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# Fermilab Beam Pos i t i on  Mon i to r
D e s i g n  N o t e  # 1

EXPECTED CALIBMTION AND CALIBMTION TOLERANCES

OF THE BEAM POSITION SYSTEM

R .  S h a f e r
N o v e m b e r  3 ,  1 9 8 1

T h e  p u r p o s e  o f  t h i s  r e p o r t  i s  t o  c o n s o l i d a t e  v a r i o u s  c a l c u l a t i o n s

a n d  m e a s u r e m e n t s  o n  t h e  c a l i b r a t i o n  o f  t h e  b e a m  p o s i t i o n  s y s t e m .

M a n y  p i e c e s  o f  e q u i p m e n t  c o n t r i b u t e  t o  t h e  c a l i b r a t i o n  o f  t h e  s y s t e m ,

and  the  to le rances  o f  each  i nd i v idua l  ca l i b ra t i on  a f fec t  t he  u l t i r na te

a c c u r a c y  o f  t h e  s y s t e m .  S p e c i f i c a l l y ,  t h i s  r e p o r t  d e r i v e s  t h e

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

c h a n n e l s ,  a n d  e x a m i n e s  t h e  e f f e c t  o f  v a r i o u s  t o l e r a n c e s  o n  t h e  f i n a l

a c c u T a c y .

T h i s  r e p o r t  i s  n o t  m e a n t  t o  b e  a n  i n t r o d u c t i o n  t o  t h e  b e a m

p o s i t i o n  s y s t e m .  A  t h o r o u g h  u n d e r s t a n d i n g  o f  t h e  v a r i o u s  e l e m e n t s

o f  h a r d w a r e  c o m p r i s i n g  t h e  s y s t e m  i s  r e c o m m e n d e d  b e f o r e  t h i s  r e p o r t

i s  r e a d  i n  d e t a i l .  I t  i s  e s p e c i a l l y  i m p o r t a n t  t h a t  a n y o n e  w h o

in tends  to  make  ad jus tmen ts  on  any  componen t  i n  t he  ana log  s igna l

p r o c e s s i n g  p o r t i o n  u n d e r s t a n d  t h e  o v e r a l l  e f f e c t  o f  t h e  a d j u s t m e n t

o n  t h e  s y s t e m .

T o  a  c e r t a i n  e x t e n t  t h i s  r e p o r t  p r e s e n t s  a l g o r i t h m s  a n d  c a l i -

b r a t i o n  c o n s t a n t s  w h i c h  a r e  d e s i g n  o b j e c t i v e s  r a t h e r  t h a n  f i n a l

v a l u e s .  T h e  p u r p o s e  o f  l t r i t i n g  t h i s  r e p o r t  a t  t h i s  t i m e  i s  t o

u n d e r s t a n d  t h e  s e n s i t i v i t y  o f  t h e  s y s t e m f s  a c c u r a c y  t o  v a r i o u s

c a l i b r a t i o n  t o l e r a n c e s  a n d  t o  b e  a b l e  t o  s p e c i f y  w h a t  t h o s e  t o l e r a n c e s

m u s t  b e  i n  o r d e r  t h a t  t h e  d e s i g n  o b j e c t i v e s  b e  a c h i e v e d .  I n  a d d i t i o n ,

u n d e r s t a n d i n g  t h e  d e p e n d e n c e  o f  t h e  s y s t e m  c a l i b r a t i o n  o n  i n d i v i d u a l
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p a r a m e t e r s  w i l l  a l l o w  m o d i f i c a t i o n  o f  t h e s e  p a r a m e t e r s  i f  s u c h  m o d i f i -

c a t i o n  l e a d s  t o  b e t t e r  a c c u r a c y ,  l i n e a r i t y ,  o r  m a t c h i n g  o f  t h e  s y s t e m

t o  t h e  E n e r g y  D o u b l e r  r e q u i r e m e n t s .

T h e r e  a r e  t w o  b a s i c  c a l i b r a t i o n  c h a n n e l s  i n  t h i s  s y s t e m .  T h e

p r i r n a r y  o n e  i s  t h e  b e a m  p o s i t i o n  s y s t e n ,  w h i c h  i s  e x p e c t e d  t o  n e a s u r e

b e a m  p o s i t i o n  w i t h  a n  a c c u r a c y  o f  t 1  m m  a t  t 2 5  r n m  d i s p l a c e m e n t s  o f

t h e  b e a n  f r o m  t h e  c e n t r a l  o r b i t ,  a n d  w i t h  c o r r e s p o n d i n g l y  b e t t e r

a c c u r a c y  a t  s m a l l e r  d i s p l a c e m e n t s .  T h i s  i s  s u p p o s e d  t o  w o r k  f o r

b e a m  i n t e n s i t i e s  i - n  t h e  r a n g e  1 0 I  t o  1 0 r 1  p r o t o n s  p e r  b u c k e t .  I n

a d d i t i o n ,  a  s e c o n d  c h a n n e l  f o r  m e a s u r i n g  b e a m  i n t e n s i t y  t o  t 2 0 %  o v e r

t h e  s a m e  i n t e n s i t y  r a n g e  i s  a l s o  d i s c u s s e d .  E a c h  c h a n n e l  i s

r e v i e w e d  s e p a r a t e l y .

I .  THE POSIT ION CHANhIEL

T h e  p o s i t i o n  c h a n n e l  i n c l u d e s  t h e  d e t e c t o r ,  t h e  c a b l e ,  t h e  r f

m o d u l e ,  a n d  t h e  s a m p l e  a n d  h o l d / A D C  i n  t h e  a n a l o g  b o x .

I  -A .  THE DETECTOR

T h e  d e t e c t o r  i s  d i s c u s s e d  i n  I E E E  N S  V o 1 .  N S - 2 8  # 3 ,  p a g e s  2 2 9 0 - 3

[ 1 9 8 1 ) .  I v l e a s u r e m e n t  o f  t h e  p o s i t i o n  s e n s i t i v i t y  p r e s e n t e d  i n  t h i s

p a p e r  s h o w  t h e  r e s p o n s e  t o  b e

. 6 7 x  = ( ; l  =  2 0  l o g t o  ( A / B )' o ' d b ( 1 )

w h e r e  x  i s  t h e  d i s p l a c e m e n t  o f  t h e  b e a m  i n  m m  f r o m  t h e  d e t e c t o r

c e n t e r l i n e ,  a n d  ( A / B ) a O  i s  t h e  d b  r a t i o  o f  t h e  r f  s i g n a l  a m p l i t u d e s

o u t  o f  t h e  t w o  d e t e c t o r  o u t p u t  p o r t s .  I n  t h e  c a s e  w h e r e  t h e  b e a n  i s

a l s o  d i s p l a c e d  i n  t h e  y  ( o r t h o g o n a l )  d i r e c t i o n ,  t h e  r e l a t i o n  b e c o n e s
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( y  a l s o  i n  m n )

. 6 7 x  = ( 1

I - B .  T I I E  C A B L E

( 2 )

T h e  c a b l e  b e i n g  u s e d  t o  t r a n s p o r t  t h e  r f  s i g n a l  b a c k  t o  t h e

n e a r e s t  S e r v i c e  B u i l d i - n g  w h e r e  t h e  e l e c t r o n i c s  i s  l o c a t e d  i s  a  f o a m

t y p e  R G 8 .  T h e  f o a m  d i e l e c t r i c  w a s  c h o s e n  f o r  t w o  r e a s o n s :  t o

m i n i m i z e  t h e  a t t e n u a t i o n  ( - 1 . 3  d b  p e r  1 0 0  t  a t  5 3  l v l H z )  a n d  t o  m i n i m i z e

t h e  t i n e  s k e w i n g  o f  t h e  v a r i o u s  s i g n a l s  a r r i v i n g  a t  e a c h  S e r v i c e

B u i l d i n g .  C a b l e  l e n g t h s  t y p i c a l l y  r a n g e  f r o n  1 5 0 '  t o  6 5 0 '  h e n c e

l e a d i n g  t o  e x p e c t e d  a t t e n u a t i o n s  o f  2 . 0  a n d  8 . 5  d b  r e s p e c t i v e l y .

A s  c a b l e  p a i r s  a r e  e x p e c t e d  t o  b e  t h e  s a n e  l e n g t h  ( w i t h i n  a  f e w  c m ) ,

t h e  r e l a t i v e  a t t e n u a t i o n  i s  e x p e c t e d  t o  b e  z e r o .  i f  o n e  c a b l e  h a s

a t t e n u a t i o n  ( A t l A ) d b  a n d  t h e  o t h e r  ( B t l B ) a b ,  w h e r e  t h e  a n r p l i t u d e s  A i

a n d  B  I  a r e  o u t p u t s  a n d  A  a n d  B  i n p u t s ,  t h e n  i t  c a n  b e  s h o w n  t h a t

3 -

j_\ /4\
2 8 3 0 / t  t g  / d u

(* i ) . ,  =  (* )  
uo 

.  ( f  )uo-  (B ' )uo

t  i ve

T A N ' A

ude
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p h a s e  r e l a

h a s e  d i f f e

t h e  a m p l i t

s i t i v i t y  o

c i f i c a l l y ,

e f f e c t  o n

= r  4 \
\  B  / a u

I t  i s  i m p o r t a

c h  o t h e r  w i t h

f f e c t  t h e  a m p

a s e  c o n v e r s i o

e c h n i q u e  t o  p

h a s e  d i f f e r e n

+  A ( d b )

n t  t h a t  t h e  s i g n a l s  A r  a n d  B r  b e  i n

i n  a  f e w  d e g r e e s  i n  o r d e r  t h a t  t h e  p

l i t u d e  m e a s u r e m e n t .  I n  A p p e n d i x  A ,

n  t e c h n i q u e  i s  d i s c u s s e d  a n d  t h e  s e n

h a s e  d i f f e r e n c e s  i s  c a l c u l a t e d .  S p e

c e  c a n  b e  h e l d  t o  t 1 0 o  r n a x  t h e n  t h e

( 3 )

t o  e a

n o t  e

t o  p h

the  t

t he  p

i f

t he
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p o s i t i o n  m e a s u r e m e n t

c o r r e s p o n d s  t o  a b o u t

I -C .  THE RF I {ODULE

- 4 -

w i l l  b e  l e s s  t h a n  . 2  m m  f o r  x < 1 2 5  m m .

t I Z  c m  f o r  5 3  M H z  i n  F o a m - 8  c a b 1 e .

T h i s

( s )

( 6 )

T h e  r f  m o d u l e  ( d e s c r i - b e d  i n  I E E E  N S ,  V o 1 .  N S - 2 8 ,  p a g e  s  Z 3 Z 3 - s

( 1 9 8 1 )  u s e s  A M / P N I  ( a m p l i t u d e  m o d u l a t i o n  t o  p h a s e  m o d u l a t i o n )  c o n -

v e r s i o n  f o l l o w e d  b y  h a r d  l i m i t e r s ,  a  d o u b l e  b a l a n c e d  r n i x e r ,  a  l o w

p a s s  f i l t e r  a n d  a  1 o w  f r e q u e n c y  a m p l i f i e r  t o  c o n v e r t  t h e  A N I  s i g n a l s

t o  a  v o l t a g e  o u t p u t .  T h e  e q u a t i o n s  a r e  d e r i v e d  i n  A p p e n d i x  A .

S p e c i f i c a l l y

( 4 )

w h e r e  A t  a n d  B I  a r e  t h e  a m p l i t u d e s  o f  t h e  t w o  r f  i n p u t  s i g n a l s  a n d

0 ^  a n d  0 n  a r e  t h e  p h a s e s  o f  t h e  s i g n a l s  o u t  o f  t h e  A M / P M  c i r c u i t .

A  d o u b l e  b a l a n c e d  m i x e r  a n d  l o w  p a s s  f i l t e r  i s  u s e d  t o  p r o d u c e

a  v o l t a g e  o u t p u t  s u c h  t h a t

+i = tan(\g

c i  ( "  - " , )  * f  = % }

w h e r e  C r

Hen

\

n d  V o  a r e  c a l i b r a t i o n  c o n s t a n t s .

t h e  o v e r a l l  p e r f o r m a n c e  o f  t h e  r f  m o d u l e  i s

4 t
B l

Non ina l

C r

V 9

v o )  .  f  I

1 u e

/ 1 0

t\

/ s u
L I U

-  
l l

- 0

=*+u ln ran {cr  (v

s  f o r  t h e  c a l i b r a t i o n  c o n s t a n t s  a r e
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I  -D .  THE ANALOG BOX

T h e  a n a l o g  c h a n n e l  c i r c u i t  f o r  t h e  p o s i t i o n  s i g n a l  i s  e n t i r e l y

c o n t a i . n e d  o n  t h e  d a u g h t e r  c a r d s  i - n  t h e  a n a l o g  b o x .  T h e  c i r c u i t  i s

d e s c r i b e d  i n  d e t a i l  i n  A p p e n d i x  B .  S p e c i f i c a l l y ,  t h e  r e l a t i o n  b e t w e e n

r - h a  i  ' r n . r  r ' ^ r  t a g e  V  a n d  t h e  8  - b i t  d i g i t i z e d  n u m b e r  c u t  i s  o f  t h eg r r v  u  !  v I

t o  r m

'  C z - Nv = _G__

w h e r e  n o m i n a l  v a l u e s  f o r  t h e  c o n s t a n t s  a r e

C z  =  1 2 8 . 0

C :  =  5 1 . 2

I - E .  O V E M L L  C A L I B M T I O N

l /  )

C o m b i n i - n g  t h e  n o m i n a l  v a l u e  e q u a t i o n s  ( 1 )  ,  ( 6 )  ,  a n d  ( 7 )  w e  g e t

x = :et+"io (' #-) '" ta" [fr (#) . 4'J

= LZ.e6 ( ,  , , :=1u\  ln . " , . ,  [L ,#.  fJ\  - " - "  t
T h e  i n v e r s e  r e l a t i o n  i s

( 8 )

t  r  f  Y  / -  - 2 \ ?  , , , 1
LzB-L6s Jtan- 

exp j  17:9.6 (1 -  #T) l  
-  

4 i  (e)
t L \ , J )

I  -F .  APPROXIMATIONS

A s  t h e  l n  t a n  a n d  t a n -  t  " * p  e x p r e s s i o n s  w i l l  b e  u s e d  o f t e n  i n
'  c o n v e r t i n g  b e t w e e n  " u s e r "  ( i . e . ,  e n g i n e e r i n g )  u n i t s  a n d  " r a w f '  ( i . e . ,

m i c r o p r o c e s s o r )  u n i t s ,  m o r e  e f f i c i e n t  a p p r o x i m a t i o n s  h a v e  b e e n

d e v e l o p e d .  S p e c i f i c a l l y  t h e  e x p r e s s i o n s
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(rc-r\ + ) q4R (lzqj'l
\  1 6 3  /  

- ' " ' "  
\  1 6 3  /

and

t-
x  =  7 2 . 9 6  1 . 8 6 6

I
L

+  . o o 6 s  ( " ; . ) ' l
\ r r . . y u l  J

a r e  a p p r o x i m a t i o n s  f o r  e q u a t i o n s

i 0 . 5  m m  f o r  I  x  |  < Z +  m m  .

I  -G .  ALLOWABLE TOLERANCES

( 1 1 )

( 8 )  a n d  ( 9 )  w h i c h  a r e  a c c u r a t e  w i t h i n

( 1 0 )

N =  rz8  -  l u ,  I  o .4s4 r  (# - . r r )  -  . 0667/--r-\'
\ i 2 . e 6 /

T h e  d e s i g n  o b j e c t i v e  f o r  t h e  s y s t e m  a c c u r a c y  i s  t . 5  m m  f o r

l x l < 2 5  n m .  T h i s  t o l e r a n c e  i n c l u d e s  b o t h  e l e c t r i c a l  a n d  m e c h a n i c a l

t o l e r a n c e  c o n t r i b u t i o n s .  I f  w e  a s s u m e  t h a t  e l e c t r i c a l  a n d  m e c h a n i c a l

t o l e r a n c e s  a r e  e q u a l ,  e a c h  i n d i v i d u a l l y  s h o u l d  b e  - 1 0 . 3 5  m m .  T h e

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

t h e  p o s i t i o n i n g  o f  t h e  d e t e c t o r  r e l a t i v e  t o  t h e  m a g n e t i c  c e n t e r l i n e

o f  t h e  q u a d r u p o l e  a s  d e f i n e d  b y  t h e  a l i g n m e n t  l u g s ,  t h e  i n t e r n a l

t o l e r a n c e s  o f  t h e  d e t e c t o r  w h i c h  m a y  a f f e c t  t h e  r e l a t i v e  s i g n a l

o u t p u t  a m p l i t u d e s ,  e t c .  T h e  e l e c t r i c a l  t o l e r a n c e s  i n c l u d e  c a b l e

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

t h e  r f  m o d u l e  a n d  t h e  a n a l o g  b o x .

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  a l l  d e t e c t o r  c h a n n e l s  w i l l  b e

a s s u m e d  t o  h a v e  t h e  s a m e  e l e c t r i c a l  c a l i b r a t i o n .  0 n 1 y  i n  t h i s  w a y

i s  i - t  p o s s i b l e  t o  m a i n t a i n  t h e  s y s t e m  c a l i b r a t i o n  o v e r  l o n g  t i m e

p e r i o d s  w h e n  i n d i v i d u a l  c o m p o n e n t s  m a y  b e  e x c h a n g e d  o r  r e p l a c e d

f r o m  t i m e  t o  t i m e .

W e  s t a r t  w i t h  t h e  f o l l o w i n g  e q u a t i o n s :
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d e t e c t o r :

c a b l e :

r f  m o d u l e :

a n a l o g  b o x

where 0 = c

* i ) , ,  
+  ^  ( d b )

O D

(#ir) t" tan {c I (v - vo ) . ft

- 7

''+) (*).,I Ix  =  
J 7 \

(  + )uo  = (

(* i )  .o  =
C r - N: v = ___:-
C s

1 - ( 2 )

( 3 )

t 6 )

( 7 )

t h e n

x = # i*+ 
rntan[. , ( '# -  r ,o *ra]  .^(dbt F #r]  ( rz)

l_

T h e  r m s  e r r o r  o n  x  i s  t h e n  g i v e n  b y  c o n b i n i n g  t h e  c o n t r i b u t i o n s  f r o m

a l l  t o l e r a n c e s  i n  q u a d r a t u r e :

l - l = , . '  \ z  / ^ - -  \ ^  /  \ '  / . ' , -  \  ?6x = 
L(#,dcr) '  

*  (3 t ,  ur ) '  .  (# ,  u . , )  .  (# ,  uu ' )

.  / *  6 N ) '  .  ( * , ,  6  ( ^ d b , \  
' l '  

( 1 3 )
\ " *  

"  
I  \a rau t  )

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

o f  t h e  y  d e p e n d e n c e  w h i c h  w i l l  b e  d i s c u s s e d  s e p a r a t e l y .

I f  w e  w r i t e  t h e  e x p r e s s i o n  ( L 2 )  i n  t h e  f o l l o w i n g  f o r m

x = (tz .s6 ln tan Q . 
q#.bl) (t Y 2 \

T{76 )

, (%+-  u , )  . 1T
T ( 1 4 )

T h e  p a r t i a l  d e r i v a t i v e s m a y  b e  w r i t t e n



B e a m  P o s  i t i o n  l t { o n i t o r
D e s i g n  N o t e  # 1 - 8 -

( ,
\

/
f 1
\

( ,
\

( '

\

( ,

' = # # '  
=  1 2 ' e 6

a/ ^-
1-F 

-

rJ lt )

.)T, 
-

J x
1 v -- J v  

0

- N -
c  l t

-)r-
a / v

, x  . ) 0  -  1 ?  a 6
\  r  1 f r-J t! ,1w 2

+ ?g = rz.e6- J Q  c r L l

r:_\( z \
2 8 3 0 / [  s i n z 0 /

v ' \ 1 2  \
2 8 3 0 )  l s i n 2 0 /

y ' \ l  2  \
2 8 3 0 1  \  r i n 2 0  i

y 2  \ /  z  t
2 B s 0 / \ s i n 2 0 /

v ' \ r  2  \
7s36 l \ s f i26 /

c l
c 3

/ - c , ( c r - N ) \
\ -er--l

( - C ' )

/  - c '  )
\  C 3 , /

/ c '  - u
l -

\  r - s V r ) ( 1 s )

( 1 6 )

( 1 7 )

( 1 8 )

( 1 e )

( 2 0 )

)x "10
i;- \Ti
d v  o v  0

;6 -lN

=  L 2 . 9 6

_  1 2 . 9 6

\
c / X  I

JAaF 
= 

.67

I n  T a b l e  I ,  6 x  i n  m m  i s  t a b u l a t e d ,  a s  w e l l  a s  t h e  i n d i v i d u a l

c o n t r i b u t i o n s  f r o m  e a c h  i n d i v i d u a l  c o m p o n e n t ,  a s  a  f u n c t i o n  o f  x .

T h e  f o l l o w i n g  a v e r a g e  v a l u e s  a n d  t o l e r a n c e s  w e r e  u s e d :

C r  -  . 5 1 4 t . 9 6 3

C z  =  1 2 8 t 0 . 5

C :  =  5 2 .  8 1 0  .  5  ( r n e a s u r e d  v a l u e )

V o  =  0 . 0 0 1 0 . 0 1

6 N  =  t 0 . 5  ( 1 e a s t  c o u n t  r e s o l u t i o n )

A d b  =  0 . 0 1 0 . 1

y - 0

I n  F i g .  l , 6 x  i s  p l o t t e d  a g a i n s t  x .  I t  i s  a p p a r e n t  t h a t  t h e

s i z e  o f  6 x  i s  a d e q u a t e l y  s r n a l l  n e a r  X = 0 ,  t h e  l a r g e s t  c o n t r i b u t i o n

b e i n g  f r o m  t h e  t 0 . 1  d b  t o l e r a n c e  o n  t h e  r e l a t i v e  c a b l e  a t t e n u a t i o n .

A t  l a r g e  x ,  t h e  t w o  l a r g e s t  c o n t r i b u t i o n s  a r i s e  f r o m  t h e  t o l e r a n c e s

o n  C r  ( t h e  g a i n  o f  t h e  r f  m o d u l e )  a n d  C s  ( t h e  c o n v e r s i o n  g a i n  o f  t h e



D B =  0 . 0 0  + / '
C 1 =  . 3 1 4  + / -
V 0 =  0 . 0 0 0  + / '
C 2 = L 2 8 . 0 0  + / -
1 f =  + / -  . 5 0
C 3 =  5 2 . 8 0  + / -
t =  0 . 0 0

. 1 0
. 0

.  0 1 0
. 5 0

. 5 0

X(-"") N 2s6- N
0 . 0 0  1 2 8 . 0  1 2 8 . 0
1  . 0 0  I 2 L . 5  r 3 4  .  s
2 . 0 0  1 1 5 . 1  r 4 0 . 9
3  . 0 0  1 0 8 .  7  L 4 7  . 3
4 . 0 0  r 0 2 . 5  1 5 3 . 5
5 . 0 0  9 6 . 3  1 5 9 . 7
6 . 0 0  9 0 . 4  1 6 5 . 6
7 . 0 0  8 4 . 5  L 7 L . 4
8 . 0 0  7 9 . L  L 7 6 . 9
9 . 0 0  7 3 . 8  L 8 2 . 2

1 0 . 0 0  6 8 . 7  1 8 7 . 3
1 1 . 0 0  6 3  . 9  r 9 2 . r
1 2 . 0 0  5 9 . 4  1 9 6 . 5
1 3 . 0 0  5 5 . 0  2 0 1 . 0
1 4 . 0 0  5 1 . 0  2 0 5 . 0
l s . 0 0  4 7 . L  2 0 8 . 9
1 5 . 0 0  4 3 . 5  2 L 2 . 5
1 7 . 0 0  4 0 . 2  2 1 5 . 8
1 8 . 0 0  3 7 . 0  2 L 9 . 0
1 9 . 0 0  3 4 . 1  2 2 L . 9
2 0 . 0 0  3 r . 3  2 2 4 . 7
2 L . 0 0  2 8 . 8  2 2 7 . 2
2 2 . 0 0  2 6 . 4  2 2 9 . 6
2 3 . 0 0  2 4 . 2  2 3 1 . 8
2 4 . 0 0  2 2 . L  2 3 3  . 9
2 5 . 0 0  2 0 . 2  2 3 s . 8

.036  CP SECONDS

o 3-l

I 
t" *t potar^^+1ers

_l
Co.,^1u,b;trr,-'to Sx(n^r-1 faou-

I  

l s 4 l l e w  r e  e A v v r F J  \ r { , r G  - - - - - l

5(aab)  5  cr  Svo Ecz-  Scs St t
.15 tnr -  0 .00rn t 'n  .08 , r^v  .08vrn ,u .  0 .00vv"  .08v . r *
. 1 5  . 0 1  . 0 8  . 0 8  . 0 1  . 0 8
. l s  . 0 2  . 0 8  . 0 8  . 0 2  . 0 8
. 1 5  . 0 3  . 0 8  . 0 8  . 0 3  . 0 8
. 1 5  . 0 4  . 0 9  . 0 8  . 0 4  . 0 8
.  1 5  . 0 5  . 0 9  . 0 8  . 0 5  . 0 8
.  r s  . 0 6  . 0 9  . 0 9  . 0 6  . 0 9
. l s  . 0 7  . 0 9  . 0 9  . 0 7  . 0 9
. 1 5  . 0 9  .  t 0  . 0 9  . 0 9  . 0 9
. 1 5  . 1 0  . 1 0  . 1 0  .  r 0  .  r 0
. 1 5  . 1 I  . 1 1  . 1 0  . 1 1  .  I 0
.  1 5  . 1 3  . 1 I  . 1 1  .  1 3  . 1 1
. l s  . 1 5  . L 2  . 1 r  . 1 5  . 1 1
. l s  . L 7  . 1 3  . I 2  . 1 6  . r 2
.  t 5  . 1 9  . 1 3  . 1 3  . 1 8  .  1 3
. 1 5  . 2 L  . 1 4  . 1 3  . 2 L  .  1 3
. 1 5  . 2 3  . I 5  .  t 4  . 2 3  . L 4
. l s  . 2 6  .  1 6  . 1 5  . 2 6  . 1 5
. 1 5  . 2 9  . I 7  .  1 5  . 2 8  . 1 5
.  r s  . 3 2  . 1 9  . 1 8  . 3 1  . 1 8
. 1 5  . 3 5  . 2 0  . 1 9  . 3 s  . 1 9
. 1 5  . 3 8  . 2 L  . 2 0  . 3 8  . 2 0
.  1 5  . 4 2  . 2 3  . 2 2  . 4 2  . 2 2
. 1 5  . 4 6  . 2 5  . 2 3  . 4 6  . 2 3
.  1 5  . 5 1  . 2 7  . 2 5  . 5 0  . 2 5
. 1 5  . 5 6  . 2 9  . 2 7  . 5 5  . 2 7

EXECUTION TIME.

S y (n*)
. 2 0
. 2 0
. 2 1
. 2 L
. 2 L
. 2 2
. 2 3
. 2 4
. 2 5
. 2 7
. 2 8
. 3 0
. 3 2
. 3 5
. 3 8
. 4 1
. 4 4
. 4 8
. 5 2
. s 6
. 6 1
. 6 6
. t 4

. 7 9

. 8 6

. 9 3

-Iahb a {vvon ar^r[1s $ "( 1os,t,r,^. fetPovv-, L**J "u r,^p*f ?orou,,n]<rs

al Se,f ejc"f obow..



/ " s
,  o " D

, , u o . \

i" Qra EY..',t
, o fobra-

"r 
(r"tte. t1

I
q

q
o, '

(Di

@ , i
. . \

o (
\ , ,' N = l z g  +  s . 3 g L

N ( noc o"tp"l)

a
o, '

2)t

q

s

o

o---

o
@

o

o

o

fi1rr* | a-
A A t r

[-xp."L.J Yos iTtg*
I

Gtiu ro1ru,"-

, ' o
r ' 6

j a

t ' o
/ 6

t ' 6
/

l ' 'Qp
i,

{q
@ /

o /
o /

o i
o /

o /
o a ) t

7 G^\
- 3 o

o

zzs

Luo

t l i

t? i

Ioo

l S a

/ )

So

C )



// Q_

2 . o

o . )

ApptoX u*x eVror dwe-
to ' rohor i* .  Wvwo)

f(o"l 
r,rordli.eoutl 

-

l , )

l -o

PkS eltor due
1o cottbr*1ri,,-

[)'"r'avrc€r 
-

fVuo,r co,rsed Lr
i ?.oo.rvor i* |

co6l. pfu*. *lrtl
/

-  7 - . -  
-

.rs_
/ -

0eti"troqs iu
appiayit r.lrW
1t'
loq to^ e,^.f
1o$-' .rp f"*il,i,^l

o

tclr,ra t u, C":{i,bnlul {vvors i,8"o^ ?i,1'; V"otaren^nC,

Mc.!.,.*,c/of iq*-J 1u{er..r,rc€s a[€ u-o1 i*"tu&J.



B e a m  P o s i t i o n  l v l o n i t o r
D e s i g n  N o t e  # l 1 1- r l -

A D C )  .  I f  e a c h  o f  t h e s e  a r e  h e l d  t o  t L % ,  t h e n  t h e  m i n i m u n  e r r o r  o n  x

i s  a b o u t  t 3 % .  O t h e r  c o n t r i b u t i o n s  r a i s e  i t  t o  a b o u t  x 4 % .  A t  p r e s e n t

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

d o u b l e  b a l a n c e d  m i x e r  i n  t h e  r f  m o d u l e  ( - 0 . 4 %  p e r  o C )  w h i c h  w o u l d  m a k e

t h e  c o n t r i b u t i o n  f r o r n  C g  f o u r  t i m e s  l a r g e r  f o r  6 T  =  t 1 0 0 C .

I -H .  THE NORMAL PLANE DEPENDENCE OF POSIT ION S IGNAL

T h e  p o s i t i - o n  s i g n a l  f o r  a n  x  p l a n e  d e t e c t o r  i - s  d e p e n d e n t  o n  t h e

o r t h o g o n a l  c o o r d i n a t e  y  a s  i s  s h o w n  i - n  E q .  ( 2 ) .  T o  c o r r e c t  f o r  t h i s

i t  j - s  n e c e s s a r y  t o  e x t r a p o l a t e  t h e  m e a s u r e m e n t s  o f  t h e  o r t h o g o n a l

c o o r d i n a t e  f r o m  a d j a c e n t  d e t e c t o r s .  A s  r o u g h l y  2 5 %  o f  t h e  d e t e c t o r s

i n  a n y  s e r v i c e  b u i l d i - n g  h a v e  n o  a d j a c e n t  d e t e c t o r  ( i n  t h a t  b u i l d i n g )

t h e  p r o b l e n  o f  m a k i n g  t h i s  c o r r e c t i o n  h a s  b e e n  l e f t  t o  t h e  H o s t .

A n  i n t e r i m  s o l u t i o n  i s  t o  i g n o r e  t h i s  c o u p l i n g .  T h e  f o l l o w i n g

a n a l y s i s  s h o w s  h o w  s e r i o u s  t h e  e f f e c t  w o u l d  b e .

I f  w e  a s s u m e  t h e  b e a m  o r b i t  t o  b e  c o n t a i n e d  w i t h i n  a  c e r t a i n

e x c u r s i o n  r  f r o m  t h e  c e n t e r  o f  t h e  d e t e c t o r ,  w h e r e  r ' =  x 2  *  y 2 ,  t h e n

i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  m a x i m u m  e f f e c t  o f  t h e  u n c e r t a i n t y  i n

y  o T  x .

since 6x = J:-  = t '===\ '-  x  2830 2830
f r

%F = $o l-.( ' lu;u."J = " ;116' = o
.  x  =  r / /T

and f 
2t '  /  J--1 

'
rX = TsTonv = 

[ ro.a, ;

( 2 r )

( 2 2 )

( 2 3 )

( 2 4 )

I f  a  m a x i m u m  d e v i a t i o n  6 x  o f  1  m m w e r e  a l l o w e d ,  t h i s  w o u l d  l e a d  t o

a n  u n c e r t a i n t y  o f  t . 5  m m .  T h i s  o c c u r s  a t  r  =  1 9  r n m .  T h i s  u n c e r t a j . n t y

i s  p l o t t e d  i n  F i g .  1 .



!

I - J .  T H E  A C C U M C Y  O F  A P P R O X I M A T I O N S

B e a m  P o s i t i o n  M o n i t o r
D e s i g n  N o t e  # l

T h e  a c c u r a c y  o f

( 1 1 )  I  a r e  p r e s e n t e d

S p e c i f i c a l l y

T h e  t a b l e  p r e s e n t s

x r  z  ( x )

x z  r  ( x )

x z z ( x )

- L 2  -

t h e  a p p r o x i m a t i o n s

i n  T a b l e  I I .

N r ( x )  = C z -

N z ( x )  = C z -

-  . 0 6 6

x r  ( N )  =  L 2 . 9

x z ( N )  = L 2 . 9

+  2 . 5 4

ff L"'' p'.n [,'.u" (.#1l] ..,u, -4

* f.,u, 
+ .4e47 trt '* (t. #")j

I

' F:r (' . Frril'_* :0063,,-T('. &!'J
u ( ,  h) lntan , f . , [+* v, l  . [ ]

u (' X*),[ ,u, l+"-q .,u;l 
r

L

'  iL#._lr -.,u, l ' l

x  ( N )  a n d  N  ( x )  [ E q s  .  (  1 0  )  a n d

( 2 5 )  ( F x " " t l

( 2 6 )  ( A p p x r )

(27  )  (F rc . t J

( 2 8 )  ( / p ? v . r )

- X

- X

- X

x i  [ N t  ( x )  ]

x z  [ N r  ( x )  ]

x z  I N z  ( x )  ]

a n d  x r z ( x )

a n d  x z  r  ( x )

a n d  x z  z  ( x )

T h e  r e a s o n  f o r  n e e d i n g  t h e s e  a p p r o x i m a t i o n s  N z  ( x )  a n d  x z  ( N )  i s

t h a t  t h e r e  w i l l  b e  m a n y  c o n v e r s i o n s  b e t w e e n  u s e r  u n i t s  a n d  r a w  u n i t s

i n  t h e  B P l v l  o p e r a t i o n ,  a n d  c a l c u l a t i o n  o f  t h e  l n  t a n  f u n c t i o n  o r  t h e

t a n -  I  e x p  f u n c t i o n  m a y  b e  t i r n e  i n e f  f  i c i e n t .

I I .  I N T E N S I T Y  C A L I B R A T I O N

T h e  i n t e n s i t y  c a l i b r a t i o n

t h e  c a b l e  a t t e n u a t i o n ,  t h e  r f

g a i n  o f  t h e  l o g  a n p l i f i e r / A D C

d e p e n d s  o n  t h e  d e t e c t o r  s e n s i t i v i t y ,

m o d u l e  c a l i b r a t i o n  a n d  t h e  c o n v e r s i o n

i n  t h e  a n a l o g  b o x .
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B e a m  P o s i t i o n  l v l o n i t o r
D e s i s n  N o t e  # 1  - 1 , 4 -

I  I - A .  D E T E C T O R

T h e  d e t e c t o r  s i g n a l  o u t p u t  i s  c a l c u l a t e d  i n  I E E E  N S ,  V o l .  N S - 2 8 ,

# 3 ,  p a g e  2 2 9 0  ( 1 9 8 1 ) .  T h e  c a l c u l a t e d  r e s p o n s e  i s  ( s e e  F i g .  2  o f

r e f e r e n c e ) .

I  =  C r V O  p p b  w h e r e  C r *  2 . L 7  x  1 0 r 0 p p b / p e a k  v o l t  ( 2 9 )

w h e r e  I  i s  t h e  n u m b e r  o f  p r o t o n s  p e r  b u c k e t  a n d  V n  i s  t h e  p e a k

v o l t a g e  o u t p u t  a t  5 3  M H z .  T h i s  i s  t h e  s i . g n a l  a m p l i t u d e  o u t p u t  o f

e a c h  e l e c t r o d e  w h e n  t h e  b e a m  i s  c e n t e r e d .  A s  i s  s h o w n  i n  t h e  a b o v e

r e f e r e n c e ,  t h e  o u t p u t  v o l t a g e  i s  s o m e w h a t  d e p e n d e n t  o n  t h e  b u n c h

w i d t h .

Il B , _ftrL_cABLE
T h e  a m p l i t u d e  a t t e n u a t j - o n  i n  t h e  F o a m - 8  c a b l e  a t  5 3  l v l H z  i s

a p p r o x i m a t e l y  1 . 5  d b / 1 0 0  f t .  I f  V p  a n d  V O I  a r e  t h e  s i g n a l  a m p l i t u d e s

a t  t h e  d e t e c t o r  a n d  a t  t h e  f a r  e n d  o f  t h e  c a b l e  r e s p e c t i v e l y ,  t h e n

u p = V p t " * p  ( L / C z )  w h e r e  C r - # f - 3  1 -  
= 6 6 8

L  r a n g e s  f r o m  a b o u t  1 5 0  f t  t o  6 5 0  f t .

I I - C .  T H E  R F  M O D U L E

( 3 0 )

T h e  r f  m o d u l e  u s e s  L / 2  t h e  t o t a l  i n p u t  s i g n a l  p o w e r  ( t h e  s u m m a -

t i o n  o f  t h e  s i g n a l s  f r o m  t h e  t w o  e l e c t r o d e s )  t o  p r o v i d e  a  v o l t a g e

o u t p u t  p r o p o r t i o n a l  t o  t h e  i n p u t  s i g n a l  a m p l i t u d e .  T h e  c i r c u i t

u t i l i z e s  a  d o u b l e  b a l a n c e d  m i . x e r  i n  a  s y n c h r o n o u s  d e t e c t o r  c i r c u i t

t o  m i n i m i z e  t h e  1 o w  l e v e l  n o n l i n e a r i - t i e s .  T h e  s a i n  o f  t h e  c i r c u i t  i s

a d j u s t e d  a t  t w o  a m p l i t u d e s :



B e a m  P o s i t i o n  l t { o n i t o r
D e s i g n  N o t e  # 1 - 1 5 -

V O  ( i n )  V o u t

. 1 7 8 V  ( - 5  d b m )  V R ' U  ( =  - " 5 0 0  v o l t s )

. 0 0 1 7 8 V  ( - 4 5  d b n )  V R p t ,  ( =  -  . 0 0 5  v o l t s )

T h i s  l e a d s  t o  t h e  f o l l o w i n g  r e s p o n s e  f u n c t i o n

V O ( i n )  =  C s V o u t  1  C +  ( 3 1 )

w h e r e C 3 = { f f i ( = - . 3 5 6 f o r V R r u = 1 0 0 V R p L = . 5 0 0 V ) ( 3 2 )

a n d  C +  =  . 1 7 8  t  # + # - l  ( = 0 f o r a b o v e c o n d i t i o n s )  ( s i )
' R F H  ' R F L

I I - D .  T H E  A N A L O G  B O X

T h e  a n a l o g  b o x  i n c l u d e s  a  b u f f e r  a r n p l i f i e r ,  a  l o g a r i t h m i c

a m p l i f i e r ,  a n d  a n  A D C .  T h e r e  i s  n o  t e m p e r a t u r e  c o m p e n s a t i o n  i n  t h e

1 o g  a m p .  T h e  A D C  i s  s h a r e d  w i t h  t h e p o s i t i o n  m e a s u r e m e n t  s y s t e m .

T h e  b u f f e r  a m p l i f i e r  h a s  t h e  r e s p o n s e  ( s e e  F i g .  Z )

V .  =  V r  -  V o s r  ( S 4 )1 n

w h e r e  V o s r  i s  t h e  v o l t a g e  o f f s e t  i n  I C 1 ,  a n < i  V 1  t h e  o u t p u t  v o l t a g e "

T h e  l o g a r i t h m i c  a m p l i f i e r  c o n s i s t s  o f  a  2 N 2 0 6 0  m a t c h e d  p a i r  o f

N P N  t r a n s i s t o r s  i n  a  t r a n s d i o d e  c o n f i g u r a t i o n  a n d  t h r e e  R C A  C A 3 1 4 0

o p e r a t i o n a l  a n p l i f i e r s .  T h e  l o g  d e p e n d e n c e  i s  b a s e d  o n  t h e  f a c t  t h a t

t h e  c u r r e n t - v o l t a g e  r e l a t i o n s h i p  i n  t h e  t r a n s d i o d e s  i s  g i v e n

a p p r o x i n a t e l y  b y

J  =  I e e x p qV
KT

w h e r e  I s  i s  t h e  s a t u r a t i o n  c u r r e n t

q  =  e l e c t r o n  c h a r g e  =  1 . 6 0 2  x  1 0 - 1 e  C o u l o m b s

k  =  B o l t z n a n n  c o n s t a n t  =  1 . 3 8 0 5  x  1 0 " 2 3  J o u l e s / 0 K

T  =  j u n c t i o n  t e m p e r a t u r e  i n  o K .

( 3 s )
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B e a m  P o s i t i o n  l v l o n i t o r
D e s i g n  N o t e  # 1  - L 7  -

T h i s  l e a d s  t o  t h e  f o l l o w i n g  e q u a t i o n  f o r  t h e  1 o g  a m p l i f i e r  r e s p o n s e

( s e e  A p p e n d i x  B - 4 )

v i . , = # " * o * .  C z  ( 3 6 )

w h e r e  n o m i n a l  v a l u e s  o f  t h e  c o e f f i c i e n t s  a r e

C s  =  2 0 0

C e  =  3 2 . r  ( a t  T  =  2 o o c ) ;  3 4 . 3  ( a t  T  =  4 0 0 C )

C t = 0

I  I  -E  .  OVERALL  CAL IBRATION

( s 7  )

b e c o m e s  a t  4 0 o C

u c k e t  ( 3 8 )

1 e  l e n g t h  i n

T h e  o v e r a l l  s y s t e n  v a r i a n c e ,  n o t  i n c l u d i n g  m e c h a n i c a l ,  i s  t h e

q u a d r a t u r e  s u m  o f  a l l  t h e  c o n t r i b u t i o n s  f r o m  t h e  t o l e r a n c e s  o f

i n d i v i d u a l  D a r a m e t e r s  :

' lVe  may  now comb i -ne  the  above  equa t ions  to  y ie ld

[ r  / N \  - l  - l  / L \I  =  C r -  C 3  |  #  " * P (  +  ) +  C t i  +  C , * i
|  - "  \  v b  /  ' ' |  - u !  " * P  

I e ; )
L )

i.- 1

-  c r c l  e x p  f  J i - \  .  c i c : c z  +  c r c +  i  " - n  ( # )
. _ - E T  

- " ' \  
C ,  )  

" r - J - ,  - . - - ,

U s i - n g  n o n i i n a l  v a l u e s  o f  t h e  c o e f f  i c i - e n t s ,  t h i s

I  -  3 . 8 6  x  1 0 '  " * p f  - + )  e x p (  * - .  ) p t o t o n s  p e r  b^ \ 5 4 . 5 i  ^ \ o o u  ' ^

w h e r e  N  i s  t h e  A D C  o u t p u t  c o u n t  a n d  L  t h e  F o a m - B  c a b

f e e t .

I I -F  ALLOWABLE TOLERANCES



- 1 8 -
B e a m  P o s i t i o n  M o n i t o r
D e s i g n  N o t e  # 1

t h e  p a r t i a l d e r i v a t i v e s  a r e

( 3 e )

( 4 0 )

(  4 1 )

( 4 2 )

( 4 3 )

( 4 4 )

( 4 s )

( 4 6 )

( 4 7  )

( 4 8 )

' r ' ) "

,, JdL+ = +1,a, C u',)' *i,# u*)'.C

L
|1

t ,  , L i ll I  -  C r C r .  e x D I  r
i .  

v r v +  " . . r \  
c z  , , 1

! - l
/ L  \e x P \ r - J
' . w 2  /

JI
rrC

. l I
JE

d L
=-7i
; ' L  I

I T
C ' 1

JT,

I
(-
U I

- I
7-
L 2

1
R ^v J

[ t  , c r c : c z  +  c r c + )  " * p  ( # iI
[  -  ( c  r c : cz  +  c  r c , *  )  " *p  (# ) l
r - l

1 T
a: L

"tTu U I

- , 7
L l L

1
au 5

- N
F - ^
|  ^ z

d I

TE,

) l

--iT
d I \

- . 7

d L

lVe analyze

v a l u e s  a n d  t o l e r a n c e s  f o r  t h e  i n d i v i d u a l

w e  a s s u m e  t h a t  t h e  t e m p e r a t u r e  i s  s t a b l e

i s  e s t i m a t e d  t o  t 2 0  f t .

o v e r a l l  s y s t e m  t o l e r a n c e u s i n g  t h e  f o l l o w i n g

/ L r" * P  i e ; )

I  -  ( c l c 3 c 7  *  c , c * ) - l  " . 0  ( # )
I

C r C s

. T
t l- t

" L
I

L 2

the

p a r a m e t e r s .  I n  p a r t i c u l a r ,

t o  t 1 0 o C  a n d  t h e  c a b l e  l e n s t h



B e a m  P o s i t i o n  l v l o n i t o r
D e s i g n  N o t e  # 1  - 1 9 -

V a r i a b l e  V a l u e  T o l e r a n c e

c r

C 2

c 3

c 4

( - -

C s

e 7

i\

L

2 . I 7  x  1 0 1 0  t l } e o

-l

j
-)

I
)

d e t e c t o r  s e n s i t i v i t y

c a b l e  a t t e n u a t i o n

r f  m o d u l e  c a l i b r a t i o n

a n a l o g  b o x  c a l i b r a t i o n

a t  4 0 o C

l e a s t  c o u n t

2 0  f t  c a b l e  l e n g t h

6 6 8

. 3 5 6

U

2 A 0

3 4  . 3

0

v a r i a b  1 e

v a r i a b l e

t L 0 e o

!  S e o

r . 0 0 0 4

t 5 %

t 3 %

r . 0 0 0 5

t 1

t20

I n  T a b l e  I I I  t h e  a n a l y s i s  i s  p r e s e n t e d .  F o r  l o w  i n t e n s i t y

t h e  p r e d o r n i n a n t  s o u r c e  o f  e r r o r  i s  C + ,  w h i c h  c a u s e s  a  t 2 3 %  e r r o r  i n

6 I / I  a t  ]  x  1 0 8  p p b ,  a s s u n i n g  i t s  t o l e r a n c e  c a n  b e  h e l d  t o  t 4 0 0 u V .

A t  t h e  h i g h  e n d ,  C o  c o n t r i b u t e s  a  ! 2 3 e 0  e r r o r  d u e  t o  a  t e m p e r a t u r e

s p r e a d  o f  1 1 0 0  C .  | . l o t e  t h a t  t h e  i n t e n s i t y  o u t p u t  i s  o f  f  s c a l e  f o r

1  x  1 0 8  p p b  a n d  L  =  6 5 0  f t ,  a n d  a l s o  f o r  1  x  l 0 1 I  p p b ,  L  =  1 5 0  f t .

I n  o r d e r  t o  a s s u r e  p r o p e r  o p e r a t i o n  a t  I  x  1 0 8  p p b ,  i t  i s  d e s i r a b l e

t o  r a i s e  C s  t o  a b o u t  5 0 0  f r o m  i t s  p r e s e n t  v a l u e  o f  2 0 0 .  T h i s  w i l l

a d d  a b o u t  1 4  c o u n t s  t o  a l 1  N  v a l u e s .  T h e  o p t i m u m  w a y  t o  d o  t h i s  i s

t o  r a i s e  R z  f r o m  i t s  p r e s e n t  v a l u e  o f  2  m e g o h m s  t o  a b o u t  5  n i e g o h m s

A n  a r t e r n a t e  c h o i c e  i s  t o  l o w e r  v o  t o  a b o u t  4  v o l t s  f r o m  5  ( s e e

A p p e n d i x  c ,  E q .  1 5  f o r  d e t a i l s ) .  I n  a n y  c a s e ,  t h e  e x p e c t e d  e r r o r s

i n  r n e a s u r i n g  i - n t e n s i t y  w i l l  f o r  t h e  n o s t  p a r t  b e  i n  t h e  t 2 0 %  t o t 3 0 %

T a n g e  .



2o

CI=  .? ] -7E+LL+ / -  . 217E+10
C 2 =  6 5 8 . 0 + / -  6 6 . 8

l =  . 3 5 6 + / -  . 0 1 8
U 4 = 0 . 0 0 0 0 + / -  . 0 0 0 4
C 5 =  2 0 0 . 0 + / -  1 0 . 0
C 6 =  3 4 . 3 0 + / -  L . 0 2 9
C 7 = 0 . 0 0 0 0 + / -  . 0 0 0 5
l i = + / - 1 . 0
f , =  6 5 0 . + / -  2 0 .

T"bte l i l To(..o-,".e s aJ QrvS eF\'ol'J cr- at"1et^s,'{1 Me<sr..rg t^^€"ils
I

a) {\a1th.,r+, c.6l< l.uliu- (.e So'1

b )  J :  ( o o c  f  l o o c -

J .  r  J '
L l l o r  Cc - t  I  t t b r ,+ l  L t * 1"t€fr  dr . lo t . lseonu st/t

< /  \
- t  t  P P o /

. 1 0 0 8 + 0 9

. 2 0 0 E + 0 9

. 5 0 0 E + 0 9

. 1 0 0 8 + 1 0

. 2 0 0 8 + 1 0

. 5 0 0 8 + 1 0

. 1 0 0 E + 1 1

. 2 0 0 8 + I I

. 5 0 0 8 + r 1

. 1 0 0 E + 1 2
. 0 2 0  c P

N
I

2 3 .
5 4 .
7 8 .

1 0 2 .
1 3 3 .
1 5 7 .
I 8 I  .
z L z .

2 3 6 .

C1 Cr- Cs Cq
. 1 0  . 1 0  . 0 5  . 2 3
. 1 0  .  r 0  . 0 5  . 1 1
.  I 0  .  I 0  . 0 5  . 0 5
. 1 0  .  r 0  . 0 5  . 0 2
. 1 0  . 1 0  . 0 5  . 0 1
. 1 0  . 1 0  . 0 5  . 0 0
. 1 0  .  t 0  . 0 s  . 0 0
. 1 0  .  r 0  . 0 5  . 0 0
.  t 0  . 1 0  . 0 5  . 0 0
. 1 0  . 1 0  . 0 5  . 0 0
EXECUTION TIIVTE.

v \

. 0 5

. 0 5

. 0 5

. 0 5

. 0 5

. 0 5

. 0 5

. 0 5

. 0 5

. 0 5

C.
- . 0 0

. 0 2

. 0 5

. 0 7

. 0 9

. L 2

. 1 4

. 1 6

. 1 9

. 2 L

c-t
. r 0
. 0 5
. 0 2
. 0 1
. 0 1
. 0 0
. 0 0
. 0 0
. 0 0
. 0 0

. 0 3  . 0 3  . 3 0

. 0 3  . 0 3  . 2 L

. 0 3  . 0 3  . 1 8

. 0 3  . 0 3  . 1 8

. 0 3  . 0 3  . 1 9

. 0 3  . 0 3  . 2 0

. 0 3  . 0 3  . 2 L

. 0 3  . 0 3  . 2 3

. 0 3  . 0 3  . 2 5

. 0 3  . 0 3  . 2 6
SECONDS

Cl= .2L78+LL+/-
C 2 =  5 5 8 .  0 + / -  6 6 . 8
c 3 =  . 3 5 6 + / -  . 0 1 8
C 4 = 0 . 0 0 0 0 + / -  . 0 0 0 4
c 5 =  2 0 0 .  0 + / -  1 0 . 0
C 6 =  3 4 . 3 0 + / -  1 . 0 2 9
C 7 = 0  . 0 0 0 0 + / -  . 0 0 0 5
N=- l - , / -1 .0
f ,= ] -50 .+/-  20.

. 2 1 7 8 + 1 0

Cr
. 1 0
. 1 0
. 1 0
. 1 0
. 1 0
. r 0
. 1 0
. 1 0
. r 0
. 1 0

o b+,

a (p ph)
. 1 0 0 8 + 0 9
. 2 0 0 E + 0 9
. 5 0 0 8 + 0 9
. 1 0 0 8 + 1 0
.  2 0 0 8 + 1 0
. 5 0 0 8 + 1 0
. 1 0 0 8 + 1 1
. 2 0 0 8 + 1 1
. 5 0 0 8 + 1 1
.  I 0 0 E + 1 2

l..l
z ) .
4 9 .
8 0 .

1 0 4 .
I 2 8 .
1 5 9 .
1 8 3 .
2 0 7 .
2 3 8 .
2 5 2 .

Cr,
. 0 2
. 0 2
. 0 2
. 0 2
. 0 2
. 0 2
. 0 2
. 0 2
. 0 2
. 0 2

Ct
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5

C{
. 1 1
. 0 5
. 0 2
. 0 1
. 0 1
. 0 0
. 0 0
. 0 0
. 0 0
. 0 0

Cs
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5
. 0 5

Ce
. 0 2
. 0 4
. 0 7
. 0 9
. 1 r
. 1 4
. 1 5
. 1 8
. 2 L
. 2 3

C1
. 0 5
. 0 2
. 0 r
. 0 0
. 0 0
. 0 0
. 0 0
. 0 0
. 0 0
. 0 0

.t ,,) hr,n,,.^,r. ' .- cc.bh ("n1{[ ( tSo')
t '

b) T= looc t lr.roc

l J
bwl lo'- dra (o lol*o^*

N L
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3
. 0 3  . 0 3

sth
. 1 8
. 1 5
. 1 5
. 1 6
. 1 7
. 1 9
. 2 r
. 2 2
. 2 5
. 2 6
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B e a m  P o s i t i o n  M o n i t o r
D e s i g n  N o t e  # 1  - 2 3 -

APPENDIX  A :  AMPLITUDE TO PHASE CONVER.S IOI . I

C o n s i d e r  t w o  r f  s i g n a l s  o f  a n p l i t u d e s  A  a n d  B ,  a n d  p h a s e

d i f f e r e n c e  Q , a p p l i e d  t o  t h e  i n p u t s  o f  a  p a s s i v e  a m p l i t u d e - t o - p h a s e

c o n v e r s i o n  c i r c u i t  a s  s h o w n  i n  F i g .  A - 1 .  T h e  a m p l i t u d e - t o - p h a s e

c o n v e r s i o n  c i r c u i t  i s  m a d e  u p  o f  f o u r  p o w e r  s p l i t t e r / c o m b i n e r s  a n d

t h r e e  9 0 0  d e l a y  1 i n e s .  S p e c i f i c a l l y

V r  =  A  s i n ( w t  *  O / 2 )  ( A 1 )

V z  - B s i n ( w t -  
A / 2 )  ( A 2 )

T h e  o u t p u t s  o f  t h e  a r n p l i t u d e - t o - p h a s e  c o n v e r s i o n  c i r c u i t  a r e ,

n e g l e c t i n g  t h e  a p p r o x i n a t e l y  6  d b  l o s s e s  i n  t h e  c i r c u i t :

v e  = % [ A  s i n ( w t * $ ) * B s i n ( w t - t  T l ]  ( A s )

V +  = \ l A  s i n ( w t r y - n ) + B s i n ( w t  *  I l ,

/ J 1 / i \ r=  r l - A s i n  ( w t  * + )  *  B  s i n  ( w t  -  5  -  + ) lL ' ' L L "

l { e  a s s u m e  t h a t  V :  a n d  V 4  m a y  b e  w r i t t e n  i n  t h e  f o r n

V 3  =  C g  s i n ( w t  +  0 g )

V q  =  C +  s i n ( w t  +  0 + )

H e n c e

O S

( A 4  )

(As  )

(A6  )

w t  c o r  I  
-  B  s i n  w t  s i n  $ J

r  $  )  . o s  w t l  ( A i )

C g  s i n w t  c o s  0 :  +  C :  c o s  w t  s i n  0 3

=  L , f . A s i n w t  c o s  !  
.  d c o s  w t  s i n  $  

-  B  c

=  2 l ( A  c o r  g  - n  s i n  $ )  s i n w t  +  ( A  s i . n  $  
-  n



v3ul

Vu

f iqrt  A- te. 3an<. A,-pt, lnle'{o Pkw C,n,<vstr-

v+

t l,"L Dtilo,^-

tr""*-

Vj

v+corrblt<.:l-

Voi'6r0 A*ptita/e 1., ?hrp

t(stk1 o*l? on" ctek.6 [r".e

C.uWSir- Cttc.^,t

avr! a- ltoo gout.

s prit

f r q r u e  A - t b .



B e a m  P o s i t i o n  N l o n i t o r
D e s i g n  N o t e  # 1

H e n c e
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APPENDIX  B  -  ANALOG BOX DAUGHTER CARD POSIT ION CHANNEL

T h e  p o s i t i o n  c h a n n e l  o n  t h e  a n a l o g  b o x  d a u g h t e r  c a r d  i n c l u d e s

a  5 0  o h r n  t e r r n i n a t i o n ,  a  F E T  s w i t c h ,  a  s t o r a g e  c a p a c i t o r ,  a  v o l t a g e

f o 1 1 o ' , ^ e r ,  a  r e s i s t o r  a t t e n u a t i o n  a n d  o f  f s e t  n e t w o r k ,  a  F E T  m u l t i -

p l e x e r  s w i t c h  a n d  a n  8 - b i t  A D C .  F o r  t h e  p u r p o s e s  o f  c a l i b r a t i o n ,

t h e  c i r c u i t  m a y  b e  r e D r e s e n t e d  a s  f o l l o w s :

(

I
)

a,qilJ;rf,
o( tr( zSf

T h e  2 4 9 0 ,  2 8 7  ,  a n d  1 5 K  r e s i s t o r s  a r e  l e o

5 0  o h m  r e s i s t o r  r e p r e s e n t s  t h e  F E T  n o n r l

t h e  A D C  i n p u t  i m p e d a n c e .

T h e  v o l t a g e s  V i n  a n d  V 1  B r e  r e l a t e d

m e t a l  f i 1 m ,

r e s i s t a n c e ,

s e r ] .  e s

t h e  2 5 K

the

and

a s  f o l l o w s :

vi"r-_nvo" -vi.*H'.;N+*ff i  = o ( B 1 )

-  r s y

l s K

Vper=  -o ' sY
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^ r - ^  v z  _  2 5 , 0 0 0..t.r ru , v; 
- 

zz;o5T

H e n c e r  V , _  =  9 . 9 6 L 3  V 2  +  2 . 4 9  +  A V ^ _] .n  os

T h e  A D C  c a l i b r a t i o n  i s  e x p e c t e d  t o  b e

V z  -  N
- .T!-O 

- 
255

. . .  v .  _  9 . 9 6 1 3  r - . s ) N
1n  zs f f  +  z .4g  +  AVo ,

( 8 2 )

( B 5 )

( B 4 )

_  1 2 7 . 5  +  5 1 2  A V o s  _  N  ( 8 6 )

T h e  o f f s e t  a d j u s t m e n t  w i l l  b e  u s e d  t o  s e t  t h i s  t o

\ /  _  1 2 8 . 0  -  NVir, = --i;z- (B7)

F o r  r e a s o n s  n o t  c o m p l e t e l y  u n d e r s t o o d  a t  p r e s e n t ,  t h e  m e a s u r e d  v a l u e

o f  t h e  c o n s t a n t  i n  t h e  d e n o m i n a t o r  i s  a b o u t  5 2 . 8 .
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APPENDIX  C  -  ANALOG BOX DAUGHTER CARD INTENSITY C I IANNEL

T h e  i n t e n s i t y  c h a n n e l  o n  t h e  a n a l o g  b o x  d a u g h t e r  c a r d  i n c l u d e s

a  5 0  o h m  t e r m i n a t i o n ,  a  F E T  s w i t c h ,  a  s t o r a g e  c a p a c i t o r ,  a  b u f f e r
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I C 4  i s  a cornmon mode r e  i  e c t i o n  c i r c u i t  . S p e c i f i c a l l y ,  s i n c e

V z - V - - V q--R4

and

and

We have

R 3

V + =
r r
v 3

1 Iv +

R o

G-_R;

V -

) -  
" o , , ,

( c 6 )

( c 7 )

( C B )

( c e )

( c 1 0 )

( c 1 1 )

( c 1 2 )

V+ - R,*- f r -
r t 3

v 2  -  V

p ^
r \  J- R ;

I
I

I
O S 4 l

*j

V +

l-
1 , .
r v s
I
L

- V
o s 4

i - ,  l l
i j - l : . l  -  3 - r '  !
l l o s l  K I  o s + {
L J )

t e n  w i t h  V .  a s
t n

H e n c e , v 2  -  v 3

T h e  A D C  c a l i b r a t i o n  i s  ( N  i s  t h e

V + - N
: .snT - ZS5

C o m b i n i n g  E q s .  ( C 1 )  ,  ( C 4 )  ,  ( C 5 )  ,  ( C l 0 )

N = Sto v+ = (  -s lo l  f  f t i l  [u ,

8 - b i t  c o n v e r s i o n  o u t p u t )

a n d  ( C r 1 ) :

V z
--l

- \ I i" o s 4

vo ,
R

( -
D  ' I . T  
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K 3  r q  \ K z l o : /

(-

k r -  t- I n t
q \

)
I

a
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l
20

n
I

t
t

t h e  e x p l i . c i t  v a r i a b l e  :

= -510 *i F i'" [,'t}+*t--l
+ 1 n

T h i s  m a y  b e  w r i t
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v. = -/R,vn\ u*o [g: u + rn J-l-a-l "*o [$r L -I-- ^l - vui., = (-R;l) "^o 
L* 

uoru "" t;_l "*o 
LC 

frt ,-"1 - vor, (c13)

T h e  n o m i n a l  v a l u e  o f  t h i s  e q u a t i o n  ( w i t h  t h e  v o r u  s e t  t o  c a u s e  t h e

f i r s t  e x p o n e n t  t o  e q u a l  z e r o )  i s

v , - = + e x p ( X ) . c 7
l n  L s  ^  

\  L e i

U s i n g  R r  =  2 K  o h m

R 2  =  2  m e g o h m

V R  -  - 5  v o l t s

R 3  =  2 K  o h m

R 4  =  4 . 9 9 K  o h m

q  =  I . 6 0 2  x  1 0 - r e  C o u l o m b s  
I

k  =  1 .  i 8  x  1 0 - 2  3  J o u l e s / 0 K  I  S  =  2 7  . 0  m V  a t  4 0 0 C
l q

T  =  3 1 3 0 K  ( 4 0 0 C )  )

T h e  c o n s t a n t s  a r e :  
f

cs = n{fo- "*p l# u"s* - rn (+#)l = 200 (see Note 1) (c1s)- - . ' R  
L - - -  

\ - u J l  
I

c e  = i 1 f t 3 ,  
F  

= 3 z . r a t r = z o o c

=  3 4 . 3  a t  T  =  4 0 o C

c 7  =  v o r ,  -  o

N o t e  1 .  T h e  b a s e - e m i t t e r  v o l t a g e  o f  t h e  N P N  p a i r  i n  t h e  2 N 2 0 6 0  i s

m a t c h e d  t o  b e t t e r  t h a n  t 5 n V  f o r  a  g i v e n  e n i t t e r  c u r r e n t .

U s i n g  E q .  ( C 3 )  i t  i s  e a s y  t o  s h o w  t h a t  l n  F a  i s  l e s s  t h a nr o  g

! 5 / 2 7  =  r . 1 9 .  H e n c e  a  t 5 n V  r a n g e  o n  a d j u s t i n g  V o s +  i s

a d e q u a t e  t o  s e t  t h e  e x p o n e n t  t o  z e r o .

( c 1 4 )



p o :  *
0 0 1 0 0
0 0 2 0 0
0  0 3 0 0
0 0 4 0 0

0 5 0 0
-  0 6 0 0
0  0 7 0 0
0 0 8 0 0
0 0 9 0 0
0 1 0 0 0
0  1 1 0 0
0  1 2 0 0
0 1 3 0 0
0  1 4 0 0
0  1 5 0 0
0 1 5 0 0
0  1 7 0 0
0 1 8 0 0
0 1 9 0 0
0 2 0 0 0
0 2 1 0 0
02200
0 2 3 0 0
0  2 4 0 0
0  2 5 0 0
02600
02700
0  2 8 0 0
0 2 9 0 0
0 3 0 0 0

3 1 0  0
, 3 2 0 0
0  3 3 0 0
0  3 4 0 0
0 3 5 0 0
0  3 6 0 0
0  3 7 0 0
0  3 8 0 0
0  3 9 0 0
0  4 0 0 0
0 4 1 0 0
0 4 2 0 0
? ?

r 0 0
I O

5 0
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PROGRAI{ BPMERR ( INPUT,OUTPUT )
IIVIPLICIT REAL (N)
P I = 2 . * A S I N ( I . 0 )
DB=0
E D B = . 1
C I = . 3 1 4
E C l = . 0 0 3
V 0 = 0
E V O = . 0 1 0
C 2 = L 2 8 .
E C 2 = . 5
E N = . 5
C 3 = 5 2 . 8
E C 3 = . 5
Y = 0
E Y = 1 0 .
X = - I .
p R r N T  5 0 , D B , E D B , C I , E C l , V 0  t E V 0  & 2 , E C 2 , E N , C 3 , E C 3 , y
F o R M A T  ( "  D B = "  , F . 6 . 2  r "  + / - "  t 8 6 . 2 , /  , "  C I = ' ,  t F 7  . 3  r "  + / - "  , I . 6 . 3  r /

$  "  v 0 = " r F 6 . 3 r "  + / - " 1 F . 6 . 3 r / r "  C 2 = " 1 I . 6 . 2 r "  + / - " r F 6 . 2 r /
$  "  f r J =  + / - "  , 8 6  . 2  r /  , "  C 3 = "  , F 6 . 2  r "  + / - "  t F 6 . 2  r /  , "  y = (  7 F 6  . 2  , /  /  / )

D O  I 0  T = L , 2 6
X = X * 1 .
Trvrp= (  1  .  +y**  2/  2830)  *X/  12 .9  6
PHI=ATAN (ExP (TMP) )
N = C 2 - C 3 *  ( P H I + C l ' r V 0 - P I /  4 . )  / C I
N 2 = 2 5 6 . - N
T l = 1 . - Y * * 2 / 2 8 3 0 .
T2= I2  .g  61 ,  2 . /S rn  (  2  .  *PHI  )
E I = I . 5 * T I * E D B
E2=T1*T2*  (  (C2 -N)  /C3 -V01*sa t
E 3 = T 1 * T 2 * C I * E V o
E4=T l *T2*  (CL /C3  )  *EC2
E 5 = T 1 * T 2 t (  ( C 1 *  ( C 2 - N )  / C a *  * 2 ) * E C 3
EG=T1*T2 t  (C I /C3)  *eW
ERR2=EI*  r '2+El2*  *  2+83**  2+84* *  2+E5* *2+E6**  2
6pp=gQRT (ERR2)
p R r N T  I 0 0  r x r N r N 2 , E L , E 2 r E 3  r E 4  r E 5  r E 5  r E R R
F O R M A T  ( 1 X  r F 6  . 2  , 2 X  t 2 E 6 . I , 2 X , 6 r . 7  . 2 , 2 X , F 8 . 2 )
CONTINUE
STOP
END

A\ Pvoryo,,* fo, ,o('*b1'1 LOu- {
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/  i ce
DfT:  APPROX

. ?  p 0 : *
OO1OO PROGRAM APPROX ( INPUT,OUTPUT)
00200  rMP l rc r r  REAL  (N)
0 0 3 0 0  P T = 2 . * A S I N ( 1 . 0 )
0 0 4 0 0  D B = O
0 0 5 0 0  E D B = . I
0 0 6 0 0  C l = . 3 1 4
0 0 7 0 0  E C l = . 0 0 3
0 0 8 0 0  V 0 = 0
0 0 9 0 0  E V O = . 0 1 0
0 1 0 0 0  C 2 = ] - 2 8 .
0 1 1 0 0  E C 2 = . 5
0 1 2 0 0  E N = . 5
0 1 3 0 0  C 3 = 5 2 . 8
0 1 4 0 0  E C 3 = . 5
0 1 5 0 0  Y = 0
0 1 6 0 0  E Y = 1 0 .
0 1 7 0 0  X = - 1 .
0 1 8 0 0  D O  I 0  I = I , 2 6
0 1 9 0 0  X = X * l .
0 2 0 0 0  T M p =  ( 1 . + y * * 2 / 2 8 3 0 ) * x / I 2 . 9 6
0 2100 PHI=ATAN (ExP (TMP )  )
0 2 2 0 0  N 1 = C 2 _ C 3 *  ( p H r + C l * v 0 _ p I / 4 . )  / C I
0  2 3 0  0  z = X / L 2  . 9 6
0 2 4 0 0  N 2 = C 2 -  ( C 3 / C ] - )  *  (  . 4 9  4 7 * Z -  . 0 6 6 7 * Z * * 3 + . 0 0 5 3 *  Z r , r , 5 )

2 5 0 0  A R G = C l *  (  ( c 2 - N 2  )  / c a )  + P I /  4 .
t2600  xL2=L2 .96*  (  1 .  _y , r  *2 /2930  )  *ALOG (TAN (ARG)  )
0 2 7 0 0  2 2 =  ( c 2 - N l ) * C I / c 3
0 2 8 0 0  X 2 L = I 2 . 9 6 *  ( 1 . 8 6 6 * 2 2 + 2 . 5 4 8 * 2 2 * * 3 )
0 2 9 0 0  2 l =  ( C 2 - N 2 ) * C L / C 3
0 3 0 0 0  x 2 2 = I 2 . 9 6 *  ( 1 . 9 5 6 * 2 3 + 2 . 5 4 9 * 2 3 * * 3 )
0 3 1 0 0  D X 1 2 = X 1 2 - X
0 3 2 0 0  D X 2 1 = X 2 1 - X
03300 DX22=X22-X
0 3 4 0 0  p R r N T  I 0 0 , x  t x ] . 2 , D X l 2  t K 2 l - , D X 2 L , X 2 2 , D X 2 2
0 3 5 0 0  1 0 0  F o R M A T  ( I X , F 8 . 1 r 3  ( 2 X , F . 6 . l - t "  ( " , F 4 . I , "  )  " ,  )  )
O3600  IO  CONTINUE
03700  s roP
O 3 B O O  E N D
? ?  e u
FILE:  APPROX
/ rep lace ,  app rox
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OOlOO PROGRAI{  BPIERR ( INPUT 'OUTPUT)
00200 rMPlrcrr  REAL (L-z)
TIO3OO DI I {ENSION RI  ( IO)

0 4 0 0  C L = 2 . 1 7 E 1 0
0 0 5 0 0  D C l = 2 . L 7 E . 9
0 0 6 0 0  c 2 = 6 6 8 .
0 0 7 0 0  D C 2 = 6 6 . 8
0 0 8 0 0  C 3 = . 3 5 6
0 0 9 0 0  D C 3 = . 0 1 7 8
0 1 0 0 0  C 4 = 0
0 1 1 0 0  D C 4 = . 0 0 0 4
0 1 2 0 0  C 5 = 2 0 0 .
0 1 3 0 0  D C 5 = 1 0 .
0 1 4 0 0  C 6 = 3 4 . 3
01450  c  THrS  VALUE (34 .3 )  CORRESPONDS TO 40  DEGREES C.
0 1 5 0 0  D C 6 = I . 0 2 9
0 1 6 0 0  C 7 = 0
0 1 7 0 0  D C 7 = . 0 0 0 5
0 1 8 0 0  D N = I .
0 1 9 0 0  L = 1 5 0 .
0 2 0 0 0  D L = 2 0 .
0 2 1 0 0  p R r N T  5 0 , c 1 , D C 1 , C 2  t D C 2 , C 3 , D C 3  , C 4  r D C 4 , C 5 , D C 5 , C 6 , D C 6  , C 7  , D C 7  |
0 2 2 0 0  $ D N , L , D L
0 2 3 0 0  5 0  F O R M A T  ( "  C l = "  , 8 1 0 .  3  , " * / -  "  , E 1 0  . 3  , /  , "  C 2 = " , F 6 . 1  , " * / -  "  , F 5  . L  r /  ,
0 2 4 0 0  $ "  c 3 = " r F 5 . 3 r " * / - " r F 5 . 3 r /  r "  C 4 = " r F 6 . 4  r " * / - " r F 5 . 4 r / ,
0 2 5 0 0  $ "  C 5 = "  r F 6 . L r " + / - "  r F 6 . I r /  r "  C 6 = "  r F 6 . 2 r " * / - "  r F 6 . 3  r / ,
0 2 6 0 0  $ "  C 7 = "  r F 6 . 4 r " * / - "  r F 6 . 4 r /  r "  N = * , / - "  r F 3 . I r /  ,
0 2 7 0 0  $ "  1 = r ' r F 6 . O r " + / ' " r F 6 . 0 r / / / )
4 2 9 0 0  D A T A  R T / I . 0 8 8 , 2 . 0 8 8 , 5 . 0 E 8 , 1 . 0 E 9 , 2 . 0 I . 9 , 5 . 0 E 9 ,

2 9 0 0  $  r . 0 8 1 0 , 2 . 0 8 1 0 , 5 . 0 8 1 0 t L . } E . ] - l - /
0 3 0 0 0  D O  1 0  I = 1 r 1 0
03 I00  TMP=RI  ( I )  *exp  FL /C2)  -C l *Ca 'kC7-C1*C4

03200  TMp=CS*TMe, /  (C t *C3)
03300  N=C6*ALOG (TMP)
0 3 4 0 0  E C I = D C l l C I
0 3 5 0 0  E C 2 = L * D C 2 / C 2 * * 2
03600  ELC2=EXP (L /c2 )
0 3 7 0 0  E C 3 =  ( R I  ( I )  - C I * C 4 * E L C 2 ) t ' D C 3 /  ( C 3 * R I  ( I )  )
03800  EC4=CI *ELC2*DC4/R I  ( I )
0 3 9 0 0  E g 5 =  ( R I  ( I )  -  ( C 1 * C 3 * C 7 + C 1 * C 4 )  * E L C 2 ) t ' D C s /  ( R I  ( I )  * C 5 )
0 4 0 0 0  E C 5 = N * D C 5 *  ( R I  ( I  )  -  ( C I ' I C 3 * C 7 + C 1 * C 4 )  * E L C 2 )  /  B t  ( I  )  * Q 5 * * 2 1
04100  EC7=Cl *C3*ELC2*DC7, /R I  ( I  )
0 4 2 0 0  s 1 1 =  ( R r  ( I ) -  ( C 1 * C 3 * C 7 + C 1 * C 4 )  * E L C 2 ) * D N /  ( C 6 * R I  ( I )  )
04300  EL=DL/C2
04400  Er2=ECI * t cz+Egz tc *  z+EC3**2+EC4**2+EC5**2+EC6**2+EC7**  2+EN**z+EL* *2
0 4 5 0 0  E I = S Q R T  ( E I 2 )
0 4 6 0 0  p R r N T  1 0 0 , R r  ( r ) , N r E c l , E C 2 , E C 3 r E C 4 , E C 5 r E C 6 r E C 7 , E N , E L , E r
0 4 7 0 0  1 0 0  F o R M A T  ( 1 X , 8 1 0 . 3 , F 6  . 0  , 2 X , I 0 F 5 . 2 )
O480O 10  CONTINUE
0 4 9 0 0  s r o P
0 5 0 0 0  E N D
? ?

.  4 )  r  l  t  |  - : t  - i
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1 C e
E D I T :  P H I E R R
? ?  p o :  *
OOlOO PROGRAII  PHIERR(INPUT'OUTPUT)

0 2 0 0  D T M E N S T O N  D E L D B  ( 1 0 )  , A D E L  ( I 0 )  , X  ( 1 0 )
d 0 3 0 0  P I = 2 . * A S I N ( 1 . 0 )
0 0 4 0 0  A = I . 0
0 0 5 0 0  D B = 0
0 0 5 0 0  D O  1 0  I = L , 2 0
0 0 7 0 0  D B = D B + I .
0 0 8 0 0  B = 1 0 .  * *  ( D B / 2 0 . )
0 0 9 0 0  P H I = 0
0 1 0 0 0  D O  2 0  J = 1 , 1 0
0 1 1 0 0  P H r = P H I + 2 . 0
01200  PH2=PHI /2 .
01300  COS=COSD (PH2)
0 1 4 0 0  S I N = S I N D  ( P H 2 )
01500  TAN4= (S IN+B*COS)  /  (COS+B*S IN)
01600  TAN3= (S IN-B*COS\  /  (COS-B*S IN)
01700 TH4=ATAN (TAN4)
01800  TH3=ATAN (TAN3)
0 1 9 0 0  T H A V = 0 . 5 *  ( T H 4 - T H 3 )
01950  IF  (THAV.LE .0 )THAV=THAV+P| /2 .
02000 DEL=TAN (THAV)
0 2 1 0 0  D E L D B  ( J )  = 2 0 .  * A L O G I 0  ( D E L )
O22OO 20  CONTINUE
0 2 3 0 0  P R I N T  1 0 0  , D B  '  ( D E L D B  ( J )  ' J = 1 '  1 0 )
02400  I00  FoRMAT ( IX ,F5  . I  t 2X ,L0F7  .2 )
O25OO 10  CONTINUE
a 2 6 0 0  s r o P

2 7 O O  E N D
? ?  e u
F ILE :  PHIERR

I
i l t ' l

D) fvolyqq- f"r  cdlc*tdt 'yt  TabQ_ A -  f  .


