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ABSTRACT 
2 

The doubly d i f f e r e n t i a l  c r o s s  s e c t i o n  a f o r  t h e  
dtd?i2 

r e a c t i o n  p i p  pix was measured a s  a f unc t i on  o f  t h e  fou r  

2 
momentum t r a n s f e r  squared ( t ) ,  t h e  missing mass squared (M ) ,  

and t h e  t o t a l  c e n t e r  of mass energy squared ( s ) .  W& covered 

2 
t h e  reg ion  0.024 < -t < 0 - 2 3 4 ( ~ e v / c ) ~ ,  0 < M~ < 0.12 s ( G e ~ )  , 

and 105 '<  s < 7 5 2 ( G e ~ ) ~ ,  by d e t e c t i n g  t h e  s l o w  r e c o i l  p ro ton  

a t  l a r g e  ang les  wi th  s o l i d  s t a t e  de t ec to r s .  The d a t a  w e r e  
- 

taken on polypropelene (cH2) ,  and carbon t a r g e t s ,  and a 

s u b t r a c t i o n  was made t o  o b t a i n  t h e  f r e e  p r o t o n  c r o s s  s ec t i on .  

we f i nd  t h a t  our  d i f f e r e n t i a l  c r o s s  s e c t i o n  c a n  be simply 

represented  by: 

2 
- 3-7i0- 'rnb/Gev . d s ( s ) / d ~ 2  = (15+0.5)/s + (2.9$.1)/~ - 

The energy independent p a r t  o f  t h i s  r e s u l t  is i d e n t i f i e d  
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wi th  t h e  i n e l a s t i c  d i f f r a c t i v e  p rocess  f o r  which w e  o b t a i n  

Odiff = 3 .6  - + 0.4 mb a f t e r  doubling f o r  p-p symmetry. W e  

a l s o  observe no s i g n i f i c a n t  i n c r e a s e  wi th  s for t h e  i n c l u s i v e  

c r o s s  s e c t i o n  i n t e g r a t e d  t o  0.06s o r  0.1s. 



I. INTRODUCTION 

The i nc lu s ive  r eac t i on  p+p -. p+X was s t u d i e d  versus  

energy a t  t h e  I n t e r n a l  Target  A r e a  of Fermilab by i n t e r a c t i n g  

t h e  proton beam during both t h e  a c c e l e r a t i n g  c y c l e  and t h e  

coas t ing  t i m e ,  on polypropene ( (cH2) and carbon f i b e r s ,  

and obta in ing t h e  free-proton c r o s s  s e c t i o n  by  sub t r ac t i on .  

For an i nc lu s ive  r eac t i on ,  on ly  t h r e e  k inema t i ca l  v a r i a b l e s  

need t o  be defined.  One va r i ab l e ,  t h e  t o t a l  energy squared 

i n  t h e  c e n t e r  of mass, was known by a knowledge o f  t h e  

magnetic f i e l d  i n  t h e  Main Ring Magnets ( t o  1%). The 

o t h e r  two v a r i a b l e s  w e r e  de f ined  by measuring i n  t h e  l abo ra to ry  

t h e  k i n e t i c  energy T and s c a t t e r i n g  ang le  8 of each de t ec t ed  

slow r e c o i l  proton.  From t h e s e  v a r i a b l e s ,  t h e  u sua l  Lorentz 

2 
i n v a r i a n t  va r i ab l e s ,  M , t h e  t o t a l  energy squared o f  X i n  

i t s  cen t e r  of mass, and t, t h e  fou r  momentum t r a n s f e r  from 

t h e  t a r g e t  t o  t h e  r e c o i l  proton,  can be c a l c u l a t e d .  W e  

2 2 
t he r e fo re  measure t h e  doubly d i f f e r e n t i a l  y i e l d  d ~ / d t &  , 

which wi th  app rop r i a t e  normalizat ion,  r e s u l t s  i n  abso lu t e  

2 
measurements o 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 s ,  d u / d t d ~  . 

2 
The c ro s s  s e c t i o n s  du/dtdM w e r e  measured over  t h e  

2 2 
range i n  t and M of :  0.024 < I tl < 0 . 2 3 4 ( ~ e ~ / c )  , M~ < 

2 2 0.12 s GeV , a t 7  d i s c r e t e  cs> va lues  from 114  t o  741 GeV , 

corresponding t o  l abo ra to ry  beam ene rg i e s  f r o m  55 to 400 GeV. 

This s tudy was p a r t l y  motivated by t h e  fo l lowing quest ions:  

1)   if fraction Dissoc ia t ion  - The p o s g i b i l i t y  of observing 

d i f f r a c t i v e  i n e l a s t i c  p rocesses  producing states X o f  l a r g e  



mass was f i r s t  pointed  ou t  by Good and Walker i n  1960. 1 

W e  a r e  i n t e r e s t e d  he re  i n  determining whether t h i s  p roces s  

can  be unambiguously separa ted  from t h e  g e n e r a l  i n e l a s t i c  

c r o s s  s e c t i o n  by i den t i fy ing  a  con t r i bu t i on  t o  t h e  i n e l a s t i c  

c ro s s  s e c t i o n  which is energy independent. Another impor tant  

p roper ty  of t h e  i n e l a s t i c  d i f f r a c t i o n  i s  t h e  shape  o f  t h e  

mass spectrum f o r  which some models m & e  e x p l i c i t  p r ed i c t i ons .  2 

2)  Rising To ta l  Cross Sec t ion  - This phenomenon,observed 

3 
a t  both  I S R  and Fermilabd; i s  s t i l l  i n  need of a n  

explanat ion.  Both t h e o r e t i c a l 5  and experimental6 c l a i m s  

have been made t o  t h e  e f f e c t  t h a t  t h i s  rise is  a l l  due t o  a 

rise of the i n e l a s t i c  d i f f r a c t i v e  c r o s s  s e c t i o n .  This  would 

imply t h a t  t h e  d i f f r a c t i v e  c r o s s  s e c t i o n  shou ld  rise by over  

1 m b  over  our  energy range. 7 

3) Scal ing  Contr ibut ion  t o  t h e  I n c l u s i v e  Cross  Sec t i on  - 
There is considerable  i n t e r e s t 8  i n  t h e  magnitude a s  w e l l  a s  

2 t h e  M dependence o f  a  Feynman s c a l i n g  c o n t r i b u t i o n  t o  t h e  

i n c l u s i v e  c ro s s  sec t ion .  

4)  The Re la t ive  Magnitudes of t h e  E l a s t i c ,  D i f f r a c t i v e  

9 
and Tota l  Cross Sec t ions  - I n  1973, Pumplin d e r i v e d  a  

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

be less than one-half of t h e  t o t a l  c r o s s  s e c t i o n  minus t h e  

e l a s t i c  c ro s s  sec t ion .  This experiment measures s imultaneously 

the e l a s t i c  and d i f f r a c t i v e  c r o s s  s e c t i o n ,  y i e l d i n g  information 

on how s a t u r a t e d  i s  t he  Pumplin Bound. 



Our r e s u l t s  can be summarized a s  fol lows:  

a )  The i n c l u s i v e  c r o s s  s ec t i on ,  i n t e g r a t e d  over  t and up 

2  t o  a  cons tan t  f r a c t i o n  o f  a v a i l a b l e  phase  space i n  M (i-e. ,  

up t o  a  cons tan t  f r a c t i o n  o f  s) is independent o f  s t o  a  

2  few percent .  A t y p i c a l  va lue  i s  ainc(M < 0.1s) = 3.3 mb. 

b) The measured i nc lu s ive  c ro s s  s e c t i o n  i n t e g r a t e d  over  our  

t range appears t o  be composed o f  two t e r m s ,  t h e  first term 

2 is energy independent, i.e. dg/dM211 - f ( M  ) and t h e  second 

2  t e r m  s c a l e s  wi th  energy, i.e. do/dM )11 - (s-l) CJ ( M 2 ) .  

c )  S p e c i f i c a l l y ,  a l l  our  d a t a  a r e  w e l l  r ep resen ted  by 

t h e  empi r ica l  formula d o / d ~ ~  = 15/s + 2.9 ~ ~ ' ~ m b / ~ e ~ ~ ,  with 

2  2 s and M both measured i n  GeV . From t h i s  w e  conclude t h a t  

w e  can i d e n t i f y  an approximately energy independent con t r ibu t ion  

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

The i n t e g r a l  of t h i s  c r o s s  s e c t i o n  has  no logar i thmic  rise 

wi th  s and is  given over  our  s range by 1.8 mb. Because o f  

t h e  symmetry of t h e  i n i t i a l  p-p s t a t e ,  t h e  t o t a l  i n e l a s t i c  

d i f f e r e n t i a l  c ro s s  s e c t i o n  i s  twice t h e  above value  o r ,  

' i n e l a s t i c  d i f  f r a c t i v e  = 3.6 5 0.4 m b  f o r  262 s s 741 G~v'.  

d) Note t h a t  our va lue  f o r  udiffractive i s  much smal ler  

than t h e  c u r r e n t l y  accepted value  o f  6 t o  9 mb. This i s  

because t h e  l a t t e r  inc ludes  l a r g e  c o n t r i b u t i o n s  which a r e  no t  

d i f f r a c t i v e  (our  va lue  f o r  t h i s  sum of d i f f r a c t i v e  and 

non-d i f f rac t ive  c ro s s  s e c t i o n  i s  6.6 m b ) .  W e  have here  f o r  

t h e  f i r s t  t i m e  unambiguously separa ted  o u t  t h e  t r u e  d i f f r a c t i v e  



component of  t h e  i n c l u s i v e  c r o s s  sec t ion .  Its magnitude of 

3 . 6  m b  is f a r  from s a t u r a t i n g  t h e  u n i t a r i t y  bound of 

' inelas .  d i f f .  < 13  mb. 

e) our d a t a  cannot be f i t  by a simple t r iple Regge 10  

model formula and t h e r e  appears  t o  be no triple pomeron 

coupling. 

f )  W e  have no disagreement ove r  measured q u a n t i t i e s  wi th  

o t h e r  experiments performed i n  t h e  p a s t  t o  de te rmine  i n e l a s t i c  

d i f f r a c t i o n .  W e  d i s ag ree  wi th  t h e  i n f e r ences  drawn by o t h e r  

au thors  . 
11. EXPERIMENTAL METHOP 

A. I n t roduc t i on  

Very h igh energy i n c l u s i v e  s c a t t e r i n g  i s  much more 

p r e c i s e l y  i nves t i ga t ed  by de t ec t i ng  t h e  slow r e c o i l  proton 

r a t h e r  than  t h e  f a s t  forward p a r t i c l e  because a) t h e r e  is 

enormous amp l i f i c a t i on  i n  t h e  range of  the s c a t t e r i n g  angle,  

b) t h e  momentum t r a n s f e r  i s  d i r e c t l y  t h e  recoil momentum 

r a t h e r  than  a minute f r a c t i o n  o f  t h e  forward particle 's 

momentum. This method p re sen t s  i ts  own problems. Spec i f i c a l l y ,  

s i nce  most o f  t h e  c r o s s  s e c t i o n  is  f o r  i t 1  < O . ~ ( G ~ V / C ) '  and 

t = -2mT where m i s  t h e  p ro ton  mass and T i t s  k i n e t i c  

energy, one has  t o  d e t e c t  and measure p r9 tons  w i t h  T c 100 MeV. 

While t h e s e  energ ies  a r e  unusual i n  h igh  ene rgy  physics ,  they 

a r e  i n  f a c t  very accu ra t e ly  measurable w i th  p r o p e r  techniques 

and precaut ions .  For energ ies  around 10 MeV, m u l t i p l e  

s c a t t e r i n g  can become l a r g e  and t h e  p ro ton  r ange  is only  about 



0.1 g / c m L .  Thus t h e  t a r g e t  th ickness  m u s t  be k e p t  w e l l  

2 
below such va lues ,  i.e. should be 0.01 g/cm . I n  add i t i on ,  

0 
f o r  t h e  s c a t t e r i n g  angles  of i n t e r e s t  (45 to go0), it is  i n  

p r a c t i c e  d i f f i c u l t  t o  cover  l a r g e  s o l i d  ang les .  Both t h e s e  

two c o n s t r a i n t s  r e s u l t  i n  t h e  n e c e s s i t y  of ve ry  i n t e n s e  

beams. I n  p a r t i c u l a r ,  t o  achieve reasonable  d a t a  rates 

3 
(> 10 events/machine c y c l e ) ,  a t  l e a s t  1012 protons /sec  on 

t a r g e t  a r e  necessary. W e  r a n  a p re l iminary  phase  o f  t h i s  

experiment i n  t h e  e x t e r n a l  p ro ton  beam a t  Fermi lab  i n  t h e  

Neutrino Area. 11'15~ecause of our  i n t e r e s t  i n  t h e  energy 

dependence of t h e  i n c l u s i v e  cross s e c t i o n s ,  t h e  p r e s e n t  

experiment was performed a t  t h e  I T A  o f  Fermilab, S ince  t h e  

protons  go around t h e  Main Ring 50,000 t imes/sec,  a t y p i c a l  

a c c e l e r a t o r  i n t e n s i t y  of 6 x 1012 pro tons  p e r  p u l s e  corresponds 

17 
t o  an on t a r g e t  i n t e n s i t y  of 3 x 10 protons /sec .  

B. Target  

This  very  high i n t e n s i t y  i s  best matched by a t a r g e t  

2 dens i t y  o f  - g/cm . W e  used a t a r g e t  o f  about  s i x t y  

~ O ~ ( C H ~ ) ~  f i b e r s  and s i x t y  8p carbon fibers mounted on a wheel 

r o t a t i n g  a t  65 rps .  These f i b e r s  hence had e f f e c t i v e  th ick-  

- 5 2 nesses  o f  - 1-2 x 10 g/cm . The a p p r o p r i a t e  i n t e r a c t i o n  r a t e  

was achieved by i n s e r t i n g  t h e  fiber t i p s  i n  t h e  dense f r i n g e  

of t h e  beam from below (see Fig. 1). The main concern wi th  

the  (cH ) f i b e r s  was t o  prevent  excess  b e a m  exposure which 
2 

could produce hea t ing  and melt ing.  r e s u l t i n g  i n  en la rged  t i p s  

of these  f i b e r s .  I n  add i t i on ,  t h e  t a r g e t  had t o  be removed 

a t  i n j e c t i o n  s o  a s  not  t o  produce l a r g e  beam l o s s e s  a t  low 



beam energy, and then r a p i d l y  i n s e r t e d  and kept i n  t h e  beam 

f o r  1 sec f o r  each cycle.  F i n a l l y ,  t h e  beam s h r i n k s  i n  s i z e  

during acce l e r a t i on ,  has va r ious  slow o s c i l l a t i o n s ,  and some- 

t i m e s  sudden i nc r ea se s  i n  v e r t i c a l  s i z e  dur ing  a  cyc l e . fo r  

a l l  t h r e e  reasons t h e  he igh t  o f  t h e  t a r g e t  w a s  con t i nua l l y  

ad jus ted  by a c losed  loop se rvo  which k e p t  the i n t e r a c t i o n  

r a t e  cons tan t  t o  w i th in  20%. An o p t i c a l  synchron iza t ion  s i g n a l  

t o l d  our  da t a  c o l l e c t i o n  system which t a r g e t  was i n  t h e  beam 

and a l l  nuc lea r  fragments product ion  from each w e r e  cons t an t l y  

sca led .  Target  ou t  versus t a r g e t  i n  r a t e s  w e r e  less than  0.1%, 

o f  which less than 1% would be candidates  a s  a ccep t ab l e  events .  

C. Proton Recoil  Detec tors  

The proton r e c o i l s  were de t ec t ed  by n i n e  s o l i d  s t a t e  

d e t e c t o r  te lescopes .  Eight  w e r e  mounted on a movable c a r r i a g e  

wi th  a  f ixed  angular  s epa ra t i on  o f  2 .406~.  Th i s  c a r r i a g e  was 

mounted on a f ixed  a r c  centered  around t h e  t a r g e t  and by using 

a s tepping motor and an abso lu te  o p t i c a l  encoder ,  w e  could 

remotely p o s i t i o n  i t  i n  t h e  range of 50° t o  130° wi th  a 

r e p r o d u c i b i l i t y  o f  O.O1° and an accuracy o f  + 0 . 0 5 ~ .  A l l  

these  t e lescopes  could be moved beyond 90°. One t e lescope  

was mounted a t  a  f ixed  angle (83O) which is approximately t h e  

peak i n  the  l a b  of p-p e l a s t i c  cross sec t i ons .  The f i xed  

angle t e lescope  monitored t he  ( b e a m )  x  (hydrogen-in-target) 

luminosi ty by counting e l a s t i c  r e c o i l s .  The number o f  elast ic 

protons p e r  run i n  t h i s  f ixed  ang le  monitor provided r e l a t i v e  

normalizat ion between runs. 



A t e l escope  cons i s ted  o f  3 d e t e c t o r s ,  e ach  a 1 c m  2 

t o t a l l y  dep le ted  s i l i c o n  s u r f a c e  b a r r i e r  s o l i d  s t a t e  d e t e c t o r  

(D0,D1,D2). Their  r e s p e c t i v e  th icknesses  w e r e  150 5 15, 

1000 2 10, and 5000 - + 50 microns. The first d e t e c t o r  w a s  o n l y  

used t o  de f ine  t h e  acceptance o f  t h e  t e l e s c o p e  and no t  used 

i n  t h e  energy determinat ion.  For t h i s  purpose,  s p e c i a l  

d e t e c t o r s  wi th  charge c o l l e c t i o n  e l e c t r o d e s  d e p o s i t e d  ove r  

only  a smal l  f r a c t i o n  o f  t h e  a c t i v e  a r e a  w e r e  used (see Fig. 1). 

2 The e l e c t r o d e  w a s  deposi ted  ove r  a r e c t a n g u l a r  a r e a  4 x 6 mm , 

Since t h e  4 x 6 mmL a c t i v e  a r e a  was s u f f i c i e n t l y  less than  t h e  

s i z e  o f  t h e  o t h e r  t w o  d e t e c t o r s ,  t h e  edge effects f o r  t h e  

t h i c k e r  d e t e c t o r s  which would impair  r e s o l u t i o n  w e r e  e l imina ted .  

The edge e f f e c t s  of Do r e f l e c t  themselves o n l y  i n  a 10% 

momentum dependence i n  t h e  s o l i d  ang l e  acceptance  which can 

e a s i l y  be ca l i b r a t ed .  The d e t e c t o r s  r o t a t e d  on an a r c  o f  

r ad iu s  92 cen t imete r s  cen te red  a t  t h e  t a r g e t  subtending a 

- 6 
s o l i d  angle o f  2 x 10 sterad p e r  t e l e scope  w i t h  an accep tance-  

i n  0 of + 0 . 1 2 ~ ~ .  C a l i b r a t i o n  o f  t h e  r e l a t i v e  s o l i d  ang le  of 

each t e lescope  was performed by p o s i t i o n i n g  each  t e lescope  a t  

an i d e n t i c a l  angular  p o s i t i o n  and counting t h e  number o f  

e l a s t i c  proton r e c o i l s  p e r  monitor  proton. Th i s  informat ion 

g ives  t h e  r e l a t i v e  normal iza t ion  between t e l e scopes .  The 

whole de tec to r -ca r r i age  system was enclosed i n  a vacuum chamber 

which was d i r e c t l y  connected t o  t h e  Main Ring. A 0.2 m i l  

aluminized mylar window reduced e lec t romagne t ic  beam induced 

noise.  



Since carbon nuc le i  w e r e  p r e sen t  i n  our  t a r g e t s ,  copious 

3 4 nuclear  fragment product ion ( d ,  t ,  H e  , H e  . . . ) was observed, 1 2  

a  f o r t u i t o u s  f a c t  which rendered o u r  a p p l i c a t i o n  o f  t h e  

s tandard  CH -C method e l e g a n t l y  accu ra t e  (see Sec. 1 I I . A ) .  2  

The t e lescopes  t h e r e f o r e  performed t h e  fo l lowing funct ions :  

a )  produced a t r i g g e r ,  b) i d e n t i f i e d  p a r t i c l e  type,  c) measured 

T, d )  measured 8. The te lescopes  a r e  sketched i n  Fig. 1. The 

t r i g g e r  was provided by a coincidence between Do and Dl- The 

p a r t i c l e  i d e n t i f i c a t i o n  was provided by d e t e c t o r s  D and D2 1 

f o r  p a r t i c l e s  s topping i n  D2. The i d e n t i f i c a t i o n  was by means 

of t h e  w e l l  known method of us ing  t h e  c o r r e l a t i o n  between t h e  

energy deposi ted  s i g n a l s  El and E2,  measured i n  t h e  form o f  

charge produced i n  t h e  t o t a l l y  dep le ted  S i  c r y s t a l  by t h e  

ion iz ing  p a r t i c l e .  The c o r r e l a t i o n  f o r  s topping p ,  d, and t 

is  given by t he  upper branches of t h e  r e s p e c t i v e  curves  i n  

Figs.  2a and 2b. T i s  obta ined a s  t h e  sum o f  El and E2. 

W e  note he re  t h a t  i f  w e  w e r e  t o  l i m i t  ou r se lve s  t o  p ro tons  

which s t o p  i n  D2, w e  could on ly  measure p r o t o n  energ ies  up t o  

35 MeV i n  our  setup.  S ince  t h e  c o s t  o f  t h e  amount of S i  

necessary t o  s t o p  100 MeV o r  more p ro tons  i s  p r o h i b i t i v e ,  w e  

have extended t h e  method t o  h ighe r  energy p ro tons  which f u l l y  

I J  c ros s  D 2-  These l a t t e r  p ro tons  have h i g h e r  energy than t h e  

s topping protons ,  hence i o n i z e  less, caus ing t h e  c o r r e l a t i o n  

curve t o  f o l d  back a s  shown i n  Figs.  2a and 2b. Assuming t h e  

de tec ted  p a r t i c l e  t o  be a p ro ton ,  a  good T measurement can  

be obtained from t h e  measured E2 value. The T(E2) r e l a t i o n  

can be der ived from a knowledge o f  t h e  range energy r e l a t i o n  

f o r  protons  i n  S i  and of t h e  exac t  t h i cknes s  o f  t h e  d e t e c t o r s  



t r i v i a l l y  t o  1%. W e  p r e f e r r e d  i n s t e a d , t o  o b t a i n  t h e  T ( E  ) 
2 

r e l a t i o n  f o r  each t e lescope  emp i r i ca l l y  by p l a c i n g  i t  a t  known 

angles  and observing t h e  p o s i t i o n  o f  t h e  e l a s t i c  peak whose 

r e c o i l  energy was ca l cu l a t ed  from kinemat ics .  The r e l a t i v e  

T ( E  ) r e l a t i o n s  between t he se  almost i d e n t i c a l  t e l escopes  2  

w e r e  determined t o  1/4%. The El vs. E2 p l o t s  w e r e  d i sp layed  

on l i ne  during d a t a  t ak ing  a s  they a r e  ext remely  s e n s i t i v e  

monitors o f  running condi t ions .  Any sudden change i n  t h e  

whole cha in  o f  d a t a  c o l l e c t i o n  appara tus  ( i nc lud ing  f o r  

example a c c e l e r a t o r  cond i t i ons )  v i s i b l y  alters t h e  width, 

pos i t i on ,  d e n s i t y  o f  p o i n t s  bo th  on t h e  c o r r e l a t i o n s  curves 

and over  t h e  whole El E 2  domain. I n  p a r t i c u l a r ,  t h i s  a l s o  

turned ou t  t o  be a  r a t h e r  s e n s i t i v e  method o f  monitoring 

background s i n c e  any source no t  a t  t h e  p o s i t i o n  o f  t h e  t a r g e t  

caused events  t o  c r o s s  t h e  t e lescope  a t  r a t h e r  l a r g e  ang les ,  

des t roying t h e  range-energy c o r r e l a t i o n -  S i n c e  most o f  t h e s e  

events  a r e  high energy even t s ,  they  tended t o  f i l l  t h e  minimum 

ion iz ing  corner  o f  t h e  p l o t .  However, t h e  c o r r e l a t i o n  curve  

f o r  p ions  is loca t ed  near  t h e  minimum i o n i z i n g  p o i n t  (see 

Fig. 2a) .  Since p ions  a r e  not copious ly  produced a t  l a r g e  

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

curve i f  even t h e  s l i g h t e s t  amount of  background w e r e  p r e sen t .  

A l l  of our  d a t a  w e r e  taken under cond i t i ons  where t h e  background 

was low enough t o  observe t h e  p i o n  curve  (see Fig. 2b).  

Our k i n e t i c  energy range was from 12 t o  120 MeV, wi th  about 

200 Kev (FWHM) energy r e s o l u t i o n  a t  low T and i nc r ea s ing  t o  

about 5 MeV a t  t he  h ighes t  T. 



D. E l ec t ron i c s  

A l l  t h e  e l e c t r o n i c s  used were designed and cons t ruc ted  

f o r  t h e  p r e sen t  experiment. l4 So l id  s t a t e  d e t e c t o r s  r e q u i r e  

charge s e n s i t i v e  amp l i f i e r s  wi th  s e n s i t i v i t y  o f  - 1 v / ~ c ,  

no i se  - of 5 x l oW3 PC, t o  f u l l y  use  t h e  S i  d e t e c t o r  energy 

reso lu t ion .  To ob t a in  reasonable  r e so lv ing  t i m e ,  t h e  rise 

t i m e  o f  t h e  ou tpu t  s i g n a l  from t h e  charge s e n s i t i v e  amp l i f i e r s  

(preamps) must be < 50 ns.  W e  have designed preamps wi th  

these  c h a r a c t e r i s t i c s .  The i r  t y p i c a l  rise t i m e  i s  - 20 ns 

i n t o  a 50 R load. These preamps moreover o p e r a t e  i n  vacuum 

which added a c o n s t r a i n t  i n  des ign  due t o  power d i s s i p a t i o n  

cons idera t ions .  The preamp i t s e l f  was p l aced  w i t h i n  2 inches  

of the d e t e c t o r  t o  minimize noise  and rise t i m e .  The de t ec to r -  

0 0 
pre-amp assembly was kep t  a t  70 F + 5 F by a h e a t  exchanger; 

a t  such temperature and constancy, any ga in  change due t o  

temperature v a r i a t i o n s  was < 1/4%. . 
Since  t h e  experiment i t s e l f  was underground i n  t h e  Main 

Ring tunne l  and approximately 150 f t  o f  c a b l e  was necessary 

t o  b r ing  a s i g n a l  t o  t h e  e l e c t r o n i c s  t rai ler ,  t h e  preamp 

s i g n a l s  w e r e  f ed  t o  de lay  l i n e  c l i p p i n g  l i n e a r  amp l i f i e r s  

p r i o r  t o  t h e i r  t ransmiss ion through t h e  long cables .  The 

l i n e a r  a m p l i f i e r s  have a g a i n  of 10 ,  rise t i m e  of - 50 ns 

and c l i pp ing  t i m e  o f  - 1 ps.  The combination of charge 

preamp and d i f f e r e n t i a t i n g  amp l i f i e r  shows no l o s s  of energy 

r e s o l u t i o n  f o r  p i l e u p  t o  a DC ou tpu t  from t h e  preamps 

corresponding t o  50 times t h e  magnitude o f  s i n g l e  p a r t i c l e  

s i gna l s .  The analog s i g n a l s  were f e d  t o  d i s c r imina to r s  and 

t o  a second de lay  l i n e  a m p l i f i e r  followed by a t r a c k  and hold 

ampl i f i e r .  One such channel was used f o r  each de t ec to r .  



A master t r i g g e r  s i g n a l  was produced u p s t a i r s  a s  t h e  "o r "  

of t h e  Do Dl coincidence from a l l  t h e  telescopes. A f l a g  

was set a l s o  f o r  each t e lescope  g iv ing  a coincidence  wi th in  

50 ns o f  t h e  master  t r i g g e r .  See Fig. 3. The master  t r i g g e r  

switched a f t e r  appropr ia te  de l ay  a l l  t r a c k  and ho ld  a m p l i f i e r s  

t o  t h e i r  hold mode. A small  amount o f  TTL l o g i c  was used to  

scan,  upon r e c e i p t  o f  a master  t r i g g e r ,  a l l  the f l a g s .  When 

an a c t i v e  t e lescope  was found, t h e  corresponding energy 

s i g n a l s  were switched through a set of SOS MOS swi tches  from 

t h e  t r a c k  and hold  amp l i f i e r s  t o  two 12  b i t  succes s ive  

approximation analog t o  d i g i t a l  conver te r s  w h o s e  ou tpu t s  

w e r e  t h e  E and E2 values  i n  d i g i t a l  form, see Fig. 4. An 1 

event  was thus  def ined by: a )  t h e  two 12 b i t  El and E2 

numbers (which w i l l  y i e l d  T and p a r t i c l e  t y p e ) ,  b) a 3 b i t  

number i d e n t i f y i n g  a t  which time of  t h e  a c c e l e r a t i o n  cyc l e  

t he  event  had occurred (which w i l l  y i e l d  Ebea,,, hence s 

+ m ) ) ,  c) a 4 b i t  number i d e n t i f y i n g  which t e lescope  2mp(Ebeam p 

recorded t h e  event  (which w i l l  y i e l d  e ) ,  d)  a bi t  i d e n t i f y i n g  

whether t h e  ( cH2) ,  o r  t h e  C t a r g e t  was i n  the beam dur ing t h e  

event '  s occurrence. 

Whenever a s i n g l e  d e t e c t o r  t r i g g e r e d  its d i sc r imina to r ,  

an updating 2ys deadtime was generated.  The "or" o f  two 

deadtime s i g n a l s  from t h e  two d i s c r i m i n a t o r s  o f  each t e lescope  

was used t o  g a t e  a s c a l e r ,  f o r  each t e l e s c o p e  and energy 

ga te ,  which counts  a clock whose frequency w a s  p ropo r t i ona l  t o  t h e  

ins tantaneous  beam-on-target i n t e n s i t y -  Th is  ga ted  count 



divided by the t o t a l  clock count was a measure of the deadtime. 

The deadtime sca lers  counts were recorded f o r  each carr iage 

posit ion.  Deadtimes were measured only f o r  the  (CH2), targets 

since t h e i r  deadtimes were used t o  combine da t a  from d i f fe ren t  

telescopes a f t e r  the f ree  hydrogen d i s t r ibu t ions  had been 

obtained. Deadtimes were typ ica l ly  of the order  of 1 t o  7%. 

varying monotonically with angle and they w e r e  measured t o  1.5%. 

E. Real Time Analysis 

During setup, tuning and da ta  taking i n  t h i s  experiment, 

9 
well above 10 events a s  described above were taken. A 

minimum format fo r  the above data would cons i s t  of two 16 

b i t  words per event. Because of possible mult iple  events, 

4 words were used. In  the standard way of dealing with t h i s  

information, one might f i l l  a port ion of the  memory of a 

computer and wri te  the memory content on tape whenever the 

memory was f u l l .  Three disadvantages weice encountered with 

t h i s  method. F i r s t ,  the event r a t e  was l imi ted  t o  t h e  capacity 

of the buffer memory available.  Second, a t ape  could only 

6 
record a theore t ica l  l i m i t  of  2.88 x 10 events. Third, 

the col lected data  m u s t  f i r s t  be reduced t o  y i e ld  t he  

information of p a r t i c l e  type and T e tc . ,  then a map of d5/ 

dTdn had t o  be produced. I f  t h i s  l a s t  s t ep  were performed 

on a reasonably large e ,  370/155) computer, we found 

tha t  i t  required - 1 m s  of CPU time t o  f u l l y  dispose of an 

event. A small portion of our data,  i - e -  one tape o r  0.3% 

of the data,  would thus require  approximately 1 hour of CPU 

time o r  typica l ly  a couple of days of calendar time t o  be 

reduced t o  a histogram of a physical cross sec t ion .  



I n  a genera l  purpose computer, most o f  t h e  t i m e  is 

spent  i n  fe tch ing  i n s t r u c t i o n s  from core ,  ob ta in ing  and 

r e tu rn ing  d a t a  t o  core ,  and i n  prepar ing i n p u t  and output  

references .  With t h e  advances i n  s o l i d  s t a t e  technology i n  

the l a t e  19601s ,  i t  became c l e a r  t o  u s  t h a t  i t  should be 

p o s s i b l e  t o  perform t h e  complete event  r educ t ion  w i t h  a 

s p e c i a l l y  b u i l t  hardwired computer i n  less than  1 \ A s ,  a 

t i m e  s c a l e  smal l  compared t o  t h e  analog and d i g i t a l  ope ra t i ons  

descr ibed previously.  The components needed f o r  bu i ld ing  such 

a  s p e c i a l  purpose computer ( 2 0 0 0  8 -b i t  words o f  memory w i t h  

45 ns read  t i m e ,  16 b i t  adders  wi th  = 40 ns propagat ion  t i m e ,  

4  x  4 bi t  m u l t i p l i e r s  wi th  8 0  ns execut ion  t i m e ,  va r ious  

mul t ip lexing,  demult iplexing and magnitude comparison I C ' s )  

were r e l a t i v e l y  inexpensive and a v a i l a b l e ,  such t h a t  an  

e f f i c i e n t  program could be cons t ruc ted  w i th  hardware wi th  a  

ga in  i n  speed o f  a  f a c t o r  of a  thousand and f o r  a  c o s t  
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equivalent  t o  executing t he  program lo6-10 t i m e s  on a 

genera l  purpose computer. This  f a c t  was borne o u t  dur ing 

t h e  ana ly s i s  o f  ou r  two experiments. 1 3  

I n  d e t a i l ,  t h e  s p e c i a l  purpose c a l c u l a t o r  ( c a l l e d  he re  

t he  Event Analyzer o r  E-A) b u i l t  f o r  t h i s  experiment ope ra t e s  

a s  follows: For every event  El, E2, t e l e scope  number, energy 

ga te  a r e  i n p u t  i n t o  t h e  E-A. Only El and E2 a r e  a c t i v e l y  

used. The 1 2  b i t  E word i s  d iv ided  i n t o  t h e  8  most s i g n i f i c a n t  
2 

bi ts  c a l l e d  from now on, E2, and the 4 l e a s t  s i g n i f i c a n t  bi ts ,  

c a l l e d  AE2- E2 addresses  one o f  t h e  256 l o c a t i o n s  of 10 



separate s e t s  of memory of the appropriate number of b i t s .  

Figure 5 shows these memories and what is s tored  i n  each. 

For each value of E2, the memory contains t ab les  of t he  

corresponding values of E l f o r  protons, deuterons and 

t r i t ons  as  well a s  for  protons crossing D 2 -  El values a r e  

stored a s  8 b i t  words. An acceptance width f o r  each correla-  

t ion  i s  a l so  stored. The main operation performed by the 

E-A i s  the comparison of the measured El value (truncated 

t o  8 b i t s )  with the stored El value t o  iden t i fy  p a r t i c l e  

type. For stopping protons, T i s  calculated by d i r e c t  

addition of the f u l l  precision E and E2 values. A d i f f e r en t  1 

method is  used t o  ca lcula te  T f o r  p a r t i c l e s  crossing D 
2 - The 

function T(E ) and i t s  derivat ive are  s tored i n  memory also.  
2 

The f i r s t  two terms i n  the Taylor expansion of T a re  calculated 

as  shown i n  F ig .  5. I f  a p a r t i c l e  i s  recognized as  a non- 

stopping proton, i t  is  t h i s  l a s t  value of T which i s  chosen. 

The four cases, crossing proton (proton down), stopping 

proton (proton up),  deuteron and t r i t o n  a r e  checked 

sequentially i n  t h e i r  most l i k e l y  occurrence order. Figure 

5 shows the memory outputs f o r  the crossing proton case. 

Note how four words are  simultaneously output. Each path i s  

l inea r  and noniterative.  The t o t a l  propagation time for  the 

crossing proton case is 156 ns, 95 ns a r e  necessary fo r  each 

new case, giving an average analysis time of - 200 ns. The 

E-A end product i s  a T value which i s  packed together 



with  t e lescope  number, energy g a t e  number, p a r t i c l e  type 

and t a r g e t  type t o  form a s i n g l e  16 b i t  word. F ina l l y ,  t h i s  

word i s  used t o  address  a l o c a t i o n  i n  a PDP-11 memory i n t o  

which 1 is added. Since t h e  a d d i t i o n  was performed by t h e  

PDP-11, which used a s t o r ed  program, t h i s  l a s t  s t e p  took 

some 10 WS: 

The r e s u l t  o f  t h e  above descr ibed opera t ions  i s  a 
2 

three-dimensional map i n  co re  o f  d ~ ( s ) / d T d o .  I f  65,000 words 

of 16 bi ts  each a r e  a v a i l a b l e  f o r  s t o r age ,  even t s  can  be 

accumulated u n t i l  any one b i n  i n  t h e  map should reach  a count  

of 65,535. This would happen i n  our  experiment every  10 8 

events .  A t  t h i s  p o i n t ,  t h e  whole memory would have t o  be 

copied onto  t ape  requ i r ing  - 160 inches  of tape.  I n  our  

case,  s i n c e  w e  had only  16,000 words of PDP-11 memory 

ava i l ab l e ,  w e  addressed half-words t o  increment t h e i r  

con ten t s  and w e r e  t h e r e f o r e  l i m i t e d  t o  255 counts  p e r  bin.  

Deuterons and t r i t o n s  w e r e  recorded a s  t o t a l  count  (without T) 

and requ i red  an e x t r a  1000 words o f  memory. The c r o s s  s e c t i o n  

was t h e r e f o r e  w r i t t e n  on t ape  f o r  every  300,000 even t s  us ing  

9 
40 in .  of tape.  Thus 10 even t s  w e r e  conta ined i n  about 

f ou r  t apes  a s  compared t o  500 tapes .  I n  f a c t ,  t h e  histograms 

were dumped on to  t ape  every 10 t o  15  minutes (about  1 /2  m i l l i o n  

t r i g g e r s )  t o  minimize p o s s i b l e  l o s s  of d a t a  due t o  t ape  e r r o r  

o r  o t h e r  p o s s i b l e  f a i l u r e s .  Note t h a t  50% of t h e  t r i g g e r s  

had a l r eady  been rejected. Most of t he se  came from minimum 

ion i z ing  p a r t i c l e s  whose ene rg i e s  w e r e  g r e a t e r  than  140 MeV. 



Because of t h e  Event Analyzer, w e  w e r e  able t o  p rocess  

approximately 1 b i l l i o n  t r i g g e r s  i n  a s h o r t  enough t i m e  t o  

al low us t o  r e t a k e  any da t a  which w e r e  suspec ted  o f  having 

background, thus  e l imina t ing  t he  neces s i t y  o f  any co r r ec t i on  

f o r  it. The background l e v e l  i n  t h i s  experiment was reduced 

t o  1/10,000 o f  t h e  accepted even t s  and t h i s  minute level was 

i s o t r o p i c .  

111. F I N A L  DATA REDUCTION 

A. Free H2 Cross Sec t ion  

From t h e  three-dimensional maps o f  d ~ ( s ) / d ~ d n  described 

above, t h e  c ro s s  s e c t i o n  i n  free H2 can be ob ta ined  by sub- 

t r a c t i n g  run by run and t e lescope  by telescope t h e  carbon 

da ta  wi th  appropr ia te  normal iza t ion  from t h e  p o l y  da ta .  

Tne proper  normalizat ion was obta ined by count ing  deuterons 

and t r i t o n s  produced i n  carbon and i n  po ly  i n  each run,  

s imultaneously wi th  t h e  counting o f  p r o t a r  r e c o i l s ,  i n  t h e  

i d e n t i c a l  te lescope.  Hence t h e  r a t i o  o f  t h e s e  nuc lea r  fragments 

from t h e  two t a r g e t s  gave d i r e c t l y  t h e  c o r r e c t  r a t i o  ( e f f e c t i v e  

beam i n t e n s i t y  x carbon i n  t a r g e t )  w i th  no c o r r e c t i o n  necessary 

f o r  beam du ty  dycle  and t e l e scope  deadtime.12 Thus, d e s p i t e  

t h e  f a c t  t h a t  f r e e  proton i n t e r a c t i o n s  w e r e  approximately 10% 

of t h e  t o t a l  beam po ly  i n t e r a c t i o n ,  t h e  s u b t r a c t i o n  was performed 

3 
t o  high p r e c i s i o n  (= 2 p a r t s  i n  10 ) .  The measured ind iv idua l  

deadtimes w e r e  app l ied  t o  t h e  sub t r ac t ed  f r e e  H2 d i s t r i b u t i o n  

when combining d i f f e r e n t  runs  (= 3.5% on the average) .  



The f r e e  H d ~ ( s ) / d ~ d ~  was transformed b i n  by b i n  t o  2 
2 d ~ ( s ) / d t d M  by computing t h e  app rop r i a t e  jacobian. These 

d i s t r i b u t i o n s ,  when normalized app rop r i a t e ly  by mul t ip ly ing  

wi th  a  normalizing cons tan t  (see next  s e c t i o n ) ,  y i e lded  

2 do ( s ) / d t d ~  , of  which Fig. 6 i s  a  t y p i c a l  p l o t :  d 2 u / d t d ~ 2  

2  
vs. M f o r  an s of  565 Gev2and 0.023 < It[ < 0.080. It is  

p l o t t e d  on a log-log s c a l e  to  demonstrate o u r  ext remely  

2  
good mass squared r e s o l u t i o n  and t o  show our  t o t a l  M range. 

2 2 2 
M is  expressed i n  t e r m s  of (T,B) by M = m + 2pbea$recoil 

P 

Our mass r e s o l u t i o n  i s  dominated by t h e  angu la r  r e s o l u t i o n  

a t  low T (+ - 0 . 1 2 5 ~ )  y i e ld ing  1 Gev2 (EWHM) a t  300 GeV/c 

i nc iden t  beam momentum. A t  h igh  T, it i s  dominated by t h e  

k i n e t i c  energy r e s o l u t i o n  and becomes 3  Gev2 (FWHM). 

B. E l a s t i c  and I n e l a s t i c  Events Separa t ion  

These c ro s s  s e c t i o n s  con t a in  both  e l a s t i c  and i n e l a s t i c  

con t r ibu t ions  ( a s  seen i n  Fig.  6). The e l a s t i c  and i n e l a s t i c  

con t r ibu t ions  t o  t h e  da t a  w e r e  t r i v i a l l y  s epa rab l e  a t  l o w  

beam energy (E - 50 G ~ V )  a s  t h e  e l a s t i c  peak w a s  completely 

separa ted  from the continuum- A t  such ene rg i e s ,  one no t e s  

t h a t  t h e  peak indeed has t h e  expected shape of a gauss ian  

folded over  t h e  T i n t e r v a l  equ iva len t  t o  t h e  angu la r  acceptance 

of t h e  d e t e c t o r s  (see Fig. 7 ) .  Such a  symmetric gauss ian  

shape p e r s i s t s  even a s  t h e  m a s s  r e s o l u t i o n  broadens l i n e a r l y  

with t h e  inc rease  i n  beam energy (as  i n  a l l  r e c o i l  proton 

experiments) and t h e  e l a s t i c  peak merges w i t h  t h e  i n e l a s t i c  



continuum (see Fig. 6 ) .  I n  a l l  c a se s ,  t h e  e l a s t i c  peak f a l l s  

2 2 
f o r  M c m by more than t h r e e  o rde r s  o f  magnitude and is  

P  

w e l l  below t h e  i n e l a s t i c  s i gna l .  

While we can s epa ra t e  e l a s t i c  and i n e l a s t i c  con t r i bu t i ons  

2 i n  t h e  d ~ ( s ) / d t d M  histograms,  w e  p r e f e r  t o  do t h e  s epa ra t i on  

d i r e c t l y  from t h e  d ~ ( s ) / d ~ d n  mappings because ou r  r e s o l u t i o n  

funct ion  i n  T i s  independent o f  beam energy and angle  and i t s  

parameters can be c a l i b r a t e d  a t  beam ene rg i e s  where t h e  e l a s t i c  

events  a r e  separa ted  from the  i n e l a s t i c  continuum (from - - 
8 GeV t o  about 100 G ~ V ) .  From t h e  knowledge o f  t h e  T  r e so lu t i on  

funct ion ,  t h e  c e n t r a l  va lue  o f  t h e  e l a s t i c  peak ( a s  measured 

a t  low beam energ ies )  and t h e  f a c t  t h a t  k inema t i ca l l y  t he  

i n e l a s t i c  events  must have less energy than e l a s t i c  events  

a t  t h e  same angle ,  t h e  e l a s t i c  and i n e l a s t i c  con t r i bu t i ons  t o  

each measured spectrum a r e  unambiguously separa ted .  This 

s epa ra t i on  i s  very  good over  our  whole T  range because o f  our 

good r e s o l u t i o n  (see Sec. 11.~1 and t h e  absence o f  background. 

Typical r e s u l t s  o f  such s epa ra t i on  a r e  shown i n  Figs.  8a ,b ,c  

up t o  t h e  h ighes t  T. The dashed l i n e s  a r e  t h e  f i t t e d  curves  

t o  t h e  data .  The form used t o  f i t  was t h e  sum of  a b func t ion  

a t  t he  e l a s t i c  p o s i t i o n  and an a r b i t r a r y  polynomial which 

is const ra ined t o  vanish above t h e  k inema t i ca l l y  allowed 

maximum T value ,  folded with our  exper imenta l ly  determined 

r e so lu t i on  funct ion .  

W e  note t h a t  t h e  func t i ona l  form a l s o  i nc ludes  t h e  

mul t ip le  s c a t t e r i n g  e f f e c t s  from our  t h i n  t a r g e t s  which a r e  



n e g l i g i b l e  except  a t  extremely low T (-- 15  MeV). The n e t  

e f f e c t  o f  mul t ip le  s c a t t e r i n g  a t  T  = 15  MeV is approximately 

100 K e V  s h i f t  of t h e  cen t e r  and a  1% asymmetric broadening 

o f  t h e  peak, almost i n v i s i b l e  i n  Fig. 8a. A t  t h e  h igh end 

of t he  T  range (T " 100 MeV) ,  where t h e  e l a s t i c c o n t r i b u t i o n  

has f a l l e n  g r e a t l y  and has become comparable t o  t h e  i n e l a s t i c  

con t r i bu t i on ,  t h e r e  i s  an apparent  1% s h i f t  i n  t h e  e l a s t i c  

peak p o s i t i o n  due t o  t h e  two c o n t r i b u t i o n s  (see Fig. 8c ) .  

The aforementioned knowledge o f  t h e  peak p o s i t i o n s  a t  low beam 

energies ,where t h e  i n e l a s t i c  i s  completely s epa ra t ed  from t h e  

e l a s t i c ,  a l lows u s  t o  uniquely s e p a r a t e  t h e  elastic from 

i n e l a s t i c  da ta .  Hence throughout ou r  and T range,  w e  have 

a  complete de terminat ion  o f  t h e  r e l a t i v e  e l a s t i c  and i n e l a s t i c  

con t r i bu t i ons  i n  t h e  d ~ / d ~  p l o t  i n  t h e  e l a s t i c  r eg ion  and t h e  

e l a s t i c  con t r i bu t i ons  ( s o l i d  l i n e s  i n  s a i d  f i g u r e s )  were 

removed t o  y i e l d  t h e  i n e l a s t i c  con t r ibu t ion .  I n c i d e n t a l l y ,  

varying t h e  parameters  o f  t h e  r e s o l u t i o n  func t i on ,  inc luding 

width, by a  f a c t o r  of 2 o r  so ,  does no t  a f f e c t  t h e  i n e l a s t i c  

2 
spectrum above mass squared o f  2 GeV because o u r  mass 

r e s o l u t i o n  i s  s o  narrow t h a t  on ly  t h e  t a i l  of t h e  i n e l a s t i c  

over lap  t h e  e l a s t i c  region. 

C. T Dependence o f  S o l i d  h Acceptance 

I n  any spectrometer ,  t h e  momentum scale, as w e l l  a s  

t he  system's  acceptance a s  a  f unc t i on  o f  momentum, i s  

obtained by c a l i b r a t i o n  through t h e  inc idence  o f  monoenergetic 



beams upon t h e  system. I n  our  case ,  t he  e l a s t i c  p ro ton  

r e c o i l s  provide u s  wi th  monoenergetic beams throughout ou r  

T range. A s  has  been s t a t e d  i n  Sec. II.C, they a l low us  t o  

check our  T(E*) funct ion ,  c a l i b r a t e  t h e  r e l a t i v e  T ( E ~ )  

funct ions  of each t e lescope  and t h e  r e l a t i v e  acceptances  o f  

t h e  te lescopes  a s  a  func t ion  o f  T, which w e r e  i d e n t i c a l  t o  

wi th in  2%. F ina l l y ,  they al low us t o  c a l i b r a t e  ou r  acceptance  

a s  a  func t ion  o f  T i f  d ~ / d T  vs .  T i s  known a t  any S. Our 

acceptance i s  95%, uniform a c r o s s  ou r  T range. The smal l  

nonuniformity e x i s t s  because d e t e c t o r  Do has  a smal l  e f f e c t i v e  

inc rease  i n  a rea  f o r  low T (w 15-25 MeV) events .  The s i z e  of 

t h e  e f f e c t  was measured i n  t h e  following manner: P l o t s  o f  , 

doel/dt vs. t w e r e  f i r s t  obta ined without  assuming any T 

dependence i n  t h e  s o l i d  angle  acceptance ( f o r  a  t y p i c a l  

p l o t ,  see Fig. 9 ,  e l a s t i c s  from a subse t  o f  d a t a  a t  300 G ~ v / c ) .  

The t range was s p l i t  i n t o  t w o  p i ece s ,  narn3ly from 0.032 e 

(tl < 0.113 and from 0.113 e I tl < 0.234. The elastic d a t a  

w e r e  then f i t  t o  t h e  form ~e~~ over  each range b u t  r e q u i r i n g  

t h a t  they have t h e  same value  a t  t = -0.113 (T = 60 MeV, 

c l o s e  t o  where w e  performed the abso lu te  normal iza t ion) .  The 

s lopes  s o  obta ined agreed w i th in  10% wi th  those  ob ta ined  by 

experiments designed t o  measure e l a s t i c  s c a t t e r i n g  t o  h igh 

precis ion.16 Our s l ope  va lues  tended t o  be high by 1.5 G ~ v - ~  

i n  t he  low t region and w e r e  c o n s i s t e n t  i n  t h e  h igh  t region.  

This was seen,  independent of t e lescope ,  runs and beam energy, 



confirming i t s  sys temat ic  na tu r e  i n  favor ing t r i g g e r  acceptance 

of low T events .  Therefore,  assuming a t  200 GeV t h e  co r r ec tne s s  

of t he  Fermilab measurement,16 w e  have measured our  acceptance 

a s  a func t ion  of T, which can then be a p p l i e d  t o  a l l  ou r  d a t a  

a t  d i f f e r e n t  s values  s i n c e  as s t a t e d  o u r  r e s o l u t i o n  func t ion  

i n  T and f i xed  0 is independent o f  beam energy. When such is 

done, w e  note  moreover t h a t  t h e  change i n  slope between t h e  

two tregions Ab = blow t- bhigh is  about  1.1 G ~ v - ~  and i s  

p re sen t  over  t he  whole range o f  ou r  s measurement (see Fig. 10 ) .  

The magnitude of t h i s  e f f e c t  i s  i n  agreement w i t h  o t h e r  

measurements a t  Fermilab and XSR" performed a t  d i f f e r e n t  

s values  from our experiment. The p r e s e n t  d a t a  are no t  

accura te  enough t o  d i f f e r e n t i a t e  between a "break" and a 

continuous change i n  s lope  o f  t h e  e l a s t i c .  

It is  noteworthy t h a t  one need no t  even c o r r e c t  t h i s  

small  (5%) l ack  o f  uni formi ty  i n  acceptance over our  T range, 

when consider ing  da/dM2 ( i n t e g r a t e d  ove r  T) s i n c e  ou r  range 

covers  70% of  t h e  c r o s s  s e c t i o n  and t h e  f r a c t i o n  o f  coverage 

i s  i d e n t i c a l  a s  long a s  t h e  s l o p e  l i e s  between 6 and 19, 

see  Fig. 14. 

D. Conversion t o  Absolute U n i t s  

Since t h e  a c t u a l  beam i n t e n s i t y  on t a r g e t  i n  t h i s  

2 
experiment was not  measured, t h e  c ro s s  s e c t i o n s  d ~ ( s ) / d t d ~ ~  

w e r e  obtained i n  a r b i t r a r y  u n i t s .  The e l a s t i c  con t r i bu t i ons  

w e r e  used t o  g e t  t h e  normal iza t ion  cons t an t  which transforms 

2 2 2 from d ~ /d tdM t o  d a / d t d ~ ~  f o r  each set  o f  d a t a ,  i n  p a r t i c u l a r  



w e  used our  measured e l a s t i c  c r o s s  s e c t i o n  a t  t = -0.094 

2 
equat ing it t o  dgel/dt a t  t h e  same t. (26.65 m b / ~ e v  ) .  

The abso lu te  normalizat ion was performed a t  t h i s  p a r t i c u l a r  

2 t because over  our  s range o f  160 G ~ V ~  t o  741 GeV , 

/dt  a t  t = -0.94 was independent o f  s to  1%, see 

Appendix A. 

E. Cor rec t ions  

The co r r ec t i ons  necessary i n  t h i s  exper iment  t o  be 

appl ied  t o  t he  raw sub t r ac t ed  H2 s p e c t r a  are minor (= 2%). 

Were they not  app l ied  a t  a l l ,  t h e  c h a r a c t e r i s i t c  o f  t h e  

s p e c t r a  would not  have a l t e r e d .  

There was an unplanned compl ica t ion  a t  v e r y  low T, 

i.e. 2% of  our  T range, ( T  < 15  MeV) i n  t h e  otherwise i d e a l  

b i n  by b i n  (CH ) -C sub t r ac t i on  method used to o b t a i n  t h e  2 n 

f r e e  proton d i s t r i b u t i o n s ,  namely t h a t  t h e  two t a r g e t s  w e r e  

o f  d i f f e r e n t  th icknesses ,  e s p e c i a l l y  s i n c e  the p o l y  fibers 

tended t o  m e l t  i n  t h e  beam and i nc r ea se  t h e i r  g i r t h .  W e  

r e c a l l  t h a t  ou r  T s c a l e  which ass igned T v a l u e s  t o  each b i n  

was determined by t h e  measurement o f  t h e  e las t ic  p ro ton  

s c a t t e r i n g  (knowing t h e  s c a t t e r i n g  ang l e ) ,  hence  c o r r e c t l y  

represented  t h e  energy o f  t h e  r e c o i l  p ro ton  f r o m  an i n t e r -  

a c t i o n  w i th in  t h e  po ly  f i b e r ,  independent o f  ene rgy  l o s s  i n  

e-scaping t h e  po ly  t a r g e t .  Therefore,  a c o r r e c t i o n  f a c t o r  

(1% a t  15  MeV, n eg l i g ib l e  t h e r e a f t e r )  dependent  on t h e  d i f f e r e n c e  

i n  th ickness  between t h e  two t a r g e t s  was a p p l i e d  both  b i n  by 

b in  t o  t h e  carbon proton d i s t r i b u t i o n  and t o  t he  deuteron 



normalizat ion f a c t o r  be fore  t h e  s u b t r a c t i o n  was performed. 

The average th ickness  of t h e  p o l y  t a r g e t ,  weighted by our  

l i v e  t ime, was ca l cu l a t ed  using d a t a  taken a t  ang les  and T 

va lues  which w e r e  k inema t i ca l l y  forbidden t o  free pro tons  

(negat ive  mass squared r e g i o n ) ,  bu t  no t  t o  carbon p ro tons  

wi th  t h e i r  Fermi momentum, t oge the r  wi th  t h e  deuteron counts  

and knowledge of p ro ton  t o  deuteron c r o s s  s e c t i o n s  a s  a 

funct ion  o f  T measured from ou r  previous experiment. 11 ,15 

The t a r g e t  th ickness  informat ion was t hus  used i n  t h e  

c a l c u l a t i o n s  of t h e  100 KeV s h i f t  and 1% asymmetric 

broadening of e l a s t i c  peaks due t o  mu l t i p l e  s c a t t e r i n g  a t  

low T ( T  = 15  MeV), see Sec. 1II.B. The subsequent 

modif icat ion i n  T s c a l e  and i n  decrease  o f  even t s  i n  t h e  

Poly d i s t r i b u t i o n  a t  low T due t o  t h i s  e f f e c t  was smal l  

(c 2%) and was cor rec ted  fo r .  

Nuclear i n t e r a c t i o n s  i n  t h e  d e t e c t o r s  (which could cause  

mismeasurement of t h e  t o t a l  energy) w e r e  n e g l i g i b l e ,  g iv ing 

e f f e c t s  of c 1%, and w e r e  no t  co r r ec t ed  fo r .  



IV . RESULTS 

A. General Features  

This experiment r e s u l t e d  i n  a 4000 p o i n t  t h r e e  

dimensional mapping of t h e  doubly d i f f e r e n t i a l  i n e l a s t i c  

2 2 c ro s s  s e c t i o n  d o/dtdM a s  a func t ion  o f  s. Innumerous 

two dimensional p r o j e c t i o n s  w e r e  examined du r ing  the 

ana ly s i s  t o  decide  t h e  best method f o r  syn thes i z ing  and 

e x t r a c t i n g  phys ics  r e s u l t s  from the  da t a -  For example, 

2 2 2 Fig. 11 shows d u/dtdM f o r  t = -0.075 vs. M a t  three 

d i f f e r e n t  s values  i n  t h e  l o w  mass region.  The dominant 

L 
f e a t u r e  c l e a r l y  i s  a l a r g e  peak a t  low M , independent  of 

s, f a l l i n g  sharp ly  a s  M2 i n c r e a s e s  (much s h a r p e r  t han  

1 / M 2 ) .  The a r e a  o f  t h i s  peak is l a r g e l y  independent  o f  s ,  

t he  he igh t  v a r i a t i o n s  seen i n  t h e  f i g u r e  j u s t  r e f l e c t  our 

broadening mass r e s o l u t i o n  w i th  i nc r ea s ing  s. Note t h a t  

2 
t h e  u s e  of t h e  Feynman v a r i a b l e  x (- 1-Pi / s )  as t h e  indepen- 

d e n t  v a r i a b l e  i n  t h i s  r eg ion  would have in t roduced  a n  

apparent  energy dependence t o  t h i s  energy independent  

( d i f f r a c t i v e )  peak. 

2 F igure  12 shows d u/dtdM2 i n t e g r a t e d  o v e r  ou r  t 

range ( f o r  s t a t i s t i c s )  f o r  t h r e e  values  o f  s, emphasizing 

t h e  high mass region.  The c r o s s  s e c t i o n s  a t  l a r g e  M 
2 

have l e v e l l e d  ou t .  Also t h e  t h r e e  sets of  d a t a  a r e  

v e r t i c a l l y  d i sp laced  by a cons t an t  amount for  a l l  M 
2 

values.  The value  a t  which t h e  c ro s s  s e c t i o n  appears  t o  



level  out f a l l s  as l/s. I n  f a c t ,  the heights  marked on t he  

2 graph with a so l id  l i n e  next t o  the large M c ross  sect ions 

a r e  values of ll/s, evaluated a t  each appropriate s. These 

constant separations moreover extend down t o  very low 

masses, within s t a t i s t i c s  probably down t o  threshold ( i n  

t h i s  f igure over the whole mass range p lo t t ed ) .  

Figure 13 shows typica l  t dependence observed i n  our 

data fo r  fixed ~ ( 5 6 5 ) .  To reduce systematic f luctuat ions,  

t h e  data have been averaged over f i ve  la rge  mass in te rva l s  

2 2 
and typical  e r ro r s  a re  shown i n  the  20 < M c 50 GeV bin. 

Noteworthy features  of the i n e l a s t i c  data  t dependence a r e  

2 t h a t  f o r  a l l  M regions, the  slope resu l t ing  from f i t s  t o  the  

form ~e~~ are  grea ter  than 6 (G~v)- ' .  Limited s t a t i s t i c s  

2 
i n  t h i s  experiment do not allow a complete study of M vs. 

t and s. Of importance however is  the f a c t  t h a t  t h i s  

experiment observes about 65% of the t o t a l  i n e l a s t i c  c ross  

section (per given s and M') independent of b a s  long as 

the i n e l a s t i c  cross sect ion can reasonably be  described by 

a simple exponential t dependence whose s lope lies between 

6 and 19 (see Fig. 14) . 
B. Integrated Cross Sections 

Aided by the ins ights  obtained from the  examination 

of the aforementioned two dimensional pro jec t ions  of the 

data, we decided t ha t  cross sect ions in tegra ted  over our 

range i n  t and from threshold t o  various f rac t ions  of s: 

a)  gave a d i r e c t  measurement of whether the "d i f f rac t ive"  

region was responsible for  the  increase i n  t h e  t o t a l  cross  



s e c t i o n  as a func t ion  of s, b) g r e a t l y  reduced (by a f a c t o r  

o f  - 100) t h e  number of da t a  p o i n t s ,  c) e l im ina t ed  t h e  need 

o f  d e t a i l e d  knowledge of mass r e s o l u t i o n  and t dependence 

a s  a func t ion  of M2 and s t i l l  allowed t h e  de te rmina t ion  of t h e  

mass spectrum a s  a funct ion  o f  s. 

The d a t a  presented  i n  Table 1 w e r e  ob ta ined  by f i r s t  

2 summing d 0/dtd&l2 f o r  f i xed  m a s s  over  t e n  t i n t e r v a l s ,  

from t = -0.024 t o  t = -0.234, and then sununing over  mass 

L from th resho ld  t o  qs + m f o r  f i v e  d i f f e r e n t  va lue s  of q. 
P 

Table 1 

s GeV 
2 

'.., .. 262 - 309 - 366 - 565 - 741 - 
Fra.ction q 
-.-2. 

0.234 qs+m 
2 
P 2 

o = S  S dM2( ) 
0.024 t h  d t d ~ ~  

These a r e  d i r e c t l y  measured q u a n t i t i e s  which demonstrate  t h a t ,  

a s  long a s  t h e  l o w  mass peak i s  included i n  the c r o s s  

s e c t i o n  measurement, t h e  t o t a l  c r o s s  s e c t i o n  i n  t h e  

" d i f f r a c t i v e  region",  i.e. from th resho ld  t o  any  f r a c t i o n  



(0.05 < q < 0.1) o f  s ,  i s  e s s e n t i a l l y  independent  o f  s. 

These c r o s s  s e c t i o n s  a r e  c o n s i s t e n t  w i th  an i n c r e a s e  w i t h  

s of t h e  same f r a c t i o n a l  amount a s  t h e  t o t a l  c r o s s  s e c t i o n  

(- 5%), and c l e a r l y  a r e  i n  c o n t r a d i c t i o n  w i th  t h e  p o s t u l a t e  

t h a t  t he  t o t a l  rise i n  c ro s s  s e c t i o n  of 0.7 t o  0.9 m i l l i b a r n s  

occurs i n  t h i s  low mass region.  For comparison w i th  o t h e r  

measurements, w e  ex t r apo l a t ed  our  measurements t o  i nc lude  

t h e  remaining t domain by mul t ip ly ing  ou r  r e s u l t s  by 1/0.65. 

The r e s u l t s  a r e  p l o t t e d  i n  Fig.  15 f o r  f i v e  d i f f e r e n t  va lue s  

o f  q and seven values  of s. 

The c r o s s  s e c t i o n  obta ined by i n t e g r a t i n g  the d a t a  ove r  t 

and extended using (1/0.65) has  now t h e  fo l lowing  u n c e r t a i n t y  

because o f  t he  p o s s i b i l i t y  of a  f l a t t e n i n g  o f  the i n e l a s t i c  

18  
s lope  a t  high t ;  namely t h i s  in t roduces  a n  asymmetric e r r o r  

( s i nce  i t  i s  probably not  s t e e p e r  a t  l a r g e  t) of +lo%, -2%. Th i s  

2 
is  e s s e n t i a l l y  a  s c a l e  f a c t o r  s i n c e  it is  independent  o f  s and M . 

C. Mass Dependence 

The i n t e g r a t e d  c r o s s  s e c t i o n  p o i n t s  on Fig.  15  w e r e  

used t o  perform a  f i t  t o  t he  form du/dM2 = A/S + B / M ~ ,  

y ie ld ing  A = 15.0 2 0.5, B = 2.9 - + 0.1, and a = 3.7 - + 
2 

0.1 wi th  a  x = 33 f o r  22  degrees  o f  freedom. The low 

2 
energy (s = 114, 160 G e V  ) p o i n t s  w e r e  n o t  used i n  t h e  f i t .  

However, looking a t  t h e  p o i n t s  and a t  t h e  s o l i d  l i n e s  i n  

Fig. 15a, which a r e  t h e  above mentioned f i t ,  o n e  no tes  t h a t  
2 

our f i t t e d  form i s  v a l i d  down t o  s - 1 0 0  GeV . Figure  1 6  shows 

t h e  f i t t e d  curve d r ~ / d ~ ~  = 15/s + 2 . 9 / ~  3-7 superimposed on a  
2 

t y p i c a l  set of d a t a  a t  s = 366 G e V  . We note  the e x c e l l e n t  

agreement and t he  v a l i d i t y  of t h e  method o f  u s i n g  t h e  

i n t eg ra t ed  c ro s s  s e c t i o n s  t o  o b t a i n  t h e  mass spectrum. An 

a c t u a l  f i t  t o  only  t he  d a t a  i n  Fig. 16 g ive s  s l i g h t  d i f f e r e n t  

va lues  of A and B which a r e  c o n s i s t e n t  w i t h  A = 1 5  and B = 2.9. 



The degree t o  which our  d a t a  r e j e c t s  o t h e r  va lues  of a 

2  can be seen by t h e  r e s u l t i n g  i nc r ea se  i n  x va lues  when w e  

impose s p e c i f i c  va lues  of a dur ing t h e  f i t .  They are :  

a = 4, X 2  = 42; a = 3 ,  X 2  = 105; a = 2, X 2  = 1017. Hence 

i t  can be summarized t h a t  ou r  d a t a ' s  b e s t  f i t  i s  a = 

3.7 - + 0.1, it could probably accept  a = 4, it d e f i n i t e l y  

i s  i ncons i s t en t  wi th  a = 3.  It c a t e g o r i c a l l y  rejects a = 2 

(see Fig. 15b) which is the  mass spectrum dependence which 

would t r i v i a l l y  have p r ed i c t ed  t h a t  t h e  low mass reg ion  was 

respons ib le  f o r  t h e  r ise i n  t h e  t o t a l  c r o s s  s e c t i o n  wi th  s 

q s 
(J (%) d~~ = A x h(s)  + cons t an t )  . 
t h  

D. Magnitude of "D i f f r ac t i ve"  Cross Sec t ion  

According t o  Good and Walker, i n e l a s t i c  d i f f r a c t i o n  i s  

independent of s whenever t h e  coherence cond i t i on  A X  < r i s  

2 
s a t i s f i e d ,  i.e. f o r  s t a t e s  o f  mass M such that  M s; s x (m,,/%). 

Hence it is  o f  i n t e r e s t  t o  s t udy  t h e  magnitude o f  such an s 

independent t e r m  i n  t h e  mass spectrum, a s  it could be a 

dominant process  a t  h igh s where l a r g e  M2 va lues  can be 

coherent ly  produced (50-100 6ev2 i n  t h e  p r e s e n t  experiment).  

W e  i d e n t i f y  t h e  B / M ~  term of  our  f i t  (which is  s independent) 

a s  t h e  " d i f f r a c t i v e "  c ro s s  s e c t i o n  i n  t h e  Good and Walker 

sense. Hence t h e  t o t a l  " d i f f r a c t i v e "  c r o s s  s e c t i o n ,  taking 

i n t o  account t h e  symmetry of t h e  i n i t i a l  pp s t a t e ,  i s  
m 

2.9 
2 x (-) = 3 . 6  - + 0.4 mi l l i ba rns .  This magnitude i s  small  

t h  M - 
compared t o  t h e  t o t a l  i n e l a s t i c  c r o s s  s e c t i o n  and i s  about 

h a l f  of t h e  e l a s t i c  c ro s s  s ec t i on .  Also, t h e  con t r i bu t i on  



2 o f  t h i s  d i f f r a c t i v e  t e r m  e s s e n t i a l l y  van i shes  a t  M~ - 20 GeV , 

s i g n i f i c a n t l y  be fo re  the maximum mass va lues  allowed by t h e  

coherence condi t ion .  

E. Comparison w i th  Other  Experiments 

The major experimental  e f f o r t  to  s tudy  pp i n e l a s t i c  

s c a t t e r i n g  a t  small  momentum t r a n s f e r  a t  ISR was made by 

t h e  CHLM group. l8 There i s  some over lap  i n  t h e  s, t and 

2 2 
mass regions  s t ud i ed  by CHLM (M < 50 GeV , 0.15 < It1 c 1.75, 

2 2 
a t  s = 549 G e V  and 725 G e V  ) and by t h i s  experiment.  A f e w  

yeaxs ago, t h e  Rutgers-Imperial  College (R-I) co l l abo ra t i on  

performed an  experiment19 i n  ou r  s range a t  Fermilab  f o r  a 

small  f r a c t i o n  o f  t h e  c ro s s  s e c t i o n ,  0.14 c I tl < 0.38 and 

2 0.07s < M < 0.2s. Recently t h e  FSASG a t  Fermi lab  

2 2 
published some i n e l a s t i c  r e s u l t s  a t  s = 296 GeV , 3 < M < 

2 
9 GeV and 0.1 < It\ < 0.625. 20 I n  t h e  low m a s s ,  low t 

reg ion  w e  over lap  wi th  two Soviet-US e f f o r t s ,  21 0.01 < 1 tl < 
2 0.05, 1.3 < M < 3.7, 330 < s < 752 w i t h  p+p -. p+X and 

2 0.03 < I tl < 0.12, M < 35 from p+d -. d+X and e x t r a c t i n g  

t h e  nucleon-nucleon c r o s s  s e c t i o n s  by f a c t o r i z a t i o n .  Many 

bubble chamber experiments s t u d i e d  t h e  r e a c t i o n  p+p 4 p+X 

and c o l l e c t i v e l y  they  cover  a v a s t  s , t  and M~ range bu t  

a r e  l i m i t e d  by s t a t i s t i c s .  22 F i n a l l y ,  t h e r e  was ou r  previous 

experiment 
2 

11'15 a t  s = 569 G e V  , covering a s i m i l a r  t range, 

wi th  M~ extending t o  0.17s, and t h e r e  is o u r  c u r r e n t  experiment 2 3 

a t  t h e  ITA using a hydrogen j e t  t a r g e t ,  where t h e  t range 



i s  extended t o  0.5 and s range i s  extended t o  s = 939. The 

p r e sen t  experiment i s  i n  agreement wi th  both our  previous  

experiment and wi th  t he  p re l iminary  r e s u l t s  o f  ou r  c u r r e n t  

experiment. 

For comparison wi th  o t h e r  experiments,  w e  no te  t h a t  

wherever d a t a  over lap ,  w e  and t h e  o t h e r  experiments agree  

t o  w i th in  20%. For example, a l l  t h e  experiments f i n d  t h e  

2 2 i n e l a s t i c  s lope  b (of  ~ e ~ ~ )  t o  be - 6 f o r  5 < M < 50 GeV . 
I n  Fig. 17 w e  see t h e  ISR and R-I p o i n t s  superimposed over  

ours ,  showing agreement i n  both  magnitude and t dependence 

o f  t h e  d i f f e r e n t i a l  c r o s s  sec t ion .  I n  Fig. 12,  t h e  value  o f  

2 
d o / d ~  ( t h e  dashed l i n e )  from R-I i s  shown next  t o  ou r  da ta .  

They i n d i c a t e  t h a t  while  t h e r e  may be a 15% r e l a t i v e  normaliza- 

t i o n  d i f fe rence  between the  two experiments,  t h e  s dependence of t h e  

high mass d a t a  is s i m i l a r .  I n  Fig.  5, four  p o i n t s  from t h e  

Soviet-US co l l abo ra t i on  a r e  p l o t t e d  (adj;sting f o r  t h e  f a c t  

t h a t  t h e i r  measurements were made a t  s = 516 i n s t e a d  o f  565, 

and using o u r  s dependence), aga in  e x h i b i t i n g  t h a t  t h e r e  i s  

no s i g n i f i c a n t  divergence of experimental  values.  I n spec t i on  

(see Appendix B) of  our  c ro s s  s e c t i o n  va lues  i n  t h e  S,  t and M 2 

ranges which over lap  those  of FSASG c l e a r l y  i n d i c a t e  agreement. 
0.1s 

da 2 Fina l l y ,  w e  note t h a t  ISR f i n d s  f o r  2 x S (7)dM t o  be 
t h  dM 

7.61 - + 0.23 a t  s = 549 and t o  be 7.24 2 0.53 a t  s = 725, 

having ex t r apo l a t ed  t o  inc lude  t h e  unmeasured It1 < 0.15 

region. From F i g - l 5 a  one sees t h a t  our  corresponding two 

values  a r e  6.44 - + 0.38 a t  s = 549 and 6.53 2 0.34 a t  s = 725. 



W e  r e c a l l  t h a t  these  i n t e g r a l s  w e r e  obta ined by e x t r a p o l a t i n g  

over  t h e  remaining t domain unmeasured by us  by assuming a 

simple exponential .  However, if t h e  i n e l a s t i c  s l ope  indeed 

f l a t t e n s  ou t  a t  high t a s  measured a t  ISR (b goes from 6 t o  4). 

then our  va lues  should be r ev i s ed  upwards by - 10%. Hence 

t he  comparison is  between 7.61 and 7.08 a t  s = 549, and 

between 7.24 and 7.15 a t  s = 725, c l e a r l y  good agreement. 

The CHLM experiment. however, r e p o r t s  a spectrum l i k e  

l / M L .  Since w e  have shown t h a t  bo th  o u r  i n t e g r a t e d  and high 

mass c r o s s  s e c t i o n s  agree  we l l  wi th  t h e i r  r e s u l t s ,  w e  sugges t  

t h a t  t h e  d i f f e r e n t  shape observed a t  ISR is due t o  t h e  wider 

2 2 
M r e so lu t i on  (- 10 GeV ) of t h e i r  experiment.  FSASG and t h e  

2 Soviet-US co l l abo ra t i ons  a l s o  quote  a 1 / M  mass spectrum, 

except  t h e  l a t t e r  modified by a p a r t i a l  s dependence. I n  t h i s  

case  w e  be l i eve  t h a t  it is  t h e  l i m i t e d  range o f  t h e i r  M 
2 

measurement which l e d  t o  such a formulat ion.  This is  best 

2 2 
demonstrated i n  Fig. 18 where M du/dM is shown f o r  two s 

values  toge ther  wi th  t h e  Soviet-US formula p r e d i c t i o n .  

2 2 
It is apparent  t h a t  M du/dM is  f l a t  f o r  o n l y  a very  narrow 

reg ion  of M2 and t h a t  region is  d i f f e r e n t  for d i f f e r e n t  s 

2 
values ,  hence 1 / M  cannot be t h e  c o r r e c t  mass spectrum 

dependence f o r  t h e  s independent p a r t  of the c r o s s  s ec t i on .  

F. Comparison wi th  Theo re t i c a l  Conjec tu res  

While our  f i t t e d  spectrum i s  of  t h e  form du/dM2 = 15/s + 
2 . 9 / ~ ~ ' ~ ,  dimensional arguments sugges t  f o r  t h e  energy 

4 
independent c ro s s  s e c t i o n  do/dM2 =  constant/^ . Simi l a r l y ,  



f o r  t h e  s c a l i n g  term, t h e  only  s c a l e  i s  f i xed  by  otot, 

2 2 2 
r e s u l t i n g  i n  d u / d ~  = g (M /s) x (utot/s), where g (M /s) 

2 appears  t o  be remarkably cons tan t  up t o  M /s - 0.1. It is  

the re fo re  l o g i c a l  t h a t  t h e  i n e l a s t i c  spectrum should be of  

2 
t h e  form du/dM = A/S + B / M ~ .  If w e  c o n s t r a i n  a = 4, w e  

o b t a i n  A = 16.0 + 0.5 and B = 3.5 +- 0.1, wi th  X2  = 42 f o r  

23 degrees o f  freedom. 

W e  be l i eve  t h a t  we  have t r u l y  separa ted  the " d i f f r a c t i v e "  

c r o s s  s ec t i on ,  i.e. t h e  energy independent p a r t  o f  t h e  c r o s s  

s ec t i on ,  from t h e  rest 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 ,  and 

i t s  va lue  i s  3.6 - + 0.4 mi l l i ba rns .  W e  no te  t h a t  t h i s  va lue  

does no t  c o n t r a d i c t  t he  Pumplin bound udiff < 1/2 utot-uel 

13  m b ,  o r  t h e  r a t i o  R ( s )  = (ael+udiff)/utot, determined by us  

t o  be -0 .25,  h a l f  of t h e  s a t u r a t i o n  value  o f  0.5. 

For completeness, w e  have a l s o  f i t  ou r  r e s u l t s  t o  

t h e  T r i p l e  ~ e g g e "  formula for t h e  i n c l u s i v e  i n e l a s t i c  

c ro s s  sec t ion :  

using ap (t) = 1.0 + 0.28t (obta ined from Ref. 24) and 

aR(t )  = 0.5 + t (obtained from R e f .  10)  . W e  ob ta ined  

G~~~ 
(0.1) = - 0 . 6 2 + 0 . 1 ,  - G (0.1) = 6 . 6 + 0 . 2 ,  and PPR 

~ ~ ~ ~ ( 0 . 1 )  = 48 2 2 wi th  X L  = 71  f o r  22 degrees  o f  freedom. 

?+side from t h e  unacceptable X2  va lue  showing t h e  above is  



a poor f i t ,  a negat ive  G PPP 
t e r m  means w e  do no t  have a 

phys ica l  so lu t i on .  Therefore w e  conclude t h a t  t h e  Tr ip le  

Pomeron con t r i bu t i on  i n  our  da t a  i s  n e g l i g i b l e  and that 

t h e  T r i p l e  Regge formalism does no t  de sc r ibe  o u r  data.  

F i n a l l y  i f  one w e r e  t o  i n s i s t  t h a t  by looking a t  our  da ta  

( f o r  example, Fig. 18) t h a t  some T r i p l e  Pomeron con t r ibu t ion  

e x i s t s  because t h e r e  i s  some apparen t ly  f l a t  reg ion  (m2 x 

2 1/hl2 = k) f o r  a narrow reg ion  of M , one would be hard  pu t  

t o  exp l a in  why t h e  p o s i t i o n  of th i s  reg ion  as w e l l  as i ts  

2 value  should be s dependent, s i n c e  t h e  T r i p l e  Pomeron (1 /~ ) 

t e r m  should be independent of s. 

W e  wish t o  thank t h e  s t a f f  o f  t h e  Fermilab Accelerator  

Division,  e s p e c i a l l y  t h e  I n t e r n a l  Target  Area opera t ing  

crew and D r .  Drasko Jovanovic; t h e  Nevis machine shop where 

most of t h e  mechanical cons t ruc t i on  was performed and A. Teha 

f o r  t h e  des ign work; t h e  Nevis e l e c t r o n i c s  shop and 

Tom Tarantowitz of Stony Brook f o r  cons t ruc t i on  of some o f  

t he  e l e c t r o n i c s ;  W. Sippach o f  Nevis Lab f o r  h e l p  w i t h  

developing t h e  Event Analyzer. 



APPENDIX A 

Absolute Normalization 

E las t i c  peaks as  a  function of T were f i t  t o  obtain 

t h e  number of events per mill ibarn of e l a s t i c  c ross  section. 

This was the number of events per mil l ibarn used t o  normalize 

the i n e l a s t i c  data t o  obtain the cross sect ion.  We have used 

the value 50.0 mill ibarns per GeV for  due1/dT a t  T = 50 MeV 

fo r  a l l  s. I f  a  small s dependence of duel /d~ a t  T = 50 MeV 

were observed, our data a t  any energy could be renormalized 

by multiplying a l l  the data points  by the appropriate s 

dependent constant. 

The absolute normalization was done a t  T = 50 MeV 

because duel/dT a t  t = -0.094 is  r e l a t i ve ly  independent 

of s. m e  following values as  a  function of s were obtained 
24 

from b ( s )  = 8.23 + 2 x 0.278 x h(s) and utot(s) = 38.2 + 

s duel/dT a t  T = 50 MeV 



APPENDIX B 

Different ia l  Cross Section Tables 

The tables  cons is t  of f i ve  s e t s  (one fo r  each average 

2 2 s value) of d o / d t d ~  . Each t ab l e  has four b ins  i n  t, the  

average value of which heads each column, and has up t o  

s ix ty  bins i n  mass squared, the  average value o f  which l abe l s  

each row. The four t bins a r e  from 13 s T s 25 MeV, 25 s T 

5 55 MeV, 55 < T 5 85 MeV and 85 5 T 5 125 MeV, respectively. 

Each bin consis ts  of two numbers, the f i n a l  value of the  

cross sect ion and i t s  error .  A zero e r ro r  means t h a t  no 

determination of the cross sect ion has been made f o r  t h a t  bin. 

The e r ro r s  a re  s t a t i s t i c a l  and they usually dominate over 

any systematic e r ro r s  i n  subtract ion o r  normalization. The 

only exception being the data a t  the lowest t column, near 

the N*(1400) peak where the s t a t i s t i c a l  e r ro r  i s  small (== 1%) 

but the e r ro r  (which is an estimate of the uncertainty i n  

the calculation) due t o  uncertainty i n  s i z e  and sh$e of the 
4 

ta rge t  thickness i s  about 10%. For a l l  o ther  t co~umns, 

t ha t  uncertainty is  negl igible  (< 1%). Final ly ,  i f  the t 

dependence a t  low t as  measured by the quoted ~ e r m i l a b  

1 6  experiment were incorrect ,  our data should then be corrected 

by some t dependent "sol id  angle" e f fec t ,  and the  correct ion 

2 
would be independent of s and M . 
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T a b l e  C a p t i o n s  

T a b l e  I: I n t e g r a t e d  C r o s s  S e c t i o n s  vs. s 

2 
T a b l e  11: d 2 a / d t d ~  a t  s = 262 GeV 2 

T a b l e  111: a t  s = 309 GeV 2 

T a b l e  IV:  a t  s = 366 GeV 2 

T a b l e  V: I t  a t  s = 555 GeV 
2 

T a b l e  V I  : I ,  a t  s = 7 4 1  GeV 
2 



Table I 

s G e V  
2 

2 6 2  - 309 - 366 56 5 - 7 4 1  - 



Table 2 
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-0.075 
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T (MeV) 

t (GeV/c 



T a b l e  4 

(-40) (-70) 

d t d ~ ~  GeV 

T [MeV) 

t (GeV/c 







Fig. 1 

Fig. 2a 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Figure  Captions 

A schematic diagram of our  exper imenta l  se tup.  

The t h e o r e t i c a l  range-energy c o r r e l a t i o n  curve  

f o r  four  p a r t i c l e s  (p ions ,  p ro tons ,  deuterons  

and t r i t o n s )  i n  our  experimental  appara tus -  

6 S c a t t e r  p l o t  of El vs -  E2 f o r  - 10  recoil p a r t i c l e s .  

s mesons are b a r e l y  v i s i b l e  above background. The 

i n s e r t  i s  a p l o t  o f  t h e  number o f  even t s  vs. mass 

of t h e  p a r t i c l e  showing our  e x c e l l e n t  p a r t i c l e  

s epa ra t i on  and i n d i c a t i n g  t h e  l o w  a c c i d e n t a l  

background l e v e l s .  

E l ec t ron i c  channel f o r  a t e l e scope  from d e t e c t o r  t o  

sample and ho ld ,  inc lud ing  d i s c r i m i n a t o r  and 

deadtime s c a l e r s .  

Block diagram of  f l a g  scan, analog mul t ip lexer  

and analog t o  d i g i t a l  conversi'on- 

Event ana lyzer  block diagram. The memory ou tpu t  

f o r  "proton down" case  i s  shown. 

2 
A t y p i c a l  p l o t  of d  cs/dtdfi2 showing o u r  good mass 

r e s o l u t i o n  and l a r g e  mass range-  

A p l o t  o f  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  showing 

t he  unambiguous s epa ra t i on  o f  e last ic  and 

i n e l a s t i c  d a t a  a t  low energy. 

2 P l o t s  of d  ~ / d t d n  showing t h e  f i t t e d  form (dashed 

l i n e )  used t o  s epa ra t e  e l a s t i c  and i n e l a s t i c  d a t a  

a t  t h r e e  d i f f e r e n t  va lues  of Tel- S o l i d  l i n e s  

represen t  e l a s t i c  con t r i bu t i ons -  



Fig. 9 A p l o t  of d ~ ~ ~ / d t  f o r  a  smal l  set  o f  d a t a  a t  p = 300 

G ~ V / C  wi th  a  f i t  over  two t i n t e r v a l s  t o  t h e  form 

Fig. 10 b(s) vs .  s f o r  two t i n t e r v a l s .  The low t i n t e r v a l  

has  been cor rec ted  f o r  a  t dependent s o l i d  angle  

using d a t a  a t  s - 350 G ~ v ' .  

Fig. 11 A p l o t  of t h e  low mass peak showing t h a t  it i s  essen- 

2 
t i a l l y  independent of s f o r  f i x e d  M ( i -e . ,  no t  f o r  

2 
f i xed  x = 1-M /s). 

Fig. 12 A p l o t  o f  t he  h igh mass reg ion  showing t h a t  t h e  

c r o s s  s e c t i o n  i s  tending t o  a c o n s t a n t  l e v e l  whose 

he igh t  appears t o  vary  l i k e  l/s. The s o l i d  l i n e s  

a r e  t h e  values  of ll/s a t  t h e  i n d i c a t e d  s. The 

dashed l i n e s  a r e  obta ined us ing t h e  f i t  o f  Ref. 19. 

2 Fig. 1 3  A p l o t  of t dependence f o r  5 i n t e r v a l s  i n  M showing 

t h e  s l ope  is always > 6 G ~ v - ~  ju s t i f y in ;  ou r  t 

2 ex t r apo l a t i on  independent o f  M . The dashed curve 

i s  t h e  R-I  f i t  a t  x  = 0.91 extended t o  our  t region. 

Fig. 14 F rac t i on  o f  do/dt measured i n  t h e  p r e s e n t  experiment 

vs. s lope  parameter f o r  a simple t dependence 

o f  t h e  form e x p ( b t ) .  

Fig. 1 5  A p l o t  o f  integrated c r o s s  s e c t i o n  vs. s. The 

s o l i d  l i n e s  i n  a )  a r e  t h e  best fits t o  our  d a t a  a s  

expla ined i n  t h e  t e x t .  The dashed l i n e s  i n  b) are 

t h e  b e s t  f i t s  r equ i r i ng  a = 2, showing a c l e a r  

inconsis tency.  



Fig. 16  A comparison of t h e  measured spectrum a t  s = 366 

2 
G e V  wi th  t h a t  p r ed i c t ed  from t h e  f i t  t o  our  

i n t e g r a t e d  c ro s s  sec t ion .  . 

Fig. 17 A comparison of our  l a r g e  mass d a t a  t o  o t h e r  

experiments,  showing good agreement i n  both 

s lope  and magnitude of t h e  i n e l a s t i c  c r o s s  sec t ion .  

2 2 2 Fig. 18 A p l o t  o f  M d o / d ~  vs. M aga in  showing t h a t  our  

2 
da t a  i s  i n c o n s i s t e n t  wi th  a dominate 1 / ~  mass 

dependence. Dashed a r e a  is p r e d i c t i o n  o f  formula 

of Ref. 2 1  inc luding e r r o r s .  
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