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Abstrac t  

Two stacks of the nuclear  emulsion w e r e  exposed to the 205 and 

303 GeV/c  proton beams. By fol lowing t h e  beam protons,  i n e l a s t i c  

events  induced by proton-nucleus c o l l i s i o n s  a r e  de tec ted .  Then, 

t h e  mean f r e e  path f o r  t h e  coherent  production is  s tud ied  and 

i t s  energy dependence is discussed.  I n  add i t ion ,  a f e a t u r e  of 

t h e  t a r g e t  m a s s  number dependence of  t h e  c r o s s  s e c t i o n  f o r  t h e  

i n e l a s t i c  proton-nucleus c o l l i s i o n  i s  shown. 



1. In t roduc t ion  

I n  t h i s  ar t ic le ,  a s tudy  of  t h e  coherent  processes  induced by 

the proton-nucleus collision is mainly reported. In multiple 

product ion processes  a t  t h e  c o l l i s i o n  of a hadron wi th  a nucleus ,  

t h e r e  is  one type  of  process  n o t  s een  i n  t h e  case  o f  usua l  s i n g l e  

hadron-hadron c o l l i s i o n .  I n  t h i s  type  of  c o l l i s i o n ,  c a l l e d  

coherent  m u l t i p l e  production1), t h e  whole nucleons i n s i d e  t h e  

t a r g e t  nucleus c o l l i d e  cohe ren t ly  wi th  t h e  i n c i d e n t  hadron. 

This  coherent  product ion  c o n s i s t s  of  d i f f r a c t i o n  d i s s o c i a t i o n ,  

i n  which t h e  t a r g e t  nucleus exchanges no quantum number except  

angular  momentum wi th  t h e  i n c i d e n t  hadron, and of Coulomb d i s s -  

o c i a t i o n ,  i n  which t h e  i n c i d e n t  hadron i s  e x c i t e d  by t h e  Coulomb 

f i e l d  of  t h e  t a r g e t  nucleus.  Coherent product ion is  cha rac te r i zed  

by smal l  momentum t r a n s f e r r e d  t o  t a r g e t  nucleus ,  though it is  

n o t  easy  t o  d i f f e r e n t i a t e  between t h e s e  two types  of  d i s s o c i a t i o n .  

This  coherent  m u l t i p l e  product ion process  mean f r e e  p a t h  of 
, 

proton  i n  nuc lea r  emulsion is s t u d i e d  a t  200 and 300 GeV,  and i t s  

energy dependence is i n v e s t i g a t e d  comparing wi th  t h e  o t h e r  d a t a  

obta ined  a t  lower energy region.  

I n  a d d i t i o n  t o  t h i s ,  t h e  nuc lea r  mass number dependence of 

t h e  i n e l a s t i c  c r o s s  s e c t i o n  f o r  t h e  proton-nucleus c o l l i s i o n  

a t  200 and 300 GeV is presented.  



2. Experimental procedure 

Two emulsion s t a c k s  of I l f o r d  K-5 p e l l i c l e  w e r e  exposed t o  

the proton beams a t  the Fermi National Accelerator Laboratory. 

Nominal momentum values  a r e  205 and 303 GeV/c, r e spec t ive ly .  The 

exposed beam dens i ty  i s  a  few t i m e s  l o 4  p a r t i c l e s  pe r  cm2 a t  205 

3 GeV/c, and 3x10 p a r t i c l e s  pe r  cm2 a t  303 GeV/c. 

I n e l a s t i c  c o l l i s i o n  events  w e r e  scanned by following i n c i d e n t  

beam t racks .  The t o t a l  t r a c k  l eng th  followed i s  1060 m f o r  205 

GeV/c and 526 m f o r  303 GeV/c. Events de tec ted  a r e  c l a s s i f i e d  by 

Nh' the  number of heav i ly  ion iz ing  t r a c k s  (g ra in  dens i ty  l a r g e r  

than 1 . 4  t i m e s  of t h a t  of  p la t eau  value,  corresponding t o  v e l o c i t y  

smal ler  than 0.7 of t h e  l i g h t  v e l o c i t y )  longer  than 3 micron, and 

"s ' t h e  number of t h i n l y  ion iz ing  t r a c k s ,  and t h e  no ta t ion  Nh+ ns, 

usual ly  adopted i n  emulsion work, i s  used. 

The even t s  of  t h e  type of 0+1 and 0+2 i n  which t h e  s c a t t e r e d  

angle  o f  t h e  proton is  l e s s  than 5 mrad a r e  excluded. I n  t h e  0+2 
, 

events ,  the  p a r t i c l e  wi th  smal ler  s c a t t e r e d  angle  is  assumed t o  be 

t h e  su rv iv ing  proton. By t h i s  s e l e c t i o n  of  t h e  s c a t t e r e d  angle ,  

t h e  e l a s t i c  events  a r e  reasonably excluded. I n  t h e  e l a s t i c  

s c a t t e r i n g  a t  200 o r  300 G e V / c ,  t h e  s c a t t e r i n g  ang1.e of 5  m a d  

2 g ives  a  condi t ion  of  q  2 1 (GeV/c) 2 ,  where q2  is  t h e  squared 

4-momentum t r a n s f e r  of t h e  proton. The d i f f e r e n t i a l  c r o s s  s e c t i o n  

4 6  2 e - 
4%' 

i s  p ropor t iona l  t o  e -bq where b value i s  around 1 0  a t  

2 these  momenta . Therefore,  almost a l l  e l a s t i c  events  are excluded 

by t h e  5 m a d  cut .  



Electromagnetic processes ,  t h a t  is ,  knock-on and d i r e c t  

e l e c t r o n  p a i r  production contaminate t h e  0+2 and 0+3 events.  

The e l e c t r o n s  wi th  ene rg ies  l e s s  than s e v e r a l  t e n s  of MeV are 

e a s i l y  i d e n t i f i e d .  The knock-on events  with e l ec trons  o f  higher 

energies  a r e  almost completely excluded by t h e  5 m a d  cu t .  For 

d i r e c t  p a i r  production, when necessary,  t h e  s c a t t e r i n g  measurements 

a r e  performed t o  i d e n t i f y  t r a c k s  due t o  e l ec t rons .  Thus, i n  case  

of 303 GeV/c, 50 d i r e c t  p a i r s  per  465 m and, i n  case of 205 GeV/c ,  

23 d i r e c t  p a i r s  per  248 m a r e  excluded from apparent  0+3 events.  

3 1 These a r e  n o t  i n c o n s i s t e n t  wi th  King's r e s u l t  . 
After  c o r r e c t i n g  these  electromagnet ic  events ,  t h e  t o t a l  

number of i n e l a s t i c  events ,  2976 f o r  205 GeV/c and 1577 f o r  303 

GeV/c  are obtained. The missing r a t e  f o r  t h e  i n e l a s t i c  0+1 and 

0+2.events due t o  t h e  5 mrad c u t  i s  es t imated  using t h e  r e s u l t s  

of t h e  bubble chamber f i l m  analyses  f o r  proton-proton i n t e r a c t i o n s  4 1 

under t h e  assumption t h a t  t h e  c r o s s  s e c t i o n  f o r  t h e  proton-neutron 

i n t e r a c t i o n  is  t h e  same a s  t h e  proton-proton one. According t o  t h i s  
# 

es t imat ion ,  t h e  missing r a t e s  f o r  these  two types of events  a r e  

s u f f i c i e n t l y  small .  

The r e s u l t s  on i n e l a s t i c  c r o s s  s e c t i o n s  and r e l a t e d  q u a n t i t i e s  

are t abu la ted  i n  Table I. The prong number d i s t r i b u t i o n s  of O+ns 

events  f o r  both ene rg ies  a r e  shown i n  Figs.  1 and 2. Events 

accompanied by a slow e l e c t r o n  o r  a v i s i b l e  t r a c k  s h o r t e r  than 3 

micron ( r e c o i l  nucleus) are named a s  d i r t y  events  and they a r e  

shown i n  Figs.  1 and 2 by t h e  hatched area. Such low energy 



e l e c t r o n s  o r  r e c o i l  t r a c k s  show t h a t  t h e  t a r g e t  nucleus received 

r '  apprec iable  energy from t h e  i n c i d e n t  proton,  thus  these  d i r t y  

events  can n o t  be t h e  coherent  ones. A s  seen i n  Figs .  1 and 2 ,  t h e  

numbers of c l ean  events  at m u l t i p l i c i t y  o f  3,  5 and 7 a r e  systemat- 

i c a l l y  l a r g e r  than neibouring m u l t i p l i c i t y .  This tendency shows 

c l e a r l y  t h a t  t h e  above-mentioned coherent  mul t ip le  production 

process  c o n t r i b u t e s  t o  these  smal l  and odd number m u l t i p l i c i t y  

events .  

3. Estimate of number of coherent  events  

Coherent processes  are charac te r i zed  by t h e  s m a l l  momentum 

t r a n s f e r  and t h i s  na tu re  can be used as one of t h e  s e l e c t i o n  

c r i t e r i a  of coherent  events .  In  a coherent  event ,  t h e  momentum 

t r a n s f e r  q ,  should l i e  i n  t h e  region ,  

where R i s  t h e  nuclear  r a d i u s  of t h e  t a r g e t .  

A s  i n  high energy c o l l i s i o n s  q >) qL , 
/I 

where A is  t h e  t a r g e t  mass number. 

A s  shown by F i she r  e t  a1.5), t h e  lower bound of  q,, can be 

est imated without  knowing t h e  momentum value  as., 



s i n  Bi 

where mi i s  t h e  mass and Oi is t h e  emission angle  of t h e  i - t h  

projectile particle. 

W e  d e f i n e  qmin given by, 

qmin can be obta ined  f o r  every observed events ,  and i s  used 

f o r  t h e  s e l e c t i o n  of coherent  events .  In  t h i s  c a l c u l a t i o n ,  w e  

shoula determine which p a r t i c l e  i s  p r o j e c t i l e  proton and g ive  a  proper 

mass value,  because i n  t h e  case  of t h e  i n c i d e n t  proton, p r o j e c t i l e  

charged p a r t i c l e s  are usua l ly  one proton and even number of pions.  

W e  make an assumption t h a t  t h e  t r a c k  wi th  t h e  smallest angle  of 

emission is due t o  t h e  p r o j e c t i l e  proton. Even i f  t h i s  assumption 

does n o t  hold,  our  purpose is  t o  e s t ima te  t h e  lower l i m i t  f o r  

t r a n s f e r r e d  momentum and t h i s  i s  ev iden t ly  f u l f i l l e d  by t h i s  

assignment of p a r t i c l e s .  I n  t h e  case  of  neutron emission t h i s  

procedure g ives  an i n c o r r e c t  r e s u l t ,  b u t  t h i s  case  i s  fewer than 

t h e  proton emission case ,  a s  t h e  neutron case  should have one more 

charged pion than  t h e  proton case .  

For l i g h t  n u c l e i  (C, N ,  and 0) i n  nuclear  emulsion 



and f o r  heavy n u c l e i  (Ag and Br) 

Therefore,  events  with qmin smal ler  than 0.06 GeV/c a r e  

considered a s  poss ib le  coherent  events .  The d i s t r i b u t i o n s  of 

qmin i s  shown i n  Figs.  3 and 4.  I n  t h e  region of qmin smal ler  

than 0.06 GeV/c t h e r e  e x i s t  d i r t y  events ,  and t h i s  shows t h a t  

incoherent  events  a r e  a l s o  included i n  t h i s  qmin region. To 

es t ima te  t h e  number of such events ,  I ,  qmin-distributions f o r  

d i r t y  events  and f o r  c l ean  incoherent  events  are assumed t o  be 

similar. Then, 

B = K x (NO. of d i r t y  events  a t  qmin 5 0.06 GeV/c) , 

where, 

(No. of c l ean  events  a t  qmin b B.06 GeV/c) 
K = . 

(No .  of  d i r t y  events  a t  qmin> 0.06 G e ~ / c )  

For 205 GeV/c, t h i s  method of  c o r r e c t i o n  was used, b u t  i n  t h e  

case  of 303 GeV/c t h e  number of events  i s  n o t  l a r g e  enough t o  

allow t o  e s t ima te  K. So, i n s t e a d  of K ,  K' i s  used, where K '  i s  

def ined  by 

(No. of c l ean  events  with ns # 1, 3, 5,  7) 
K '  = 

0 

(No. of d i r t y  events  with ns $ 1, 3, 5, 7) 



K'  is  around 1.40 f o r  both 205 and 303 GeV/c . 
Another method i s  t o  s u b t r a c t  K' x (No. of d i r t y  events  a t  

< 0.06 G e V / c )  from (No. of c l ean  events  a t  q min q min - j 0.06 G e V / c ) .  

A s  shown i n  Table I1 f o r  t h e  case of 205 GeV/c, these two 

methods g ive  c o n s i s t e n t  r e s u l t s .  

3. Resul t s  and d iscuss ions .  

Values of t h e  mean f r e e  pa th  f o r  proton-nucleus coherent  

i n t e r a c t i o n s  wi th  t h r e e  and f i v e  prongs a t  205 and with t h r e e  

prongs a t  303 GeV/c a r e  given i n  Table 11, where a t  205 GeV/c 

both va lues  obtained using t h e  above-mentioned K- and Kt-correct ion 

a r e  shown. A s  t o  o t h e r  coherent  events  with o t h e r  m u l t i p l i c i t i e s  
% 

n o t  l i s t e d  i n  Table 11, s t a t i s t i c s  i s  n o t  enough t o  de r ive  

r e l i a b l e  values.  

I n  Fig. 5,  t h e  mean f r e e  pa ths  f o r  t h e  coherent  product ions 

a t  var ious  proton ene rg ies  obta ined  s o  f a r  by emulsion analyses  6 r 7 )  

a r e  shown. I n  o t h e r  ana lyses ,  t h e  d i f f e r e n t  s e l e c t i o n  criterea 

a r e  adopted except  f o r  Ref. 7. Therefore,  it needs some caut ion  t o  

compare our  r e s u l t s  d i r e c t l y  with those of  o t h e r  au thors ,  among 

which t h e  d i f f e r e n c e  between t h e  s e l e c t i o n  c r i t e r i a  of 1 misin Bi - 
I 

and s i n  Bi would be t h e  main problem. A c r i t e r i o n ,  x m i s i n e i  
i 

i s  more s t r i c t  and expected t o  g ive  sys temat ica l ly  lower number of 

coherent  events  than  t h a t  of I s i n  Qi. The d i f f e r e n c e  of t h e  

number of  coherent  events  due t o  these  d i f f e r e n t  cri teria is 



considered t o  be more s e r i o u s  i n  t h e  lower m u l t i p l i c i t y  events .  I f  

the  s e l e c t i o n  of Z s i n  ei 5 A - ~ / ~  ( = 0.4) i s  app l i ed  t o  our  d a t a ,  
i 

the  mean f r e e  pa ths  of  0+3 and 0+5 coherent  events  f o r  205 GeV/c 

are 3 2  + m and 76 + 17 - 5 30 , r e spec t ive ly .  By comparing these  values 

with those shown i n  Table 11, it w i l l  b= s a i d  t h a t  t h e  d i f f e r e n c e  

between two methods is s i g n i f i c a n t  i n  t h e  case of 0+3, b u t  i n  0+5 . 

i s  n o t  s o  se r ious .  I n  Fig. 5 ,  t h e r e f o r e ,  one could s e e  t h e  energy 

dependence o f  t h e  mean f r e e  pa th  f o r  t h e  0+5 coherent  events  a s  

cont inuing t o  decrease.  For 0+3 even t s ,  t h e  s e l e c t i o n  of m i s i n e  
i i 

gives  sys temat ica l ly  longer  mean f r e e  path than t h e  o t h e r ,  b u t  

i s  b e t t e r  t o  d i scuss  t h e  absolu te  va lue  of t h e  mean f r e e  path f o r  

t h e  coherent  events .  Fig. 5 shows t h a t  t h e  mean f r e e  path f o r  
6 

0+3 events  a t  205 G e V / c  is somewhat s h o r t e r  than t h a t  a t  303 GeV/c. 

However, t h e  s t a t i s t i c s  of t h e  d a t a  a t  303 G e V / c  i s  n o t  s u f f i c i e n t .  

Therefore,  t o  draw any tendency on t h e  energy dependence f o r  t h e  

0+3 coherent  events  a t  these  ene rg ies  would be reserved u n t i l  f u r t h e r  

s t u d i e s  w i l l  be f in i shed .  

I f  t h e  i n e l a s t i c  c r o s s  s e c t i o n  f o r  t h e  proton-nucleus col l i ' s ion 

d is  expressed by moA where a. is  t h e  i n e l a s t i c  c r o s s  s e c t i o n  

f o r  t h e  elementary proton-nucleon c o l l i s i o n  which i s  assumed t o  be 

the same as t h a t  f o r  t h e  proton-proton c o l l i s i o n  and A is t h e  

nuclear  m a s s  number, then,  t h e  observed mean f r e e  pa th  f o r  t h e  

i n e l a s t i c  c o l l i s i o n  hb is  w r i t t e n  a s ,  



where Ni i s  t h e  number of t h e  s p e c i f i c  nucleus i n  u n i t  volume of 

emulsion. The summation i s  c a r r i e d  o u t  over  t h e  whole n u c l e i  

composing t h e  nuc lea r  emulsion. Using t h i s  r e l a t i o n ,  one can 

d e r i v e  Od -value from t h e  observed Xobts t o  be 0.76 + 0 .01  f o r  

205 GeV/c  and 0.77 2 0.01 f o r  303 G e V / c  . These r e s u l t s  show t h a t  

t h e  A-dependence of  t h e  i n e l a s t i c  c r o s s  s e c t i o n  f o r  t h e  proton- 

nucleus c o l l i s i o n  a t  t h e s e  e n e r g i e s  might be somewhat s t r o n g e r  

2/3 than t h a t  shown by A . 
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T a b l e  I 

p r o  ton momen tum 205 GeV/c  303 GeV/c  

t r a c k  l e n g t h  

number of 
i n e l a s t i c  e v e n t s  2976 1577  

mean free p a t h  
for i n e l a s t i c  e v e n t s  3 5 . 6 2 0 . 7  cm 33 .4+0 .8  c m  - 

number of O+ns 449  280 

mean free p a t h  
for O+ns 2 . 3 6 2 0 . 1 1  m 1 . 8 8 5 0 . 1 1  m  

mean n for O+ns 
S 

mean n  for 
cleansO+ns 



Table I1 

coherent  events  

proton event  co r rec t ion  
momentum type method 

number mean f r e e  
of events  path i n  m 



Figure capt ions .  

Fig. 1. ns d i s t r i b u t i o n  f o r  O+ns events  a t  205 GeV/c . 
Fig. 2. n, d i s t r i b u t i o n  f o r  O+ns events  a t  303 GeV/c . 
Fig. 3. qmin d i s t r i b u t i o n  f o r  0+3 and 0+5 events  a t  205 GeV/c  . 
Fig. 4 .  qmin d i s t r i b u t i o n  f o r  0+3 events  a t  303 GeV/c . 
Fig. 5. Energy dependence of t h e  mean f r e e  pa th  f o r  coherent ,  

productions.  0 and are our  r e s u l t s .  and . a r e  o t h e r  

au thors  ' . 
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