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Tota l  c ross  sec t ions  of protons, anti-protons,  T mesons and 

K mesons on hydrogen and deuterium have been measured i n  a transmission 

experiment a t  the  Brookhaven Al ternat ing Gradient Synchrotron, The 

measurements were made over a momentum i n t e r v a l  from 6 t o  22 GeV/c and 

with an absolute accuracy of 1 t o  2%. 

The experimental arrangement i s  shown i n  Fig. 1. The beam 

was designed t o  accept p a r t i c l e s  produced from t a r g e t  T a t  an angle 

0 
of approximately 4.5 . Because of t h e  f r ing ing  f i e l d  of t h e  succeeding 

AGS magnet un i t ,  the  r a d i a l  pos i t ion  of  t h e  t a r g e t  was var ied  so t h a t  

i t s  v i r t u a l  pos i t ion  l ay  on t h e  beam a x i s  f o r  a l l  momeata. Quadrupoles 

Q~ and Q produce a p a r a l l e l  beam f o r  t h e  c e n t r a l  momentum, defined by 
2 

Ml. 
A momentum b i t e  of 3.5% i s  defined by col l imator  C2. It is followed 

by bending magnetM which recombines momenta and produces a near par- 
2 
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allel beam fo r  the  d i f f e r e n t i a l  Cerenkov counter C.  Quadrupoles Q~ and 

Q4 
refocus the beam t o  an image a t  the center of the transmission coun- 

t e r s  $4-S15. S c i n t i l l a t i o n  counters S1, S2 end 8 i n  coincidence with 
3 

C ' fomed ;the inoident beam telescope. '.the desired pa r t i c l e s  which were 

selected by varyidg Ehe indkx of re f rac t ion  of '  the C02 gas i n  the Cerenkov 

counter, were incident on oae of three 10- fdot-long t a rge t s  ( l iquid hydro- 

gen, l iqu id  deute~.Ium, or vacuan), , Pa r t i c l e s  which passed through the 

selekted t a rge t  were detected by 'six -transmission counters. The outputs 

' from these ccwnters were &ken i n  coincidence with the -telescope and 

sciiled. The muons not resolved by C were re jected by the anticoincidence 

counter SIG s i tua ted  behind 6 f a i t  of s t cc l .  

After Small corrections for  e f f ec t s  of accidentals and dead 

t'ime were inade t o  "the r a w  data, the part ' ial  cross-sections as measured 

by 'tbe transmiseion caunters weke f i t t e d  t o  a polynomia'l of the form 

where -t i s  the square of the four-mamefiturn t r m b f e r .  By using vax%oub 

c~nbl.nations of transtnission counter s izes  at  di f fe ren t  momenta, d i f -  

ferent valuea o t  the a coef f ic ien ts  were found for  the vrrrlous pat- 

clclrm, An a rb i t r a ry  choice of -t = 0.02 (GeV/c) ' was made a t  which 

a l l  partiad cross-sect%one ~ ( t )  were compared and tlie r e su l t  of t h i s  

cornperison showed t h a t  the p a r t i a l  cross-gections a t  fde given t were 

essen t ia l ly  independent of the tounters used td  deternine ~ ( t ) .  Tb 

f ind the. t rue  l i m i L  of u(t) for  c 0, i .  e .  a or  0,) a t  each 

Ilomonttnn, the  values of the  coef f ic ien ts  ai; di; and o( t )  averaged 
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over d i f f e r e n t  t ransmiss ion  counter  combinations were then  s u b s t i t u t e d  

back.,i,nt.o, ,e.q,u"ation ,(1) ., , so lv ing .  £0-r q 0 .  

., - , $ I n  c a l c u l a t i n g  K-meson c ros s - sec t ions ,  account had t o  be taken 

of t h e  increased  d e c a y ' r a t e  of K mesons behind a  f u l l  t a r g e t  due t o  t he  

energy l o s s  by i o n i z a t i o n .  T h i s  e f f e c t  was only  n o t i c e a b l e  a t  low mo- 

menta producing a  1% change i n  a7 a t  6 GeV/c. ,Above 8 GeV/c, i t . w a s  

n e g l i g i b l e .  

I n  o rde r  t o  determine c ros s - sec t ions .  on neut rons ,  use i s  

made of t h e  ~ l a u b e r  screening  c o r r e c t i o n  which may be expressed i n  

t h e  fol lowing form. 

i f  t h e  r e a l  p a r t s  of t h e  forward s c a t t e r i n g  ampli tudes a r e  neglec ted .  

The express ion  f o r  t h e  pa r t i c l e -neu t ron  c ros s - sec t ion '  t akes  t h e  form 

- 2 
where ( r  ) i s  f h e  average va lue  of t h e  inve r se  square of t h e  neutron 

pro ton  sepa ra t ion  . in  dquterium. 

F ig .  2 shows t h e  experimental r e s u l t s  ob ta ined  f o r  IT 

mesons, inc luding  previous  d a t a  ( l a 2 )  f o r  n-p t o t a l  c r o s s -  ' 

+ 
sec t ions .  It i s  c l e a r  t h a t  oT(n-d) = oT(n d) w i th in  e r r o r s ,  

a s  one would expect  from charge symmetry. It fo l lows  then  t h a t  

+ 
o (n-p) = o T ( n  n) . By s u b s t i t u t i n g  t h e  n meson t o t a l  c ross -  

T 

- 2 
s e c t i o n  d a t a  i n t o  (3) an experimental  va lue  of ( r  ) has  been 

obta ined .  ( r - 2 )  so found i s  e s s e n t i a l l y  independent of momentum 
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and h a s  a  mean va lue  df 0.0423 * 0.003 i b - l  corresponding t o  a  va lue  

of  r of 1.54 0.06 fe rmis .  T h i s  va lue  .of r i s  very s e n s i t i v e  

t o  t h e  v a l u e s  used f o r  t h e  d e n s i t i e s ' o f  l i q u i d  hydrogen and deuterium. 

The e r r o r  quoted on t h e  va lue  of r does n o t  inc lude  any sys temat ic  

e r r o r s  which may be p re sen t  i n  t h e s e  dens i ty  measurements. The above 

va lue  i s  i n  agreement w i t h  t h e  va lue  r = 2.05 0.45 fermi obta ined  
\ 

a t  lower momenta. 
( 3) 

It appears  t h a t  t h e  u l t ima te  limit of  accuracy. i l l  cleLern~it~i~~g 

p a r t i c l e - n e u t r o n  c r o s s - s e c t i o n s  i n  deuterium-hydrogen d i f f e r e n c e  exper i -  

- 2 
ments i s  s e t  by t h e  accuracy t o  which one can determine ( r  ) f o r  t h e  

Glauber c o r r e c t i o n  i n  t h e  pion d a t a ,  and t h i s  i s .more  dependent on the  

sys temat ic  e r r o r s  p re sen t  i n  an experiment than  i n  t h e  s t a t i s t i c a l  

accuracy t o  which' one determines t h e  r e l a t i v e  t o t a l  c ros s - sec t ions .  

It i s  a l s o  assumed throughout t h a t ,  a t  t h e  momenta considered he re ,  

t h e  r e a l  p a r t  o f  t h e ' f o m s r d  s c a t t e r i n g  amplitude can be neglec ted .  

R e s u l t s  o f  measurement of  t o t a l  c r o s s - s e c t i o n s  of K mcsons 

on hydrogen and deuter ium a r e  shown i n  F ig .  3 ,  A s  has  been poin ted  

o u t  before ,  (4) O ~ ( K + ~ )  i s  cons t an t .  It can be seen t h a t  oT(K+d) 

+ 
i s  cons t an t  and t h u s  a l s o  O K  n . The K - ~  and K'd c ros s - sec t ions  

a r e  f a l l i n g  smoothly wi th  momentum up t o  12 GeV/c. Above t h a t  momen- 

tum t h e  r e s u l t s  a r e  c o n s i s t e n t  wi th  a  cons tan t  c ros s - sec t ion  o r  one 

t h a t  i s  decreas ing  very  slowly. The same general. hehaviol: i s  found ' ,  

f o r  t h e  K-n c r o s s  s e c t i o n .  

I n  F ig .  4 a r e  shown t h e  proton pro ton  t o t a l  c ros s - sec t ions ,  

which a r e  f a l l i n g  s t e a d i l y  wi th  momentum up t o  t he  h ighes t  momentum 

s tud ied  (22 GeV/c). The va lues  obta ined  a r e  i n  s t a t i s t i c a l  agreement 
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with those of e a r l i e r  experiments; (5-7) but  the  sys temat ic ,  behavior 

with momentum did  not  appear i n  the  ea r l i e r .work .  Figure 5 shows 

the  p-d cross-sec t ions  which a r e  a l so  f a l l i n g  with momentum. A 

subt rac t ion  of the  p-d and p-p cross-sec t ions  r e v e a l s .  t h a t  t h i s  d i f -  

ference  a l s o  f a l l s  with momentum. When the  Glauber co r rec t ion  i s  

applied,  the  proton-neutron cross-sec t ion  behaves i n  the  manner ind i -  

ca ted  i n  Fig.  5 .  

The di£ference  between a and o i s  of some t h e o r e t i c a l  
P P Pn 

i n t e r e s t  s ince  measurements of charge exchange s c a t t e r i n g  can be re -  

l a t e d  t o  t h e  cross-sec t ion  d i f fe rence  - a ) . Ahmadzadeh ( 8) 
(OPP nP 

po in t s  out  t h a t  the  da ta  of Palevsky, e t  a1") and Diddens, e t  a1  ( 7) 

can be explained i n  terms of two Regge t r a j e c t o r i e s .  ( lo)  I n  p a r t i c u l a r ,  . . 

the  theory p r e d i c t s  a f a l l  i n  t h e -  cross-sec t ion '  d i f f e rence  (a  - a ) 
PP P" 

t o  a value of zero a t  about 6 GeV/c, becoming negative above t h i s  . 

value.  The Pomeranchuk theorem ' (I1) c a l l s f o r e q u a l i t y o f  o and 
P P 

a a t  very high energy, consequently the  cross- sec t  ion d i f fe rence  c 
Pn 

might be expected t o  exh ib i t  a tlegative minimum a t  some momentum above 

6 GeV/c and a gradual r i s e  t o  zero once again a s  the  Pomeranchuk l i m i t  

i s  approached. The observed behavior of the  cross-sec t  ion d.if ference 

(app - upn) 
i n  the  present  experiment i s  e n t i r e l y  cons i s t en t  with 

such behavior wi th in  the  experimental e r r o r s .  

The a,(pn) cross-sec t ions  deduced here may be compared with 

. the  d i r e c t  measurements of aT(np) using neutron beams. Palevsky, 

e t  a t  lower momenta f ind  aT(np) = 40.3 k 1 . 4  mb a t  3.0 GeV/c 

and uT = 3 9 . 4  * 3.3 mb a t  3.6 GeV/c. Kachaturyan and Pantuyev (11) 
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f i n d  o,(np) = 41.2 f 1.7  mb a t  6.5 GeV/c and Ozhdyani, e t  a1 (I3) f ind  

a,(np) = 41.2 * 2.6 mb a t  9.2 GeV/c. 

The ant i -proton c ross - sec t ions  a r e  given i n  Fig .  6 .  Here 

t h e  Glauber co r rec t ion  i s  l a r g e r .  The pp and i n  c ross - sec t ions  a r e  

equal  wi th in  the  accuracy of the  measurements. 

The pp cross-sec t ions  a t  high momenta f i t  smoothly with 

t h e  da ta  of ~ m a l d i ,  e t  a1 
( 14) 

a t  l o w e r  momenta. 

A summary of t h e  t o t a l  c ross-sec t ions  of n mesons, K mesons, 

protons,  and ant i -protons  on protons and neutrons i s  shown i n  Fig.  7. 

We wish t o  thank D r .  R .  L .  Cool f o r  h i s  i n t e r e s t  and he lp fu l  

d i scuss ions  of our  r e s u l t s ,  D r .  G .  K. Green and the  AGS staff  for 

t h e i r  support and D r .  A .  Ci t ron  f o r  he lp  during the  expcriment and 
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F i g u r e c a p t i o n s  . .  

Fig .  1 Experimental arrangement a t  Brookhaven AGS. 

Fig. '  2 Tota l  c ross-sec t ions  of pi-mesons on hydrogen and deuterium. 

Fig.  3 Tota l  c ross-sec t ions  of K-mesons on hydrogen and deuterium. 

Fig.  4 Tota l  c ross-sec t ions  of protons on hydrogen. 

Fig.  5 Tota l  c ross-sec t ions  of protons on hydrogen and deuterium. 
. . 

The proton-neutron t o t a l  c r o s s  sec t ion  i s  derived by applying 
. . 

. . 

t he  Glauber co r rec t ion  t o  the  d i f fe rence  aT(pd) - oT(pp) .  

F ig .  6% Tota l  c ross-  sec t ion  of ant i -protons  on hydrogen and deuterium. 

Fig .  7 Par t ic le-nucleon cross-sec t ions  a t  momenta above 6 GeV/c. 
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