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1. INTRODUCTION

REVMOC is a Monte C a r l o  computer  program,  w r i t t e n  in FORTRAN I V ,  f o r  

the desi gn and a n a l y s i s  o f  magnet i c  s p ec t r omet er s  and beam t r a n s p o r t  

systems.  In t r a c i n g  charged p a r t i c l e s  through a system o f  magnets,  f i r s t  

o r d e r  t h e o r y  is used by the program,  t h a t  i s ,  in a T a y l o r ' s  s e r i e s  expansi on 

about the p r i n c i p a l  t r a j e c t o r y ,  second and h i g h e r  o r d e r  terms are n e g l e c t e d .  

The program attempts to s i mu l a t e  the p h y s i c a l  p r o c e s s e s ,  such as decay,  

m u l t i p l e  s c a t t e r i n g ,  n u c l e a r  s c a t t e r i n g  a b s o r p t i o n ,  and c a l c u l a t e s  c o r r e c 

t i o n s  f o r  any loss o r  gai n  o f  p a r t i c l e s  from these causes.  The program w i l l  

a l s o  g i v e  d i s t r i b u t i o n s  o f  p a r t i c l e s  accepted by the system as a f u n c t i o n  

of  a v a r i e t y  o f  v a r i a b l e s ,  i f  t h i s  is d e s i r e d .
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2.  DESCRIPTION OF PROGRAM

The program c a l c u l a t e s  the p r o b a b i l i t y  t h a t  a p a r t i c l e ,  in t r a v e r s i n g  

a gi ven  exper i ment al  syst em,  w i l l  be l o s t  from t h a t  system by means of  

decay,  s c a t t e r i n g ,  a b s o r p t i o n  or energy  loss in m a t e r i a l  in the p a r t i c l e  path.

To s i mu l a t e  a gi ven exper i ment al  syst em,  a s e r i e s  of  r egi ons  is s p e c i 

f i e d .  Regions which may be s p e c i f i e d  a r e :

1) d r i f t  r egi on

2) quadrupol e magnet

3) u n i f o r m f i e l d  bendi ng magnet bendi ng in the
M   ̂  ̂  ̂ h o r i z o n t a l  pl ane

doubl e f o c u s i n g  sp ec t r ome t e r  magnet

Any number o f  regi ons in any o r d e r  may be s p e c i f i e d ,  pr o v i d e d  the t o t a l  

number is not  more than f i f t y .  The f i r s t  r egi on is the exper i me nt al  t a r g e t .  

Par amet er s ,  such as magnet i c  f i e l d s ,  l e n g t h s ,  d e n s i t i e s ,  atomi c s p e c i e s ,  

e t c . ,  are s p e c i f i e d  f o r  each element  on data c a r d s .  The program t r aces 

p a r t i c l e s  t hrough the system us i ng ' f i r s t  o r d e r 1 t h e o r y  to c a l c u l a t e  d i s 

placements and d e v i a t i o n s  caused by magnet i c  f i e l d s .

I n i t i a l  parameters f o r  each p a r t i c l e  are det ermi ned by the program from 

uni f or m random d i s t r i b u t i o n s  w i t h i n  s p e c i f i e d  l i m i t s  on the momentum range 

Ap,  p o s i t i o n  in the t a r g e t ,  and i n i t i a l  d i s pl acement s  AX-j., AY^. and d e v i a 

t i o n s  AX- j /, AY-j.^ in the h o r i z o n t a l  and v e r t i c a l  p l a n e s .  The p a r t i c l e  is then 

t r aced  through the system.  At  the end of  each d r i f t  r egi on a t e s t  is a pp l i e d  

to see i f  the p a r t i c l e  di s pl acement  l i e s  w i t h i n  s p e c i f i e d  l i m i t s ,  gi ven by 

c ou nt er  and s l i t  s i z e s  in the act ual  exper i ment al  system.  I f  a p a r t i c l e  

s a t i s f i e s  a l l  the t e s t s ,  then t h i s  p a r t i c l e  w i l l  be counted in the system in 

the absence o f  decay,  s c a t t e r i n g ,  e t c .  The p a r t i c l e ,  w i t h  the same i n i t i a l  

par ame t er s ,  is then t r ac ed  through a second t i m e ,  t h i s  t ime bei ng al l owed to 

decay,  s c a t t e r ,  e t c . ,  w i t h  a p p r o p r i a t e  p r o b a b i l i t i e s .  The same t e s t s  are 

a p p l i e d  at  the end o f  each d r i f t  r eg i on to det ermi ne whether  the p a r t i c l e  

remains in the exper i ment al  system.  The whole process is repeated f o r  a 

l a r g e  number o f  p a r t i c l e s ,  each p a r t i c l e  bei ng t r a c e d  through t w i c e ,  once 

w i t h o u t  ' p h y s i c a l  processes'  such as decay,  s c a t t e r i n g ,  e t c . ,  and once w i t h  

these p r oc es s es .  Sh o u l d ,  however ,  i n c o r p o r a t i o n  o f  these ' p h y s i c a l  

processes'  not  be r e q u i r e d  in a r u n ,  the second t r a c e  f o r  each p a r t i c l e  is 

not done.
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3.  PHYSICAL INTERACTIONS

3.1 Decay

The decay l engt h Ad o f  the p a r t i c l e s  is c a l c u l a t e d  from the l i f e t i m e  

and momentum by means o f  the r e l a t i o n

Ad = 30 t  ( p Q/mc) cm

where x = l i f e t i m e  in nsec

p 0 = c e n t r a l  v a l ue  o f  momentum in GeV/c 

m = r e s t  mass o f  p a r t i c l e  in GeV/c2 .

The v a l u e  o f  Ad o b t ai ne d  is t h e r e f o r e  o n l y  c o r r e c t  when the momentum o f  the 

p a r t i c l e  is equal  t o i t s  c e n t r a l  v a l u e .  T h i s  shoul d not lead to l ar g e  

e r r o r s  pr o v i d e d  Ap/pQ is not  too l a r g e .

A two- body f i n a l  s t a t e  is assumed to r e s u l t  from p a r t i c l e  decay.  The 

decay angl e i s chosen randomly from a u n i f or m d i s t r i b u t i o n  in the c e nt r e  of  

mass o f  the decayi ng  p a r t i c l e .  T h i s  procedure is c o r r e c t  o n l y  i f  the f i n a l  

s t a t e  has o r b i t a l  a n g u l a r  momentum o f  z e r o ,  such as:

+ +
it -*■ y +v

+ +
K -*■ ir +ir°

+ +
K -*■ p +v

K° -*■

K° -> TT° 7T°

The e n e r g i e s  o f  the decay pr oduct s  are then determi ned from t h e i r  

masses,  whi ch are s p e c i f i e d  as i nput  dat a .  One o f  the decay product s  is 

t r aced  through the r es t  o f  the system,  which one bei ng determi ned by the 

i nput  dat a .  I t  is assumed t h a t  t h i s  decay pr oduct  undergoes no a b s o r p t i o n ,  

n u c l e a r  s c a t t e r i n g ,  energy  loss o r  decay in t r a v e r s i n g  the r es t  o f  the 

system.  M u l t i p l e  s c a t t e r i n g ,  however ,  is a l l owed to o c c u r .  Up to two 

d i f f e r e n t  two- body decay modes may be s p e c i f i e d .  The br a nc hi ng  r a t i o s  and 

masses o f  the product s  are gi v e n  as i nput  dat a .  The program randomly 

chooses v i a  whi ch decay mode a gi ven  p a r t i c l e  decays,  w i t h  p r o b a b i l i t i e s  

gi ven  by the br a n c h i ng  r a t i o s .  I f  the sum o f  the two br a n c h i ng  r a t i o s  is 

l ess than u n i t y ,  the remainder  o f  the decays are assumed to be i n t o  t hr ee
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o r  more body f i n a l  s t a t e s ,  and are l o s t  to the system i mmedi at el y .

In o r d e r  to o b t a i n  b e t t e r  s t a t i s t i c s  in cases where the p r o b a b i l i t y  f o r  

decay in the system is s m a l l ,  a s c a l e  f a c t o r ,  SCALE,  may be s p e c i f i e d .  T h i s  

m u l t i p l i e s  the p a r t i c l e  l i f e t i m e  by SCALE.  T h u s ,  i f  SCALE = 0 . 1 ,  ten t imes 

as many p a r t i c l e s  w i l l  undergo decay in the system.  A p p r o p r i a t e  c o r r e c t i o n s  

are made so t h a t  the number o f  undecayed p a r t i c l e s  at  the b eg i n n i n g  o f  each 

r egi on is e q u i v a l e n t  to the number which would be t h e r e  i f  SCALE = 1 . 0 .  The 

r e s u l t s  are nor ma l i z e d  to what would be o b t a i ne d  i f  SCALE = 1. The o n l y  

r e s u l t  is to i ncr ease the s t a t i s t i c a l  ac c ur ac y  o f  the d i s t r i b u t i o n s  o f  decay 

p r o d u c t s .  I f  the v al ue  o f  SCALE is not  s p e c i f i e d ,  i t  is assumed to be uni t y .

3. 2  Nu c l e a r  A b s o r p t i o n

For  each r egi on in the system,  a n u c l e a r  a b s o r p t i o n  l engt h Aa is c a l 

c u l a t e d  as f o l l o w s .  The a b s o r p t i o n  cr oss s e c t i o n  per  nucleon og f o r  the 

p a r t i c l e  is s p e c i f i e d  as i nput  dat a .  For  each atomi c s p e c i e s ,  the absorption 

cr oss s e c t i o n  per  nucl eus is c a l c u l a t e d  from an e m p i r i c a l  f ormul a by 

W i l l i  ams1

a = kit A 0 ' 69
_1_ _ 1

1 + 0.039 A 3 (a -  33) -  0.0009 A 3 (a -  3 3 ) 2 a a
mb

where A = atomi c wei gh t  o f  nucl eus

a = a b s o r p t i o n  cr oss s e c t i o n  per  nucl eus in mb.

T h i s  f ormul a is expected to be a c c u r at e  to about  5% f o r  s t r o n g l y  i n t e r 

a c t i n g  p a r t i c l e s  w i t h  e n e r g i e s  g r e a t e r  than 1 GeV. For  the best  val ue  of  

ag to use,  the r eader  is r e f e r r e d  to W i l l i a m s '  paper .

From the d e n s i t y  o f  m a t e r i a l  in the r egi on and the p r o p o r t i o n s  by wei gh t  

o f  each atomi c s p e c i e s ,  whi ch are s p e c i f i e d  as i nput  d a t a ,  the a b s o r p t i o n  

l engt h Aa is c a l c u l a t e d .  Up to t h r ee  d i f f e r e n t  atomi c speci es may be s p e c i 

f i e d  f o r  each r e g i o n .

3. 3 Nu c l e ar  E l a s t i c  S c a t t e r i n g

The n u c l e a r  s c a t t e r i n g  l engt h Ae is o b t a i ne d  from the n u c l e a r  absorp

t i o n  l engt h Aa by means of  the r e l a t i o n

Ae = (ct / a  ) Aa a e
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where = n u c l e a r  s c a t t e r i n g  cross s e c t i o n  per  nucl eon and is s p e c i f i e d  in 

m i l l i b a r n s  as i nput  dat a .

The a n g u l a r  d i s t r i b u t i o n  o f  the e l a s t i c a l l y  s c a t t e r e d  p a r t i c l e s  is 

assumed t o be a forwar d d i f f r a c t i o n  peak o f  the form

to  ,  ae - ( 9 l a b ^ o ) 2 
lab

i 2
where 0Q2 = y  A3 ( p 0/ n y c ) 2

= mass o f  pion

A = atomi c  wei gh t  o f  nu c l e u s .

T h i s  d i s t r i b u t i o n  is in r easonabl y  good agreement w i t h  exper i ment al  

data in the GeV energy  r a n g e . 2 The d i s t r i b u t i o n  f u n c t i o n  is c a l c u l a t e d  f o r  

each atomi c speci es in the r e g i o n .  When a p a r t i c l e  is bei ng t r ac e d  t hrough 

the system and a n u c l e a r  s c a t t e r i n g  o c c u r s ,  the atomi c speci es on which the 

s c a t t e r i n g  takes p l ace is det ermi ned w i t h  p r o b a b i l i t i e s  g i v e n  by the p r o p o r 

t i o n  by we i g h t  and t o t a l  e l a s t i c  cross s e c t i o n  f o r  each s p e c i e s .  The 

s c a t t e r i n g  angl e  is randomly chosen from the above d i s t r i b u t i o n ,  and the 

p a r t i c l e  is assumed t o lose no energy  in the s c a t t e r .  The s c a t t e r e d  

p a r t i c l e  is then t r ac e d  through the r e s t  o f  the syst em,  in whi ch f u r t h e r  

i n t e r a c t i o n s  such as decay,  a b s o r p t i o n ,  s c a t t e r i n g  o r  energy loss may o c c u r .

For  each r egi on o f  the system a t o t a l  i n t e r a c t i o n  l engt h A is def i ned 

by the r e l a t i o n

1 =  J -  + _ L + _ L
A Ad Aa Ae *

As a p a r t i c l e  is t r ac e d  thr ough the syst em,  the d i s t a n c e  i  to the next

i n t e r a c t i o n  is det ermi ned at  the b eg i n n i n g  o f  each r egi on by the usual  Monte
-SL/A

C a r l o  t e c h n i q u e ,  from the d i s t r i b u t i o n  e . I f  S. is g r e a t e r  than the 

l engt h of  the r e g i o n ,  then no i n t e r a c t i o n  ( dec a y ,  a b s o r p t i o n  o r  n u c l e a r  

s c a t t e r i n g )  is assumed to o c c u r ,  and the p a r t i c l e  is t r aced s t r a i g h t  through 

to the b eg i n n i n g  o f  the next  r e g i o n .  I f  I  is less than the l engt h o f  the 

r e g i o n ,  then the p a r t i c l e  is t r a c e d  up to £ ,  when an i n t e r a c t i o n  is assumed 

to o c c u r .  The type o f  i n t e r a c t i o n  is deci ded w i t h  p r o b a b i l i t i e s  determi ned 

by the r e l a t i v e  magnitudes o f  Ad,  Aa and Ae.
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3. 4  M u l t i p l e  S c a t t e r i n g

The program assumes t ha t  m u l t i p l e  s c a t t e r i n g  w i l l  o c c u r  in any region 

in whi ch the d e n s i t y  o f  m a t e r i a l  is n o n - z e r o .  Both s c a t t e r i n g  angl es ( u 1) 

and d i s pl acement s  (u)  are c a l c u l a t e d  in the h o r i z o n t a l  and v e r t i c a l  p l anes ,  

and are chosen randomly from d i s t r i b u t i o n s  deduced by M o l i e r e . 3

In o r d e r  t o c a l c u l a t e  these d i s t r i b u t i o n s  the program assumes t h a t  the 

p a r t i c l e  t r a v e l s  a d i s t a n c e  d through the m a t e r i a l ,  and t h a t  the p a r t i c l e  

energy is const a nt  and equal  to i t s  v a l ue  h a l f - w a y  through the r e g i o n .  In

o r d e r  t hat  these assumpti ons may not  lead to l a r g e  e r r o r s ,  i t  may be 

necessar y  to s p l i t  r egi ons ( e . g .  range c o u n t e r s ) ,  in whi ch the m u l t i p l e  

s c a t t e r i n g  and energy  loss are l a r g e ,  i n t o  a s e r i e s  o f  s m a l l e r  r e g i o n s .  

Si nce up to t hr ee  atomi c  spec i es  may be s p e c i f i e d  in each r e g i o n ,  the p r o 

gram c a l c u l a t e s  average M o l i e r e  d i s t r i b u t i o n s  in a s u i t a b l e  way.4 C a l c u l a 

t i o n s  are c a r r i e d  out  up to and i n c l u d i n g  the second c o r r e c t i o n  term in 

the Mo l i e r e  d i s t r i b u t i o n ,  h i g h e r  o r d e r  c o r r e c t i o n s  bei ng i gnored.

I f  a p a r t i c l e  undergoes a ' p h y s i c a l  i n t e r a c t i o n '  i n s i d e  a r e g i o n ,  the 

m u l t i p l e  s c a t t e r i n g  is c a l c u l a t e d  up to the p o i n t  where the ' i n t e r a c t i o n '  

o c c u r s ,  and then f o r  the r es t  o f  the r eg i on a f t e r  the new angl es o r  energy 

r e s u l t i n g  from the ' i n t e r a c t i o n '  have been c a l c u l a t e d .

3 . 5  Energy Loss

I o n i z a t i o n  energy  loss

Charged p a r t i c l e s  t r a v e r s i n g  ma t t e r  lose energy  thr ough i n e l a s t i c

c o l l i s i o n s  w i t h  the atomi c e l e c t r o n s  o f  the m a t e r i a l .  Because o f  the

s t a t i s t i c a l  n at u r e  o f  the i o n i z a t i o n  p r o c e s s ,  the ener gy  l o s t  e w i l l  have

a spread Ae about the most p r o babl e  energy  loss Ep r o ^* Suppose ^max is

the maximum energy  t r a n s f e r  ( det ermi ned by k i n e m a t i c s )  to an atomi c electron

in a s i n g l e  c o l l i s i o n .  Then i f  Ae «  VI , the d i s t r i b u t i o n  o f  energy
m ax
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losses is Gaus s i a n ,  and £pr o b is equal  to the average e ner gy  loss o f  the 

p a r t i c l e s . 5 I f  Ae << Wmav however ,  the d i s t r i b u t i o n  o f  energy  l osses is 

t hat  c a l c u l a t e d  by Landau . 6 T h i s  d i s t r i b u t i o n  is as y mme t r i c ,  w i t h  a long 

t a i l  on the s i d e  o f  h i gh energy  l osses whi ch f a l l s  o f f  as e- 2 .

The program deci des whi ch type o f  d i s t r i b u t i o n  is a p p l i c a b l e  f o r  each 

r egi on in t u r n .  I f  Ae ~ Wmax, and n e i t h e r  d i s t r i b u t i o n  is a p p l i c a b l e ,  a 

message is p r i n t e d .  The v a l ue  o f  Epr o jj ' s c a l c u l a t e d  from the e x p r e s s i o n 7

= At
' prob

At
'  B2

B + 1 .06 + 2£n + £n --S-
Mc 32

i 2 -  6

3k. 32 + 2 £n ^  -  2 £ n l  + £ n ^ - - B 2 - < 5 - U

where p 

I

momentum o f  p a r t i c l e  o f  mass M, v e l o c i t y  Be 

i o n i z a t i o n  p o t e n t i a l  o f  m a t e r i a l  in eV 

t h i c k n e s s  o f  ma t e r i a l  in g/cm2

z )
t

A = 0. 1536
A

B = £n
iX c 2

x 10” 3 f o r  t p r o k in GeV 

1061

The d e n s i t y  e f f e c t  c o r r e c t i o n  6 is c a l c u l a t e d  from formul ae due to 

S t e r n h e i m e r : 8

= 0

A . 606 X + C + a ( X j - X )  

A . 606 X + C 

1og1Q (p/Mc)

m
X < x 0 

X 0 < X <. X j  

X0 > Xj

and a ,  C,  m, X , and X1 are con s t a nt s  depending on the m a t e r i a l .  I t  is 

assumed t ha t  the s h e l l  c o r r e c t i o n  term U is n e g l i g i b l e .  T h i s  assumption 

is good when the v e l o c i t y  o f  the p a r t i c l e  is much g r e a t e r  than the v e l o c i 

t i e s  o f  the atomi c  e l e c t r o n s .  The e x p r e s s i o n  f o r  £pr o b is v a l i d  f o r  both 

e l e c t r o n s  and heavy p a r t i c l e s .  The program a l s o  c a l c u l a t e s  the w i d t h  of  

the d i s t r i b u t i o n ,  which is t y p i c a l l y  about 20% o f  £pr o ^ -  Where n ec e s s a r y ,  

£prob anc* Ae are averaged o v e r  the atomi c  spec i e s  in the region,  us i ng 

Br a gg ' s  Law.

As p a r t i c l e s  are t r a c e d  through the syst em,  the i o n i z a t i o n  energy  loss 

e f o r  each r eg i on is s e l e c t e d  randomly from the r e l e v a n t  d i s t r i b u t i o n ,

6

6

6

X
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us i ng the va l ues  o f  £pr o b and Ae p r e v i o u s l y  c a l c u l a t e d  f o r  t h a t  r e g i o n .

Si nce the d i s t r i b u t i o n  is o b t ai ned  from a t a b l e ,  l i n e a r  i n t e r p o l a t i o n  is 

used t o o b t a i n  va l ues  i nt e r me d i a t e  between those gi ven  in the t a b l e ,  except  

where the v a l u e  o f  e > 8 A e , when the d i s t r i b u t i o n  is assumed t o go as e“ 2 

f o r  the Landau c u r v e .

R a d i a t i v e  energy  loss

For  a l l  p a r t i c l e s  except  e l e c t r o n s , t h e  r a d i a t i v e  energy  loss is assumed 

t o be n e g l i g i b l e .  T h i s  is t r u e  except  at  v e r y  h i gh e n e r g i e s .  I f  e l e c t r o n s  

are t o be t r ac e d  through the s y s t e m, t h e  t h i c k n e s s  L in r a d i a t i o n  l engt hs of  

each r eg i on is c a l c u l a t e d  us i ng a formul a due to R o s s i . 9 Let  W( EQ, E , L ) d E  

be the p r o b a b i l i t y  t ha t  an e l e c t r o n  w i t h  i n i t i a l  ener gy  EQ has ener gy  between 

E and E + dE a f t e r  t r a v e r s i n g  the r e g i o n .  Bethe and H e i t l e r 10 g i v e  an 

ex p r e ss i o n  f o r  W( E0 , E , L )  o f  the form

wf r  r  L l d r  -  dE C^n( En/E)  ] (L/5'n2 " D  W( E0 , E , L ) d E  -  _ T T r 7 £ - ^ -  .

The program c a l c u l a t e s  and s t o r e s  a t a b l e  o f  the i n t e g r a l

W( E0 , E , L )  =
E

W(En , E , L ) d E

E0

at  5% i n t e r v a l s  in ( E q -  E ) / E q f o r  each r e g i o n .

When an e l e c t r o n  is t r ac e d  thr ough the system i t s  r a d i a t i v e  energy loss 

is chosen randomly in each regi on,  us i ng the s t o r ed  d i s t r i b u t i o n  t a b l e s  o f  

W( Eq , E , L ) .  I n t e r p o l a t i o n  between the c a l c u l a t e d  val ues  o f  W(Eq , E , L )  is done 

as f o l l o w s :

a) For  energy  l osses <5% of  EQ , i t  is assumed t hat

W( E0 , E , L )  ~ U n  E0/ E ) E/)ln2

b)  For  energy  l osses >5% o f  EQ , i n t e r p o l a t i o n  is c a r r i e d  out  us i ng a

general  q u a d r a t i c  f i t  t o the t h r ee  near est  val ues  o f  W( E0 , E , L ) .

Any photons o r  secondary  e l e c t r o n s  which mi ght  be emi t t ed  in the

r a d i a t i v e  energy  loss process are n e g l e c t e d .

Note t hat  s i n c e  £pr o b and W are c a l c u l a t e d  us i ng the c e n t r a l  momentum 

p0 of  the p a r t i c l e s ,  e r r o r s  may a r i s e  i f  the momentum spread o f  the 

p a r t i c l e s  is too l a r g e .  The program does not at t empt  t o c a l c u l a t e  any energy 

loss f o r  decay pr oduct s  t r a v e r s i n g  the system.



DATA INPUT

4.1 General

The f i r s t  data card must c o n t a i n  NEL,  the number o f  d i f f e r e n t  regi ons 

in the e xp er i ment al  system bei ng c o n s i d e r e d .  The t a r g e t  counts as one r eg i o n .

The t o t a l  number o f  r egi ons  must be 50 o r  l e s s .

T h i s  card has FORMAT( 1 2 ) .

The f o l l o w i n g  cards s p e c i f y  the e l ement s ,  i . e .  the d i f f e r e n t  r egi ons

and i n i t i a l  c o n d i t i o n s  f o r  the system.  Each element  is s p e c i f i e d  by an i nput

card o f  the form

ELMENT , I C , 1 1 , I N D E X , ( D U M ( l ) , 1 = 1 , 6 ) ,  where

ELMENT is a type code whi ch det ermi nes the ki nd  o f  el ement .

IC is a code used f o r c h a n g i n g  e l eme nt s ,  w i t h  the f o l l o w i n g  meanings:

IC=0 means the element  is bei ng s p e c i f i e d  f o r  the f i r s t  t i me ,  o r  is 

bei ng changed.  In the l a t t e r  case the parameter  val ues  on the 

remai nder  of  the card are s u b s t i t u t e d  for those a l r e a d y  in memory.

I I  g i v e s  the number o f  the element  bei ng changed.  Elements are

numbered s e q u e n t i a l l y ,  w i t h  va l ues  o f  I I  i n c r e a s i n g  by u n i t y ,  on 

f i  r s t  bei ng r e a d .

IC=1 causes the r e g i on  s p e c i f i e d  by I I  to be del e t ed  and the old v al ue

o f  I I  f o r  each f o l l o w i n g  element t o be decreased by u n i t y .

IC=2 causes an e x t r a  r e g i o n ,  w i t h  the parameters s p e c i f i e d  on the card,
t h t h

to be i n s e r t e d  between the o l d  I I  and ( i l + l )  r e g i o n s .  The 

o l d  v a l ue  o f  I I  f o r  each succeedi ng r egi on is i ncr eased by unity.

INDEX is a code d e t e r mi n i n g  whether  the r egi on is o r  is not  vacuum.

INDEX=0 means the r egi on c o n t a i n s  no a p p r e c i a b l e  ma t e r i a l  which coul d 

cause s c a t t e r i n g ,  e ner gy  l o s s ,  a b s o r p t i o n ,  e t c .

INDEX=1 means the r eg i on does c o n t a i n  a p p r e c i a b l e  ma t e r i a l  which coul d 

cause s c a t t e r i n g ,  energy  l o s s ,  e t c .

( D U M ( i ) ,1=1 ,6)  are the parameter  val ues  ( t o  be d e s c r i b ed  in the f o l l o w 

ing s e c t i o n s )  f o r  the el ement .

The card has FORMAT(5A1 , 1 1 , 2 1 2 , 6F10 . 0 ) .

I f  INDEX=1,  the f o l l o w i n g  two cards s p e c i f y  the m a t e r i a l  in the r eg i o n .

The f i r s t  f o l l o w i n g  card c o n t a i n s  the parameters FRAC and RHO, where



FRAC = f r a c t i o n  o f  cross s e c t i o n a l  area o f  a p e r t u r e  covered by

m a t e r i a l .  No r mal l y  FRAC = 1 . 0 ,  except  for spar k chambers,  where 

the w i r e s  cover  o n l y  some f r a c t i o n  o f  the a p e r t u r e .

RHO = d e n s i t y  o f  ma t e r i a l  in the r e g i o n ,  in g/cm3 .

T h i s  card has FORMAT(1 OX, 2F10 . 0 ) .

The second f o l l o w i n g  card c o n t a i n s  the parameters ( PROP( j )  , Z ( j ) , J = 1 ,3)

where

PR0P( J ) =  p r o p o r t i o n  by wei gh t  o f  ma t e r i a l  w i t h  atomi c  number Z ( J ) .

Up t o  t h r ee  d i f f e r e n t  atomi c  sp ec i e s  may be s p e c i f i e d  f o r  any 

one r e g i o n .

T h i s  card has FORMAT (10X , 6F10 . 0 ) .

Note t h a t  w i t h  the format  F 1 0 . 0 ,  the deci mal  p o i n t  may be pl aced any

where i n s i d e  the f i e l d .

h.2 Sign Convent i ons

When f a c i n g  al ong the d i r e c t i o n  o f  t r a v e l  o f  the p a r t i c l e ,  X is 

n e g a t i v e  to the r i g h t ,  p o s i t i v e  to the l e f t ,  and Y is p o s i t i v e  up,  n e g a t i v e  

down. The va l ues  o f  X'  and Y '  are p o s i t i v e  when the p a r t i c l e  d i spl acement  

is i n c r e a s i n g ,  and n e g a t i v e  when i t  is d e c r e a s i n g .
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P a r t i c l e  goi ng i n t o  paper .



- 11

4 . 3  T a r g e t  Geometry

H o r i z o n t a l  Plane

b u t i on s  o f  w i d t h  XMAX, DXMAX and L ^ ,  r e s p e c t i v e l y  (see Se c t i o n  4 . 8 ) .

The d i s t a n c e  t r a v e l l e d  by the p a r t i c l e  through the t a r g e t  (d)  is then 

c a l c u l a t e d ,  and the e f f e c t s  o f  m u l t i p l e  and n u c l e a r  s c a t t e r i n g ,  a b s o r p t i o n ,  

energy  loss and decay in the t a r g e t  ma t e r i a l  are a l s o  c a l c u l a t e d .  The t a r g e t  

w a l l s  must be put  in as a separ at e  r egi on i f  they have a s i g n i f i c a n t  e f f e c t .  

I f  L.j- o r  0̂ . are s u f f i c i e n t l y  smal l  t h a t  p a r t i c l e s  leave the t a r g e t  v i a  i t s  

downstream f a c e ,  t h i s  is c o r r e c t l y  c a l c u l a t e d  by the program.

V e r t i c a l  Plane

The s t a r t i n g  c o - o r d i n a t e s  in the v e r t i c a l  p l a n e ,  Y^., Y-j/ are chosen 

from uni f or m d i s t r i b u t i o n s  o f  w i d t h  YMAX and DYMAX, r e s p e c t i v e l y  (see 

S e c t i o n  4 . 8 ) .  The e f f e c t  o f  Y-j/ , the i n i t i a l  angl e  in the v e r t i c a l

pl ane on the d i s t a n c e  d t r a v e l l e d  through the t a r g e t ,  is s m a l l ,  and is 

i gnored in t h i s  c a l c u l a t i o n .
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The val ues  o f  and X̂ . are s p e c i f i e d  on the i nput  data card as f o l l o w s :  

1 . Type code = TARG#

2.  I I , I N D E X  (see S e c t i o n  4 . 1 ,  Data Input  -  Gener al )

3.  DUM( l )  = Length o f  t a r g e t  L-j., in cm

4.  DUM(2)  = H o r i z o n t a l  w i d t h  o f  t a r g e t  X ^ , in cm

5.  DUM(3) to DUM(5)  are bl ank

6.  DUM(6)  = H o r i z o n t a l  angl e  0̂ . between i n c i d e n t  p r i ma r y  beam and

p r i n c i p a l  t r a j e c t o r y ,  in deg

T h i s  card is FORMAT(5A1 ,V> ,212 ,6F10 . 0 )  .

4 . 4  D r i f t  Region

I
POSI T I VE |

I

PRINCIPAL I 
TRAJECTORY ;

I

NEGATIVE |

J

The c o - o r d i n a t e s  at  the end of  the d r i f t  r eg i on are o bt a i ne d  from

x 

x"

y

r

At  the end o f  each d r i f t  space the c o - o r d i n a t e s  are t es t ed  to see i f  they 

a r e w i t h i n  l i m i t s  s p e c i f i e d  as i nput  t o the program.  The l i m i t s  can be 

thought  o f  as a d e f i n i n g  s l i t  o r  c o u n t e r  at  the end o f  each d r i f t  r eg i o n .

The c o u n t e r  can be set  at  an angl e  U t o the normal  to the beam, in the 

h o r i z o n t a l  p l ane.  As shown above, U is p o s i t i v e .

The parameters are s p e c i f i e d  as an i nput  data card  o f  the f o l l o w i n g

t y p e :

1 L 0 0 x 0
0 1 0 0 V
0 0 1 L Y 0
0 0 0 1 Y o'
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4 . 5  Quadrupol e Magnet

The program c a l c u l a t e s  the p a r t i c l e  c o - o r d i n a t e s  r e l a t i v e  to the p r i n 

c i p a l  t r a j e c t o r y  from the equati: i on

f
X x o
x " M X

o

y YO
r V

where

M =

cos kL 

-k s i n  kL 

0 

0

s i n  kL 
k

cos kL 

0 

0

0

0

cosh kL 

k s i nh kL

0

0

si nh kL 
k

cosh kL

where k =
1 9 By 

9x3000p

L = e f f e c t i v e  l engt h o f  q u a dr u pol e .

T h i s  is f o r  a quadr upol e  whi ch focuses in the h o r i z o n t a l  p l a n e ,  which 

is s i g n i f i e d  on the data cards by a p o s i t i v e  v a l u e  o f  the f i e l d  g r a d i e n t .

1. Type code = DR I FT

2.  I C , I I , I N D E X  (see Se c t i on  k .1 , Data Input  -  Gener a l )

3.  DUM( l )  = Length o f  r egi on L in cm

k.  DUM(2)  = Upper l i m i t  on x at  end o f  r egi on X ^ , in cm

5-  DUM( 3)  = Lower l i m i t  on x at  end o f  r egi on X. , in cm
( n o r m a l l y  n e g a t i v e )  L

6.  DUM(A) = Upper l i m i t  on y at  end o f  r egi on V , in cm

7. DUM(5) = Lower l i m i t  on y at  end o f  r eg i on Y. , in cm
(normal  1y negat  i ve)

8.  DUM(6) = Angl e U between l i m i t i n g  a p e r t u r e  and normal to

p r i n c i p a l  t r a j e c t o r y ,  in deg 

The magnitudes o f  Xu , XL , Y , Y^ must be less than 10 m 

The card is F0RMAT(5A1,11 , 1 2 , 1 2 , 6 F 1 0 . 0 )  .
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A n e g a t i v e  v a l u e  o f  the f i e l d  g r a d i e n t  means a v e r t i c a l l y  f o c u s i n g  quadr u

p o l e ,  in whi ch case the two p a r t i a l  ma t r i c es  above are i nt e r c h an g e d .

The p r i n c i p a l  t r a j e c t o r y  must e n t e r  the quadrupol e  normal t o the 

magnet i c  f i e l d .  The parameters are s p e c i f i e d  on an i nput  data card as 

f o l l o w s :

1 . Type code = QUAD#

2.  I C , I I , I N D E X  (see Se c t i o n  A . l ,  Data Input  -  Gene r al )

3. DUM( l )  = E f f e c t i v e  l engt h o f  quadrupol e  L ,  in cm

*f. DUM(2)  = F i e l d  g r a d i e n t  in, kG/cm

5. DUM(3)  to DUM(4)  are bl ank

6.  DUM(5)  = D i f f e r e n c e  T  between path l eng t h  o f  p r i n c i p a l  t r a j e c t o r y

in q u a d r u p o l e ,  and e f f e c t i v e  l e ng t h  L,  in cm

7. DUM(6) is b l ank

The card is FORMAT(5A1 ,11 ,212 , 6F10 . 0 ) .

Here and f o r  bending magnets the d i f f e r e n c e  T  (6, above)  must be 

s p e c i f i e d  i f  phy s i c a l  processes such as decay s c a t t e r i n g  o r  a b s o r p t i o n  occur  

in the r eg i on s i n c e  the p r o b a b i l i t y  o f  these o c c u r r i n g  is p r o p o r t i o n a l  to 

the d i s t a n c e  the p a r t i c l e  t r a v e l s  in the r e g i o n .  No r ma l l y  T  w i l l  be small  

in comparison w i t h  L ,  and need o n l y  be c r u d e l y  e s t i ma t e d .  I f  the regi on is 

vacuum and the p a r t i c l e  cannot  decay,  T  may be l e f t  z e r o .

A .6 U ni f or m F i e l d  Bending Magnet

The bending magnet bends in the h o r i z o n t a l  p l a n e ,  a p o s i t i v e  val ue  of  

the magnet i c  f i e l d  bending t o the r i g h t  i f  one t r a v e l s  w i t h  the p a r t i c l e s .  

The angl e  U is p o s i t i v e  as shown. The angl e  V is n e g a t i v e .
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The c o - o r d i n a t e s  o f  the p a r t i c l e  a f t e r  the magnet is in the h o r i z o n t a l  

pl ane r e l a t i v e  t o the p r i n c i p a l  t r a j e c t o r y  are c a l c u l a t e d  assuming t hat  the 

p a r t i c l e  f o l l o w s  a c i r c u l a r  path in the magnetic f i e l d , t h e  r adi us  o f  c u r v a 

t u r e  bei ng

P = 3335. 6 P/B w i t h  Pn = 3335. 6 P0/ B
A

cm

f o r  the p r i n c i p a l  t r a j e c t o r y .

The v e r t i c a l  c o - o r d i n a t e s  a f t e r  the magnet are o b t a i ne d  from the 

equat  i on

' N
y ' y 0 '

= M

. v '  . . y<T.

where

1 0 1 pe 1 0

M = +tan V
1 0 1 -  tan U i

P
1

P
1

where 0 is angl e  through whi ch the p a r t i c l e  is bent  by the magnet.

The parameters are s p e c i f i e d  on an i nput  data card as f o l l o w s :

1 . Type code = BENDbJ

2.  I C , I I , I N D E X  (see S e c t i o n  4 . 1 ,  Data I nput  -  Ge ne r al )

3.  DUM(1)  = E f f e c t i v e  l engt h L o f  magnet i c  f i e l d ,  in cm

4.  DUM(2)  = Magnet i c  f i e l d  s t r e n g t h  B,  in kG

5. DUM(3)  = Angl e co between e nt r an c e  and e x i t  face o f  magnet, in deg

6.  DUM(4) is bl ank

7. DUM(5)  = D i f f e r e n c e  T  between path l e ng t h  i f  p r i n c i p a l  t r a j e c t o r y
thr ough magnet,  and e f f e c t i v e  l e ngt h  L,  in cm

8.  DUM(6) = Ent r anc e angl e  U between p r i n c i p a l  t r a j e c t o r y  and normal
to magnet f a c e ,  in deg

For  more i n f o r ma t i o n  on T  (7 a b o v e ) ,  see the remarks at  the end of  

Se c t i o n  4.5*
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A .7 Double Focusi ng Magnet

The program c a l c u l a t e s  the p a r t i c l e  c o - o r d i n a t e s  r e l a t i v e  to the p r i n c i 

pal  t r a j e c t o r y  from the equat i on

' ■
X x 0

x ' X o
V

= M
y Vo

y ' Vo'
>

where

M =

-  1-n

cos /I - n  <o 

s i n /T-rFco

s i n /l  - n co

/l  - n  

cos /1- n

0

0

0

0

0

0

C O S /FT 10

./j7 s i n /FT to
P

0

0

p s i n  /FT co 

cos /FT co

where
n =

(o = angl e o f  bend 

p = r adi us  o f  c u r v a t u r e

The p r i n c i p a l  t r a j e c t o r y  is assumed to e n t e r  and e x i t  the magnet 

normal 1y .

The parameters are s p e c i f i e d  on an i nput  data card as f o l l o w s :
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1. Type code = SPECT

2.  I C , I l , I N D E X  (see Se c t i o n  4 . 1 ,  Data Input  -  Ge ne r a l )

3. DUM( l )  = E f f e c t i v e  l engt h L o f  magnet i c  f i e l d  between ent r ance

and e x i t  o f  p r i n c i p a l  t r a j e c t o r y ,  in cm

4.  DUM( 2)  = V
5.  DUM(3)  = Angl e  w thr ough whi ch p r i n c i p a l  t r a j e c t o r y  is b e n t ,

i n deg

6.  DUM(4) to DUM(6) are b l ank

The card is FORMAT (5A1 , 1 1 , 2 1 2 , 6 F 1 0 . 0 ) .

b .8  Beam Spot Parameters

Each i nput  deck o f  data cards must c o n t a i n  two cards s p e c i f y i n g  the 

beam spot  and a n g u l a r  range in whi ch p a r t i c l e s  are produced.  These cards 

are o f  the f o l l o w i n g  k i n d :

Fi r s t  Card

1. Type code = XSIZE

2.  I C , I l  (see Sec t i on  4 . 1 ,  Data Input  -  Gener a l )

3-  DUM( l )  = H o r i z o n t a l  f u l l  w i d t h ,  XMAX, o f  beam spot  on t a r g e t ,  in cm

4.  DUM(2)  = F u l l  w i d t h ,  DXMAX, o f  un i f o r m i n i t i a l  d i s t r i b u t i o n  in

h o r i z o n t a l  angl e  X y ' ,  in mrad

5.  DUM(3)  = Ce nt r al  v a l ue  x c o f  beam spot  on t a r g e t  in h o r i z o n t a l

di r e c t i o n , in cm

6.  DUM(4)  = C e nt r a l  v a l u e ,  DXMAXC, o f  un i f o r m i n i t i a l  d i s t r i b u t i o n  in

h o r i z o n t a l  d i r e c t i o n  X y ' , in mrad

7. DUM(5)  and DUM(6)  are bl ank

Second Card

1 . Type code = YSIZE

2.  I C , I l

3 - 6 .  Same as f i r s t  c a r d ,  r e p l a c i n g  h o r i z o n t a l  by v e r t i c a l
parameters

These cards are FORMAT (5A1 , I l ,12 , 2 X , 6 F 1 0 . 0 ) .

The val ues  o f  DXMAX and DYMAX shoul d be chosen l ar ge  enough to f i l l  the 

a p e r t u r e  o f  the a p p a r a t u s ,  i . e .  a p l o t  o f  accepted event s  versus  i n i t i a l  

angl e  shoul d go t o z e r o  at  the ends.
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Making DXMAX o r  DYMAX too l a r g e  merel y  reduced the e f f i c i e n c y  o f  the 

program,  s i n c e  then a l a r g e  number o f  p a r t i c l e s  have no chance o f  bei ng 

accepted by the system.

4 . 9  I nt er change o f  Axes

At  any p o i n t  in the system the h o r i z o n t a l  and v e r t i c a l  axes may be 

i nt e r c h a n g e d .  T h i s  is used,  f o r  example,  when a bending magnet bends the beam 

in the v e r t i c a l  d i r e c t i o n ,  o r  when the v e r t i c a l  d i s t r i b u t i o n  o f  p a r t i c l e s  at  

the end o f  some d r i f t  r eg i on is d e s i r e d .  A s i n g l e  i nput  data card is needed 

each t ime the axes are i nt er changed

1 . Type code = ROTAT

2.  I C , 1 1 (see Se c t i on  4 . 1 ,  Data I n p u t - G e n e r a l )

3. DUM( l )  to DUM(6)  are bl ank

The card is FORMAT ( 5 A 1 , 1 1 , 1 2 , 2 X , 6 F 1 0 . 0 ) .

4 . 1 0  P a r t i c l e  Momentum Parameters

Each i nput  deck o f  data cards must c o n t a i n  a card s p e c i f y i n g  the 

p a r t i c l e  momentum par amet er s .  T h i s  card is o f  the f o l l o w i n g  k i n d :

Type code = P O t f l ( 0 = a l p h a b e t i c )

I C , I 1  (see Se c t i o n  4 . 1 ,  Data I nput  -  Gener al )

1 .

2 .

3- DUM(l )  = Ce nt r a l  momentum p , o f  un i f o r m i n i t i a l  momentum d i s t r i 

b u t i on ,  i n GeV/c

4.  DUM(2)  = F u l l  w i d t h  PMAX o f  un i f o r m i n i t i a l  momentum d i s t r i b u t i o n ,

in GeV/c

5.  DUM(3)  = Momentum o f  p r i n c i p a l  t r a j e c t o r y  p , in GeV/c.  T h i s

t r a j e c t o r y  is the r ef er e nc e  t r a j e c t o r y  w i t h  r espect  to 

whi ch a l l  d i s pl acement s  are measured.  I f  pc is l e f t  

b l a n k ,  the program a u t o m a t i c a l l y  puts pc = p Q.
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6.  DUM(4)  = T h r e s h o l d  energy  TTHR,  below whi ch p a r t i c l e s  are assumed

t o be l o s t  to the system,  in GeV.

7.  DUM(5) and DUM(6)  are bl ank

The card is FORMAT ( 5 A 1 , 1 1 , 1 2 , 2 X , 6 F 1 0 . 0 ) .

The v a l ue  o f  PMAX shoul d be g r e a t e r  than the momentum acceptance o f  the 

system,  i . e .  so t h a t  a p l o t  o f  accepted event s  versus i n i t i a l  momentum goes 

to z e r o  at  the e x t r e m i t i e s :

Making PMAX too l a r g e  reduces the e f f i c i e n c y  o f  the program,  s i n c e  then 

a l a r g e  number o f  p a r t i c l e s  have no chance o f  bei ng accepted by the system.

4.11 P a r t i c l e  Mass and Ot her  Parameters

Ever y  i nput  deck o f  data cards must c o n t a i n  a card g i v i n g  i nf o r ma t i o n  

about the p a r t i c l e s  bei ng t r ac e d  t hr ough the system.  T h i s  card is o f  the 

f o 11ow i n g k i n d :

1. Type code = MASS#

2.  I C , I I , I N D E X  (see Se c t i o n  4 . 1 ,  Data I n p u t - G e n e r a l  for IC ,11)

Her e,  i f  INDEX ^ 0 ,  t h i s  means t h a t  the p a r t i c l e  can decay,  

and a f o l l o w i n g  card is needed to s p e c i f y  the decay 

p r o d u c t s .

3. DUM(l )  = P a r t i c l e  mass, in GeV/c2

4. DUM(2)  = A b s o r p t i o n  cr oss s e c t i o n  a o f  the p a r t i c l e  on a nu c l e on,d
i n mb

5.  DUM(3)  = Nu c l e a r  s c a t t e r i n g  cr oss s e c t i o n  a of  the p a r t i c l e  on a
e

n u c l e o n , in mb
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6.  DUM(^) = L i f e t i m e  o f  p a r t i c l e  x in nsec

7.  DUM(5)  = Scal e  f a c t o r ,  SCALE (see s e c t i o n  3 . 1 ,  Decay)

8.  DUM(6)  is bl ank

The card is FORMAT (5A1 ,11 ,212 , 6F10 . 0 ) .

I f  INDEX ^  0 ,  the f o l l o w i n g  card must c o n t a i n  the par amet er s :

1 . 10fc$

2.  DUM(l )  = Branchi ng r a t i o  a ( l )  i n t o  f i r s t  t wo- body f i n a l  s t a t e

decay mode

3. DUM(2) = Mass of  decay pr oduct  o f  f i r s t  two- body decay mode,

in GeV/c2 , which is to be t r a c e d  on t hr ough the system 

a f t e r  decay

4.  DUM(3) = Mass o f  o t h e r  decay pr oduct  o f  f i r s t  two- body decay mode,

in GeV/c2

5.  DUM(4) = Br anchi ng  r a t i o  a ( 2 )  i n t o  second two- body f i n a l  s t a t e

decay mode

6.  DUM(5)  = Mass of  decay pr oduct  o f  second two- body decay mode, in

GeV/c2 , whi ch is to be t r ac ed  on thr ough the system a f t e r

decay

7-  DUM(6)  = Mass o f  o t h e r  decay pr oduct  o f  second two- body decay mode, 

in GeV/c2

The card is FORMAT (1 OX ,6F10 . 0 ) .

4.  12 I n i t i a l i z a t i o n  o f  Random Number Gener at or

Each i nput  deck o f  data cards must c o n t a i n  a card t o i n i t i a l i z e  the 

random number g e n e r a t o r .  The random number g e n e r a t o r  oper at es  by m u l t i p l y i n g  

an i n t e g e r  by 65539 to form a new i n t e g e r .  The l e a s t  s i g n i f i c a n t  p a r t  of  

the new i n t e g e r  is then nor ma l i z e d  to be between 0 and 1 t o g i v e  the r eq u i r ed  

random number.  The new i n t e g e r  is used to form the next  random number,  and 

so on.  A t o t a l  o f  229 random numbers is o b t ai ne d  bef ore the sequence s t a r t s  

to r epeat .

The s t a r t i n g  i n t e g e r  is s p e c i f i e d  on a data card as f o l l o w s :

1. Type code -  I NI T #

2.  I C , 1 1 (see Se c t i o n  4 . 1 ,  Data I nput  -  Gener al )

3.  DUM( 1)  = RANDOM NUMBER I N I T I A L I Z E R ,  any odd number ^  9 d i g i t s  in

l engt h
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4. DUM(2)  t o DUM(6)  are bl ank

The card is FORMAT( 5A 1 ,11 , 1 2 , 2 X , F 1 0 . 0 ) .

When changes are made to a syst em,  and i t  is d e s i r e d  t o see the e f f e c t ,

the random number i n i t i a l i z e r  shoul d be r eset  to the v a l ue  used in the f i r s t

run.  T h i s  reduces s t a t i s t i c a l  f l u c t u a t i o n s .

4 . 13 Number o f  T r i a l s

Each i nput  deck o f  data cards must c o n t a i n  a card s p e c i f y i n g  the number 

o f  p a r t i c l e s  to be t r ac e d  through the system.  T h i s  card is o f  the f o l l o w i n g  

k i n d :

1. Type code -  GROUP

2.  I C , I 1

3. DUM(1)  = Number o f  b l o c k s ,  NSET,  o f  p a r t i c l e s  to be t r ac e d  t hrough

the system

4.  DUM(2) = Number o f  thousand p a r t i c l e s ,  NT ,  in each b l oc k

5.  DUM(3)  =* A parameter  NORM

6.  DUM(4) to DUM(6)  are bl ank

The program p r i n t s  out  the c u mu l a t i v e  r e s u l t s  up to t hat  p o i n t  a f t e r  

each b l o c k  o f  p a r t i c l e s .  A t o t a l  o f  NSET x NT x 1000 p a r t i c l e s  is t r aced in 

a s i n g l e  run.  I f  the f i n a l  r e s u l t s  are to be no r ma l i z e d  to the f i n a l  number

o f  p a r t i c l e s  accepted by the system,  then the v a l ue  o f  NORM shoul d be g r e a t e r

than z e r o ;  o t h e r w i s e  the n o n - n o r ma l i z e d  r e s u l t s  w i l l  be p r i n t e d .

T h i s  card is FORMAT(5A1 , 11, 12  ,2X , 6 F 1 0 . 0 ) .

4 . 14  Pi s t r i b u t i o n s

P a r t i c l e s  accept ed by the system may be c l a s s i f i e d  i n t o  " b i n s "  to g i v e  

d i s t r i b u t i o n s  in a v a r i e t y  o f  ways.  T h u s ,  f o r  i n s t a n c e ,  the program w i l l  

g i v e  the number o f  accepted event s  in ' b i n s '  c o r r e s p o n d i n g  to the i n i t i a l  

momenta o f  the p a r t i c l e s ,  i . e .  a d i s t r i b u t i o n  o f  accepted event s  as a f u n c 

t i o n  o f  i n i t i a l  momentum may be o b t a i n e d .  In t h i s  case the ' space '  c o n s i s t s  

o f  j u s t  one ' d i m e n s i o n ' ,  i n i t i a l  momentum. More c o mpl i c at ed  d i s t r i b u t i o n s  

may be c a l c u l a t e d ,  f o r  i ns t anc e  the number o f  accepted events as a f u n c t i o n  

o f  both i n i t i a l  momentum o f  the p a r t i c l e s  and h o r i z o n t a l  p o s i t i o n  at  the end 

o f  some s p e c i f i e d  d r i f t  r e g i o n .  In t h i s  case the ' space '  has two
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' d i m e n s i o n s ' .  D i s t r i b u t i o n s  in ' s pa c e s '  o f  up to t went y  ' d i men s i o n s '  may be 

o b t a i n e d ,  w i t h  a maximum o f  999 ' b i n s '  in any ' d i m e n s i o n ' .  In any one run 

up to seven ' s p a c e s '  may be d e f i n e d ,  pr o v i d ed  the t o t a l  number o f  ' b i n s '  in 

a l l  ' d i mens i ons '  is less than 15, 000.  The t o t a l  number o f  ' b i n s '  , ND, in
D

a l l  ' d i men s i o n s '  is g i ven  by:

Ng = £ PRODUCT ( no.  o f  b i ns  in
spaces dimensi ons each di mensi on)

in each space

D i s t r i b u t i o n s  in a l l  ' s pa c e s '  s p e c i f i e d  are p r i n t e d  out  at  the end o f  

the r un.  Any o f  the f o l l o w i n g  ' d i men s i o n s '  may be s p e c i f i e d :

a)  I n i t i a l  momentum o f  the p a r t i c l e s

b)  S t a r t i n g  p o s i t i o n  al ong the l engt h o f  the t a r g e t

c)  I n i t i a l  d i s pl acement  o r  d e v i a t i o n  in the h o r i z o n t a l  pl ane

d) I n i t i a l  d i s pl acement  o r  d e v i a t i o n  in the v e r t i c a l  pl ane

e)  Momentum at  the end o f  some s p e c i f i e d  d r i f t  r egi on in the system

f )  H o r i z o n t a l  d i s pl acement  o r  d e v i a t i o n  at  the end o f  some s p e c i f i e d  

d r i f t  r egi on in the system

The f e a t u r e  e n a b l i n g  i nt er c h a ng e  o f  v e r t i c a l  and h o r i z o n t a l  axes may be 

used to o b t a i n  d i s t r i b u t i o n s  as a f u n c t i o n  o f  v e r t i c a l  d i s pl acement  o r  

d e v i a t i o n  at  the end o f  any d r i f t  r e g i o n .

D i s t r i b u t i o n s  may be o b t a i ne d  f o r  the f o l l o w i n g :

g)  P a r t i c l e s  i n i t i a l l y  accepted by the syst em,  in the absence of  

decay,  s c a t t e r i n g ,  a b s o r p t i o n  or  energy  loss

h)  P a r t i c l e s  f i n a l l y  accepted by the syst em,  in the presence o f  decay,  

s c a t t e r i n g ,  a b s o r p t i o n  and energy  loss

i )  Decay p r oduct s  o n l y

The necess ar y  parameters are s p e c i f i e d  on data i nput  cards o f  the

f o l 1owi ng t y p e :

Fi  r s t  card

1 . Type code = NSPAC

2.  I C , 1 1 (see Sec t i on  4 . 1 ,  Data Input  -  Gener al )

3.  DUM(1)  = Number o f  ' s pac es '  , NSPACE = 0 ,  in which d i s t r i b u t i o n s  are

r e q u i r e d .  I f  NSPACE = 0 ,  no m u l t i d i m e n s i o n a l  a n a l y s i s  is

done.
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4.  DUM(2)  = A code parameter  NW, f o r  whi ch

NW = 0 g i v e s  d i s t r i b u t i o n s  o f  p a r t i c l e s  i n i t i a l l y  accepted 
by the system (g above)

NW = 1 g i v e s  d i s t r i b u t i o n s  o f  p a r t i c l e s  f i n a l l y  accepted 
by the system (h above)

NW = 2 g i v e s  d i s t r i b u t i o n s  f o r  decay pr oduct s  o n l y  ( i  above)

5.  DUM(3) to DUM(6)  are bl ank

T h i s  card is FORMAT ( 5 A 1 ,11 , 1 2 , 2 X , 6 F 1 0 . 0 ) .

Second card

1 . 100

2.  DUM( l )  = Number o f  ' d i men s i o n s '  in f i r s t  ' sp a c e '

3.  DUM(2)  = Number o f  ' d i men s i o n s '  in second ' space '

Up to N S P A C E 

T h i s  card has FORMAT ( 1 0 X J F 1 0 . 0 )

Up to seven 'spaces'  may be s p e c i f i e d  in one run.

A s i n g l e  card now f o l l o w s  f o r  each ' d i me n s i o n '  in each ' s p a c e ' .  Each

card c o n t a i n s  the f o l l o w i n g  par amet er s:

1. The type o f  ' d i men s i o n '  J

a)  = 0P = momentum

b) = 0X = di s pl acement  in h o r i z o n t a l  plane

c)  = DX = d e v i a t i o n  in h o r i z o n t a l  pl ane

d) = 0Y = di s pl acement  in v e r t i c a l  plane

e)  = DY = d e v i a t i o n  in v e r t i c a l  plane

f )  = 0T = s t a r t i n g  p o s i t i o n  al ong l e ngt h  o f  t a r g e t

2.  DUM( l )  = Region number I  where d i s t r i b u t i o n  o f  t h i s  ' d i mensi on '

is r e q u i r e d

3. DUM(2) = Number o f  b i ns  r e q u i r e d  in t h i s  dimension

4.  DUM(3) = F u l l  w i d t h  S o f  dimensi on J ,  in a p p r o p r i a t e  u n i t s

(GeV/c)

5.  DUM(4) = C e nt r a l  v a l u e  C o f  di mensi on J ,  in a p p r o p r i a t e  u n i t s

( GeV/c,  cm o r  mrad)

6.  DUM(5)  to DUM(6)  are b l ank

T h i s  card is FORMAT ( A 2 , 8 X , 6 F 1 0 . 0 ) .
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D i s t r i b u t i o n s  o f  type d)  , e)  o r  f )  above may o n l y  be o bt a i ned  f o r  

I  = 1,  i . e .  at  the t a r g e t .  I f  v e r t i c a l  d i s t r i b u t i o n s  are r e q u i r e d  e l s e wh er e ,

i nt e r c h an g e  o f  h o r i z o n t a l  and v e r t i c a l  axes can be used.

4.  15 End o f  Case and End o f  Data

The program w i l l  do up to ten cases o r  runs w i t h  one b l o c k  o f  data 

c a r d s .  A f t e r  a l l  the data cards f o r  one case have been read i n ,  a card o f  

the type

1. Type code = END##

causes the program t o begin c a l c u l a t i o n s  on t h a t  case.

Changes may be made in the parameters f o r  p a r t i c u l a r  elements f o r  the 

next  case us i ng the code ( I C )  as s p e c i f i e d  in S e c t i o n  4 . 1 ,  Data Input  -  

G e n e r a l .  A f t e r  a l l  the changes have been made, a card w i t h  type code = END 

w i l l  cause the case to be run.  When a l l  cases have been r un ,  the program is

t er mi na t e d  by means o f  a card o f  the type

1 . Type code = F I N I .
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5.  ERROR MESSAGES

On e n c o u n t e r i n g  c e r t a i n  i nput  e r r o r s ,  e r r o r  message are p r i n t e d  out  and

e x e c u t i o n  o f  f u r t h e r  c a l c u l a t i o n  is stopped.  Most o f  these messages are

s e l f  e x p l a n a t o r y .  C a l c u l a t i o n  is stopped f o r  the f o l l o w i n g  reasons:

1) I n v a l i d  ELMENT code parameter  -  The e n t i r e  i nput  card and i t s  p o s i t i o n  

in the data deck is p r i n t e d  o u t .  Exec u t i on  is t e r mi n a t e d .

2)  I n c o r r e c t  number o f  t r a n s p o r t  elements -  I f  the number o f  t r a n s p o r t  

elements read is less than or  g r e a t e r  than NEL,  the a p p r o p r i a t e  message 

is p r i n t e d  and exe c u t i o n  t e r mi n a t e d .

3) I C  > 2 -  A change parameter  not  one of  0,  1 o r  2 is me ani ng l ess ,  and 

e x e c u t i o n  is t er mi nat ed  w i t h  a p p r o p r i a t e  message.

4)  I n v a l i d  r eg i on parameter  ( I 1) -  I f  in the second and subsequent  runs a 

r eg i on number is u n d e f i n e d ,  the o f f e n d i n g  card i nput  is p r i n t e d  and 

e x e c u t i o n  t e r m i n a t e d .  I t  shoul d again be s t r e s s e d  t h a t  i f  an element  

has been del e t e d  ( i n s e r t e d )  a l l  r egi on numbers are decremented ( i n c r e 

mented)  by u n i t y  i mmedi atel y  upon d e l e t i o n  ( i n s e r t i o n ) .

5)  Normal run t e r m i n a t i o n  -  When FINI  has been read a message is p r i n t e d  

out  and e xe c u t i o n  t e r mi n a t e d .



EXAMPLES

6.1 Example 1

A quadrupol e  s p ec t r o me t er  us i ng t ime o f  f l i g h t

The sp ec t r ome t e r  c o n s i s t s  of  a quadrupol e t r i p l e t  f o c u s i n g  prot ons onto 

a d e t e c t o r  ten metres from the t a r g e t .  The r e q u i r e d  f i e l d  g r a d i e n t s  in the 

quadrupol es were f i r s t  c a l c u l a t e d  us i ng the program TRANSPORT.11 The present  

program was then used to c a l c u l a t e  the s o l i d  angl e  and momentum acceptances 

o f  the s p e c t r o me t e r .  The data cards used are shown on page 28.  Note 

the f o l l o w i n g  p o i n t s :

1) The t a r g e t  l engt h was assumed t o be n e g l i g i b l e .  Hence 0̂ . is not

i mpor t ant  and was put equal  to z e r o .

2)  Cards 3 and 5 d e f i n e  the e nt r an c e  and e x i t  a p e r t u r e s  o f  the f i r s t  quad

r u p o l e ,  which are assumed t o be 4"  x V  squar es.  Cards 6 ,  8 and 9 ,  11 

do the same t h i n g  f o r  the o t h e r  two q u adr u pol e s .

3) Card 13 def  ines the a p e r t u r e  o f  the d e t e c t o r ,  2 x 2  cm2 .

b) The t a r g e t  spot  s i z e  was 0. 5 x 0 . 5  cm2 and the c e n t r a l  momentum was 200 MeV/c.

5) The system was assumed to be vacuum t h r o u g h o u t .

The f o l l o w i n g  pages g i v e  the o ut put  from the program.  The program f i r s t  

p r i n t s  out  the i nput  p a r amet er s ,  w i t h  some mi nor  changes.  These a r e :

1) angl es are in r adi ans

2)  the l i f e t i m e  is in seconds

The program then p r i n t s  out  the r e s u l t s  o f  i t s  c a l c u l a t i o n s .  Most o f  

t h i s  is s e l f  e x p l a n a t o r y  except  f o r  the f o l l o w i n g :

1) The most i mpor t ant  r e s u l t  of  the c a l c u l a t i o n  is

SOL I DANGLE*M0M. RES = 0.291 937E-i+ STERAD-BeV/c 

The quoted e r r o r  is the s t a t i s t i c a l  e r r o r  a r i s i n g  from the number of  

p a r t i c l e s  t r ac e d  through the system.  I f  the va l ue s  of  PMAX, DXMAX o r  

DYMAX were too s m a l l ,  however ,  unknown s y s t e m a t i c  e r r o r s  would a r i s e .

2)  The c o r r e c t i o n  f a c t o r  g i v e s  the r a t i o  o f  PARTICLES ACCEPTED I N I T I A L L Y /

PARTICLES ACCEPTED FI NALLY.  The same c o n s i d e r a t i o n s  about the quoted 

e r r o r  app l y  her e.  In t h i s  p a r t i c u l a r  c ase,  s i n c e  no p h y s i c a l  i n t e r 

a c t i o n s  such as decay,  s c a t t e r i n g ,  e t c . ,  take p l a c e ,  the c o r r e c t i o n  

f a c t o r  is i d e n t i c a l l y  equal  t o 1 . 0 .
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3) In the d i s t r i b u t i o n  o f  p a r t i c l e s  as a f u n c t i o n  o f  i n i t i a l  c o n d i t i o n s ,  

the columns headed F I N A L . N O T ( I N I T I A L )  g i v e  the number o f  p a r t i c l e s  

f i n a l l y  accepted whi ch were i n i t i a l l y  r e j e c t e d ,  as a f u n c t i o n  o f  the 

v a r i o u s  par amet er s .  Here i n i t i a l l y  means w i t h  no s c a t t e r i n g ,  decay o r  

energy  l o s s ,  and f i n a l l y  means w i t h  s c a t t e r i n g ,  decay and energy  l o s s .  

In t h i s  p a r t i c u l a r  s p e c t r o m e t e r ,  s i n c e  t h e r e  is vacuum t h r o u g h o u t ,  and 

no p a r t i c l e s  decay,  these columns are always z e r o .
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13

TARG 0 . 0

DRIFT 150. 0 + 5 . 0 8

DRI FT 1 0. 0 + 5 . 0 8

QUAD 24. 765 - 0 . 2 9 2 2

DRIFT 0. 001 + 5 . 0 8

DRIFT 20. 000 + 5 . 0 8

QUAD 24.765 +0. 5186

DRI FT 0. 001 + 5. 08

DRI FT 20. 000 + 5 . 0 8

QUAD 24. 765 - 0 . 2 9 2 2

DRIFT 0. 001 + 5 . 0 8

DRIFT 10. 0 + 5 . 0 8

DRI FT 715. 0 + 1 . 0

I N I T 123456789.

NSPAC

GROUP 1 . 0 2 . 0

XSIZE 0 . 5 75. 0

YSI ZE 0 . 5 100. 0

PO 0 . 2 0 . 15

MASS 0 . 9 38

END

F I N I

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 5 . 0 8 + 5 . 0 8 - 5 . 0 8

- 1 . 0 + 1 . 0 - 1 . 0
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6. 2  Example 2

A s i n g l e  bending magnet spec t r ome t er

T h i s  spec t r omet er  c o n s i s t s  o f  a s i n g l e  bending magnet ,  w i t h  an angle of  

bend o f  27 deg,  and w i t h  spar k pl anes on e i t h e r  end o f  the magnet and 200 cm 

f o r  the e x i t  o f  the magnet.  A s c i n t i l l a t i o n  c o u n t e r  f o r  t r i g g e r i n g  purposes 

is p l aced j u s t  in f r o n t  o f  the magnet.  The program c a l c u l a t e d  two cases in 

t h i s  run:

1) The s o l i d  angl e  and momentum acceptance o f  the t o t a l  system

I t  is a l s o  d e s i r e d  t o know the number of  p a r t i c l e s  w i t h  a g i ve n  i n i t i a l  

momentum as a f u n c t i o n  o f  p o s i t i o n  in the f i n a l  spar k p l ane.  T h i s  is 

accompl i shed by cards 12, 13,  14 and 15,  whi ch s p e c i f y  a ' s pac e '  o f  two 

d i me ns i ons ,  P at  the t a r g e t  and X in the f i n a l  spar k p l a n e .  The system 

is assumed t o be vacuum t hr oughout  except  f o r  the s c i n t i l l a t i o n  count e r  

( cards 4 ,  5 and 6 ) .

2)  The momentum r e s o l u t i o n ,  assuming w i r e  spaci ngs o f  0 . 1 0 ,  0 . 14  and 

0 . 2 4  cm in the f i r s t ,  second and t h i r d  w i r e  p l a n e s ,  r e s p e c t i v e l y

Si nce the a n g u l a r  acceptance of  the s i n g l e  w i r e  spaci ngs is v e r y  small  

in the h o r i z o n t a l  d i r e c t i o n ,  the v a l ue  o f  DXMAX is reduced as wel l  as 

PMAX, t o keep a r easonabl e e f f i c i e n c y .  T h i s  example i l l u s t r a t e s  how 

elements are changed and how d i s t r i b u t i o n s  as a f u n c t i o n  o f  d es i r ed  

v a r i a b l e s  are o b t ai ned  us i ng NSPAC.

One p o i n t  in the o ut p ut  deserves ment i on.  In the ' DI STRI BUTI ON OF 

PARTICLES FINALLY ACCEPTED'  is gi ven the number o f  p a r t i c l e s  as a f u n c t i o n  

o f  P ( t a r g e t )  and X ( a t  r egi on 6 ) .  The f i n a l  number f o r  each val ue  o f  X (6)  

is the t o t a l ,  summed o v e r  a l l  momenta, counted at  t h a t  p o s i t i o n .  T h i s  is the 

s i n g l e  number whi ch appears e v e r y  second l i n e .
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TARG 0.0001 1.0 45.0

DRIFT 200.0 10.0 -10.0 7.5 -7.5

DRIFT 1 0.16 50.0 -50.0 +50.0 -50.0

1.0 1.03

0.9157 6.0 0.0843 1.0

BEND 80.0 14.0 13.88

DRIFT 1.0 14.0 -14.0 7.5 -7.5

DRIFT 200.0 24.0 -24.0 15.0 -15.0

INIT 111111111.

GROUP 1.0 15.

NSPAC 1.0 1.0

2.0

P 1.0 10.0 0.6 0.7

X 6.0 10.0 48.0 0.0

XSIZE 0.2 150.0

YSIZE 0.5 70.0

PO 0.7 0.6

MASS 0.938

END

DRIFT 6 200.0 +0.12 -0.12 +15.0 -15.0

PO 12 0.7 0.004

DRIFT 5 1.0 +0.07 -0.07 +7.5 -7.5

DRIFT 2 200.0 +0.05 -0.05 +7.5 -7.5

INIT 7 111111111.

NSPAC 9

XSIZE 10 0.2 1.5

END

FINI

6
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6.  3 Example 3

A s p ec t r omet er  c o n s i s t i n g  o f  a quadrupol e  p a i r  and two bending magnets

T h i s  s p ec t r omet er  c o n s i s t s  of  a quadrupol e  p a i r  f o c u s i n g  the p a r t i c l e s  

through two v e r t i c a l  45 deg bends ont o a spar k chamber p l a n e .  P a r a l l e l  to 

p o i n t  f o c u s i n g  h o r i z o n t a l l y  and p o i n t  t o p o i n t  f o c u s i n g  v e r t i c a l l y  is used,  

the r e q u i r e d  quadrupol e  f i e l d s  bei ng o bt a i ned  us i ng  TRANSPORT.11 A 

s c i n t i l l a t i o n  c o u n t e r  is l ocat ed j u s t  a f t e r  the second bend.  Si nce the 

bends are in the v e r t i c a l  p l a n e ,  the element ROTAT is used j u s t  bef or e  the 

f i r s t  bendi ng magnet.  The p a r t i c l e s  t r a v e r s i n g  the system are assumed t o be 

p i o n s ,  whi ch decay in f l i g h t ,  w i t h  a l i f e t i m e  o f  26. 08  nsec.  A b s o r p t i o n  and 

n u c l e a r  s c a t t e r i n g  can a l s o  o c c u r .  T h i s  leads t o f r a c t i o n a l  numbers of  

par t i cl es o c c u r r i n g  in the o u t p u t ,  s i nc e  whenever  an i n t e r a c t i o n  occurs  in 

the s c i n t i l l a t i o n  c o u n t e r ,  a c a l c u l a t e d  f r a c t i o n  is assumed to be absorbed.
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