ana lyz ing  

magnets. At i n t e r a c t i o n  r a t e s  below a  megacycle, an inner  d e t e c t o r  

could be p laced  between the i n n e r  magnet M 1  and t h e  i n t e r a c t i o n  re-  

gion.  We do n o t  d i s c u s s  t h i s  d e t e c t o r  i n  t h i s  r e p o r t .  

The i n n e r  magnet M 1  has  a  f i e l d  i n t e g r a l  of  400 MeV/c, and ac- 

c e p t s  o n l y  p a r t i c l e s  produced a t  more than  45' o u t  of the  beam p i p e .  
0 

Low momentum p a r t i c l e s  produced a t  more than 45 , with  a t  l e a e t  

400 McV/c rnomentuiii, call reach  che second magnet W ,  which hoe twice 

che f i e l d  111Legral and o p p o s i t e  p o l a r i t y  from MI. Thus, on ly  par-  

t i c l e s  w i t h  horizontal .  component of  pl g r e a t e r  than 400-MeV/c emerge 

from M2. 

The spec t rometer  measurement p l a n e s  p  p  p  p  p  each  c o n s i s t  of 1 . 2 3 4 5  
t h r e e  d r i f t  chamber p lanes :  one v e r t i c a l  and two r o t a t e d  away from 

1. C.Y. Chien, H. Gordon, A. Kanofsky, M.A. Kramer, J. Russ, Proc. 
1975 ISABELLE Summer Study,  Brookhaven, BNL 20550, p. 255- 

2. D. Cheng, K. Goulianos,  B. Knapp, .T. R n s ~ n ,  P. S c h l e i n ,   roc. 
1975 ISABELLE Summer Study,  Brookhaven, BNL 20550, p. 319. 
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Fig. 1. One arm of double arm spectrometer. 



v e r t i c a l  by about  20 mrad. This  permi ts  immediate unambiguous mea- 

surement of  t he  ho r i zon t a l  (bending plane)  coord ina te  to  b e t t e r  than 

0.1 m, the  v e r t i c a l  coord ina te  t o  b e t t e r  than  5 mn, and a l s o  pro- 

v ides  nanosecond time r e so lu t i on .  The d e t e c t o r  i s  q u i t e  amenable t o  

r a p id  hardware t r a c k  process ing .  We fo r e see  no d i f f i c u l t y  i n  handling 

on the  o rde r  of  100 out-of-time t r a cks  w i th in  t he  roughly ha l f -  

microsecond r e so lv ing  time of t he  d e t e c t o r .  The d r i f t  chamber reso-  

l u t i o n  should permit  measurement of t he  bend angle  i n  the f i e l d  of 

M2 t o  w i th in  0.1 mrad. The mass r e s o l u t i o n  of a  100 GeV dimuon shou 

be a  few hundred MeV. 

The spec t rometer  i s  followed by a  p a r t i c l e  i d e n t i f i c a t i o n  system. 

A luagr~eCFzed i r o n  f i l t e r ,  M3, r e j e c t s  hadrons and checks t he  muon 

momentum. The b e s t  d e t e c t o r  f o r  e l e c t r o n  i d e n t i f i c a t i o n ,  C, is no t  

y e t  obvious.  There is i n s u f f i c i e n t  pa th  l eng th  f o r  a  Cerenkov counter  

imnediately a f t e r  M2. A f i n e  r e s o l u t i o n  shower d e t e c t o r ,  perhaps 

d e t e c t i n g  t r a n s i t i o n  r a d i a t i o n ,  seems mandatory, but must t o l e r a t e  a  

l a r g e  t o t a l  r a t e  of low-energy photons f r o m n O  decays. 

Rates f o r  va r i ous  processes a r e  g iven  i n  Ref. 1 and Ref. 2. We 

give he r e  the  r a t e  f o r  de t ec t i on  of l8 which decays i n t o  e  o r  V. .  

2 5  
R = ( 1 0 - ~ ~ c m ~ )  (2.5 x 1 0 ~ ~ / c m  sec) ( lO sec lday)  x (113 B.R.) x 

(1110 Acceptance) 

= 100/day. 

a We f o r e see  t h a t  t h i s  d e t e c t o r  system can e a s f . 1 ~  he improved and 

expanded f o r  o t h e r  phys ics  a f t e r  t he  i n i t i a l  l ep ton  measurements. We 

have ignored  some obviously important  f e a t u r e s  of t he  magnet system 

which must be considered c a r e f u l l y  before  cons t ruc t i on ,  p a r t i c u l a r l y  

the  l o c a t i o n  of the  f l u x  r e t u r n  yokes. I n  view of t he  demand f o r  

l a r g e  q u a n t i t i e s  o f  i r o n  f o r  muon f i l t e r s ,  c a lo r ime t e r s ,  e t c . ,  one 

might cons ide r  maximizing the  u t i l i t y  of  t he  i r o n  i n  t h e  magnet yoke 

by u s ing  a  lamina-construct ion w i th  imbedded d e t e c t o r s .  



STUDY OF HADRONS AT LARGE TRANSVERSE MOMENTUM 

J. Peoples  

Fermi Nat iona l  A c c e l e r a t o r  Laboratory 

I. INTRODUCTION 

The produc t ion  of  p a r t i c l e s  w i t h  l a r g e  PI has been reviewed i n  

t h e  p a s t  f o r  ISABELLE,mos t r e c e n t l y  by Chien e t  a l l  f o r  t h e  1975 

e r  Study. The o r i g i n a l  o b j e c t i v e  o f  t h i s  n o t e  was t o  determine 

requirements  such an experiment p laced  on t h e  i n s e r t i o n  reg ion  

and what equipment would be needed t o  do t h e  experiment. The d i s -  

covery of  charmed p a r t i c l e s  and t h e  growth of  t h e  evidence i n  f a v o r  

of  the  e x i s t e n c e  of  j e t s  i n  hadron-hadron c o l l i s i o n s  were ob ta ined  

from experi.menta1 d a t a  which d i d  n o t  e x i s t  a year  ago. For these  

reasons t h e  phys ics  which could be s t u d i e d  w i t h  t h e  d e t e c t o r  o f  Ref. 

1 was reexamined. 

It i s  a  l a r g e  a p e r t u r e  spec t rometer ,  the  a x i s  of  which was per-  

pendicu la r  t o  t h e  c o l l i d i n g  beams. The m u l t i p a r t i c l e  acceptance f o r  

a  j e t  of  p a r t i c l e s  e m i t t e d  n e a r  90' w i t h  r e s p e c t  t o  t h e  c o l l i d i n g  

beams is  good. It s t r e s s e d  p a r t i c l e  i d e n t i f i c a t i o n  by Cerenkov count- 

e r s .  It had no n e u t r a l  p a r t i c l e  d e t e c t i o n .  I ts  p h y s i c s  would be t h e  

s tudy  of  t h e  l e a d i n g  charged p a r t i c l e s  i n  a  j e t .  The d i scovery  of  

charmed p a r t i c l e s ,  i n  p a r t i c u l a r  t h e  charmed baryon, is  a reminder 

t h a t  ~ " s  and KO'S a r e  very  impor tan t  p a r t i c l e s  t o  d e t e c t .  Further-  

more t h e s e  p a r t i c l e s  can be i d e n t i f i e d  i n  c l u s t e r s  of  charged par- 

t i c l e s .  I n  the  same s i t u a t i o n  t h e  convent iona l  t h r e s h o l d  counte r  i s  

no t  very  e f f e c t i v e .  On t h i s  b a s i s ,  t h e  d i s t a n c e  between t h e  beam 

and t h e  magnet was i n c r e a s e d  t o  p rov ide  one meter  o f  observab le  decay 

p a t h .  

The hard  s c a t t e r i n g  of  a  p a r t o n  (quark)  i n  one hadron o f f  a  par-  

con (quark)  i n  a n o t h e r  hadron i s  expected t o  g i v e  r i s e  t o  a  p a i r  of  

1. COY. Chien, H. Gordon, A. Kanofsky, M.A. K r h e r ,  and J. Russ, 
Proc. 1975 ISABELLE Summer Study,  Brookhaven, BNL 20550, p. 255. 



j e t s .  By adding a second spe$ t rometer  a'& on t h e  o p p o s i t e  s i d e  of  

the  beam, c o r r e l a t i o n s  between j e t s  can be s t u d i e d .  I f  one assumes 

t h a t  t h e  r a p i d i t y  d i s t r i b u t i o n  along t h e  j e t  a x i s  i s  1.5 p a r t i c l e s  

per  u n i t  of  r a p i d i t y  and i f  t h e  CCR d a t a 2  i s  taken t o  r e p r e s e n t  t h e  

l e a d i n g  p a r t i c l e  i n  a j e t ,  then each spec t rometer  a s  designed i n  

Ref. 1 , w i l l  observe j e t s  which c o n t a i n  a l e a d i n g  10 GeV p a r t i c l e  a t  

a r a t e  of l l m i n .  Furthermore, t h e  spec t rometer  w i l l  u s u a l l y  d e t e c t  

two o r  t h r e e  more p a r t i c l e s  i n  t h e  j e t  w i t h  momenta g r e a t e r  than 

1 GeV. Such a j e t  would have between 1 5  and 20 GeV o f  v i s i b l e  energ 

This cou ld  r e p r e s e n t  between 75% and 100% of  the  energy i n  t h e  j e t .  

Under t h e s e  circumstances i t  seems f e a s i b l e  t o  be a b l e  t o  s t u d y  par- 

ton-parton s c a t t e r i n g  by d e t e c t i n g  c o r r e l a t e d  j e t s  w i t h  PI > 1 0  G ~ V / C .  

I n  a d d i t i o n  t o  j e t s  which a r e  produced by par ton-par ton  s c a t -  

t e r i n g ,  t h e r e  w i l l  be j e t  p a i r s  due t o  t h e  decay o f  massive o b j e c t s  
+ + 

such a s  t h e  W , Higgs'  bosons,  and zO's .  For example, t h e  W w i l l  

decay i n t o  charmed quark and a n t i s t r a n g e  quark a s  o f t e n  a s  any th ing  

e l s e .  With t h e  c u r r e n t l y  popula r  theory ,  t h e  quarks d o n ' t  g e t  o u t ,  

and one s e e s  two j e t s  o f  hadrons c a r r y i n g  i n t e g r a l  charge ,  c h a m  o r  

s t r a n g e n e s s .  These j e t s  can most e a s i l y  be d e t e c t e d  by us ing  two back- 

to-back spec t rometers  which d e t e c t  bo th  charged and n e u t r a l  p a r t i c l e s .  

C l e a r l y  one can look  t o  s e e  i f  t h e r e  i s  a -peak  i n  the  t r a n s v e r s e  en- 
+ 

ergy d i s t r i b u t i o n .  A W of  65 GeV, a popula r  number, would g i v e  two 

j e t s ,  each  c o n t a i n i n g  32 GeV. 

+ 
S i n c e  the  hadron decay modes of  W 's a r e  expected t o  be as  

l a r g e  as 90%, a l i m i t e d  acceptance but good r e s o l u t i o n  spectrometer  

is  matched t o  s t u d y i n g  t h e  copious decay modes. I f  t h e r e  a r e  more 

f l a v o r s  of  quarks t h e r e  may be more wondrous phenomena. I f  t h e  quarks 

can g e t  o u t ,  t h e  charmed quark w i l l  be a v e r y  p e n e t r a t i n g  p a r t i c l e  

. s i n c e  i t s  n u c l e a r  c r o s s  s e c t i o n  i s  on ly  1 m i l l i b a r n  on n u c l e i ,  compar 

2. F.W. Biisser, L. C a m i l l e r i ,  L. DiLe l la ,  B.G. Pope, .A.M. Smith, 
B.J. Blumenfeld, S.N. White, A.F. Rethenberg, S.L. S e g l e r ,  
M.J. Tannenbaum, M. Banner, J.B. Cheze, H. Kasha, J.P. P a n s a r t ,  
0 .  311~dJja, J. T e i g a ~ ,  H. Zuccul~c, tillll A. Z y l b t l ~ . ~ ~ e j l l ,  ITuc~. 
Phys. my 1 (1967). 



t o  1 0  m i l l i b a r n s  f o r  t h e  more abundant up k d  down quarks ,  and 30 

m i l l i b a r n s  f o r  s t a n d a r d  hadrons.  The au thors  of  Ref. 1 recognized 

most o f  t h e s e  p o s s i b i l i t i e s  and included them a s  o p t i o n s .  It seems 

a p p r o p r i a t e  t o  c o n s i d e r  them a s  t h e  s t a r t i n g  p o i n t  now. 

11. APPARATUS 

The appara tus  c o n s i s t s  of two magnet ic  spec t rometers  o r i e n t e d '  

s n d i c u l a r  t o  t h e  c o l l i d i n g  beams a s  shown i n  F ig .  1. Charged 
i 

i c l e  t r a j e c t o r i e s  a r e  determined by p r o p o r t i o n a l  chambers P and 
i "  

d r i f t  chambers Dl ,  D;, D;, and D:. Photon momenta a r e  measured by 

l i q u i d  argon-lead p l a t e  c a l o r i m e t e r s  p laced  a t  t h e  end of  each spec- 

t rometer  . 3  Following t h e  argon-lead p l a t e  c a l o r i m e t e r  t h e r e  i s  a  

s t e e l - a r g o n  c a l o r i m e t e r  which, t o g e t h e r  w i t h  t h e  l e a d ,  measures t h e  

hadronic  energy i n  t h e  j e t .  The Cerenkov counte rs  C and C2 a r e  used 
1 

t o  provide a  p a r t i c l e  i d e n t i f i c a t i o n  f o r  some of  t h e  hadrons.  The 

c l e a n e s t  p a r t i c l e  i d e n t i f i c a t i o n  i s  ob ta ined  by r e c o n s t r u c t i n g  V ' s  
+ - 

due t o  K: - PI n . and + *- decays. F i n a l l y  a  one meter  t h i c k  

s t e e l  w a l l  fol lowed by s c i n t i l l a t i o n  counte rs  p rov ides  f o r  muon 

i d e n t i f i c a t i o n  and a  c rude  measure of  hadron energy which escapes 

the  c a l o r i m e t e r .  

i 
The p r o p o r t i o n a l  chambers P c o n s i s t  o f  two s e t s  of  v e r t i c a l  

w i r e s  which have a  h o r i z o n t a l  spac ing  of  213 mu. Each s e t  o f  wi res  

is  d i s p l a c e d  r e l a t i v e  t o  the  o t h e r  by 113  mm. This  t echnique  has  

been used before  t o  p rov ide  a c c u r a t e  p o s i t i o n  in format ion  i n  a  h igh  

. r a t e  e n ~ i r o n m e n t . ~  Each d r i f t  chamber c o n s i s t s  of  t h r e e  p a i r s  o f  

p l a n e s  which prov ide  t h e  Y coord ina te  ( v e r t i c a l ) ,  U (20' from t h e  

h o r i z o n t a l ) ,  V (-20' from t h e  v e r t i c a l ) .  Each p a i r  of  d r i f t  p l a n e s  

c o n s i s t  of  p a r a l l e l  s e t s  of  sense  wi res  i n  which t h e  wi res  of  one 

D. H i t l i n ,  J.F. Mart in,  C.C. Morehouse, G.S, Abrams, D.  Briggs,  
W. C a r i t h e r s ,  S. Cooper, R. DeVoe, C. Fr iedberg ,  D. Marsh, 
S.  Shannon,.E. B e l l a ,  and J.S. Whitaker ,  SLAC Pub. 1761, 
LBL-4890 (May 1976).  

4 .  J. Lach, Fermilab CONF- 76115-EW (January 1976).  
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plane a r e  d isp laced  by h a l f  a c e l l  width from the  o the r  plane i n  

t he  p a i r .  

The d r i f t  chamber dimensions and c e l l  s i z e s  a r e  given i n  Table I. 

The spacing of sense wires i s  2 cm i n  a l l  cases .  

TABLE I. Track Chamber P rope r t i e s  

Dimensions 
Chamber ( 4  Type Sense w i r e s l a m  

i 
Po 

50 x 10  MWPC ---  

D: 150 x 75 D r i f t  210 

D; 
230 x 115 D r i f t  330 

D; 
230 x 115 D r i f t  330 

DZ 400 x 200 D r i f t  570 

The s epa ra t i on  of  1.5 meters between D2 and the  beam ax i s  i s  a 

compromise between the  l eng th  of  t he  decay pa th  f o r  and K: and 

' t he  s o l i d  angle  acceptance.  The p r o b a b i l i t y  t h a t  a 10 GeV w i l l  
i 

decay before Dl is 66%. Moreover, the decay pa th  hetween the  
i 

c o l l i d i n g  beams and D2 i s  long enough t o  d e t e c t  E0 decays and CJ- 

decays. At 10  GeV the  momentum re so lu t i on  f o r  t r acks  which a r e  mea- 

sured  a t  Dl, D2 ,  D3, and D i s  l%, f o r  a s p a t i a l  r e so lu t i on  of  200 p. 4 

The l i q u i d  argon l ead  p l a t e  ca lor imeter  cons i s t s  of 80 a l t e r -  

na t i ng  l aye r s  of 2 m th i ck  Pb and 2 mm of l i q u i d  argon. The charge 

i s  co l l ec t ed  on 2 cm wide s t r i p s ,  thereby providing s p a t i a l  reso lu-  

t i o n  15  cm f o r  the  conversion po in t  of  y-rays.  The y-ray angles a r e  

determined t o  a p r ec i s ion  of 1 . 5  mrad and the energy r e so lu t i on  i s  

0 . 1 1 ~ ~  rlns f o r  t h i s  type of  ~ o n s t r u c t i o n . ~  This accuracy i s  suffi.- 
0 0 

~t t o  r econs t ruc t  n , q , and WO masses from the  y-rays f o r  par- 

LLcle  momenta between 2 and 240 GeV. Following the  l e ad  t he re  a r e  

160 a l t e r n a t i n g  l a y e r s  of 7 mm t h i ck  s t e e l  shee t s  and 2 rnm of  l i q u i d  

argon. The o v e r a l l  th ickness  of  t he  s t e e l  i s  100 cm. The r e so lu t i on  

f o r  hadrons i s  of the  o rde r  of 0.2/JE rms. The readout  s t r i p s  f o r  



the s t e e l  can be a s  l a r g e  a s . 1 5  cm. Behind t h e  c a l o r i m e t e r  t h e r e  i s  

a mete r  of  s t e e l  and a s e t  of  l i q u i d  s c i n t i l l a t i o n  counte rs  which 

i d e n t i f y  muons. 

I f  t h e  d e t e c t i o n  o f  t h e  j e t s  proved t o  be i n t e r e s t i n g ,  the  de- 

t e c t o r  could evolve  i n  s e v e r a l  ways. F i r s t ,  c a l o r i m e t e r s  and t r a c k  

chambers could be p laced  upstream and downstream of t h e  i n t e r a c t i o n  

reg ion  i n  o r d e r  t o  determine i f  t h e  p r o p e r t i e s  of  t h e  forward going 

hadrons,  presumably from n o n i n t e r a c t i n g  p a r t o n s ,  depended on t h e  PI 

of t h e  j e t s .  Second, t r a c k  chambers and c a l o r i m e t e r s  could be p lace .  

around t h e  beam p ipe .  F i n a l l y  each spec t rometer  could be moved by 

* 45' i n  o r d e r  t o  map o u t  j e t - j e t  c o r r e l a t i o n s .  

111. RATES, TRIGGERS, AND BACKGROUND 

Each spec t rometer  subtends r e l a t i v e  t o  t h e  c o l l i d i n g  beams 

4 1.4 u n i t s  of  ' pseudorap id i ty .  A t  l e a s t  f o r  good-old ("1975") hadron 

i n t e r a c t i o n s  each i n t e r a c t i o n  w i l l  produce about  4 p a r t i c l e s  i n  t h i s  
i 

r a p i d i t y  i n t e r v a l .  S ince  AT /n i s  o n l y  0.125, t h e  mean number of  

p a r t i c l e s  d e t e c t e d  p e r  beam i n t e r a c t i o n  i s  on ly  0.5. I f  t h e r e  were 

a 30 GeV j e t  p o i n t i n g  i n t o  one o f  t h e  spec t rometers ,  one would expec t  

3 t o  5 p a r t i c l e s  t o  go through t h e  magnet i f  t h e  spac ing  of  p a r t i c l e s  

i n  r a p i d i t y  a long  t h e  j e t  a x i s  were 1 .5  p a r t i c l e s / u n i t  of  r a p i d i t y .  
i 

The number of  p a r t i c l e s  i n  Po and D' p e r  i n t e r a c t i o n  w i l l  be h i g h e r  1 
but  o n l y  by a f a c t o r  of  two. C e r t a i n l y  ng element such as an MWPC 

wire  o r  d r i f t  c e l l  w i l l  count above 200 k c  because of  beam-beam in-  

t e r a c t i o n s  due t o  good o l d  hadron i n t e r a c t i o n s .  These numbers a r e ,  

of  course ,  c o n s i s t e n t  w i t h  Ref. 1. 

Monitor  c o u n t e r s  would be p laced  nex t  t o  t h e  beam p i p e  down- 

s t ream and upstream of t h e  i n t e r a c t i o n .  Each c o u n t e r  would c o n s i s t  

of  a p a i r  of  counte rs  which would surround t h e  b.eam p ipe .  Each p a i r  

would b e  designed t o  subtend a maximum o f  one t o  two u n i t s  of pseudo- 

r a p i d i t y  ( i n  t a n  p). Their  s i z e  would be picked t o  c o i n c i d e  w i t h  

reasonable  counting r a t e s .  



The photon-hadron c a l o r i m e t e r  can be used t o  provide a  s imple 

t r i g g e r  f o r  PI. It would be a  s imple th reshold  on the  sum of t h e  

charge c o l l e c t e d  i n  each c a l o r i m e t e r .  This  technique has  been used 

s u c c e s s f u l l y  a t  Fermilab.  The r a t e  of even ts ,  w i t h  a  s i n g l e  p a r t i c l e  

of PI more than 5 G ~ V / C  has  been c a l c u l a t e d  i n  Ref. 1. This  is  a 

lower bound t o  t h e  t r i g g e r  r a t e  i f  a  5 G ~ V / C  th reshold  f o r  PI i s  chosen .  

It is  probably reasonable  t o  assume t h a t  t h e  d a t a  a c q u i s i t i o n  r a t e  w i l l  

le e q u i v a l e n t  of one s tandard  magnetic t ape  per  h a l f  hour ,  i f  t h e  

2n t iona l  procedure of w r i t i n g  a l l  of t h e  raw d a t a  on t h e  t a p e  i s  

fol lowed.  The t h r e s h o l d  f o r  a c c e p t a b l e  PI events  w i l l  be s e t  low 

enough t o  m t c h  t h e  two t a p e  p e r  hour r a t e .  This  p o s s i b i l i t y  w i l l  

r a i s e  a  number of s e r i o u s  computing problems. 

I V .  DATA ACQUISITION AND DATA REDUCTION 

The d e t e c t o r  w i l l  r e q u i r e  a  minicomputer and p e r i p h e r a l s  f o r  d a t a  

a c q u i s i t i o n .  The power of t h e  minicomputer o r  the h i g h e r  l e v e l  computer 

f o r  f a s t  t u r n  around a n a l y s i s  should be enough t o  c a r r y  o u t  the  

fundamental t r a c k  r e c o n s t r u c t i o n .  This  i s  based on t h e  o b s e r v a t i o n  

t h a t  t h e  group which does a n  experiment  w i l l  need a n  extended res idency  

a t  BNL. With d e t e c t o r s  of such complexi ty a n  e x t e n s i v e  d a t a  a n a l y s i s  

must be done almost  s i r rmltaneously w i t h  d a t a  a c q u i s i t i o n .  When a n  

experiment i s  complete s o  t h a t  t h e  experimenters  can  r e t u r n  t o  t h e i r  

home i n s t i t u t i o n s ,  t h e  t r a c k  r e c o n s t r u c t i o n  w i l l  be  complete. Even i n  

t h e  even t  t h a t  major r e a n a l y s i s  needs t o  be done i t  is  u n l i k e l y  t h a t  

t r a c k  r e c o n s t r u c t i o n  w i l l  be done a t  t h e  u s e r s  home i n s t i t u t i o n .  F i r s t ,  

t h e  t y p i c a l  u n i v e r s i t y  computing c e n t e r  does n o t  have t h e  necessary  

power, nor  does i t  make sense  t o  reproduce t h e  s t a n d a r d  r e c o n s t r u c t i o n  

a t  each c o l l a b o r a t o r ' s  i n s t i t u t i o n .  The s t a n d a r d i z a t i o n  o f  t h e  a n a l y s i s '  

a t  the  r e c o n s t r u c t i o n  l e v e l  i s  e s s e n t i a l .  This  p a t t e r n  has a l r e a d y  

i r r e d  a t  Fermilab,  CERN and SLAC. It is  reasonable  t o  assume t h a t  

r e c o n s t r u c t e d  e v e n t s  which have been f i l t e r e d  can be analyzed a t  

t h e  home i n s t i t u t i o n s .  Thus one must p repare  f o r  one of  t h e  fol lowing:  

a  smal l  d a t a  a c q u i s i t i o n  computer which t i e s  i n t o  a  l a r g e  computer 

c e n t e r  a s  i n  t h e  SLAC t r i p l e x ;  minicomputers which, t o g e t h e r  wi th  hard- 

ware microprocessors ,  do a l l  of  t h e  t r a c k  r e c o n s t r u c t i o n  and p a t t e r n  



r e c ogn i t i on  i n  r e a l  t ime;  o r  r e l a t i v e l y  l a rge  gene ra l  purpose computers 

which a r e  dedica ted  to'  each i n t e r s e c t i o n  reg ion .  This i s  probably t he  

main a r e a  where t h e  t r a d i t i o n a l  way of doing bus iness  w i l l  have t o  change. 

V .  DETECTOR HALL REQUIREMENTS AND INSERTION REQUIREMENTS 

The length  of t he  two spectrometers  i s  n e a r l y  20 meters from the  

muon i d e n t i f i e r  i n  one spectrometer  t o  t h e  muon i d e n t i f i e r  i n  t he  o the r  

spectrometer .  I f  t h e  Cerenkov counter  C were e l imina ted ,  some redu-  
1 

t i o n  could be achieved.  Nevertheless ,  a  d e t e c t o r  which must measure 

p a r t i c l e  momenta of 10 GeV t o  1% and make e ,  h ,  p a r t i c l e  i d e n t i f i c a -  

t i o n  w i l l  have a length  of 7.5 meters i f  t h e  measurements a r e  made w i th  

convent iona l  equipment such a s  magnets, t r a c k  chambers, c a lo r ime t e r s ,  

and s t e e l  absorbers .  I f  a  double arm spectrometer  i s  a  reasonable way 

of s tudying  par ton-par ton  c o l l i s i o n s  through t he  j e t - j e t  c o r r e l a t i o n s ,  

then  t h e  h a l l  should be a t  l e a s t  25 meters a c ro s s  w i th  10 meters on 

each s i d e  of the  beam d e t e c t o r s .  The a c t i v e  a r e a  of t he  d e t e c t o r  

does n o t  exceed a v e r t i c a l  he igh t  of 2 meters  above o r  below the  beam 

l i n e .  The wide ang l e  h a l l  appears  t o  s a t i s f y  t he se  requirements .  

The vacuum pipe requirements  r e q u i r e  no th ing  ex t r ao rd ina ry .  The 
i 

f i r s t  d e t e c t o r  P should be loca ted  5 cm from the  beam. The beam pipe  

could be a n  aluminum pipe w i th  a  w a l l  th ickness  of 0.75 nun and a diam- 

e t e r  of 50 nun f o r  t he  50 cm length  of t he  i n t e r a c t i o n  reg ion .  Outside 

of t h i s  reg ion  t h e r e  a r e  no unusual  r e q u i r e m n t s .  

VI.. EQUIPMENT TO BE PP.OVIDED BY BNL 

I have assumed t h a t  d r i f t  chamber e l e c t r o n i c s  w i l l  have reached 

a s u f f i c i e n t  s t a t e  of s t a n d a r d i z a t i o n  t h a t  HEEP w i l l  provide them, a s  

w e l l  a s  t he  convent iona l  f a s t  e l e c t r o n i c s .  I have assumed t h a t  t h e  

a m p l i f i e r s  and pulse  he igh t  ana lyzers  f o r  l i q u i d  argon ca lo r ime t e r s  

w i l l  a l s o  be s u f f i c i e n t l y  s tandard  t h a t  they  w i l l  be provided by BNL. 

There a r e  two good reasons f o r  having BNL provide the  equipment. Sin1 

nea r l y  eve ry  d e t e c t o r  w i l l  incorpora te  t h i s  type of e l e c t r o n i c s ,  t h e r e  

i s  much t o  be gained by a s i n g l e  purchaser  engaging t h e  s e v e r a l  manu- 

f a c t u r e r s  i n  compet i t ive  bidding.  This  has been done ex t ens ive ly  a t  

Fermilab w i th  good success .  Second, by s t anda rd i z ing ,  t he  s i z e  of t he  



spares  pool  maintained by HEEP w i l l  be smal le r  than i f  many d i f f e r e n t  

types of u n i t s  must be held i n  reserve .  

I f  one cons iders  t h a t  each experiment done i n  a  given i n t e r s e c -  

t i o n  reg ion  dur ing  t he  l i f e t ime  of t he  ISA w i l l  be located i n  the  same 

p lace ,  and t h a t  t he  e l e c t r o n i c s  t r a i l e r s  do no t  have t o  move, i t  suggests  

t h a t  the  flow of information between the  d e t e c t o r  and the  e l e c t r o n i c s  

t r a i l e r  should have a s tandard so lu t i on .  Elements of the  s o l u t i o n  w i l l  

.ude a normally unoccupied t r a i l e r  - t h e  f a s t  e l e c t r o n i c s  t r a i l e r  - 
 in the  experimental  enc losure ,  which conta ins  a l l  of the  f a s t  

e l e c t r o n i c s  and the  f i r s t  l e v e l  of s tandard e l e c t r o n i c s .  Typica l ly ,  

t h i s  e l e c t r o n i c s  i s  connected t o  the  d e t e c t o r  by t he  order  of 5000 

channels of cables  wi th  a 1000 mc bandwidth. A second t r a i l e r  - the  

d a t a  a c q u i s i t i o n  t r a i l e r  - i s  normally occupied and i s  ou ts ide  of t he  

i n t e r s e c t i o n  region.  The connections between the  f a s t  e l e c t r o n i c s  

t r a i l e r  and t he  da t a  a c q u i s i t i o n  t r a i l e r  do not  have t o  r equ i r e  a  

l a rge  number of cab l e s ,  nor does the  bandwidth of the  cab l e s  have t o  

be a s  la rge  a s  i n  the  f i r s t  case.  Because the  d e t e c t o r ,  the  f a s t  

e l e c t r o n i c s  t r a i l e r ,  and t he  da t a  a c q u i s i t i o n  t r a i l e r  a r e  i n  f ixed  

l oca t i ons ,  t he  cables  should be s t r u n g  e a r l y  wi th  s u f f i c i e n t  spares  

t o  al low reasonable growth. 

Each magnet has a  f i e l d  volume of 200 x 100 x 100 cm. I f .  the  

magnet were a conventional  des ign  the  power consumption per  magnet 

would be between 500 kW and 750 kW. With t h i s  power consumption t he re  

i s  no c l e a r  choice between superconducting magnets and conventional  

magnets. 

Each magnet has a  mass of 110 tons of s t e e l .  ~ h &  c o s t  es t imates  

f o r  t h i s  equipment given i n  Table 11, while very crude,  do s e t  the  

s c a l e  f o r  t he  modest experiments a t  near ly  $2 000K. 



TABLE 11. BNL Provided Equipment 

2 200 x 100 cm magnets & s t a n d s  

Power Suppl ies  & R e f r i g e r a t i o n  

3000 Channels of d r i f t  chamber e l e c t r o n i c s  

1000 Channels of Pulse Height Analyzers  f o r  t h e  Argon 
Calor imete rs  

1000 Channels of P r o p o r t i o n a l  Chamber E l e c t r o n i c s  

Conventional  F a s t  E l e c t r o n i c s  

Minicomputer Data A c q u i s i t i o n  System 

Muon I d e n t i f i e r  S t e e l  (500 t o n s )  

Liquid Argon Calor imete rs  

Cables  

V I I .  EQUIPMENT TO BE PROVIDED BY THE EXPERIMENTERS 

The experimenters  would b u i l d  t h e  Cerenkov c o u n t e r s ,  s c i n t i l l a t i o n  

c o u n t e r s ,  and t r a c k  chambers. The experimenters  would a l s o  b u i l d  a l l  of 

t h e  s p e c i a l  purpose t r i g g e r  e l e c t r o n i c s ,  e l e c t r o n i c s  which f i l t e r s  t h e  

d a t a  o r  even processes  i t  b e f o r e  it i s  recorded on tape .  Some cons idera -  

t i o n  must be  g iven  t o  t h e  s t e p s  of p a t t e r n  r e c o g n i t i o n  and t r a c k  recon-  

s t r u c t i o n .  The use  of s imple geometr ies  and d e t e c t o r s  w i t h  b e t t e r  p a t t e f i l  

r e c o g n i t i o n  can  reduce t h e  amount of a n a l y s i s  which has  t o  be done on 

l a r g e  g e n e r a l  purpose computers. 'I'tie use of hardware processors  F u r  Llle 

job of p a t t e r n  r e c o g n i t i o n  and t r a c k  r e c o n s t r u c t i o n  can  p o t e n t i a l l y  

reduce t h e  computing s i g n i f i c a n t l y .  These processors  a r e  probably 

unique t o  each d e t e c t o r  geometry. I n  s p i t e  of t h e  l a r g e  t a s k  t h a t  such 

a  development p r o j e c t  appears  t o  impose, t h e  c o s t  p a l e s  compared t o  t h e  

d o l l a r  va lue  which must be ass igned  t o  g e n e r a l  purpose cullyuting f o r  

t r a c k  r e c o n s t r u c t i o n .  For  example, s e v e r a l  l a r g e  counte r  experiments 

a t  Fermi lab  a r e  u s i n g  computing r e s o u r c e s  which Fermilab p l a c e s  a  

va lue  of $150 000/year ,  f o r  two o r  more consecu t ive  y e a r s .  S ince  t h e  

ISA h a s  a  n e a r l y  100% d u t y  c y c l e ,  t h e  c o s t  could e a s i l y  i n c r e a s e  by a n  

order  of magnitude, u n l e s s  s t e p s  were taken  t o  change t h e  methods of 

recons tr11r.t inn. 



TABLE 111. Equipment Provided by t he  Experimenters 

D r i f t  Chambers 

Propor t iona l  Chambers 

S c i n t i l l a t i o n  Counters 

Tr igger  Processors  

Track Reconstruct ion Processor  

Cerenkov Counters 

V I I I .  RUNNING TIME REQUIREMENTS 

The de t ec to r  would use t h e  low p i n s e r t i o n  which would provide a  
-2 -1 

maximum luminosi ty of 4 x 1 . 0 ~ ~  cm sec  . I n  genera l  t he  running 

would be done a t  equa l  beam ene rg i e s  and lower l uminos i t i e s .  A t  the  

h ighe s t  energy,  t he  ob j ec t i ve s  would be t o :  

1. E s t a b l i s h  t h e  ex i s t ence  of l a rge  t r an sve r se  momentum j e t s .  

2.  Determine the  p rope r t i e s  of t he  lead ing  p a r t i c l e  i n  t h e  j e t  

(charm, s t rangeness ,  baryon, l ep ton . . . ) .  

3 .  Determine the  na tu r e  of j e t - j e t  c o r r e l a t i o n s .  

4. Search f o r  any ob j ec t  which can decay i n t o  a  p a i r  of j e t s  
+ 0 

( f o r  example, W , Z , ~ i g g s '  bosons ...). 
At lower ene rg i e s  the ob j ec t i ve  would be t o  e s t a b l i s h  the energy 

dependence of t h e  preceeding p r o p e r t i e s .  For example, 120 on 120; 60 

on 60; and 30 on 30. Unequal ene rg i e s  could be u s e f u l  i f  t he  spec-  

t rometer  arms can be r e a d i l y  rearranged.  I f  the  arms remain a t  go0, 

unequal e ne rg i e s  only al low one t o  explore  a  l imi ted  range of x .  

Although t he  experiment i s  no t  t e r r i b l y  s e n s i t i v e  t o  unequal  ene rg i e s ,  

u s e f u l  d a t a  s t i l l  can be obtained.  The i n i t i a l  running f o r  a l l  ene rg i e s  

juld be 1000 hours.  

,. . SET-UP REQUIREMENTS 

A t  turn-on,  both magnets would be requi red .  An area equ iva l en t  

t o  one t r a i l e r  (10 '  x 3 0 ' )  w i l l  be requi red  f o r  t he  f a s t  e l e c t r o n i c s  

a t  the  r e a r  of t he  i n s i d e  arm. The e l e c t r o n i c s  should be sh ie lded  and 

should have a sh i e lded  access  t unne l  t o  al low l imi ted  access  du r ing  



beam-on operation if possible.  The data acquisition trailer or counting
2

room will require an area of 1000 ft .

- 210 -



SOME NOTES CONCERNING ISABELLE ELECTRONIC INSTRUMENTATION 

M. Schwartz 

S tanford  L i n e a r  Acce le ra tor  Center  

The main purpose of  t h i s  no te  is  t o  s t i m u l a t e  e a r l y  thought r e l a -  

t i v e  t o  the. e l e c t r o n i c  ins t rumenta t ion  which w i l l  be r e q u i r e d  a t  ISA- 

BELLE a t  t h e  i n c e p t i o n  o f  i t s  experimental  program. This  r e p r e s e n t s  . 

ique o p p o r t u n i t y  t o  approach the  ins t rumenta t ion  problem r a t i o n a l l y ,  

ng p r o v i s i o n s  f o r  most of  t h e  needs i n  the  v a r i o u s  i n t e r s e c t i o n  

reg ions  a t  minimal c o s t .  I n  p a r t i c u l a r ,  a s  w i l l  be seen ,  it may be 

p o s s i b l e  t o  develop a  number of  s p e c i a l i z e d  i n t e g r a t e d  c i r c u i t s  which 

w i l l  go a  long  way toward f a c i l i t a t i n g  t h e  r a p i d  a c q u i s i t i o n  and ex- 

aminat ion of  d a t a .  
4 

I. Nature of  t h e  Primary Ins t rumenta t ion  

A t  t h e  p r e s e n t  time t h e r e  a r e  b a s i c a l l y  t h r e e  types of i n s t r u -  

mentat ion which one might expect  t o  f i n d  i n  any of  t h e  proposed ISA- 

BELLE experiments .  

1. S c i n t i l l a t i o n  counte rs .  Here t h e  pr imary d a t a  is  a  p u l s e ,  

t y p i c a l l y  20 nsec i n  l e n g t h  and w i t h  a  p u l s e  h e i g h t  of  t h e  o r d e r  of 

1 v o l t .  The time of t h i s  p u l s e  can be u s e f u l l y  d i g i t i z e d  t o  - *  a 
nsec  and i t s  h e i g h t  t o  f 1%. A t y p i c a l  experimental  s e t u p  may have 

of  t h e  o r d e r  o f  100 such  counte rs .  

2. P r o p o r t i o n a l  and d r i f t  chambers. Here we d e a l  w i t h  p u l s e  

h e i g h t s  of  t h e  o r d e r  o £  t e n s  of  m i l l i v o l t s  and p u l s e  l e n g t h s  o f  t h e  

o r d e r  of  50 nsec.  It is g e n e r a l l y  d e s i r a b l e  t o  determine t h e  p u l s e  

t ime (determined by i t s  l e a d i n g  edge) t o  about  f 1 nsec  and i t s  

h e i g h t  t o  f 1%. 

3 .  Calorimetry dev ices .  Here t h e  time r e s o l u t i o n  i s  t y p i c a l l y  

b e t t e r  than 1 0  nsec  b u t  a  p u l s e  h e i g h t  r e s o l u t i o n  o f  * 0.1% 

would be d e s i r a b l e .  

The l a r g e  bulk o f  t h e  i n s t r u m e n t a t i o n ,  from t h e  p o i n t  of  view of  

expenses,  is' c l e a r l y  i n  t h e  second ca tegory ,  namely t h e  p r o p o r t i o n a l  . 



and/or  d r i f t  chambers. A t y p i c a l  exper imenta l  s e t u p ,  a s  c u r r e n t l y  

planned,  would have o f  t h e  o r d e r  of  10 000 w i r e s ,  of  which perhaps 

100 may p a r t i c i p a t e  i n  any given event .  I f  the  o v e r a l l  even t  r a t e  
7 is  1 0  / s e c  then  one might  expec t  a  t y p i c a l  w i r e  t o  have a  p u l s e  

5 r a t e  o f  1 0  p u l s e s / s e c .  Some wi res  may have s u b s t a n t i a l l y  h i g h e r  
6 

r a t e s ,  perhaps up t o  2 x 1 0  p u l s e s / s e c .  

The problem we w i l l  address  o u r s e l v e s  t o  is  t h a t  of  s o r t i n g  

through such a  l a r g e  bulk of  d a t a  i n  a  reasonable  time so  a s  t o  en- 

a b l e  t h e  experimenter  t o  l o g  meaningful. r e s u l t s  on magnetic tape f n r  

f u r t h e r  a n a l y s i s .  

11. A Proposed System f o r  Analog S torage  and Decision Making 

One of t h e  more i n t e r e s t i n g  technolog ies  which may h e l p  con- 

s i d e r a b l y  i n  s o l v i n g  t h e  d e c i s i o n  making problem i s  t h a t  o f  charge 

coupled dev ices  (CCD's) . These devices,  which have come on t h e  market 

dur ing  t h e  l a s t  year  o r  s o y a r e  b a s i c a l l y  analog s h i f t  r e g i s t e r s .  A 

smal l  amount of  charge can be moved from one bucket t o  i ts neighbor 

by means of  an e x t e r n a l  c l o c k .  T y p i c a l l y ,  a  c h a i n  c o n s i s t s  o f  - 100 

of such buckets  and t h e  t y p i c a l  time between c lock  p u l s e s  can he 

-> 100 nsec. 

Consider then  a  t y p i c a l  p r o p o r t i o n a l  chamber p u l s e .  We f i r s t  

g e n e r a t e  a  100 n s e c  d i s c r i m i n a t o r  p u l s e  whose l e a d i n g  edge r o i n c i d a s  

w i t h  t h a t  of  t h e  p r o p o r t i o n a l  chamher p11Lee, a s  shown i n  Pig. 1. 

PROPORTIONAL WIRE 
PULSE 

I ' I "  DISCRIMINATOR PULSE 

F i g .  1. Typical  p r o p o r t i o n a l  chamber pu lse .  

The d i s c r i m i n a t o r  p u l s e  i s  then f e d  t o  t h e  f r o n t  end of  .a dual. channel 

CCD. (For  example, t h e  F a i r c h i l d  CCD 311 .) 



The sampling and s h i f t i n g  o f  the  p u l s e  i l l u s t r a t e d  i n  Pig. 2 goes a s  

fo l lows .  

I 1 SAMPLE 
CHANNEL l 

I 1 I SAMPLE 
CHANNEL 2 

DISCRIMINATOR t 
CHARGE IN 'CHARciE IN 
CHANNEL l CHANNEL 2 

Fig. 2. P u l s e  d i v i s i o n  and s t o r a g e  i n  CDD. 

A f t e r  t h e  number of c l o c k  c y c l e s  necessary  t o  move the  charges t o , t h e  

end of t h e  cha in ,  one can determine t h e  t iming of t h e  d i s c r i m i n a t o r  

p u l s e  by measuring the  r a t i o  of  t h e  two charges.  This  technique w i l l  

pe rmi t  t h e  measurement o f  time t o  -f 1 nsec w i t h  a dead time no 

longer  than  100  nsec p e r  p u l s e .  Furthermore,  i t  w i l l  s t o r e  a l l  such 

in format ion  f o r  a p e r i o d  o f  1 0  psec o r  more, dur ing  which time dec i s ion-  

making appara tus  w i l l  dec ide  i f  t h e  d a t a  i s  o f  f u r t h e r  i n t e r e s t .  I f  

s o ,  t h e  c l o c k  can be s topped and t h e  d a t a  can be d i g i t i z e d  and read  

i n t o  a computer. 

The essence  of t h i s  technique i s  then: 

1. fi p u l s e  h e i g h t  and time in format ion  on a l l  wi res  i s  kep t  

i n t a c t  f o r  a p e r i o d  df  - 1 0  bsec .  

2. Dead time occurs  only when i n t e r e s t i n g  d a t a  i s  t o  be t r a n s -  

, red i n t o  t h e  computer. 

3 .  The c o s t  p e r  wi re  of  such a system should be no more than 

about  $5 t o  $10. 



OVERVIEW OF MACHINE S ~ Y  GROUP* 

M. Month 

Brookhaven Nat iona l  Labora tory  

The machine group was charged wi th  looking  i n t o  t h e  fol lowing 

ques t ions :  

- What is t h e  range of f l e x i b i l i t y  of  t h e  ISABELLE c o l l i s i o n  

r e g i o n  parameters? What c o n s t r a i n t s  a r e  imposed by t h e  ISABELLE 

" o p e r a t i o n a l  philosophy"? 

- What a r e  t h e  i m p l i c a t i o n s  w i t h  r e e p e c t  t o  machine performance 

o f  s i x  i n s e r t i o n s  r a t h e r  than e i g h t ?  

1. F i r s t ,  l e t  us  c o n s i d e r  what conc lus ions  were a r r i v e d  a t  

with r e g a r d  t o  c o l l i s i o n  reg ion  parameters .  

- The c r o s s i n g  a n g l e  could be reduced s u b s t a n t i a l l y  from t h e  

11.4 mrad s t a n d a r d  v a l u e .  This i s  accomplished a t  t h e  expense of  

s t r a i g h t  s e c t i o n  l e n g t h .  Also ,  o f  course ,  t h e  c o l l i s i o n  diamond 

i n c r e a s e s  p r o p o r t i o n a t e l y  w i t h  ( l l a ) .  E s s e n t i a l l y  ang les  very  c l o s e  

t o  ze ro  a r e  p o s s i b l e  wi th  a b o u t *  4  m s t i l l  a v a i l a b l e .  

- The h o r i z o n t a l  g v a l u e  could be decreased from i t s  nominal 

va lue  o f  20 m t o  about  5 m i n  t h e  I o r g  c o n f i g u r a t i o n .  This would 

r e q u i r e  i n c r e a s i n g  t h e  g r a d i e n t  i n  t h e  s p e c i a l  focusing double t  

near  t h e  c o l l i s i o n  p o i n t  t o  about  3.8 k ~ / c m  r a t h e r  than  t h e  des ign  

3 .I kG/cm. 

- The smal l  diamond c o n f i g u r a t i o n  was s tud ied :  Increased  

bending a l lows  a  c r o s s i n g  angle  o f  50 mrad w i t h  a  f r e e  space l e n g t h  

f o r  exper imenta l  appara tus  of  2.5 m. The geometr ic  c o n f i g u r a t i o n  

i s  g i v e n  i n  Fig. 1. The p o t e n t i a l  c o l l i s i o n  c h a r a c t e r i s t i c s  a r e :  

( a  - 50 mrad) . 
Standard focus ing ,  p = 200 G ~ V / C  { = + 5.5 cm * * .  - 2  -1 

(gv = 4  m, & = 20 m) '. L = 4.8 x lo31 cm s e c  

* 
R. Chasman, D. Edwards, A. Garren, D. Johnson, J. Her re ra ,  G. Parzen ,  
E. Raka, H. Wi.~.demann. 



BI = 4 0  kG, f, = 4.17m 
B2 = 38 .0  kG,  e2 = LOm 
CHAMBER A p  = 3 0 c m  

3 0  a = 5 0  mrod 

(em) 

Bl 8 2  Ol  

0 5 10 15 2 0  
CROSSING (m) 

POINT 

F i g .  1. Small diamond beam geometry. 



* * 
Low B, B~ = 1 m, p,, = 20 m 

* * 
Low p, pv = 1 m, = 5 m 

r = + 5.5 cm -2 -1 
.. L = 1.0 X cm sec  

- The ISABEUE design philosophy allows the  preserving of high 

symmetry and mild focusing i n  the  i d e n t i c a l  inser t ions ,  meaning a  l a r g e  

momentum ape r tu re ,  during i n j e c t i o n ,  s tacking  and acce l e ra t i on .  The 

c o l l i s i o n  diamond charac ter  can be changed a t  c o l l i s i o n  time. The 

mumeuLurn apercure 1s reduced because o f  t he  change i n  focusing i n  

the i n s e r t i o n s ,  but t h i s  i s  cons i s t en t  with t he  reduced momentum 

aper ture  requi red  f o r  a  simple coas t ing  s t ack .  

- The high-p i n s e r t i o n  was ' s tudied  a s  well  as  an operat ing s t a t e  

having 2 symmetrically placed low-p in se r t i ons .  The conclusions a r e  

t ha t :  1 )  the momentum ape r tu re  is s l i g h t l y  worse i n  the  2  low- p 
case,  but  not  s i g n i f i c a n t l y ,  2) f u r t h e r  s tudy on the e f f e c t  of the 

sextupoles on t h e  be t a t ron  motion should be done, 3) the  use of more 

than 2  sextupole fami l ies  should be pursued t o  see  i f  t he  momentum 

aper ture  could be opened up i f  one o r  more than one low-p i s  used, 

and 4) t he  high- fj i n s e r t i o n  is not a s i g n i f i c a n t  per turba t ion  on 

l a t t i c e  stahj.l.ity. 

- The f r e e  space f o r  experimental gear is  not f ixed  forever .  

Tilere I s  rhe p o s s i b l l i e y  of increas ing  i t ,  although t h i s  i s  not 

planned i n  the f i r s t  s t ages  of ISABELLE opera t ion  and i t  is  not en- 

couraged. The impact,of course,  i s  t h a t  it e s s e n t i a l l y  means t h a t  

s tacking  and acce l e ra t i on  would have t o  be done with reduced sym- 

metry. Remember t h a t  the  t o t a l  s t r a i g h t  l eng th  of the  i n s e r t i o n  

i s  l i x e d  a t  about 116 m. Much of t h i s  m i l s t  he u s e d  f o r  the matching 

and focusing quadn~pn le  system. 

- The e f f e c t  of t he  vacuum chamber design i n  the  i n s e r t i o n s  

were considered.  The required high-vacuum condi t ions  seemed achiev- 

ab le .  For rapid  changes i n  vacuum chamber cross  s ec t ion ,  i t  was 

concluded t h a t  c l ea r ing  e l ec t rodes  would be required because regions 



of r a d i u s  change r e p r e s e n t  p o t e n t i a l  w e l l s  where e l e c t r o n s  tend t o  

g e t  t rapped and n e u t r a l i z e  the  p ro ton  beam. I n  f a c t ,  i t  appears  

t h a t  changes of  chamber r a d i u s  l a r g e r  than about  1 cm r e q u i r e  spe- 

c i a l  c l e a r i n g  p r e c a u t i o n s .  

2. I n  c o n s i d e r i n g  t h e  6 v s  8 i n s e r t i o n  ISABELLE, i t  was assumed 

t h a t  2  i n s e r t i o n s  were s imply removed wi th  no o t h e r  changes. 

This  is a  reasonable  comparison. Attempting t o  complicate  t h e  

)arisen by keeping t h e  circumference t h e  same and i n c r e a s i n g  t h e  

bending l e n g t h  i n  t h e  6 i n s e r t i o n  case is  n o t  meaningful .  ' I n c r e a -  

s i n g  t h e  bending and thereby t h e  energy would e i t h e r  s u b s t a n t i a l l y  

i n c r e a s e  ISABELLE'S s u s c e p t i b i l i t y  t o  l o n g i t u d i n a l  i n s t a b i l i t y  and /or  

i n c r e a s e  t h e  s p a t i a l  a p e r t u r e  r e q u i r e d  f o r  t h e  beam (meaning, of  

course ,  a  l a r g e r  magnet aper tu re ! ) .  We t h e r e f o r e  ignore  t h i s  poss i -  

b i l i t y .  

It should be k e p t  i n  mind t h a t  t h e  p o s s i b i l i t y  of  i n c r e a s i n g  t h e  

energy i n  ISABELLE by i n c r e a s i n g  t h e  bending l e n g t h ,  i . e .  t h e  c i r -  

cumference, w i t h  e i t h e r  6 o r  8  i n s e r t i o n s  i s  f e a s i b l e .  However, t o  

accomplish t h i s  would r e q u i r e  t h e  i n c l u s i o n  i n  t h e  ISABELLE complex 

of  a  3 rd ,  convent iona l  s t a c k i n g  r i n g .  It would have t h e  s i z e  roughly 

o f  t h e  AGS (- 800 m  c i rcumference) .  Although c e r t a i n l y  an i n t e r e s t i n g  

and b e n e f i c i a l  a d d i t i o n  t o  t h e  ISABEUE complex, t h e  3 rd  r i n g  is  n o t  

i n  the immediate ISABELLE p lans .  

The main e f f e c t s  of  going t o  6 i n s e r t i o n s :  

- Circumference reduced (3-213 CAGS 3-113 CAGS) by about  

270 m. 

- I n s e r t i o n  quadrupoles  removed f o r  2 i n s e r t i o n s  ( reduc t ion  

i s  8 1 i n s e r t i o n  x 2 i n s e r t i o n s  x 2  r i n g s  = 32 quadrupoles ) .  

Conclusion: It i s  p r i m a r i l y  a  c o s t  c o n s i d e r a t i o n .  There is no 

1st o r d e r  e f f e c t  on r i n g  s t a b i l i t y .  



The Secondary E f f e c t s  on Ring and Beam . . 
- I n s e r t i o n s  add t o  r i n g  c h r o m a t i c i t y  s o ,  6  f o l d  symmetry + in- 

c reased  momentum a p e r t u r e .  

However, t h e  dominant impact on t h e  momentum a p e r t u r e  i s  t h e  

low-tj inse r . t ion  ( s )  and t h i s  e f f e c t  is  independent of  whether we 

have 6  o r  8  i n s e r t i o n s .  

- The beam i s  q u i t e  dense i n  t h e  i n s e r t i o n s  s i n c e  t h e r e  i s  

zero  momentum d i s p e r s i o n .  The removal of  2 i n s e r t i o n s ,  t h e r e f o r e ,  

impl ies  a  s l i g h t  decrease  i n  t h e  beam s e l f - f i e l d  tune s h i f t  a s  well 

a s  the  r e s i s t i v e  w a l l  i n s t a b i l i t y  t h r e s h o l d  and f u r t h e r  i m p l i e s  a  

s l i g h t  .decrease i n  o v e r a l l  e l e c t r o n  c l e a r i n g  requirements .  The 

order  o f  magnitude r e s u l t i n g  corresponds t o  15 - 20% e f f e c r s .  

- The o p t i m i z a t i o n  f o r  r i n g  tune (21.6 r a t h e r  than 25.6) i n  

the  6  i n s e r t i o n  c a s e  y i e l d s  longer  c e l l s  and cor responding ly  longer  

bending magnets , 

aB  = 4.25 m (8 i n s e r t i o n  case)  

+ kg = 4.50 m (6 i n s e r t i o n  case)  

The i m p l i c a t i o n s  o f  t h i s  a r e :  S l i g h t l y . r e d u c e d  t r a n s i t i o n  energy ,  

meaning (Z/n) f o r  l o n g i t u d i n a l  s t a b i l i t y  increased  by about  
l i m i t  

60%, and s l i g h t  i n c r e a s e  i n  d i s p e r s i o n ,  which means i n c r e a s e d  s p a L i a l  

a p e r t u r e  r e q u i r e d  a t  i n j e c t i o n .  

Conclusions on 6  v s  8  i n s e r t i o n s  --- 

There i s  some advantage t o  6 i n s e r c i o n s  [rum Lhu uldihiilc view 

p o i n t .  

But ,  both a r e  f e a s i b l e .  - 
There i s  no compell ing argument f o r  one o r  t h e  o t h c r .  

Other  c o n s i d e r a t i o n s ,  such a s  c a p i t a l  c o s t ,  o r  t h e  c o s t  of  

suppor t  requirements  t o  o p e r a t e  as d n y  AS 8 f a c i l i r i e s ,  s1.1uuld be 

used t o  come t o  a  f i n a l  d e c i s i o n  on t h i s  p o i n t .  



COMPARISON OF INSERTION CON@IGURATIONS 

A.  Garren 
Lawrence Berke ley  Labora to ry  

and 

D .  Johnson 
Fermi N a t i o n a l  A c c e l e r a t o r  Labora to ry  

A s t u d y  was made d u r i n g  t h e  1975 Summer Study o f  t h e  e f f e c t s  of 

ud ing  one low-beta i n s e r t i o n  w i t h  seven  normal ones  i n  ISABELLE. 
1 

,,,-ng t h e  1976 Workshop, we have extended t h e s e  s t u d i e s  t o  two o t h e r  

c a s e s :  one h i g h - b e t a  i n s e r t i o n  and two low-beta i n s e r t i o n s .  

The b e t a  v a l u e s  a t  t h e  c r o s s i n g  p o i n t s  f o r  t h e  t h r e e  c a s e s  a r e  

t a b u l a t e d  below: 

.. 
Normal I n s e r t i o n s  Low-beta High-beta $ Maximum 

v  

Bv 
Case 1 

Case 2 

Case 3 6 2 0 3 94 

As i n  t h e  1975 S tudy ,  two s e t s  of s e x t u p o l e  c o r r e c t i o n s  were  

assumed, SF and SD, l o c a t e d  r e s p e c t i v e l y  i n  t h e  c e n t e r s  of t h e  F  and 

D quadrupo les  of t h e  normal  c e l l s .  These a r e  s e t  t o  c o r r e c t  t h e  

h o r i z o n t a l  and v e r t i c a l  c h r o m a t i c i t i e s  t o  z e r o  v a l u e s .  

The p rocedure  was a s  f o l l o w s .  F i r s t ,  a  f i t t i n g  r u n  was made 

w i t h  t h e  SYNCH program t o  match t h e  normal  and h i g h  o r  low-beta 

i n s e r t i o n s  t o  t h e  c e l l s  and o b t a i n  t h e  d e s i r e d  t u n e s  (25.65 was 

chosen) .  Second, s e x t u p o l e  s t r e n g t h s  were  c a l c u l a t e d  t o  make t h e  

o m a t i c i t i e s  be  z e r o .  T h i r d ,  a  r u n  was made w i t h  t h e  FXPT 

ILL.truction o f  SYNCH, t h a t  c a l c u l a t e s  c l o s e d  o r b i t s ,  b e t a t r o n  

f u n c t i o n s ,  e t c .  f o r  off-momentum p a r t i c l e s  i n  t h e  p r e s e n c e  of 

1. A. Gar ren ,  Proc.  1975 ISABELLE Summer Study,  Brookhaven, 
RNI. Rppnrt 71)550, p.377. 



s e x t u p o l e s .  The FXPT runs  covered' t h e  range - 0.01 s ~ p / p  5 0.01 

. i n  s t e p s  of 0.0025. 

The r e s u l t s  a r e  shown i n  F igs .  1-5. I n  each grsph t h e  numbers 

r e f e r  t o  t h e  t h r e e  cases  of Table I. F igs .  1-2 show t h e  t u n e s ,  

F ig .  3  t h e  r e l a t i v e  v a r i a t i o n  of p a t  t h e  c r o s s i n g  po in t  i n  t h e  low 
v  

o r  h igh-be ta  i n s e r t i o n ,  F i g .  4 t h e  r e l a t i v e  8;1 v a r i a t i o n  a t  t h e  nor- 

mal i n s e r t i o n  c r o s s i n g  t h a t  i s  most s t r o n g l y  a f f e c t e d  by t h e  s p e c i a l  

i n s e r t i o n ,  whi le  F ig .  5 '  shows the  v a r i a t i o n  of t h e  maximum Bv v a l u e s  

i n  t h e  e n t i r e  r i n g .  The pH v a r i a t i o n s  a r e  l e s s  than t h o s e  of f. . 
v  

Roughly speaking,  t h e r e  a r e  no s t r i k i n g  d i f f e r e n c e s  between t h e  

t h r e e  c a s e s ,  except  f o r  t h e  l a r g e r  v a r i a t i o n  of v i n  t h e  case  s f  v 
two low-beta i n s e r t i o n s .  This  a r i s e s  from t h e  e x t r a  chromat ic i ty  

c o r r e c t i o n  t h a t  must be provided.  

Before concluding t h a t  one low-beta i n s e r t i o n  i s  p r e f e r a b l e  t o  

two, t h e  e f f e c t s  of n o n l i n e a r  resonances should be  s t u d i e d ,  f o r  

example w i t h  t r a c k i n g  r u n s .  The two low-beta case  has t h e  advantage 

of suppress ing  odd order  s t r u c t u r e  resonances ,  e s p e c i a l l y  t h e  t h i r d  

o rder  one a t  v = 25-2/3. 

B e t t e r  compensation can,  of  c o u r s e ,  be ob ta ined  by adding new 

independent sex tupole  s e t s .  For example, i f  t h e  sex tupoles  i n  one 

o r  two o c t a n t s  a r e  d i f f e r e n t  from t h e  o t h e r s ,  i t  should be p o s s i b l e  

t o  c a n c e l  t h e  t h i r d  o rder  resonances a t  25-2/3, o r  p o s s i b l y  t o  l e s s e n  

t h e  t u n e  v a r i a t i o n s .  

We wish t o  thank D r .  M. Month f o r  s t i m u l a t i n g  d i s c u s s i o n s  and 

advice .  



Fig.  1 .  Horizontal tune change vs percent momentum o f f s e t .  

Fig. 2 .  Vertical tune change vs percent momentum o f f s e t .  
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F i g .  3 .  Aav /p  vs percent momentum o f f s e t .  
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Fig. 5 .  A e v / B v  vs percent  m o m e n t u m  o f f s e t .  
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POSSIBLE EFFECTS OF LOWERING THE PERIODICITY I N  ISABELLE 

G. Parzen 

Brookhaven Nat iona l  Labora tory  

The replacement of one o r  more of t h e  s tandard  i n s e r t i o n s  by 

e i t h e r  a  low-p o r  high-B i n s e r t i o n  w i l l  reduce t h e  p e r i o d i c i t y  of 

ISABELLE, wi th  r e s u l t i n g  e f f e c t s  on t h e  p a r t i c l e  dynamics. Some of 

t h e  p o s s i b l e  dynamics e f f e c t s  a r e  l i s t e d  and d i scussed  below. 

Beam-Beam I n t e r a c t i o n  

A measure ok t h e  beam-beam i n t e r a c t i o n  1 s  t h e  Av per  i n s e r t i o n  

caused by t h e  beam-beam i n t e r a c t i o n .  This  has been computed1 t o  be 

= 1.4 x Av = 0.7 X and Av = 2.3 x f o r  t h e  s t a n d a r d ,  

low-B, and high-B i n s e r t i o n s  r e s p e c t i v e l y .  This  measure of  t h e  beam- 

beam i n t e r a c t i o n  does not  appear  t o  be apprec iab ly  l a r g e r  f o r  t h e  non- 

s tandard  i n s e r t i o n s .  

The n o n l i n e a r  resonances d r i v e n  by t h e  beam-beam i n t e r a c t i o n  

depend on t h e  d i f f e r e n c e s  between t h e  beam i n t e r a c t i o n  i n  t h e  e i g h t  

i n t e r a c t i o n  r e g i o n s .  A t  f i r s t  s i g h t ,  t h e  d r i v i n g  term would appear  

t o  be l a r g e r  f o r  t h e  lower p e r i o d i c i t y  ISABELLE. The beam-beam 

i n t e r a c t i o n  i s  d i f f e r e n t  i n  t h e  l& or  high-B i n s e r t i o n s  than  f o r  t h e  

s tandard  i n s e r t i o n ,  because of d i f f e r e n c e s  i n  t h e  beam s i z e ,  c r o s s i n g  

angle  and i n t e r a c t i o n  leng th .  This  e f f e c t  deserves  f u r t h e r  s tudy.  

The ISR does no t  appear  t o  n o t i c e  any d i f f i c u l t i e s  w i t h  t h e  beam- 

beam e x c i t e d  n o n l i n e a r  resonances when running w i t h  a  p e r i o d i c i t y  

of one . L  

~ ( p )  E f f e c t  

It h a s  been computed by A. ~ a r r e n ~  t h a t  t h e  ISABELLE l a t t i c e  w i t h  

j u s t  one low-B i n s e r t i o n  r e s u l t s  i n  an a p p r e c i a b l e  v a r i a t i o n  of B 
wi th  momentum. A  v a r i a t i o n  of ~ p / p  = 100% i s  found f o r  Ap/p = f 1.8%, 

However, a t  200 GeV, t h e  beam Ap i s  Ap = f 0.22%, w i t h  A P / $  = 10%. 

- -  -- 

1. M. Mo~ith, BNL Furmal Report ISA 75-10 (1975). 
2. B. Z o t t e r ,  p r i v a t e  communication. 
3. A .  Garren,  Proc. 1975 ISABELLE Summer Study, Brookhaven, 

BNL 20550, p. 372. 



The 10% v a r i a t i o n  i n  B would decrease  t h e  luminos i ty  somewhat, by 

about  5%. There i s  a  s l i g h t  l o s s  i n  t h e  a p e r t u r e  s i n c e  t h e  beam i s  

everywhere l a r g e r  by about 5%, which does not  seem important  a s  t h e  

beam i s  q u i t e  smal l ,  Ax = * 0.35 cm, compared wi th  t h e  vacuum tank  

dimensions of * 4 cm. 

The v a r i a t i o n  of B w i t h  momentum a l s o  a f f e c t s  t h e  a b i l i t y  t o  
. . e c t  n o n l i n e a r  resonances i f  t h i s  proves d e s i r a b l e .  The 

i n g  term f o r  t h e s e  resonances depends on B and thus  one can 

c o r r e c t  t h e  resonance wi th  a  g iven  s e t  o f  c o r r e c t i o n  c o i l s  a t  

on ly  one v a l u e  of t h e  momentum. A t  p r e s e n t ,  t h e r e  a r e  no p lans  t o  

c o r r e c t  t h e  n o n l i n e a r  resonances,  and i t  is  no t  be l ieved  t o  be 

necessary  t o  do so. A 10% v a r i a t i o n  i n  p s t i l l  a l lows  t h e  d r i v i n g  

term of t h e  resonance t o  be reduced by 90%. F u r t h e r ,  t h e  v a r i a t i o n  

of B w i t h  momentum can be reduced by i n t r o d u c i n g  more f a m i l i e s  of 

sex tupoles ,  which can be s e p a r a t e l y  e x c i t e d ,  than  t h e  p r e s e n t  2 f a m i l i e s  

of s e x t u p o l e s  which a r e  used t o  c o n t r o l  t h e  chromat ic i ty .  This  i s  be ing  

s t u d i e d  a t  t h i s  workshop by Garren and Wiedemann. 

V(P) E f f e c t  

The v a r i a t i o n  of v w i t h  momentum computed by Garren f o r  t h e  c a s e  

of one low-$ i n s e r t i o n  i s  d i f f e r e n t  but n o t  worse than was found f o r  

t h e  s tandard  case .  The working l i n e  c o r r e c t i o n  c o i l s  i n  ISABELLE, 
4 

which can c o r r e c t  t h e  v v a r i a t i o n  up t o  terms which go l i k e  p , 
can provide t h e  r e q u i r e d  working l i n e  shape. 

Machine Nonlinear Resonance 

I n  t h e  c a s e  of the'ISABELLE l a t t i c e  w i t h  reduced p e r i o d i c i t y ,  

one might expect  t h a t  t h e  machine nonl inear  resonances which a r e  

d r i v e n  by n o n l i n e a r i t i e s  i n  t h e  magnetic f i e l d  would be cons iderab ly  

onger. In  p a r t i c u l a r ,  t h e  s t r u c t u r e  resonances ,  d r i v e n  by t h e  

e n t i a l  p e r i o d i c i t y  of t h e  machine, would be much more dense f o r  

t h e  reduced p e r i o d i c i t y  ISABELLE. 



The main source  of n o n l i n e a r i t i e s  i s  t h e  sex tupoles  i n  t h e  r i n g .  
3 - 3  

It i s  found t h a t  t h e s e  resonances have a  width of about  v G 1 X 10 . 
Because 'of  t h e  s m a l l  s i z e  of t h e  working l i n e  a t  200 GeV, hv 0.013, 

i t  does no t  appear  d i f f i c u l t  t o  avoid t h e  resonances introduced by t h e  

s e x t u p o l e s .  

These sex tupole  resonances 'are  r e l a t i v e l y  s t r o n g ,  and f u r t h e r  

computer s tudy i s  mer i ted  t o  back up t h e  r e s u l t  found by t h e  s imple 

c a l c u l a t i o n  of t h e  resonance width.  Another f e a t u r e  of t h e s e  reso-  

nances t h a t  may be t r o u b l i n g ,  i s  t h a t  they a r e  accompanied by a  

r e l a t i v e l y  s t r o n g  v a r i a t i o n  of a c r o s s  t h e  a p e r t u r e ,  which makes 

i t  d i f f i c u l t  t o  c o r r e c t  t h e s e  resonances over more t h a n  a  small  p o r t i o n  

of t h e  a p e r t u r e .  

Conclusions 

There appears  t o  b e  no overwhelming d i f f i c u l t y  t o  o p e r a t i n g  

ISABELLE wi th  reduced p e r i o d i c i t i e s .  However, t h e  fo l lowing  t h r e e  

t o p i c s  a r e  suggested f o r  f u r t h e r  s tudy:  

1 )  The nonl inear  resonances e x c i t e d  by t h e  beam-beam i n t e r -  

a c t i o n .  The lower p e r i o d i c i t y  appears .  t o  make t h e s e  resonances s t r o n g e r  

by a  l a r g c  f a c t o r .  

2)  A system of s e v e r a l  f a m i l i e s  of sex tupoles  a l l  s e p a r a t e l y  

e x c i t e d ,  s o  t h a t ' t h e  s e x t u p o l e s  can c o n t r o l  bo th  t h e  chromat ic i ty  

and t h e  v a r i a t i o n  of B a c r o s s  t h e  a p e r t u r e .  Without t h i s ,  t h e  a v a i l -  

a b l e  a p e r t u r e  a t  200 GeV way be severely limited. 

3)  A  computer s t u d y . o f  t h e  resonances introduced by t h e  sex tupole  

system. 



CHROMATICITY CORRECTION I N  ISABELLE WITH LOW-B INSERTIONS 

H. Wiedemann 

S t a n f o r d  L i n e a r  A c c e l e r a t o r  Cen te r  

1. INTRODUCTION 

To maximize l u m i n o s i t y  i n  a  s t o r a g e  r i n g ,  t h e  n a t u r a l  c h r o m a t i c i t i e s ,  

e - t h e  l i n e a r  changes  i n  t h e  b e t a t r o n  f r e q u e n c i e s  w i t h  momentum, a r e  

F t o  v e r y  l a r g e  v a l u e s .  These c h r o m a t i c i t i e s  have t o  be compensated 

by means o f  s e x t u p o l e  magnets .  To compensate f o r  t h e  v e r t i c a l  a s  w e l l  a s  t h e  

h o r i z o n t a l  c h r o m a t i c i t i e s ,  two f a m i l i e s  o f  s e x t u p o l e s  a r e  needed.  L a r g e  

c h r o m a t i c i t i e s  a s  t h e y  a p p e a r  i n  s t o r a g e  r i n g s  l i k e  ISABELLE, PEP, and 

PETRA, however,  a r e  accompanied by o t h e r  p e r t u r b a t i o n s  t h a t  s h o u l d  n o t  

exceed c e r t a i n  v a l u e s .  I n  t h i s  n o t e  we w i l l  d i s c u s s  some o f  t h e s e  pe r -  

t u r b a t i o n s  and p o s s i b l e  compensatory methods. 

2. LOW-BETA INSERTIONS I N  ISABELLE 

The s t a n d a r d  beam dynamics c o n f i g u r a t i o n  i n  ISABELLE assumes b e t a  * * 
f u n c t i o n  v a l u e s  o f  Px = 20 m  and = 4 .0  m a t  t h e  i n t e r a c t i o n  p o i n t .  

Y * 
For  c e r t a i n  e x p e r i m e n t s ,  however,  a  low-P c o n f i g u r a t i o n  w i t h  B = 20 m  

R X 

and B = 1 . 0  m  h a s  been worked out. '  The problem w i t h  t h i s  c o n f i g u r a t i o n  
Y 

i s  how t o  have  t h e  low-B i n  o n l y  some o f  t h e  e i g h t  i n t e r a c t i o n  p o i n t s .  

I n  t h i s  n o t e  we w i l l  n o t  d i s c u s s  t h e  e f f e c t s  o f  nonsymmetry i f  s t a n d a r d  

s u p e r p e r i o d s  a r e  r e p l a c e d  by low-B s u p e r p e r i o d s  i n  a n  unsymmetric manner.. 

We w i l l ,  however,  d i s c u s s  t h e  matching c o n d i t i o n s  between two s u p e r p e r i o d s  

o f  d i f f e r e n t  t y p e s .  

3 .  BETA VARIATION WITH MOMENTUM 

For  t h e  f o l l o w i n g  d i s c u s s i o n  we d e f i n e  a  s u p e r p e r i o d  i n  ISABELLE a s  

i g h t h  o f  t h e  r i n g  s t a r t i n g  i n  t h e  middle  o f  one a r c  ( c a l l e d  symmetry 

1. "A Proposa l  f o r  C o n s t r u c t i o n  o f  a  P ro ton-Pro ton  S t o r a g e  A c c e l e r a t o r  
F a c i l i t y " ,  BNL 50519 (May 1976) .  



p o i n t )  and going t o  the  middle of  t h e  nex t  a r c .  The i n t e r a c t i o n  p o i n t  

is  then i n  t h e  c e n t e r  of  a  s u p e r p e r i o d .  It i s  c l e a r  t h a t  i f  a  s t a n d a r d  

superper iod  i s  followed by a  low- $ superper iod ,  t h e  fo l lowing  matching 

c o n d i t i o n s  have t o  be met: 

CY = (Y = 0  
X , Y  ,ST x,y,LB ( l b )  

Here "ST" and "LB" s t a n d  f o r  s t a n d a r d  and low-$ s u p e r p e r i o d s ,  respec1 

Usua l ly  these  matching c o n d i t i o n s  a r e  met f o r  on-momentum p a r t i c l e s  1 - 
proper  s e t t i n g  of  t h e  quadrupoles  . For off-momentum p a r t i c l e s ,  Eq. ( l a ) ,  

i n  g e n e r a l ,  is no longer  t r u e .  The v a r i a t i o n  of t h e  b e t a - f u n c t i o n  wi th  
2  

momentum i s  g iven  by : 

2  2 
where t h e  c o e f f i c i e n t s  'a a r e  t h e  F o u r i e r  components of  V $ (k - w o ) ;  

n  
v i s  t h e  tune o f  t h e  s u p e r p e r i o d ;  i s  t h e  b e t a t r o n  phase which runs  

from 0  t o  21? i n  one superper iod ;  k  and m a r e  the  quadrupole and t h e  
2 2  

s e x t u p o l e  s t r e n g t h s  def ined  by k  = ( l /Bp)  (aB /ax) and m = ( l /Bp) (a  B /ax );  
Y Y 

and q is  t h e  d i s p e r s i o n  f u n c t i o n  ob ta ined  from l i n e a r  beam dynamic. At 

the  symmetry p o i n t ,  v = 0 ,  i t  i s  obvious t h a t  t h e  b e t a  v a r i a t i o n  w i t h  

momentum depends on t h e  F o u r i e r  components a  only and i n  t u r n  on t h e  
n  

b e t a - f u n c t i o n  a s  w e l l  a s  t h e  d i s t r i b u t i o n  of t h e  s e x t u p o l e s .  A  lower 

va lue  o f  t h e  b e t a - f u n c t i o n  i n  t h e  i n t e r a c t i o n  p o i n t  c r e a t e s  a  l a r g e r  

' value i n  Lhe i n t e r a c t i o n  reg ion  quadrupoles  and t h e r e f o r e  enhances t h e  
2  

c o n t r i b u t i o n  $ k  f o r  t h e  F o u r i e r  components. We a l s o  s e e  t h a t  t h e  on- 

momentum b e t a - f u n c t i o n  i s  matched a t  t h e  symmetry p o i n t  while  t h e  o f f -  

momentum b e t a  f u n c t i o n  i s  n o t .  From Eq. (2 ) ,  however, we conclude t h a t  

i t  might be p o s s i b l e  by proper  arrangement of  t h e  s e x t u p o l e s  ro make 

t h e  b e t a  v a r i a t i o n  wi th  momentum v a n i s h .  Because of  t h e  l i m i t e d  numbc 

2 .  E.D. Courant and H.S. Snyder ,  Ann. Phys. 2, 1 (1958). 



of s e x t u p o l e s ,  i t  may no t  be p o s s i b l e  t o  make A B I B  = 0  everywhere,  bu t  

i t  can be made z e r o  a t  t h e  symmetry po in t  which i s  t h e  main' g o a l  of 

t h i s  s tudy .  

4. VARIATION OF THE SEXTUPOLE STRUCTURE 

I n  t h e  ISABELLE l a t t i c e  we assume a  focusing sex tupole  SF i n  

each QF and a d e f o c u s i n g  sex tupole  i n  each QD, excep t  i n  the  QD a t  

symmetry p o i n t .  The l a s t  sex tupole  a t  t h e  symmetry p o i n t  i s  no t  

1 f o r  computat ional  convenience only.  I n  t h i s  sex tupole  a r range-  

ment we have 10 SF and 8 SD p e r  superper iod .  I f  we power a l l  SF and 

a l l  SD i n  s e r i e s  t o  compensate t h e  c h r o m a t i c i t i e s  only (we c a l l  t h i s  

t h e  c o n f i g u r a t i o n  A ) ,  we end up w i t h  a  b e t a  v a r i a t i o n  a t  t h e  symmetry 

p o i n t  a s  shown i n  F ig .  1. The l i n e a r  b e t a  v a r i a t i o n  i n  t h e  v e r t i c a l  

p lane  a long  h a l f  a  superper iod  i s  shown i n  Fig.  2. The fo l lowing  i s  

a  compi la t ion  of  some of t h e  c h a r a c t e r i s t i c  parameters:  

Sextupole 

SF 

SD 

~ u m b e d  
Superperiod 

10 

8 

S t r e n g t h  (m-I,) 

- 0.149 m-2 

0.511 m-2 

Beta v a r i a t i o n  a t  Symmetry p o i n t  I n t e r a c t i o n  p o i n t  

( A B ~ / B , )  1 @ P I P )  2.0 9.5 

(AB,/B,)/(AP/P) 53.5 35.0 

I n  an a t tempt  t o  reduce t h e  b e t a  v a r i a t i o n s  a t  t h e  symmetry po in t  

by vary ing  t h e  s t r e n g t h s  of some of t h e  sex tupoles ,  we have t o  keep i n  

mind t h a t  not  on ly  t h e  b e t a  v a r i a t i o n  b u t  a l s o  t h e  nonl inear  v a r i a t i o n  

of t h e  tune  w i t h  momentum and t h e  v a r i a t i o n  of t h e  tune w i t h  t h e  be ta -  

t r o n  ampli tude a r e  changed. A l l  t h e s e  e f f e c t s  and methods t o  reduce 

them a r e  d i scussed  i n  de ta i .1  7'.n Ref.  3. 

3. H. Wiedemann, PEP Note 220 (1976). 



F i g .  1. Beta v a r i a t i o n  wi'th momentum a t  the  symmetry p o i n t .  
Conf igura t ion  A .  

SYMMETRY POINT 
60 

INTFRACTlnN PnlNT . 

4 0  

Zb 

31; 0 

- 20 

-40  

Fig .  2 .  V e r t i c a l  b e t a  v a r i a t i o n  wi th  monicntum. 



Keeping t h e s e  e f f e c t s  i n  mind and w i t h  t h e  h e l p  of t h e  computer 

code PATRICIA,~ t h e  optimum sex tupole  c o n f i g u r a t i o n  h a s  been found a s  

fo l lows  (we c a l l  t h i s  c o n f i g u r a t i o n  B ) :  

Sextupole Locat i o n  S t r e n g t h  

The c h r o m a t i c i t i e s  a r e  ze ro  f o r  t h i s  sex tupole  s t r u c t u r e .  I n  F i g s .  2 

and 3 t h e  b e t a  v a r i a t i o n  w i t h  momentum f o r  c o n f i g u r a t i o n  B i s  shown. 

We s e e  t h a t  a p a r t  from smal l  q u a d r a t i c  terms,  t h e  b e t a  v a r i a t i o n  i s  

z e r o  a t  t h e  symmetry p o i n t .  

The tune v a r i a t i o n  wi th  momentum i s  shown f o r  bo th  c o n f i g u r a t i o n s  

A and B i n  F ig .  4. We s e e  t h a t  t h e  t u n e  v a r i a t i o n  i n  t h e  h o r i z o n t a l  

p lane  i s  a  l i t t l e  worse i n  c o n f i g u r a t i o n  B t h a n  i n  A and about t h e  

same bu t  of o p p o s i t e  s i g n  i n  t h e  v e r t i c a l  plane.  

Although t h e  b e t a  v a r i a t i o n  i s  made z e r o  a t  t h e  symmetry p o i n t ,  

i t  i s  no t  z e r o  a t  o t h e r  p o i n t s .  The v a r i a t i o n  of t h e  b e t a  f u n c t i o n  

a t  t h e  i n t e r a c t i o n  p o i n t  i s  of s p e c i a l  i n t e r e s t  and it i s  shown i n  

, 5. Extens ive  a t t empts  have been made t o  f u r t h e r  reduce t h e  tune 

i a t i o n ,  F ig .  4 ,  and t h e  b e t a  v a r i a t i o n  a t  t h e  i n t e r a c t i o n  p o i n t ,  

F ig .  5 ,  whi le  keeping (Ap/p) = 0. No improvement beyond t h e  r e s u l t s  

shown could be  reached because n o t  enough s e x t u p o l e s  were a v a i l a b l e .  



F i g .  4. 

0.5 

2 
a 

A P/P (%I 

Tune v a r i a t i o n  w i t h  momentum, (v, tune o 

I I I I I I I ,  I 

- 

lf one s u p e r p e r i o d ) .  

0.1 - 

-0.1 

-0.5-,ls ' -0.8 I 0 I ' 0.2 I 1.6 I 
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F i g .  3 .  Beta v a r i a t i o n  w i t h  momentum a t  t h e  symmetry p o i n t .  
Conf igura t ion  B. 



Fig.  5. Beta v a r i a t i o n  w i th  momentum a t  t he  i n t e r a c t i o n  po in t .  



5. PARTICLE TRACKING I N  CONFIGURATION B 

Using t h e  computer program PATRICIA,~ p a r t i c l e s  w i t h  d i f f e r e n t  

b e t a t r o n  ampli tudes were t racked  i n  t h e  presence of a l l  sex tupoles  

over 750 f u l l  t u r n s  around t h e  s t o r a g e  r i n g .  On-momentum p a r t i c l e s  

have been found t o  be s t a b l e  f o r  ampli tudes a t  l e a s t  a s  l a r g e  a s  

those shown i n  t h e  t a b l e  below. 

xo (mm) x i  (mrad) yo (mm) yi(mrad)  

40.0 - - - - - - 
- - - - 56.0 - - 

20.0 - - 33 .o -- 
Here x  

0' i, yo and a r e  t h e  i n i t i a l  p a r t i c l e  parameters  a t  t h e  

symmetry p o i n t .  

For  off-momentum p a r t i c l e s  t h e  s t a b l e  r e g i o n  is found t o  be a s  

fo l lows  : 

Ap/p = + 1.5% 

Xo (mm) x i  (mrad) Y, (mm) y;(mrad) 

6. CONCLUSION 

For  t h e  1ow-p c o n f i g u r a t i o n  i n  ISABELLE, i t  has been shown t h a t  

t h e  v a l u e s  of t h e  b e t a  f u n c t i o n s  can be made independent of t h e  p a r t -  ' 

momentum. To ach ieve  t h i s  independence more than two f a m i l i e s  of se: 

po les  a r e  needed. S ince  t h e  b e t a  v a r i a t i o n  a t  t h e  symmetry po in t  can 

be made z e r o  f o r  t h e  1ow-B c o n f i g u r a t i o n ,  i t  seems obvious t h a t  t h e  



same can be  ach ieved  f o r  t h e  s t a n d a r d  c o n f i g u r a t i o n .  If t h i s  is  done, 

i t  i s  p o s s i b l e  t o  have l o w  B and s t a n d a r d  s u p e r p e r i o d s  i n  any o r d e r  

and s w i t c h i n g  from one c o n f i g u r a t i o n  t o  a n o t h e r  i n . o n e  s u p e r p e r i o d  

w i l l  n o t  a f f e c t  t h e  o t h e r  s u p e r p e r i o d s .  A s  mentioned e a r l i e r  i n  t h i s  

n o t e ,  however, o t h e r  e f f e c t s  may occur  due t o  nonsymmktry of t h e  

whole s t o r a g e  r i n g  when d i f f e r e n t  c o n f i g u r a t i o n s  a r e  used i n  a n  a r b i -  

t r a r y  sequence.  



ELECTRON CLEARING AND DIMENSIONAL TOLERANCE FOR THE ISA CHAMBER 

J .  C. Herrera  

Brookhaven Nat iona l  Labora tory  

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

I n  t h e  s t r a i g h t  s e c t i o n s  of t h e  ISA r i n g  t h e  c l e a r i n g  of t h e  

low energy e l e c t r o n s  produced by t h e  beam-gas c o l l i s i o n s  w i l l  t a k e  

p lace  by l o n g i t u d i n a l  motion. Thus, an e l e c t r o n  of low energy,  which 

i s  prevented from escap ing  t r a n s v e r s e l y  by t h e  a t t r a c t i v e  f i e l d  of 

t h e  beam, w i l l  r e c e i v e  s u c c e s s i v e  k icks  by t h e  c i r c u l a t i n g  pro tons  

and thereby  a c q u i r e  s u f f i c i e n t  energy t o  t r a v e l  l o n g i t u d i n a l l y  toward 

t h e  c l e a r i n g  e l e c t r o d e s .  However, a  d i s c o n t i n u i t y  o r  s t e p  i n  t h e  

chamber d iameter ,  which occurs  w i t h i n  a n  a x i a l  d i s t a n c e  equa l  t o  a  

few d i a m e t e r s ,  g ives  r i s e  t o  a  p o t e n t i a l  d i f f e r e n c e  a long  t h e  cham- 

ber  a x i s .  In t h e  c a s e  of a  s e c t i o n  of chambers which has  a  l a r g e r  

d i a m e t e r ,  t h a t  i s ,  a  smal l  c a v i t y ,  t h e  two s t e p s  r e s u l t  i n  a  longi -  

t u d i n a l  p o t e n t i a l  w e l l ,  o r  a t t r a c t i v e  reg ion .  It i s  then necessary  

t h a t  t h e  e l e c t r o n s  be given a d d i t i o n a l  energy i n  o rder  t o  overcome 
1 t h i s  l o n g i t u d i n a l  t r a p p i n g  p o t e n t i a l .  Though t h e  ISA d e s i g n  e n v i s i o n s  

t h e  placement of  c l e a r i n g  e l e c t r o d e s  a t  t h e  l o c a t i o n  of  s i g n i f i c a n t  

chamber d i s c o n t i n u i t i e s ,  p a r t i c u l a r l y  i n  t h e  experimental  i n s e r t i o n s ,  

i t  i s  d e s i r a b l e  t o  have some e s t i m a t e  of t h e  magnitude of t h e  diameter  

d i s c o n t i n u i t y  t h a t  can be t o l e r a t e d  wi thout  a  c l e a r i n g  e l e c t r o d e .  

11. Lur~yi tuc l i i~a l  P o t e n t i a l  

We assume a  c y l i n d r i c a l  geometry w i t h  a  c i r c u l a r  beam of diameter  

(2a)  c e n t r a l l y  l o c a t e d  i n  a  c i r c u l a r  chamber of  diameter  D .  The t r a n s -  

v e r s e  p o t e n t i a l  V between t h e  beam of c u r r e n t  I and t h e  w a l l  i s  then  

Corresponding t o  a  smal l  increment i n  d iameter  AD of t h e  chamber, 

t h e r e  i s  a  change i n  t h e  beam t o  w a l l  p o t e n t i a l  AV given by 

1. J.C. Herrera ,  Proc. 1975 ISABELLE Summer Study, Brookhaven, BNL 20550 
p .  658. 



Since ,  under t h e  s t a t i o n a r y  e l e c t r i c a l  c o i d i t i o n s  t h a t  e x i s t ,  t h e  

d i f f e r e n c e  of p o t e n t i a l  between two l o c a t i o n s  on t h e  chamber w a l l  

must be z e r o ,  i t  fo l lows  t h a t  A V  i n  Eq. (2)  i s  a l s o  equa l  t o  t h e  

l o n g i t u d i n a l  p o t e n t i a l  due t o  t h e  diameter  d i s c o n t i n u i t y .  The ISA 

has  a  chamber diameter  of 8  cm and a  ty 'p ica l  va lue  of beam diameter 

(2a)  i s  0.28 cm. Equation (2)  now t a k e '  on t h e  form: 

v 

i; 
A V  /g3 @ - = 

D 

One can then  s e e  t h a t  a  10% change i n  diameter  (8 nun) i s  a s s o c i a t e d  

w i t h  a  l o n g i t u d i n a l  p o t e n t i a l  equa l  t o  3% o f  t h e  p o t e n t i a l  t o  t h e  

chamber w a l l .  For a  c u r r e n t  of 10 A t h e  l a t t e r  v o l t a g e  i s ,  per  

Eq. ( I ) ,  2000 V and t h e  l o n g i t u d i n a l  p o t e n t i a l  i s  t h e r e f o r e  60 V. 

111. Clear inn  Rate Due t o  Beam Heat ing  

I n ' a  previous r e p o r t , 2  t h e  v a r i o u s  mechanisms t h a t  c o n t r i b u t e  t o  

t h e  c l e a r i n g  of t h e  proton beam have been d i scussed .  It i s  t h e r e  

shown t h a t  i n  o rder  t o  ach ieve  t h e  d e s i r e d  n e u t r a l i z a t i o n  (N / N  ) of 
e  P 

i n  t h e  ISA, a  c l e a r i n g  r a t e ,  Rc, e q u a l  t o  lOO/sec is  necessary .  

Thus, i n  t h e  presence of a  chamber d i s c o n t i n u i t y ,  i t  i s  r e q u i r e d  t h a t  

t h e  c l e a r i n g  r a t e  due t o  beam h e a t i n g ,  R:~, be a t  l e a s t  equa l  t o  100/sec. 

I n  t h i s  way t h e  e l e c t r o n s  w i l l  be pushed a long  by t h e  pro tons  and given 

t h e  r e q u i s i t e  energy,  A V ,  a t  a r a t e  s u f f i c i e n t  t o  y i e l d  a  n e t  n e u t r a l -  

i z a t i o n  of R e f e r r i n g  t o  Ref. 2, we s e e  t h a t  R? i s  given by t h e  

express ion  

where : 

e  = e l e c t r o n i c  charge (Coulomb) 
2  6  

mc = r e s t  mass energy of e l e c t r o n  (0.511 X 10 eV) 

r = c l a s s i c a l  e l e c t r o n  r a d i u s  (2.818 X cm) 

b  = maximum impact parameter (cm) . 

2 .  J. C. Herrera ,  BNk Formal Report ISA 76-12 (1976). 



j 

Assuming a  l o n g i t u d i n a l  p o t e n t f a l  e q u i v a l e n t  t o  A V  = 100 eV, and 

u s i n g  t h e  t y p i c a l  v a l u e s :  I = 10 A, a  = 0.14 cm, and b  = 0.28 cm, 

we f i n d  t h a t  R~~ = 119/sec ,  a  v a l u e  g r e a t e r  t h a n  100/sec.  

I V .  Dimensional Tolerance 

The d i s c o n t i n u i t y  a s s o c i a t e d  w i t h  a  l o n g i t u d i n a l  p o t e n t i a l  of 

100 V i s  now r e a d i l y  d e r i v e d  from Eq.  (3).  For V = 2000 V and 

D = 8  cm, we c a l c u l a t e  a  v a l u e  of A D  = 1.33 cm. We may t h e r e f o r e  

conclude:  I f  l o n g i t u d i n a l  beam h e a t i n g  a l o n e  i s  t o  p rov ide  adequate  

e l e c t r o n  c l e a r i n g  i n  t h e  ISA s t r a i g h t  s e c t i o n  chambers, r a d i a l  d i s -  

c o n t i n u i t i e s  should be l e s s  than  about  7 mm i n  a  chamber of 8  cm 

d iamete r .  

,&knowledment 

I would l i k e  t o  thank  D r .  J ack  Sandweiss f o r  e n l i g h t e n i n g  

d i s c u s s i o n s .  



VACUUM GUIDELINES FOR ISA INSERTIONS 

D .  Edwards, Jr.  

Brookhaven Nat iona l  Labora to ry  

I. INTRODUCTION 

Vacuum requ i rements  p l a c e  d e s i g n  r e s t r i c t i o n s  on t h e  ISA inse r - ,  

t i o n s  . The vacuum tube. d i a m e t e r ,  g i v e n  a  d i s t a n c e  L between pumps, 

s termined by t h e  d e s o r p t i o n  o f  molecules  from t h e  w a l l  under  t h e  

-,--t of  i o n s  c r e a t e d  by the  beam, whereas the  t h i c k n e s s  o f  t h e  tube  

must be s u f f i c i e n t  t o  p reven t  c o l l a p s e .  I n  a d d i t i o n ,  t h e  e n t i r e  

vacuum chamber must be a b l e  t o  be baked o u t  a t  - 200'~.  

11. MINIMUM TUBE THICKNESS 

For an  A1 tube w i t h  L/d > 1 0  where L i s  t h e  tube  l e n g t h ,  d  t h e  

tube d iamete r ,  t must be l a r g e r  than 0.01d t o  p r e v e n t  c o l l a p s e  under  

vacuum, t being t h e  w a l l  t h i c k n e s s .  

111. MINIMUM TUBE DIAMETER 

The tube  d iamete r  i s  r e s t r i c t e d .  by t h e  wal l  d e s o r p t i o n  pro- 

c e s s e s .  For  q - 2.5, Icrit== 20 A t h e  r e l a t i o n  between the  d iamete r  

and l e n g t h  o f  a  c i r c u l a r  tube is  g i v e n  by: 
. 

where d i s  t h e  minimum a l lowable  tube d iamete r  i n  cm and L i s  t h e  
min 

d i s t a n c e  between l a r g e  pumps i n  mete rs .  

Using the  tube t h i c k n e s s  and r e s t r i c t i o n s  one f i n d s :  



It is c l e a r  t h a t  f i x i n g  any, ' i  of  t h e  parameters  determines t h e  

t h i r d .  

I n  o r d e r  t o  be a b l e  t o  e a s i l y  e v a l u a t e  tube diameters  f o r  a r -  

b i t r a r y  qIcrit Fig.  1 has  been drawn. Seen is  t h e  v e r y  s l i g h t  de- 

pendence of  t h e  tube d iameter  on Q f o r  a  g i v e n  l e n g t h ,  c r i t i c a l  cur -  

r e n t .  

ID I I 5 1 1 1 1 1 1 1  1 1 1 1 1 1  

10 5 0  100 

7 I,,i, (AMPERES)  

Fig.  1. The minimum tube d iameter  is p l o t t e d  vs  TI f o r  v a r i o u s  c r i t  
l e n g t h s  between t h e  l a r g e  pumps. 



Workshop on Phase Space cool ing* 

E .D. Courant 

Brookhaven Nat iona l  Labora tory  

A two-day workshop was h e l d  on August 5 and 6 ,  1976 t o  d i s c u s s  

phase space  damping ("cooling") of  p a r t i c l e  beams. I n t e r e s t  i n  t h i s  

t o p i c  d e r i v e s  c h i e f l y  from the  p o s s i b i l i t y  t h a t  a n t i p r o t o n  beams pro- 

i by c o l l i s i o n  o f  an i n t e n s e  proton beam wi th  a  t a r g e t  can be 

ressed  i n  phase space.  This  could make i t  p o s s i b l e  t o  accumulate 

a n t i p r o t o n  beams i n  a  s t o r a g e  r i n g  r e p e a t e d l y ,  thus  l e a d i n g  t o  a  r e l a -  

t i v e l y  h i g h  s tacked  p beam s u i t a b l e  f o r  pp c o l l i s i o n s  w i t h  i n t e r e s t i n g  

l u m i n o s i t i e s .  

Two c o o l i n g  techniques  have been developed: I n  s t o c h a s t i c  coo l ing  

( invented by Van d e r  Meer a t  CERN) the  spread  of ampli tudes i n  

a  beam i s  reduced by a  feedback s i g n a l  d e r i v e d  from t h e  s t a t i s t i c a l  

f l u c t u a t i o n s  i n  t h e  beam. I n  e l e c t r o n  cool ing  ( f i r s t  proposed by Budker 

i n  Novosibirsk)  an e le ,c t ron  beam having t h e  same mean v e l o c i t y  a s  t h e  

heavy p a r t i c l e  (p ro ton  o r  a n t i p r o t o n )  beam co inc ides  w i t h  t h e  heavy 

beam i n  p a r t  of  t h e  o r b i t .  Viewed i n  t h e  center-of-mass system, 

t h e  e l e c t r o n s  a r e  "cold" and t h e  pro tons  "hot", and i n  t h e  approach 

t o  thermal e q u i l i b r i u m  t h e  pro tons  a r e  cooled down; i n  t h e  l a b  system 

t h i s  means t h e i r  f l u c t u a t i o n s  from t h e  mean a r e  reduced. 

I n  t h e  workshop, bo th  t h e s e  coo l ing  techniques were d i s c u s s e d ,  

e s p e c i a l l y  w i t h  a  view t o  t h e i r  a p p l i c a t i o n  t o  t h e  p roduc t ion  o f  in -  

t e n s e  h igh-qua l i ty  a n t i p r o t o n  beams s u i t a b l e  f o r  c o l l i d i n g  beam phys ics .  

M.Q. Barton descr ibed  t h e  work on e l e c t r o n  c o o l i n g  a t  N o v i s i b i r s k ,  

where he  had v i s i t e d  e a r l i e r  i n  t h e  y e a r .  I n  a  smal l  exper imenta l  

2 .  Barton,  R. Chasman, Y. Cho, D. C l i n e ,  J . G .  Cottingham, E.D. Courant,  -. Crosb ie ,  R.L. Glucks te rn ,  H. Hahn, H. Hereward, D. Johnson, T. Khoe, 
L.J. L a s l e t t ,  P.M. McIntyre,  E .  Messerschmid, M. Month, R.B. Palmer, 
E.C. Raka, C. Rubbia, L. Smith, IS. Z o t t e r .  



s t o r a g e  r i n g  t h e r e ,  proton 'beams o f  about  65 MeV have been cooled by 

35 keV e l e c t r o n s .  Damping times a s  s h o r t  a s  50 m i l l i s e c o n d s  have 

been observed w i t h  t h e  beam dimensions s h r i n k i n g  by f a c t o r s  a s  l a r g e  

a s  100. 

Theory i n d i c a t e s  t h a t  t h e  damping time should s c a l e  approximately 

where (0 )  i s  t h e  l a r g e r  of  t h e  angula r  spreads  o f  t h e  e l e c t r o n  and 

i o n  beam, and J t h e  e l e c t r o n  c u r r e n t  d e n s i t y .  E x t r a p o l a t i n g  from t h e  

65 MeV experiment a t  Novosibirsk t o ,  say ,  2 GeV,one may envisage  

cool ing  times of  t h e  o r d e r  of  5 seconds f o r  a  narrow beam. However, 
3 

i t  should  be noted t h a t ,  because o f  the  0 dependence, t h e  coo l ing  

works b e s t  f o r  beams t h a t  a r e  a l r e a d y  narrow, and works more poor ly  

f o r  wider  ones.  

S t o c h a s t i c  Cooling 

I n  t h i s  method t h e  mean d e v i a t i o n  from nominal o f  the  t r a n s v e r s e  

o r  l o n g i t u d i n a l  momentum i s  measured f o r  a  sample of  t h e  beam, and 

then a c o r r e c t i o n  i s  a p p l i e d .  The process  i s  cont inued f o r  o t h e r  

samples c o n s t i t u t i n g  t h e  whole beam, and r e p e a t e d  i n d e f i n i t e l y .  

Damping depends on main ta in ing  t h e  randomness of t h e  sample, s p e c i -  

f  i c a l l y  t h e  s t a t  is  t i c a l  randomness r e l a t i o n  

where t h e  b a r  denotes  sample averages ,  and t h e  b r a c k e t  ensemble aver- 

ages.  Here x s t a n d s  f o r  t h e  v a r i a b l e  t o  be "cooled", and N i s  t h e  num- 

b e r  o f  p a r t i c l e s  i n  t h e  sample. 

On one pass  o f  t h e  coo l ing  system, x f o r  each p a r t i c l e  i s  reduced 

by a  f a c t o r  g t imes t h e  mean v a l u e  ;( measured f o r  t h e  sample. T h i s  
2 2 2 

duces t h e  v a r i a n c e  (x ) by (2g - g )x . I f  the  randomness r e l a t i o n  
P 

cont inued  t o  h o l d ,  t h i s  could be r e p e i t e d  i n d e f i n i t e l y  , and exponent ia l  



damping could be obtained.  The theory of t h i s  process p red i c t s  a  

cooling r a t e  

where W , = bandwidth of feedback system 

N = t o t a l  number of p a r t i c l e s  i n  beam 
P 

g  = fract i 'on of k correc ted  per pass * * 
n /s = r a t i o  of pickup noise  t o  s i g n a l  

F  = I f o r  t r a n s v e r s e , F  = 2 f o r  longi tudina l  cooling.  

This expression i s  v a l i d  i f  the randomness r e l a t i o n  (1) remains 

s a t i s f i e d .  However, randomness tends t o  be destroyed by the feed- 

back process ,  but as Van der Meer already showed i n  h i s  f i r s t  paper on 

the  subject , '  i t  i s  r e s to red  i f  the  p a r t i c l e s  have a  spread of angu- 

l a r  v e l o c i t i e s  s o  t h a t  the  i d e n t i t y  of the  p a r t i c l e s  making up the 

pickup sample changes wi th  time. A r e l evan t  "mixing parameter" i s  

4n w(Aw) ms 
M = 2 (3) 

F(g - g2/2) w 

which i s  the nus spread i n  azimuth of the  beam i n  [ ~ ( g  - g2/2)]-1 revo- 

l u t i o n s ,  divided by the e f f e c t i v e  angular  pickup sample length  w/2W. 

E. Courant showed computer ca l cu l a t i ons  which ind i ca t e  t h a t  the 

e f f e c t i v e  damping r a t e  i s  c lo se  t o  t h a t  given by (2) when M 2 3,  and 
f reduced by a  f a c t o r  of approximately 0.7 M f o r  M 4 1. 

2  
Some important f ea tu re s  of the  theory are:  With noise l a r g e  

compared to the  s i g n a l ,  one can s t i l l  ob ta in  damping i f  one makes the * * 
gain  parameter g  smaller  than 2s / n  . 

* * 
For longi tudina l  (energy) damping and n  >> s , the ampl i f ie r  power 

goes mostly i n t o  amplifying noise.  I f  the ava i l ab l e  ampl i f ie r  power 

S. Van der Meer, CERN Report CERN/ISR-P0/72-31 (1972). 

2. See, f o r  example: L. Thorndahl, CERN Report CERN/ISR-RF/75-55 
(1975). 



and bandwidth a r e  g iven ,  g  must be r e s t r i c t e d  and t h e  damping r a t e  

becomes 
1 2 wWe Z - = -  
7 ( A P ~ ) , , ~  

where Z is t h e  geometr ic  mean of input  and o u t p u t  impedances, P is 

t h e  a m p l i f i e r  power, P t h e  pickup n o i s e  power, t h e  a b s o l u t e  rms n 
momentum spread  of t h e  beam; then t h e  damping r a t e  becomes independent 

of  t h e  beam c u r r e n t .  With parameters  such a s :  P = 1 0  kW, Pn = 1 0 - l 2  
5 

W = 100 MHz, w / h  = 1 0  Hz, Z = 100 n, (Ap)_ = 3 x lo8 eV/c 

(Ap/p = 0.01 a t  30 GeV) we o b t a i n  a  damping time of  t h e  o r d e r  of one 

hour, independent  of  c u r r e n t .  

B. Z o t t e r  (CERN) r e p o r t e d  on some r e c e n t  t e s t s  o f  s t o c h a s t i c  

coo l rng  i n  t h e  CERN I&. E a r l i e r  experiments7 showed t!liBt cboilng 

r a t e s  i n  accordance wi th  theory  were ob ta ined  w i t h  a  v e r t i c a l  feed- 

back system; however, t h e  r a t e  was very  slow (2% p e r  hour) .  More 

r e c e n t  experiments ,  however, a r e  more ambiguous: observed cool ing  

r a t e s  a r e  s lower than theory  by a  f a c t o r  of  3  o r  more. Fur ther  in -  

v e s t i g a t i o n s  a r e  planned. 

Use o f  Cooling Techniques f o r  Ant ip ro ton  Beams 

To produce an a n t i p r o t o n  beam c o n t a i n i n g  N p a r t i c l e s  i n  a  time 

T one may produce a  f r a c t i o n  N/k o f  t h a t  beam k t imes slid cad1 each 

b u r s t  i n  a  time ~ / k .  

According t o  t h e  1974 ISABELLE des ign  s tudy ,  an a n t i p r o t o n  beam 

o f .  t h e  o r d e r  o f  5  x 10" p a r t i c l e s  (1  mil l iampere)  i s  o b t a i n a b l e  wi thout  

coo l ing  techniques.  This  r e q u i r e s  1 0  ISA c y c l e s  o r  approximately one 

hour .  To enhance t h i s  by c o o l i n g ,  one would have t o  coo l  t h e  p beam's 

phase space  by a  f a c t o r  of  around 1 0  ( t h r e e  exponent ia l  t imes)  b e f o r e  

i n j e c t i n g  t h e  n e x t  b a t c h  of  a n t i p r o t o n s ;  t h u s ,  t h e  o v e r a l l  s t a c k i n g  
l o  - 

r a t e  may be around 2 X 1 0  p p e r  hour. I n  24 hours  one might o l t a i l ;  
29 

a s  much a s  5 t o  1 U  mi l l i amperes ,  o r  a  lumidbs i ty  around 5-10 x 1 0  
-2 -1 

cm s e c  . 

3. P .  Branham, G. Carron,  H. Hereward, K. ~ G b n e r ,  W. Schne l i  and 
' 

L. Thorndahl, Nucl. I n s  trum. & Methods 125, 201 (1975). 



It i s  assumed h e r e  t h a t  t h e  a n t i p r o t o n s  a r e  produced a t  30 GeV 

by t h e  200 GeV p r o t o n s  o f  one ISA r i n g ,  and cooled i n  the  o t h e r ' r i n g .  

Cooling times could be reduced by producing t h e  a n t i p r o t o n s  a t  lower 

energy,  b u t  t h e r e  t h e  p roduc t ion  e f f i c i e n c y  i s  lower. 

C. Rubbia (Harvard) proposed an a l t e r n a t e  scheme: Produce p a t  

- 4 GeV/c d i r e c t l y  from t h e  AGS 30 GeV p ro tons .  Build a  s p e c i a l  

l a r g e  acceptance r i n g  f o r  4  GeV/c, which has  a  t o t a l  momentum acceptance 
8 

!5%, he e s t i m a t e s  t h a t  4  x 1 0  a n t i p r o t o n s  can be i n j e c t e d  i n  t h i s  

p e r  AGS p u l s e  (1013 pro tons) .  I f  t h e s e  a n t i p r o t o n s  can then be 
12 - 

cooled very  f a s t ,  one could s t a c k  1 0  p p e r  hour .  However, t h i s  im- 

p l i e s  a  c o o l i n g  system t h a t  can reduce t h e  energy spread  by a  f a c t o r  

of 1 0  i n  t h e  o r d e r  o f  a  second. This  might be accomplished by 

"peel ing" o f f  a  smal l  p a r t  o f  t h e  beam a t  a  t i m e , d e c e l e r a t i n g  i t  and 

cool ing  i t  wi th  e l e c t r o n s .  It would seem d i f f i c u l t  t o  do t h i s  f o r  t h e  

whole beam i n  1 second; more l i k e l y  t h e  coo l ing  time is  t h e  b o t t l e -  
1 2  

neck, and t h e  e f f e c t i v e  s t a c k i n g  r a t e  would be s m a l l e r  than 1 0  p e r  

hour by one o r  two o r d e r s  of  magnitude. 

R. Palmer (BNL) poin ted  o u t  t h a t  t h e  1974 ISA scheme i s  based on 

t h e  ISA beam t h a t  i s  opt imized f o r  pp c o l l i s i o n s ,  n o t  f o r  p produc t ion .  

By o p e r a t i n g  t h e  ISA r i n g  i n  a  d i f f e r e n t  mode, one could  op t imize  i t  

f o r  p produc t ion .  With v e r t i c a l  m u l t i t u r n  s t a c k i n g  and a  smal l  mo- 

mentum spread  i n  t h e  ISA r i n g ,  one could conceivably bunch t h e  beam 

much more than i n  t h e  1974 scheme and l o n g i t u d i n a l l y  s t a c k  t h e  

a n t i p r o t o n s  from 100 ISA c y c l e s  i n s t e a d  o f  1 0  a s  envisaged i n  1974, 

t h u s  i n c r e a s i n g  t h e  luminos i ty  t o  wel l  above lo3' even wi thout  coo l ing .  

Conclusions 

It i s  n o t  c l e a r  whether coo l ing  techniques can h e l p  apprec iab ly  i n  

:a ining h i g h  i n t e n s i t y  a n t i p r o t o n  beams s u i t a b l e  f o r  c o l l i d i n g  beam 

leriments. E l e c t r o n  cool ing  s u f f e r s  from t h e  drawback t h a t  t h e  

damping time i n c r e a s e s  very  r a p i d l y  wi th  energy;  t h e r e f o r e ,  a n t i p r o -  

t o n s  would have t o  be produced a t  very low e n e r g i e s  - o r  e l s e  dece le ra -  

t e d  - i n  o r d e r  t o  be cooled by t h i s  method. 



S t o c h a s t i c  coo l ing  i s  i n h e r e n t l y  slow, e s p e c i a l l y  w i t h  h igh  

i n t e n s i t y  beams, and r e q u i r e s  a  l a r g e  produc t  o f  bandwidth and 

a m p l i f i e r  power, t o g e t h e r  w i t h  a  v e r y  low n o i s e  pickup system, With 

op t imal  performance o f  t h e  coo l ing  systems,  one may a t  b e s t  hope 

f o r  a n  i n c r e a s e  of  an o r d e r  of magnitude i n  t h e  a n t i p r o t o n  beam in-  

t e n s i t y  o b t a i n a b l e  a s  compared t o  schemes w i t h o u t  coo l ing .  (This 

r a t h e r  p e s s i m i s t i c  conc lus ion  r e p r e s e n t s  t h e  p r e s e n t  r e p o r t e r ' s  

op in ion ,  which may n o t  be shared  by a l l  p a r t i c i p a n t s  i n  t h e  work- 

shop.) 



* 
ELECTRON COOLING FOR PEDESTRIANS 

L. Pondrom 

U n i v e r s i t y  of Wisconsin 

E l e c t r o n  c o o l i n g  was suggested by Budker i n  1966 a s  a  method of 

d e c r e a s i n g  t h e  t r a n s v e r s e  k i n e t i c  energy of p ro tons  i n  a  s t o r a g e  r i n g  

by Coulomb c o l l i s i o n s  w i t h  e l e c t r o n s  moving w i t h  t h e  same l o n g i t u d i n a l  

c i t y .  Recent i n t e r e s t  i n  t h e  phenomenon h a s  developed because of 

success  of Budker's Novosibirsk group i n  demons t ra t ing  t h a t  t h e  

coo l ing  process  works i n  accord w i t h  s imple t h e o r e t i c a l  e x p e c t a t i o n s ,  

and because i t s  a p p l i c a t i o n  t o  a n t i p r o t o n s  might l ead  t o  t h e  s t o r a g e  

and a c c e l e r a t i o n  of u s e f u l  f l u x e s  of p's i n  e x i s t i n g  pro ton  a c c e l e r a t o r s .  

The Landau c o l l i s i o n  i n t e g r a l ,  which g ives  t h e  d r a g  f o r c e  on a  

p ro ton  i n  a  frame moving w i t h  t h e  e ' s  and p ' s  can be der ived  from t h e  

Bohr formula f o r  d ~ / d x  energy l o s s  i n  condensed m a t t e r .  The damping 

cons tan t  i s  p r o p o r t i o n a l  t o  t h e  d e r i v a t i v e  of t h e  d r a g  f o r c e  w i t h  r e -  

s p e c t  t o  v e l o c i t y .  Transformation t o  t h e  l a b o r a t o r y  g i v e s  damping 

t ime T = y2~;3 /2 /ne ,  where ne i s  t h e  e l e c t r o n  d e n s i t y ,  and T; i s  t h e  

t r a n s v e r s e  e l e c t r o n  temperature.  P r o p e r t i e s  of t h e  e l e c t r o n  gun pre -  

s e r v e  t h e  e l e c t r o n  angula r  spread r a t h e r  than  t h e  t r a n s v e r s e  momentum, 
5  g i v i n g  T - y . The Novosibirsk s e t u p  c o n s i s t s  of a  very  i d e a l i z e d  weak 

focus ing  low c u r r e n t  65 MeV pro ton  s t o r a g e  r i n g ,  and a 1 meter  long  

s t r a i g h t  c o o l i n g  r e g i o n  w i t h  35 keV e l e c t r o n s  moving p a r a l l e l  t o  t h e  

protons.  Great  c a r e  has  been taken i n  t h e  des ign  of t h e  e l e c t r o n  gun, 

and i n  t h e  methods f o r  measuring pro ton  beam s i z e  and damping t imes.  

The most r e c e n t  r e s u l t s  have g iven  c o o l i n g  t imes fo l lowing  induced 

b e t a t r o n  o s c i l l a t i o n  of t h e  o rder  of 100 m i l l i s e c ,  i n  s u b s t a n t i a l  

agreement w i t h  t h e  s imple formula. 

* 
Summary of a  t a l k  p resen ted  on August 1976. 
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