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Abs t rac t  

Th i s  r e p o r t  d e s c r i b e s  the  expe r imen ta l  c o n d i t i o n s  under  which the  XASA-GSFC 

. 
High Energy Cosmic Ray Experiment w a s  c a l i b r a t e d  wi th  t h e  G-10 + 4.7" t e s t  beam 

a t  t h e  AGS a t  Brookhaven N a t i o n a l  Labora tory .  A d e t a i l e d  d i s c u s s i o n  i s  g iven  

o f  t he  momentum of  t h e  t e s t  beam used.  I n  a d d i t i o n ,  summaries of t h e  d a t a  runs  

t aken  a r e  inc luded .  

I. The Problem 

Cosmic r a y s  a r e  p r e s e n t l y  t h e  s u b j e c t  of i n t e n s i v e  s t u d y  because of t h e i r  

re levance  t o  the  f i e l d  o f  a s t r o p h y s i c s .  As t rophys ic s  i s  concerned wi th  t h e  n a t u r e  

of e x t r a t e r r e s t r i a l  phenomena, e s p e c i a l l y  wi th  t h e  nuc leo - syn thes i s  p rocesses  

involved i n  b u i l d i n g  up t h e  n u c l e a r  i s o t o p e s .  S ince  primary cosmic r a y s  b r i n g  

us  a sample o f  m a t e r i a l  from o u t s i d e  t h e  s o l a r  system, a s tudy  of  t h e i r  cha rge ,  

energy ,  and d i r e c t i o n  of a r r i v a l  y i e l d s  in fo rma t ion  on t h e i r  format ion  and 

a c c e l e r a t i o n  and on t h e  p r o p e r t i e s  of t h e  i n t e r s t e l l a r  medium through which 

they  propagate .  

Cosmic r a y  e n e r g i e s  above I O l 5  eV have been s t u d i e d  mainly by means of 

e x t e n s i v e  a i r  showers,  and e n e r g i e s  below l o l o  eV have been s t u d i e d  e x t e n s i v e l y  

us ing  b a l l o o n s  and s a t e l l i t e s .  These s t u d i e s  have produced models of cosmic 

r a y  a c c e l e r a t i o n ,  p ropaga t ion ,  and s t o r a g e  which can  best be t e s t e d  by s tudy ing  

t h e  energy  s p e c t r a  and charge  composi t ion  i n  t h e  ene rgy  range l o l o  t o  

A t  t h e s e  e n e r g i e s  t h e  number of s u r v i v i n g  p r i m a r i e s  i s  too  s m a l l  r e l a t i v e  t o  t h e  

secondary  f l u x  a t  sea l e v e l ,  o r  even a t  mountain a l t i t u d e s .  The re fo re ,  expe r i -  

ments a r e  be ing  c a r r i e d  o u t  a t  h i g h  a l t i t u d e s  (125,000 f t . )  w i t h  equipment 

e V .  

c a r r i e d  by r e s e a r c h  b a l l o o n s ,  a method t h a t  a l lows  t h e  s tudy  of e n e r g i e s  up 

t o  10l2 e V .  P r e s e n t  exper iments  i n  t h e  Sov ie t  Union and planned exper iments  
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i n  t h e  United S t a t e s  use s a t e l l i t e - b o r n e  in s t rumen t s  t o  extend t h i s  energy range 

up t o  10 eV. 14 

II. The Ins t rument  

An ins t rumen t  t o  c a r r y  out  the measurements desc r ibed  above h a s  been des igned  

an.d b u i l t  a t  Goddard Space F l i g h t  Center  by a group i n c l u d i n g  J. F. O r m e s ,  F, B. 

McDonald, and V. K. Balasubrahmanyan of  the  High Energy Ast rophys ics  Branch. 

Th i s  i n s t rumen t  c o n t a i n s  f o u r  d i g i t i z e d  s p a r k  chambers t o  d e f i n e  the  

'trajectory of t h e  incoming p a r t i c l e  ( s e e  F i g u r e  1). It a l s o  c o n t a i n s  a charge-  

de te rmining  module c o n s i s t i n g  of two p l a s t i c  s c i n t i l l a t o r s  t h a t  produce an 

0 ~ l t p u t  p r o p o r t i o n a l  t o  Z2/f j2,  a CsI(T1) s c i n t i l l a t o r  t h a t  produces an ou tpu t  

p r o p o r t i o n a l  t o  Z2 /s2 ,  and a Cerenkov d e t e c t o r  w i t h  an ou tpu t  p r o p o r t i o n a l  t o  

Z 2 ( 1  - --la Together ,  t h e s e  fou r  c o u n t e r s  enable t h e  d e t e r m i n a t i o n  o f  t h e  

charge  Z of t h e  incoming p a r t i c l e  up t o  Z = 26, and t h e y  a l s o  p rov ide  

t r i g g e r s  f o r  t h e  spark chamber system. 

I 

For energy  measurement, an i o n i z a t i o n  spec t romete r  ( IS )  i s  used. Th i s  

c o n s i s t s  of a l t e r n a t e  l a y e r s  of high-Z abso rbe r  and p l a s t i c  s c i n t i l l a t o r .  Each 

s c i n t i l l a t o r  s e c t i o n  i s  viewed by a p h o t o - m u l t i p l i e r  t ube  which r e g i s t e r s  a 

p u l s e  p r o p o r t i o n a l  to t h e  number o f  p a r t i c l e s  t r a v e r s i n g  t h a t  s e c t i o n  of t h e  

spec t ro ine te r .  The cascade  shower induced by t h e  incoming P a r t i c l e  r e s u l t s  i n  

many secondary p a r t i c l e s .  Measurement o f  t h e  number o f  secondary p a r t i c l e s  a t  

many p o i n t s  i n  t h e  shower a l lows  r e c o n s t r u c t i o n  of  t h e  energy o f  t h e  i n c i d e n t  

p a r t i c l e .  The top  abso rbe r  l a y e r s  a r e  made of t u n g s t e n  t o  s t u d y  e l e c t r o n s  by 

means of  e l ec t romagne t i c  cascade  showers ,  wh i l e  t h e  lower l a y e r s  a r e  made of  

i r o n  t o  s t u d y  incoming nucleons  and n u c l e i  by means of t h e i r  n u c l e a r  cascade  

showers. 

is s x l v  0,44 n u c l e a r  mean f r e e  p a t h s .  T h i s  i s  fol lowed by up to 5 ,5  mean f r e e  

The e l e c t r o n  s e c t i o n  c o n t a i n s  12  r a d i a t i o n  l e n g t h s  of tungs t en ,  which 
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p a t h s  o f  i r o n  i n  t h e  n u c l e a r  cascade  s e c t i o n ,  

The equipment u s e s  one of f o u r  t r i g g e r i n g  modes, depending on t h e  type  of 

p a r t i c l e  t o  be observed: e l e c t r o n  mode, p ro ton  mode, heavy n u c l e i  mode, 

c a l i b r a t e  mode, The c a l i b r a t e  mode t r i g g e r s  on any p a r t i c l e  w i t h i n  the  

o f  the equipment,  wh i l e  t he  o t h e r s  a r e  s e l f - e x p l a n a t o r y .  

L 

P h y s i c a l l y ,  t h e  i o n i z a t i o n  spec t romete r  weighs 3 t ons .  For f l i g h t  

and 

ape r t ure  

purposes  

i t  i s  con ta ined  i n  a hous ing  5 f e e t  i n  d i ame te r  by 8 f e e t  long,  The geometry 

f a c t o r  f o r  p a r t i c l e s  t h a t  t r a v e r s e  a t  l e a s t  3 mean f r e e  p a t h s  of  material  i s  

about 600 cm2 sr .  The e l e c t r o n i c s  r eadou t  t i m e  (dead t i m e )  i s  0.05 s e c ,  b u t  

t he  d e t e c t o r  remains a c t i v e  on ly  f o r  2 microseconds a f t e r  passage of  t h e  f i r s t  

p a r t i c l e .  The i n t e r n a l  l ayou t  i s  shown i n  F igu re  1. 

1x1. C a l i b r a t i o n  Requirements  

I n  o r d e r  t o  use  t h e  I S  t o  measure p a r t i c l e  e n e r g i e s ,  i t  i s  necessa ry  t o  

make a t h e o r e t i c a l  a n a l y s i s  o f  d e t e c t o r  response  as a f u n c t i o n  o f  energy.  Th i s  

w i l l  a l s o  be a f u n c t i o n  o f  a r r iva l  d i r e c t i o n  and p a r t i c l e  t ype .  and i s  b e s t  

c a r r i e d  ou t  u s ing  Monte C a r l o  t echn iques .  Such c a l c u l a t i o n s  have been c a r r i e d  

by V. Jones  a t  Lou i s i ana  S t a t e  U n i v e r s i t y )  and have in f luenced  t h e  d e s i g n  of 

t h e  I S .  

However, i n  o r d e r  t o  make a b s o l u t e  ene rgy  measurements,  t he  I S  response  

m u s t  be c a l i b r a t e d  u s i n g  p a r t i c l e s  of known energy.  Th i s  i s  necessa ry  i n  o r d e r  

t o  de te rmine  t h e  energy  going  i n t o  i n v i s i b l e  p r o c e s s e s  such as n u c l e a r  e x c i t a t i o n  

as w e l l  as t h e  e f f i c i e n c y  of  v a r i o u s  components i n  t h e  system. Also,  s i n c e  the  

energy of  each  incoming p a r t i c l e  i s  o n l y  sampled by t h e  d e t e c t o r ,  t h e  accuracp  and 

r e s o l u t i o n  i n  t h e s e  measurements depend on t h e  f l u c t u a t i o n s  i n  t h e  energy con- 

t a i n e d  and energy l o s t  by the  I S .  'The d i s t r i b u t i o n  of t h e s e  f l u c t u a t i o n s  must 

a l s o  be s t u d i e d  i n  t h e  c a l i b r a t i o n  run .  
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10 
Since  t h e  i n s t r u m e n t  i s  designed f o r  energy  measurements i n  t h e  range 10 

14 
to i 0  eV, t h i s  c a l i b r a t i o n  has  been performed a t  t h e  h i g h e s t  a v a i l a b l e  machine 

energy.  Lower e n e r g i e s  were also used i n  o r d e r  t o  a l l o w  a good check of t h e  

t h e o r y  which i s  t o  be used t o  e x t r a p o l a t e  t o  even h i g h e r  e n e r g i e s .  Because t h e  

f r a c t i o n  of t h e  i n c i d e n t  energy which e s c a p e s  from t h e  d e t e c t o r  depends on t h e  

angle  of i n c i d e n c e ,  t h e  c a l i b r a t i o n  h a s  been c a r r i e d  o u t  a t  s e v e r a l  d i f f e r e n t  

a n g l e s ,  C a l i b r a t i o n  of t h e  e l e c t r o n  s e c t i o n  h a s  p r e v i o u s l y  been accomplished 

g s i n g  5.4 t o  18 GeV e l e c t r o n s  a t  SLAC. C a l i b r a t i o n  of t h e  n u c l e a r  s e c t i o n  i s  

t h e  s u b j e c t  of t h i s  r e p o r t .  The d a t a  f o r  t h i s  purpose were obta ined  u s i n g  a 

p r o t o n  bean a t  t h e  AGS. 

EU. P h y s i c a l  Layout 

The experiment  w a s  s e t  up I n  t h e  G - 1 0  + 4,7" Test  Beam 1 9 2 ¶ 3  i n  t h e  East 

Experimental  Area a t  t h e  AGS. The l o c a t i o n  w a s  2258 i n c h e s  from D 2 ?  approxi-  

mate ly  t h e  saiEe as t h e  MXT-Brown Experiment (#416). The c o n f i g u r a t i o n  of t h e  

beam t r a n s p o r t  systerc i s  g iven  i n  Table  I and i l l u s t r a t e d  i n  F igure  2. Because 

of power s u p p l y  l i m i t a t i o n s ,  t h e  maximum a v a i l a b l e  momentum w a s  about  20 GeV!c. 

Oi t h e  quadrupoles ,  o n l y  45 and Q6 were a v a i l a b l e  d u r i n g  t h e s e  runs.  Power 

L i m i t a t i o n s  prevented t h e  use  of Q , ,  and t h e  power s u p p l i e s  f o r  the o t h e r  q u a d -  

r u p o l e s  had been removed. A b r i e f  d e s c r i p t i o n  of  t h e  exper imenta l  a p p a r a t m  i n  

t h e  beam upstream of  our  experiment  i s  p r e s e n t e d  i n  Table  11, 

The I S  was suppor ted  by jackscrews on a wheeled c a r t ,  a l lowing  t h e  h o r i -  

z o n c a l  p o s i t i o n  and o r i e n t a t i o n  as w e l l  as t h e  v e r t i c a l  p o s i t i o n  t o  be changed 

w i t h  r e s p e c t  t o  t h e  incoming beam ( s e e  F i g u r e  3 ) -  

The whale experiment  was encased i n  a l a r g e  l i g h c - t i g h t  t e n t  t o  prevent  

i i g h c  leakage i n t o  t h e  p h o t o m u l t i p l i e r  tubes,, 
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V. Data Acquired 

The experiment a r r i v e d  a t  BNL on 5 J u l y ,  1970 and w a s  s e t  up i n  a v e r t i c a l  

\ p o s i t i o n  f o r  t e s t  r u n s  on cosmic r a y  muons. It w a s  t h e n  moved i n t o  p o s i t i o n  i n  

t h e  beam and t e s t  runs  conducted t o  s e t  up t r i g g e r i n g  modes and t h e  beam te le -  

scope d u r i n g  t h e  p e r i o d  13 - 17 J u l y .  The product ion  r u n s  were made from 

18 J u l y  through 21 J u l y .  Fol lowing t h e  p r o d u c t i o n  r u n s ,  a cosmic r a y  muon r u n  

w a s  t a k e n  w i t h  t h e  AGS o f f  and t h e  I S  i n  the  beam p o s i t i o n .  The experiment  w a s  

removed from t h e  beam and l e f t  BNL on 25 J u l y ,  1970. 

Twenty f o u r  p r o d u c t i o n  runs  of  5 t o  10 thousand e v e n t s  each were made, as 

d e s c r i b e d  i n  Table  111. These runs w i l l  a l l o w  t h e  s t u d y  o f  t h e  dependence of  

d e t e c t o r  response  on: 

(1) Momentum ( from 10 t o  20 GeV/c) 

(2)  Angle of  Inc idence  (from 0" t o  20") 

(3) P o s i t i o n  of I n c i d e n t  P a r t i c l e  ( v a r i o u s  l o c a t i o n s  over  t h e  a p e r t u r e ,  

s e e  F igure  4 )  

( 4 )  I n c i d e n t  P a r t i c l e  (pro tons  and p ions)  

(5) Depth of Spectrometer  (3.5 t o  5.5 n u c l e a r  mean f r e e  p a t h s ) .  

These measurements w i l l  a l l o w  t h e  o b j e c t i v e s  l i s t e d  i n  S e c t i o n  111 above 

t o  be reached ,  w i t h  t h e  e x c e p t i o n  t h a t  t h e  h i g h e s t  momentum used w a s  on ly  20 GeV/c 

r a t h e r  t h a n  t h e  d e s i r e d  30 GeV/c. 

V I .  T r i g g e r i n g  Requirements 

Aside from t r i g g e r i n g  requi rements  which a r e  i n t e r n a l  t o  the I S  i t s e l f ,  t h e  

fo l lowing  e x t e r n a l  requi rements  were e s t a b l i s h e d :  
- 

B s1 s2 s3 N C f o r  p r o t o n s  

B S1 S2 S3 N C f o r  p i o n s  
- 
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B i s  a g a t e  which i s  only  open d u r i n g  t h e  f l a t  t o p  of t h e  beam s p i l l ,  

a r e  s c i n t i l l a t i o n  c o u n t e r s  i n  co inc idence ,  forming a beam t e l e s c o p e  as d e s c r i b e d  

i n  Table  I. N i s  an  a n t i - c o i n c i d e n c e  t r i g g e r  f i r e d  by n o i s e .  C i s  a s i g n a l  from 

t h e  gas  Cerenkov c o u n t e r .  

SI S2 S3 

The a n t i - n o i s e  c i r c u i t  w a s  r e q u i r e d  t o  suppress  n o i s e  p u l s e s  genera ted  by 

t h e  many s p a r k  chambers on t h e  f l o o r .  A w i r e  an tenna  a few f e e t  long  w a s  used 

t o  p i c k  up t h e  n o i s e ,  which w a s  a m p l i f i e d  (XlO), s e n t  through a d i s c r i m i n a t o r ,  

and f i n a l l y  t o  t h e  a n t i c o i n c i d e n c e  g a t e .  

The gas  Cerenkov c o u n t e r  w a s  f i l l e d  t o  twice t h e  t h r e s h o l d  p r e s s u r e  f o r  

kaons a t  each beam momentum, a v a l u e  which i s  about  h a l f  t h e  t h r e s h o l d  p r e s s u r e  

f o r  pro tons .  This  allowed d i s c r i m i n a t i o n  between p r o t o n s  and o t h e r  p a r t i c l e s  

such t h a t  a t  l e a s t  98% of  a l l  p a r t i c l e s  accepted  when t h e  Cerenkov i s  i n  a n t i -  

co inc idence  a r e  pro tons .  

Under t h e s e  same c o n d i t i o r s ,  but  w i t h  t h e  Cerenkov i n  c o i n c i d e n c e ,  t h e  

+ 10 G e V / c  p i o n  beam c o n t a i n s  less  t h a n  9% kaon contaminat ion.  

p i o n  beam, however, r e q u i r e s  a d i f f e r e n t  s e t t i n g  of t h e  gas  p r e s s u r e  t o  g e t  

adequate  d i s c r i m i n a t i o n  a g a i n s t  kaons,  a procedure which w a s  n o t  followed i n  

t h i s  p a r t i c u l a r  experiment .  The t h r e s h o l d  p r e s s u r e s  f o r  v a r i o u s  p a r t i c l e s  and 

momenta a r e  l i s t e d  i n  Table  I V .  The Cerenkov c o u n t e r  i s  b u i l t  t o  o p e r a t e  a t  

p r e s s u r e s  up t o  70 p s i a  and above t h i s  p r e s s u r e  t h e  s a f e t y  v a l v e  w i l l  r e l e a s e .  

The f 20 GeV/c 

VI1 . B e a m  Moment um 

One of  t h e  most d i f f i c u l t  a s p e c t s  i n  t h e  a n a l y s i s  of t h i s  experiment i s  

t h e  d e t e r m i n a t i o n  of  t h e  c e n t r a l  v a l u e  o f  t h e  beam momentum. Because t h e  f i r s t  

c o l l i m a t o r  and t h e  e f f e c t i v e  t a r g e t  p o s i t i o n  are n o t  on t h e  magnet a x i s ,  as 

shown i n  F i g u r e  2 ,  and because m o s t  of t h e  f o c u s s i n g  quadrupoles  a r e  not  avail-  
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a b l e  f o r  o u r  range o f  beam momentum, t h e  behaviour  of  t h e  beam i s  f a r  from i d e a l ,  

A. Momentum R e s o l u t i o n  

I n  a beam t r a n s p o r t  system, momentum d e f i n i t i o n  i s  accomplished by cor , s t ra in-  

i n g  t h e  beam t o  l i e  a long  a l i n e ,  t o  t r a n s i t  a p a r t i c u l a r  bend a n g l e ,  and t o  p a s s  

through a p o i n t .  The momentum r e s o l u t i o n  i s  t h e n  determined by t h e  a n g u l a r  

r e s o l u t i o n  due t o  t h e  f i n i t e  wid th  of t h e  beam " l i n e "  and t h e  a p e r t u r e  ' 'point". 

I n  t h i s  t e s t  beam t h e  momentum r e s o l u t i o n  i s  determined by t h e  a n g u l a r  

r e s o l u t i o n  i n  t h e  f i r s t  bend a n g l e  as fol lows:  

(1) The t a r g e t  TV and t h e  e x i t  a p e r t u r e  of  t h e  f i r s t  c o l l i m a t o r  C l  

form a l i n e  w i t h  

1.0 
= 3.50 mrad  = 268.25 + 18.0 

( 2 )  The e x i t  a p e r t u r e  of t h e  second c o l l i m a t o r  C2 forms a p o i n t  w i t h  

0.5 = 1.03 mrad 
= 460,75 + 24.0  

(3 )  Together  t h i s  g i v e s  6 = 4.53 mrad, which i s  t h e  f u l l  width measured 

t o  t h e  l i m i t i n g  r a y s .  This  i s  t o  be compared t o  t h e  nominal bend angle  

8, = 59.3 mrad, t h u s  

s 8, 4.53 
I 

7.6% - = - =  
59.3 C 

' 1  

( 4 )  I f  one assumes a t r a n s m i s s i o n  f u n c t i o n  of t r i a n g u l a r  shape ( s e e  below), 

t h e n  t h e  f u l l  w i d t h  a t  h a l f  maximum i s  h a l f  t h e  width t o  t h e  l i m i t i n g  

r a y s ,  i . e . ,  C 8 = 0.5 6 f3 and 

- * = 9 = 3.8% FWHM 
P 0 ,  L 

O E -  This  expected v a l u e  f o r  t h e  r e s o l u t i o n  a g r e e s  c l o s e l y  w i t h  a v a l u e  o f  E. - 4% 

4 obta ined  d i r e c t l y  u s i n g  a l e a d  g l a s s  d e t e c t o r  a t  8 GeV/c. 
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If the  v a r i a b l e  c o l l i m a t o r  C 3  i s  c losed  t o  l e s s  t h a n  0.58 inch  wid th  the  

r e s o l u t i o n  i s  somewhat improved. However, t h e r e  w a s  no monitor  a v a i l a b l e  f o r  

t h e  wid th  of C dur ing  t h e  experiment s o  the  a c t u a l  v a l u e  cannot  be c a l c u l a t e d .  

Neve r the l e s s  i t  can be s e e n  t h a t  a t  b e s t ,  c l o s i n g  C completely would g ive  

3 

3 

QP = 3% (FWHM). P 

As f o r  t h e  second bend, a s i m i l a r  a n a l y s i s  g i v e s  2 = 20%, which i s  
e2 

obvious ly  not  t h e  l i m i t i n g  a p e r t u r e  i n  t h i s  p a r t i c u l a r  c o n f i g u r a t i o n .  I f  

b e t t e r  momentum r e s o l u t i o n  i s  d e s i r q d ,  one can s e l e c t  on ly  e v e n t s  which l i e  

i n  a s m a l l  a r e a  of t he  s p a r k  chamber i n  t h e  NASA experiment ,  This  i s  e q u i v a l e n t  

t o  u s i n g  a narrower beam t e l e s c o p e  a f t e r  t h e  second bending magnet, and could 

a l low t h e  r e s o l u t i o n  of  t h e  second bending system t o  become t h e  l i m i t i n g - f a c t o r .  

B. Tuning Procedure 

The t u n i n g  procedure followed w a s  s i m i l a r  t o  t h a t  used by previous  groups: 

(1) Set D2 a t  t h e  nominal v a l u e  obta ined  by l i n e a r  s c a l i n g  from t h e  8 GeV/c 

MIT-Brown se tup .  (1300 amps cor responds  t o  8 GeV/c). 

(2)  Tune D1 and Q5 Q6€or maximum f l u x  i n  t h e  beam t e l e s c o p e  SI S2 S 3 .  

( 3 )  Close the  v a r i a b l e  c o l l i m a t o r  C g  u n t i l  about  100 par t ic les /AGS p u l s e  

a r e  ob ta ined  i n  S1 S2 S g e  Repeat (2) and (3)  as necessary .  

The d i f f i c u l t y  a r i s e s  when this method o f  t un ing  i s  followed because t h e  

momentum c a l c u l a t e d  d i r e c t l y  from t h e  c u r r e n t 5  i n  D 

t h a t  c a l c u l a t e d  d i r e c t l y  from the  c u r r e n t  i n  D2, as shown i n  Table  V a .  

more, t h e  c u r r e n t  r e q u i r e d  i n  D1 i s  a s t r o n g  f u n c t i o n  of t h e  c u r r e n t  i n  Q 

conf i rming  t h a t  t he  beam i s  o f f - aXis  and c o n s i d e r a b l e  s t e e r i n g  i s  be ing  done by 

t h e  quadrupoles ,  

d i f f e r s  s i g n i f i c a n t l y  from 1 

F u r t h e r -  

Q 5 6 ’  
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C .  C e n t r a l  Value o f  Beam Zfomentum 

The momentum can be c a l c u l a t e d  from t h e  magnet c u r r e n t s  and t h e  bend angle  

i n  e i t h e r  D1 o r  D 

i s  u n c e r t a i n  because t h e  beam coming from t h e  t a r g e t  i s  o f f - a x i s  ( s e e  F igure  2)  

and because an undetermined amount of  s t e e r i n g  i s  done by t h e  quadrupoles Q5 and 

Q6-  The bend a n g l e  i n  t h e  D2 system i s  a l s o  u n c e r t a i n  because of  t h e  l a r g e  

a n g u l a r  acceptance  of  t h e  t e l e s c o p e  Sl S2 S 3 .  

beam momentum a s  a c c u r a t e l y  as p o s s i b l e  i n  t h e  f a c e  of t h e s e  u n c e r t a i n t i e s .  

However, t h e  bend angle  i n  t h e  system a s s o c i a t e d  w i t h  D L  2 "  

The problem i s  t o  determine t h e  

Although t h e  d a t a  were n o t  recorded f o r  t h i s  purpose,  a f u r t h e r  check on 

t h e  momentum i s  provided by t h e  pro ton  t h r e s h o l d s  on p r e s s u r e  c u r v e s  taken  w i t h  

t h e  gas  Cerenkov c o u n t e r .  The momentum v a l u e s  obta ined  from t h e  Cerenkov da ta  

are about 10% h i g h e r  t h a n  t h e  c o r r e c t e d  v a l u e s  from t h e  magnets, except  a t  10 GeV/c. 

However, t h e  p r e s s u r e  c u r v e s  are v e r y  s t e e p  n e a r  t h e  t h r e s h o l d  and they  were meas- 

ured i n  r a t h e r  c o a r s e  s t e p s ,  s o  t h e  u n c e r t a i n t y  i s  q u i t e  l a r g e  i n  t h e s e  d e t e r -  

mina t ions .  

i n c l u d e  t h e  Cerenkov d a t a  merely f o r  completeness .  It would be p o s s i b l e  i n  

f u t u r e  experiments  w i t h  t h i s  beam t o  use t h e  Cerenkov c o u n t e r  s p e c i f i c a l l y  

t o  de te rmine  t h e  momentum, provided t h a t  t h e  p r o t o n  t h r e s h o l d s  were measured 

w i t h i n  1 p s i  o r  b e t t e r .  I n  the only  i n s t a n c e  where our measurements were of 

r e a s o n a b l e  p r e c i s i o n ,  a t  10 GeV/c, t h e  momentum from t h e  Cerenkov a g r e e s  w i t h  

t h a t  from t h e  magnets as s e e n  i n  Table  V a .  

T h e r e f o r e ,  we r e l y  on t h e  magnets f o r  momentum d e t e r m i n a t i o n ,  and 

D. Momentum from t h e  D2 System 

I n  o r d e r  t o  approach t h e  e v a l u a t i o n  of momentum from t h e  D2 magnet system, 

i t  i s  n e c e s s a r y  f i r s t  t o  c o n s i d e r  t h e  t r a n s m i s s i o n  p r o p e r t i e s  of a beam t e l e s c o p e  

w i t h  a p e r t u r e s  of unequal  wid th ,  T h i s  i s  d i s c u s s e d  i n  Appendix A .  T h i s  background 

makes i t  p o s s i b l e  t o  d i s c u s s  t h e  beam momentum i n  terms of t h e  t u n i n g  procedures  

a c t u a l l y  used 
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(1) It i s  known t h a t  t h e  number of p ro tons  F(p)  

l e a v i n g  the  t a r g e t  a long  t h e  beam l i n e  dec reases  

r a p i d l y  w i t h  i n c r e a s i n g  p ro ton  momentume6 

- d20 
dndp 
so  t h a t  F(p)  - p 

(2) It has been shown t h a t  t h e  t r a n s m i s s i o n  func- 

t i o n  of t h e  second magnet system has  approximate ly  

I n  f a c t ,  

- p-5 o r  s t e e p e r  i n  t h e  r e g i o n  i n  q u e s t i o n ,  

-4 
e 

t r a p e z o i d a l  shape c e n t e r e d  about  p2,  w i t h  pL a n d .  

p a t  t h e  middle of  t h e  rounded shou lde r s .  p2 

i s  t h e  nominal momentum f o r  which the  c u r r e n t  i n  

H 

D is se t .  

(3 )  When t h e  p roduc t ion  spectrum F(p) and the  

2 

second bend t r a n s m i s s i o n  f u n c t i o n  T2(p)  a r e  fo lded  

t o g e t h e r  t h e  r e s u l t  i s  a curve  which i s  similar 

t o  a t r a p e z o i d  w i t h  a t i l t e d  top .  

( 4 )  The t r a n s m i s s i o n  f u n c t i o n  of t h e  f i r s t  magnet 

sys tem h a s  a narrow t r i a n g u l a r  shape. I n  tun ing ,  

t h e  c u r r e n t  i n  D1 i s  a d j u s t e d  f o r  maximum f l u x ,  

whi le  D2 i s  he ld  f i x e d .  

J, F(p) T2(p)T1(P)dP i s  maximized., A rough c a l c u l a -  

t i o n  i n d i c a t e s  t h a t  t h e  maximum occurs  when p1 = pL, 

t h a t  i s  T1 i s  cen te red  a t t h e  lower shou lde r  of T2. 

That  i s ,  the  i n t e g r a l  
* a  

The u n c e r t a i n t y  i n  t h i s  t un ing  i s  t aken  as 2 i . e . ,  the  wid th  of t h e  rounded 

shou lde r .  For t h e  p a r t i c u l a r  system desc r ibed  h e r e  we t h e n  f i n d  

. . . . .. I .- . -_ . 
._I. - 
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Thus t h e  a c t u a l  beam momentum w i l l  be approximately 10,1% below t h e  v a l u e  c o r r e s -  

ponding t o  t h e  c u r r e n t  s e t  i n  magnet D2"  

E. Momentum from t h e  D, System 

Another approach t o  t h e  d e t e r m i n a t i o n  of beam momentum i s  t o  c o n s i d e r  t h e  

s i t u a t i o n  a t  t h e  f i r s t  bending magnet. 

mrad, bu t  because of  t h e  f r i n g e  f i e l d s  of  t h e  G - 1 1  r i n g  magnet t h e  e f f e c t i v e  

The bend a n g l e  a t  D1 i s  nominal ly  59.3 

t a r g e t  p o i n t  f o r  p o s i t i v e  beams l i e s  o u t s i d e  t h e  beam l i n e .  Also, t h e  f i r s t  

c o l l i m a t o r  C 

s o  t h a t  i t  d e f i n e s  an  a c t u a l  beam l i n e  somewhat d i f f e r e n t  from t h e  nominal one. 

i s  d i s p l a c e d  approximately 0.64 i n c h e s  p a r a l l e l  t o  t h e  beam l i n e  1 

The o f f s e t  of t h e  v i r t u a l  t a r g e t  TV v a r i e s  from 1.Cf)i.n a t  20 GeV/c t o  1.24 i n  a t  

10 GeV/c, which causes  t h e  r e q u i r e d  bend a n g l e  a t  D1 t o  be 1.3 t o  2.2 mrad g r e a t e r  

t h a n  t h e  nominal v a l u e .  As a r e su l t ,  t h e  a c t u a l  momentum i s  expected t o  be 2.2% 

below t h e  v a l u e  c a l c u l a t e d  from t h e  nominal bend a n g l e  a t  D1 a t  20 GeV/c and 3.7% 

below t h i s  v a l u e  a t  10 GeV/c, when t h e  quadrupoles  a r e  o f f ,  

When t h e  quadrupoles  Q, & Q, are turned  on, t h e  tuned c u r r e n t  i n  D1 was found 

t o  be h i g h e r ,  so  i t  i s  c l e a r  t h a t  some s t e e r i n g  i n  o p p o s i t i o n  t o  t h e  bend of D1 i s  

be ing  done by t h e  quads.  From t h e  20 GeV/c d a t a  i n  Table VA, i t  i s  s e e n  t h a t  t h i s  

i n c r e a s e  i s  about 20 ,2  = 12% of t h e  h i g h e r  v a l u e  when converted t o  momentum. 
2.5 

S ince  t h e  s o u r c e  i s  o f f - a x i s ,  t h e  beam e n t e r s  Q, o u t s i d e  t h e  a x i s  and i s  

b e n t  towards t h e  a x i s  i n  t h e  quads,  which i s  i n  q u a l i t a t i v e  agreement w i t h  observa-  

t i o n s ,  Using the p o s i t i o n  of  t h e  f i r s t  c o l l i m a t o r  (0.64 i n  o u t s i d e  the axis) and 

t h e  f o c a l  l e n g t h  of  t h e  Q5Q6 p a i r  (200 i n )  we e s t i m a t e  t h a t  a r a y  could  be b e n t  

through - = 3.2 mrad ,  T h i s  i s  t o  be compared w i t h  t h e  nominal bend a n g l e  
200 

5,4%. Thus a f t e r  t u r n i n g  t h e  quads on we might 3.2 &, = 5 9 , 3  mrad,  g i v i n g  - = 
1 5 9 , 3  

expec t  t o  have t o  i n c r e a s e  t h e  c u r r e n t  i n  D1 by 5.4%. 

i n c r e a s e  i s  n e c e s s a r y  s u g g e s t s  t h a t  our  knowledge of t h e  a c t u a l  beam p a t h  p r i o r  

The f a c t  t h a t  a l a r g e r  
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t o  D remains ambiguous. T h i s  :qay be due t o  incomplete  knowledge of t h e  AGS 

f r i n g i r , g  f i e l d s ,  o r  a misunders tanding  as t o  t h e  l o c a t i o n  of t h e  o f f - a x i s  

components. 

1 

Using t h e  e x p e r i m e n t a l l y  determined v a l u e  of 12% f o r  t h e  quadrupole  s t e e r -  

i n g  and 2% f o r  t h e  o f f - a x i s  l o c a t i o n  of TV we p r e d i c t  t h a t  t h e  a c t u a l  momentum 

i s  14% below t h e  v a l u e  c a l c u l a t e d  from t h e  c u r r e n t  i n  D 1  at  20 GeV/c when t h e  

quads a r e  on. Since d a t a  on t h e  amount of s t e e r i n g  done by Q Q a r e  n o t  a v a i l -  

a b l e  f o r  lower momenta i t  i s  assumed t h a t  t h e  same f a c t o r  can be a p p l i e d .  

5 5  

F. Combined Momentum C a l c u l a t i o n  

With t h e  quads o l f ,  a t  nominal momentum 20 GeV/c, t h e  momentum as c a l c u l a t e d  

from D i s  17.65 GeV/c minus 2.6%, which g i v e s  17.2 GeV/c. The a n a l y s i s  based on 1 
t h e  bend a t  D 

A s  our b e s t  v a l u e  of t h e  momentum, we quote  t h e  average ,  w i t h  e r r o r  b a r s  t h a t  

encompass t h e  f u l l  range of v a l u e s  w i t h i n  t h e  u n c e r t a i n t i e s  of e i t h e r  a n a l y s i s  

a lone .  

GeV/c, o r  17.5 GeV/c w i t h  an  u n c e r t a i n t y  of 5 4%. 

g i v e s  19.8 GeV/c minus (10.1 2 2.2)% which e q u a l s  (17.8 2 0.4)GeV/c. 
2 

Thus the c e n t r a l  v a l u e  of  beam momentum i n  t h i s  i n s t a n c e  i s  (17.5 2 0.7) 

With t h e  quads on, a t  nominal momentum 20 GeV/c, t h e  momentum as c a l c u l a t e d  

from D1 would t h e n  be 20.1 GeV/c minus 14%, which g i v e s  17.3 GeV/c. 

based on t h e  bend a t  D2 g i v e s  19.8 GeV/c minus ( 1 0 . 1 2  2.2)% which e q u a l s  (17.8 

+ 0.4) GeV/c. Combining a s  b e f o r e  g i v e s  a c e n t r a l  v a l u e  of beam momentum of 

(17,55 I + 0,65)  GeV/c, o r  17.6 GeV/c w i t h  a n  u n c e r t a i n t y  of  - + 4%. T h i s  procedure 

i s  used i n  c a l c u l a t i n g  t h e  beam momentum i n  a l l  exper imenta l  r u n s  w i t h  t h e  quads 

on. The r e s u l t s  of t h e  c a l c u l a t i o n s  are p r e s e n t e d  i n  Table  Va. 

The a n a l y s i s  

Table  Vb t h e n  g i v e s  t h e  c e n t r a l  v a l u e  o f  beam momentum f o r  each d a t a  run.  

These v a l u e s  are u n c e r t a i n  by 2 4%. 

i s ,  c o i n c i d e n t a l l y ,  4% FWY a s  d i s c u s s e d  i n  S e c t i o n  VIIAabove.  

The r e s o l u t i o n  of t h e  momentum d i s t r i b u t i o n  
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APPENDIX A 

Transmission of a B e a m  Telescope  

A beam t e l e s c o p e  which h a s  a p e r t u r e s  o f  unequal  wid th  i s  shown below: 

A l l  r a y s  which pass  t h r o u  e a x i s  ( z e r o  degrees) '  

and 2 $ 

s t a n t ,  Toe  

a x i s ,  s o  t h a t  t h e  t r a n s m i s s i o n  f u n c t i o n  drops  t o  z e r o  a t  2 qB. 

a n g l e s  between $ and JI 

A l t o g e t h e r  t h i s  l e a d s  t o  a t r a p e z o i d a l  t r a n s m i s s i o n  f u n c t i o n  f o r  t h e  t e l e s c o p e ,  

as shown below. 

T ( J I )  reduces  t o  a t r i a n g u l a r  shape. 

are t r a n s m i t t e d ,  s o  t h e  t r a n s m i s s i o n  f u n c t i o n  i n  t h i s  r e g i o n  i s  a con- A 

No r a y s  p a s s  through which t rave l  a t  a n g l e s  g r e a t e r  t h a n  Jr w i t h  t h e  
B 

F i n a l l y ,  a t  

t h e r e  i s  a l i n e a r  f a l l - o f f  i n  t h e  t r a n s m i s s i o n  f u n c t i o n .  
A B 

I n  the s p e c i a l  c a s e  where t h e  a p e r t u r e s  a r e  e q u a l ,  JIA = 0 and 

#- 

When a beam t e l e s c o p e  i s  combined w i t h  a momentum-defining system, t h e  t r a n s -  

miss ion  as a f u n c t i o n  of  a n g l e  w i t h  r e s p e c t  t o  t h e  beam a x i s  i s  e q u a l  t o  t h e  

t r a n s m i s s i o n  as a f u n c t i o n  of t h e  bend a n g l e  f o r  r a y s  c o n s t r a i n e d  t o  pass  through 

a p o i n t  source .  If t h e  p o i n t  source  i s  r e p l a c e d  by a f i n i t e  a p e r t u r e ,  t h e  t r a n s -  

m i s s i o n  as a f u n c t i o n  of bend a n g l e ,  T ( e ) ,  i s  modif ied.  The c o r n e r s  are rounded 

and t he  l i m i t i n g  a n g l e s  of t h e  " t rapezoid"  become l a r g e r  as shown below. T h i s  

z f f e c t  i s  conf ined  t o  a r e g i o n  w i t h i n  & SQc/2  of  t h e  c o r n e r s ,  where 68, i s  t h e  

fr!lL a n g u l a r  width of t h e  a p e r t u r e  i n  q u e s t i o n .  



T h e r e f o r e ,  t h e  t r a n s m i s s i o n  f u n c t i o n  of t h e  second bend system i n  t h e  t e s t  

beam d i s c u s s e d  h e r e  i s  determined a s  fol lows:  

(I) The s c i n t i l l a t o r s  S1 and S 2  form a beam t e l e s c o p e  w i t h  a n g l e s  

- = 2.45 mrad 

+ - 4.07 mrad 

- 
- 2 (612) 

J I B =  --- 2 (612) 
( 2 )  The e n t r a n c e  a p e r t u r e  of t h e  second c o l l i m a t o r  C2 approximates  a p o i n t  

w i t h  a n g u l a r  w i d t h  

0.5 = 1.07 mrad s BC = 
950-5  - (460.75 - 24.0)  

( 3 )  The s h o u l d e r s  of t h e  t r a n s m i s s i o n  curve  occur  a t  8 

8, = 

of  

= e 2  - Q A  and L 

+ JrAe T h e r e f o r e ,  che t e l e s c o p e  has  a f u l l  wid th  t o  t h e  s h o u l d e r s  

6 8 = 2 JrA = 4.9 mrad  
2 

T h i s  i s  t o  be compared t o  the  nominal bend a n g l e  e2 = 24.2 mrad, and COR-  

v e r t e d  t o  momentum, thus :  

8 - e  4 9  

24.2 
A p2 = 'HmPL = H L = = 20% ( F u l l  Width t o  Shouldzrs)  

p2 p2 82 

6 Q  
2 

( 4 )  The s h o u l d e r s  of t h e  t r a n s m i s s i o n  curve  a r e  smeared o u t  by 2 2 = 

- + 0.54 m r a d  = 2 2.2% due t o  t h e  f i n i t e  a p e r t u r e  of  t h e  c o l l i m a t o r  C 2 -  



APPENDIX B -16- 

P r e l i m i n a r y  R e s u l t s  

The f i g u r e s  p r e s e c t e d  i n  t h i s  Appendix a r e  produced 

from computer p r i n t o u t  showing a p r e l i m i n a r y  a n a l y s i s  of  

t y p i c a l  c a l i b r a t i o n  r u n s  made w i t h  20, 15 ,  and 10 GeV 

p r o t o n s .  The e v e n t s  i n c l u d e d  were s e l e c t e d  t o  have i n t e r -  

a c t e d  i n  one o f  t h e  f i r s t  4 i r o n  modules (2  i n t e r a c t i o n  

l e n g t h s ) .  F i g u r e s  B 1  through B3 show t h e  t o t a l  number of 

p a r t i c l e s ,  normalized t o  a mean of LOO, d e t e c t e d  i n  t h e  

f i r s t  7 i r o n  modules (3-1/2 i n t e r a c t i o n  l e n g t h s ) ,  f o r  20, 

15, and 10 GeV i n c i d e n t  p r o t o n s  r e s p e c t i v e l y .  

F i g u r e s  B4 th rough B6 show t h e  number of p a r t i c l e s ,  

normalized t o  a mean of  100, d e t e c t e d  a t  cascade maximum 

f o r  20, 15, and 10 G e V  p r o t o n s  r e s p e c t i v e l y .  
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TABLE I 

LAYOUT OF G-10  4- 4.7" TEST BEAM, 18-21 J u l y ,  1970 

Element 

G-10 Ta rge t  

V i r t u a l  T a r g e t  

Col l imator  V1 

Quadrupole #5 

Quadrupole #6 

Bending Magnet #l 

Coi l ima to r  #2 

Co l l ima to r  #3 

Bending Magnet #2 

Sc in t : .  Counter #l 

Cerenkov C oun t e  1: 

S c i n t .  Counter 1 2  

S c i n t .  Counter t 3  

NASA Experiment 

Symbo 1 

T 

T V  

cl 

45 

Q6 

Dl 

c2 

c3 

D2 

sl 

C 

s2 

s3 

IS 

Locat ion  D e s c r i p t i o n  

Between G - 1 0  & G - 1 1  
r i n g  magnets Reference (8) 

Be0 w i r e ,  desc r ibed  i n  

On a r a d i a l  l i n e  Be0 w i r e ,  o f f s e t  by f r i n g e  
through G10 t a r g e t  f i e l d  of  G 1 1  

268.25" from T 1" hor  x 4" v e r t  x 36" l ead  

563" from T on Type 8448 
magnet a x i s  I t  

I t  

623" from T on Type 8448 
"magnet ax i s "  

701" from T Type 18D72 - bend angle  
3.4025" w . r . t .  "magnet a x i s "  

460.75" from D1 1/2" x 1 /2"  x 48" l e a d ,  w i t h  
b r a s s  shims 

535.75" from D1 Var iab le  wid th  x 4" v e r t .  
x 48" l ead  au tomat ic  c o l l i -  
mator 

950.5" from D1 type 18D72 - bend angle  
1.3916" 

500" from D2 
(Nominal) 4" wide x 3-1/2" h igh  p l a s t i c  

549" from D2 
( t o  e n t r a n c e )  coun te r  

2 meter  long gas  Cerenkov 

1" x 1" p l a s t i c  1 
612" from S 

55" from S2 

2 

2" x 2" p l a s t i c  

I o n i z a t i o n  Spectrometer  2258" from D 
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Rutgers  (Maglic) 

SUNY (Good) 

Rocke f e 1 l e r  (Coo 1) 

Yale (Marx) 

TABLE I1 

OTHER EXPERIMENTS I N  BEAM 

BNL ( C o l l i n s )  

Columbia - NAL - Rochester  
(Limon - White - M e l i s s i n o s )  

S c i n t i l l a t o r s  - 4 gm-cm-2 

S c i n t i l l a t o r s  - 1 gm-cm- 2 
Gas Cerenkov Counter -I- 1 gm-cm- 2 

S c i n t i l l a t o r s  r\, 4 gm-cm- 2 

Spark Chambers only  

S c i n t i l l a t o r s  - 5 gm-cm-2 

Spark Chambers 
18 l a y e r s  of 4 m i l  
Aluminized Mylar 

18 w i r e  p l a n e s  o f  4 o r  5 m i l  
Beryllium-Copper spaced 16/cm 
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TABLE IV 

Threshold Pressures for Cerenkov'Counter 

Filled with Freon - 12 (CC12F2) 

(Calculated from n = 118, and using Argonne National 
thre sho Id 

Laboratory Report #6916, "Index and Dispersion of Cerenkov 

Count e r Gases ") 

PARTICLE 

MOMENTUM PROTON K n 

5 GeV/c 

10 GeV/c 

15 GeV/c 

20 GeV/c 

(550) 

52 

27 

16 

70 4.8 

17 1.4 

8 0.6 

5 0.3 

All pressures in psi'a 
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LIST OF FIGURES 

Figure  1 Schematic Cross  S e c t i o n  of  High Energy Cosmic Ray Experiment 

F igure  2 Schematic o f  G - 1 0  3- 4.7" Test-Beam Transpor t  System, 
18 - 2 1  J u l y ,  1970 

Figure  3 High Energy Cosmic Ray Experiment (HECRE) T e s t  Mounted 

Figure  4 Spark Chamber O r i e n t a t i o n  
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