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INTRODUCTION 

It w i l l  be perhaps more eff ic ient  i f  we spend a few 

minutes a t  f i r s t  defining the simple theoretical con- 

cepts used i n  interpretation of the experiments so that  

readers not expert i n  th i s  f ie ld  can still follow the 

argumen ts . 

The e las t ic  dif ferent ia l  scattering of a par t ic le  a' by another particle 

B when both are spinless can be completely described i n  terms of a function of 
?. 

the usual Lorent8 invariants e (the square of the t o t a l  cmr energy) and t (the 

negative of the four momentum transfer squared) a8 illurrtrated by the following 
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where s (Pa + P$) = (Eacm + Epcrn) = mtr + n); + 2% galab assuming (2) 

a t  r e s t  . i n  Lab and t.=(Pa f P & ) ~ =  -2 ( P ~ ~ ) ~  ( l - ~ 0 s 8 ~ ~ ~ ~ ~ ~ ~ )  where P i s  the (3) 

four momentum. The th i rd  usual invar ian t  u z ( P g  + i s  determined by the (4) 

other  two and any two of the three can be t rea ted  a s  independent var iab les  and 

. then can be used to determine the t h i r d .  The invar ian t  s ca t t e r ing  amplitude 

can then be expressed by a  complex function of s  and t, namely A(s,t)  so defined 

tha t :  doelldt ( s , t )  +mb2 12 / A(s, t )  l2 ( 8 , t ) F  where ~ ( 6 ,  t)  = Ar (8, t )+ i  A i  (is t )  
( 5 )  

i . . '  
' Then the op t i ca l  theorem s t a t e s  t ha t :  

A ~ ( s , o )  = s/&mb a t ( s )  and therefore 

d U e l l d t  (.,0) 2 

The L.  H .  S. of (7) becomes equal, t o  the , R .  H .  S. when ,A,,(s,o) = 0 and 
- - 

then doel(s ,o) /dt  '- 1 A l l  evidence t o  date  and the .. 
16 

new d a t a ,  t o  be presented i n  t h i s  paper a r e  cons is ten t  

a t  high energies (2 10 Bev).du/dtopt has been well  

( lO, l l ,  12) cross-sect ion experiments . .  
The two most general ly  considered theo re t i ca l  forms f o r '  A(s , t )  have 

been based i n  e a r l i e r  w6rkon the o p t i c a l  model'" and i n : t h e  l a s t  two years on 

the Regge Pole Theory(2). The simplest version of th; o p t i & i  model i s  the black 

absorbing d i sc  o r  sphere and fo r  t h i s  case: 

where R &s the radius of 'the i n t e rac t ion .  We now transfohn t h i s  , in to  the Lorentz 

invariant  form which f o r  small angles becomes: 
,.Id. = .s[*ylf'-I' 

. , 

( 9  1 

b 
For R GY 1 .fe,rtui ok l e s s  and t 5 0.3 we can use the Gaussiqn approximation . . 

and we obta inf  



.' If we have a p a r t i a l l y  t ransparent  but uniformly absorbing d i s c  o r  

sphere such t h a t  the f r ac t ion  of the incident  wave absorbed a t  the dis tance r ,  

. namely a ( r )  i s  within the nuclear radius a pos i t ive  constant and no change of 

phase occurs, a ( r )  = fo r  r < R a ( r )  = 1 f o r  r > R. Then formulae (9) and (10) - 3 
remain the same except the R.  H .  S.  i s  mult ipl ied b 4 9 .  

, . 

Hence, n 

(11) 

form would 

correspond t o  the r .m .  s .' radius.  Therefore, the R determined from eq. .(11) 

i s  a r e l a t i v e l y  good way t o  phenomenollogically def ine t h e - e f f e c t i v e  radius 

of the in t e rac t ion  from e l a s t i c  s ca t t e r ing  experiments. Once having defined 

a radius we can b e t t e r  def ine an e f f e c t i v e  opaci ty 0 i n  the fol loying way: 

ae ) =(a i n e l a s t i c  + 
(Since i n  t h i s  case,  fhe ,def in i t ion  of 0 does not  depend on phase s h i f t  i n  the 

transmitted wave). 

Unti l  about two ,years ago i t  was general ly  believed t h a t  a t  incident  

energies 2 10 Bev, R i n  eq. (10) was not a::function. of s o r  t ha t  the  s dependence 

was very weak and t h a t  f o r  any incident  p a r t i c l e ( d ~ & l / ~ ~ ) a , $  
. . 

( t ) i  o t o b , p  . 

-SZ constant.  Then the r e l a t i v i s t i c  Regge pole theory was developed by a r b i t r a r i l y  

adopting the exa r t  methods Regge introduced f o r  describing, non- re l a t iv i s t i c  
, 

. . Schrodinger equation po ten t i a l  s ca t t e r ing  by polee moving i n  the complex J plane 

a s  a function of energy. Chew and Frausschi and others(2)then associated a . . 

Regge pole, t r a j ec to ry  with a l l .  p a r t i c l e s  and dynamic resonances and developed 

a r e h a t i v i s t i c  Regge pole theory using ana ly t i c  continuation and generalized 

. . 
L crossing symmetry. For a s ing le  Regge pole* a t  high enough, e or ig ina l ly  estimated'  

to  correspond t o  2 10 Bev/c incident  p a r t i c l e  momentum and low t they obtained the 

*Note no sp in  e f f e c t s  a r e  included and ,separate  non- sp in ' f l i p  and spin f l i p  ampli- ' 

tudes a r e  replaced by one spin averaged amplitude. 



the o r ig ina l  estimates of a ( t )  1 - t ( ~ e v / c ) ~ .  This expression d i f f e r s  (33) 

from the usual perfurbat ion theory o r  d i spe ts ion ' theory  pole forumula s ince  the 

a which.represents the sp in  of the exchanged p a r t i c l e  i s  now a decreasing func-. . 
a .  

t i on  of t r a the r  than a constant.  

As a r e s u l t  o f . t h e  crossing symmetry the a corresponds t o  a pole i n  
. . 9  

the t-channel, of energy + t ,  whereas i n  the physical s ca t t e r ing  region s-channel, 

t s o. It i s  c l e a r  from the above equation t h a t  the highest  lying t r a j e c t o r i e s  

( i  .e . ,  those.with the l a rges t  values of a) w i l l  be most important. Due t o  the 

constancy of p + p t o t a l  c ross l sec t ion  above, 10 Bev/c and the slow s va r i a t i ons  

of o ther  cross  sect ions,  the dominant pole must 0bvious1'~ have a (o)  w 1 and the 

vacuum pole o r  Pomeranchuk Pole wae introduced and aeeumed .to be dominant, 

i n  a l l  strong in t e rac t ions  a t  high enough energy (o r ig ina l ly  estimated t o  

. correspond t o  2 10 Bev/c, incident  p a r t i c l e  momentum) with the.usua1 assump- 

t i o n  of p a r a l l e l  Regge t r a  j ec to r i e s .  

.The next highest.  lying t r a j e c t o r i e s  would obviously'be the vector  mesons p 

and ro. Fig.  1 shows .the most important Regge t r a j e c t o r i e s  fo r  .forward e , l a s t i c  

s ca t t e r ing .  The P and u, and a second vacuum t r a j ec to ry  P' (int.rdduced by I& 
. were developed into. a three-four pole model i n  which the vacuum pole predominatdd , 

and a l l  t o t a l  cross-sect ion data  were explained reasonably well .  

It was shown t h a t  f o r  the three pole model (3) . ' 

-2where t h e a ( t ) d e f i n e d b y  (14) i s a n  (14) , . .  

.equivalent 'one in t e rac t ions  d i f f e r s  only s l i g h t l y  from the 

vacuum pole a and F(s , t )  has on the  average only a weak's dependence compared,to . 

the exponential term s dependence.* 

The assumption'of the dominance of the vacuum pole i n  a l l  i n t e r ac t ions  
. .. 

b a t  high enough energy led  t o  the most s t r i k i n g  predic t ion .of  . the Regge pole theory 

' 

t ha t  the average slope of the dael/dt curve should i n c r e a s e  logari thmical ly with 

increasing s i n  a l l  i n t e r ac t ions  and so a t  very high energy the e f f ec t ive  ' i n t e r -  

* One should note  t h a t  a t  o r  veCy near a ( t )  = P the exponential  term i s  'or approaches 

uni ty  and .has  no s dependence. 



ac t ion  radius would grow logari thmical ly while the transparency of the i n t e r -  . 

ac t ing  region would increas  i n  such a way t h a t  the t o t a l  cross-sect ion remained 
. . 

the same. 

TO date  t h i s  predicted e f f e c t  has  been observed(4) a n d d e f i n i t e l y  estab-  

x l i shed  f o r  p + p . i n t e r ac t ionsQ)  but has d e f i n i t e l y  been contradicted(5) fo r  

. . 
rr' + p and TI+ + p e l a s t i c  s ca t t e r ing  i n  the 7-20 Bev/c range, and ne i the r  the 

(3 .. 
vacuum pole nor the three-pole model predict ions have been cons is ten t  with 

5 ; these new emperi ients  . 
An equivalent one-pole ana lys is  ( e a .  13 and 14) is  a convenient way 

t o  parametrically represent  the s dependence o f  doel ld t (~ , t ' )  i r r e g a r d l e s , ~  of 

. the v a l i d i t y  of the simple versions of Regge pole theory, and more comp,li.cated 

p o s s i b i l i t i e s  including .spin e f f e c t s ,  other  'poles, cute ,  e t c .  can a l s o  be d i s -  

cussed conveniently i n  terms of the equivalent one-pole :analysis .  
. I 

E l a s t i c  Sca t te r ing  Experiments 

The Brookhaven Counter.Hodoscope Experiments. ' These e l a s t i c  s ca t t e r ing  

experiments by Foley, ~indenbaum, Love Ozaki, Russell  and Yuan (596) used an ex- 

perimental arrangement shown i n  Fig.  2.  Some of the e a r l i e r  r e s u l t s  of  the ex- 

periment have been published (5). From a momentum analyzed (*1.5%) .AGS beam one 

of the s i x  p a r t i c l e s  #, p, p ,  &of the inc ident  momentum 7-20 Bev/c was selected ' 

by a gas Cerenkov counter telescope..and..allowed t o  . .scat. ter.  in-a  l iqu id  hydrogen 
, . . . 

t a r g e t .  Both the forward sca t te red  p a r t i c l e  and proton r e c o i l  were detected .by a 

crossed s l ab  hodoscope s c i n t i l l a t i o n  counter system which defined 144 counter 

. 
. -  . areas  f o r  the forward sca t te red  p a r t i c l e  and 484 counter areas  f o r  the r e c o i l  

and coveredi- 1CPL of . t he  avai labe so l id  angle i n  the t range of = 0.2 t o  1.0. 
a 

Another magnetic spectrometer setup to .be  described l a t e r  was a l s o  used t o  obtain 

data  points  a t  t S 0.2. The outputs from the  hodoscope counters .  were fed eo 96 

f a s t  discr iminator  ga tes  which were opened simultaneousiy upon a k i t a b l y  generated 

' t r i gge r  s igna l  indicat ing a p a r t i e l e  had s t r u ~ k  each hodoscope. The 96 b i t s  of in -  
. . 



formation specifying an event were then t ransfer red  through t h e . g a t e s  and the 

. . input s tages of a d i g i t a l  autqmatic data  handler t o  i t s  magnetic core memory 

which had s u f f i c i e n t  memory f o r  32 events per AGS pulse (- 1.5-3 sec  period).  

Between AGS pulses these .data  b i t s  were recorded on magnetic tape and s i k l t a n e -  . 
ously transmitted over telephone l i n e s  t o  the  Brookhaven Merlin Computer f o r  on- 

l i n e  immediate processing according t o  a previously debugged program. 

A t  the end of each.data-taking'period, the computer determined the  

e l a s t i c  sca t te r ing  events by coplanari ty  and k i n e d t i c  angle requirements and 

subtracted a background general ly  one t o  a few per cent  f o r  most of the, t range 

but f o r  a few cases a t  h i g h e s t . t  values,  i t  became a s  h igh . a s  30%.. The computer 

then calculated f o r  each of 12 t ranges, the absolute  e l a s t i c  cross-sect ion,  

.&Idt and i t s  s t a t i s t i c a l  e r r o r .  Except £or second order cor rec t ions ,  (such, a s  

accidentale ,  exact normalization) s l i g h t  changes i n  beam momentum and angle measured 
. . 

more accurately during the data  run, and o ther  t i m z ~ l l  correct ions,  experimental 

values were ava i lab le  anitime f o r  inspect ion upon computer p r in t  out  command, and 

a l s o   oscilloscope^ displays.of the kinematic requirements and the associated e l a s t i c  

s ca t t e r ing  peaks were continuously ava i lab le  i n  our data  t r a i l e r  on the AGS f loor .  
I 

Therefore, the r e s t u l s  of the experiment were known a s  i t  was run. We were ab le  

t o  obta in  a t  l e a s t  10,000-20,000 e l a s t i c  s ca t t e r ing  eventslhour where beam r a t e s  

' - were high and ' t h i s  represents  more than 'one and perhaps two orders  of magnitude 
. . 

. increase over previous experiments and furthermore, our systematic e r r o r s  were 

considerably smaller than f o r  previous experiments. , F o r , f u r t h e r  d e t a i l s  of the  
x .  

apparatus see (5) and '(7). . . . 

. . 
* . . . - p + p and # + p ' b l a s t i c  Scatterinp; 

. Figs.  (3) and (4) summarize the r e s u l t s  obtained f o r  7-20 Bev/c p + p 

and'+ + and TI- + p e l a s t i c  s ca t t e r ing .  The graph ord ina te  i s  proportional t o  . 

a with the normalization chosen f o r  convenience so  t h a t  the ord ina te ;  . 
. . 



equals dz ld t  mb ~ e v / c  a t  20 ~ e v / c . .  Corrections were made f o r  beam co'ntamination, 3 
background, acc identa l s ,  pion decay, e t c .  The e r r o r s  shown a r e  compounded est imates  

of r e l a t i v e  erronwhich a f f e c t  conclusions regarding shrinkage. These include s t a -  

t i ' s t i c a l  e r r o r s  (standard deviat ion) ,  r e l a t i v e  e f f ic iency  e r r o r s ,  r e l a t i v e  normali- 

za t ion  e r ro r s ,  uncertainty i n  background subtract ion,  and r e l a t i v e  e r r o r s  in'troduced 

i n  ca lcu la t ing  mean t values due t o  momentum and angle unce r t a in t i e s .  . 

The absolute normalization i s  estimated t o  be uncertain by 5%' f o r  p + p 

and about 7% f o r  # + p. We bel ieve a 10% uncertainty i n  absolute  s ca l e  i s  a suf-  

f i cen t ly  conservative l i m i t ,  with t h e  r e l a t i v e  sca l e  f ac to r  between the two d i f -  

f e r ek t  types of incident  p a r t i c l e s  uncertain t o  5 h r  l e s s .  

The fits. 'shown'are df the form a &..bt+ct2 and the c co-ef f ic ien t  

i s  always 'pos i t ive ,  gnera l ly  20% of the b co-ef f ic ien t  with an e r r o r  < 114-112 the 

co-ef f ic ien t  f o r  each.individua1 momentum, and i s  c l ea r ly  s t a t i s t i c a l l y  s ign i f i can t .  

Therefore, slope analyses and op t i ca l  theorem ext rapola t ion  analyses of data  which do 

* not include the c P  term a r e  u n r e a l i s t i c .  Brandt e t  al(') have r ecen t ly  reported 
' 

, . 

a bubble chamber exper.im=nt on 10 Bev/c n- + p ' e l a s t i c ~ s c a t t e r i n g  data ,  which. within 

e r ro r s  agrees with our 10 ~ e v / c  data .  Table I s ' u d r l z e s  the parameters obtained f o r  
! 

W E  n* + p data.  
I 

Regge Pole Analysis 

In  the p + p case (Fig.. 3) one can observe a c l e a r  Regge type shrinkage 

with increasing ,s o r  incident  momentum of the f i t  curves, but i n  the 

r r f +  p case (Fig. 4) one f i t  e a'bt+ct2 independent o f  s (or incident  momentum) repre- 

s a s  the data well (Xa of 63 where 48 i e ,  expected. f o r  n+ + p, $ o f  51 where 47 i s  

expected f o r  n' + p) . A s  can 'be seen i n  Fig.  1, the n' + p and n+ + p f i t s  a r e  

within e r r o r s  *bout' the same a t  low t but there ie .  a somewhat g rea t e r  average s lope  in .  

the n- + p . f i t ,  

Both the one pole and three pole model (or ' m l t i - p o l e )  model can be 

represented by an equation of the form: . , 



where a ( t )  i s  independent of the choice of so which , i s  absorbed i n  F ( s , t ) ,  and the 

s dependence of F i s  absent i n  the one pole model and r e l a t ive ly  weak i n  the three 

pole model. Therefore, neglecting s dependen=e of F ( i  .e . , equivalent one pole 

analysis)  the best way to determine a ( t )  a t  a par t icular  t* for  a s e t  of dat'a a t  

d i f fe ren t  s . i s  from eq. 15 where the slope of the l irmr l e a s t  squares ' f i t  gSves 

2a( t )  -2. The r e su l t s  of such analyses a r e  shown i n  Figs.  (5),  (6), and (7). ' 

We then l e t  a ( t )  a +bt**and found good f i t s  to  our data i n  a l l  cases 
. I 

a s  follows: 

7-20 Bev/c a ( t )  = (1.07 * .03) + (0.83 k 0.0Y)t 
F+ p 

(16) 

. . 

considering P, P '  , p:and w poles, with spin averaged amplitudes and para l le l  Regge 

t r a j ec to r i e s  we cannot explain the above r e su l t s .  

From the lack of any difference within s t a t i s t i c a l  e r rors  for  an-+ p 

and %+ + p and the lack of o r  very slow convergence of the small difference of 

t o t a l  n- + p and n+ + p c ' ross-se~t ion( '~)and the small difference i f  t o i a l  (p + p)-(0 +p) 

one can conclude tha t  the p pole i s  re la t ive ly  weakly coupled and neglect it*@(3b); 

The w has wrong G par i ty  (= -1) and does not e n t e r ,  i n  n* + p case. The 

remaining P and P' therefore both being vacuum poles would be expected t o  be.coupled . 

with the same positive s ign i n  n+ + p and n- + p. The r e l a t ive  amplitude of P '  .and- P 

i s  fixed by t o t a l  cross-section data.  (10) 

In the p + p case the Pg and w must have approximately equal and opposite 

, imaginary amplitudes a t  t = o t o  give energy independence of o t  (p + p) above 10 Bev/c , 

and the magritude of these amplitudes i s  estimable from the difference of o t ( ~ P ) - o , ( p e p )  
(11) 

*Second order .var iat ions i n  t were interpolated out using the l e a s t  squares f i t s  t o  
' our data.  
**a must not be assumed unity,  since r ea l  amplitudes and changes i n  functional form 

near t = 0, o r  .normalization e r ro r s  i n  t o t a l  cross-section data w i l l  af  fec t  a .  

. **"One should remember tha t  we a re  talking about spin averaged amplitudes i n  regard 
t o  t o t a l  i ross-sect ion experiments, since i f  one allows a vas t ly  d i f fe ren t  non- 
f l i p  and spin f l i p  amplitude, the t o t a l  cross-section experiments only measure 
the non-flip amplitude. 
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From the foregoing one would conclude t h a t  p + p and n' + p and 

TI+ + p a l l  would exhib i t  comparable shrinkage descr ibable  by a s imi l a r  a ( t ) ,  

which i s  obviously contradicted by the experiments and the Regge pole hypothesis - . 

made above a r e  incor rec t .  

,The e f f e c t s  of more complex assumptioris. (eeparate and a r b i t r a r i l y  

coupled spin f l i p  amplitudes; cu t s ,  more poles, e t c . )  can be more f'itfully di s -  

cussed l a  t e r .  

. I 

. . K+ + p E l a s t i c  Sca t t e r ing  

Fig,  8 presents our e l a s t i c  s ca t t e r ing  data  f o r  d + p a t  incident  

momenta 7-15 Bev/c. The ,data  was t r ea t ed  i n  a s imi l a r  fashion a s  ' f o r  nt +' p. 

Since from the t o t a l  cross-sect ion data  (12') i t  was concluded there i s  no' momentum 

dependence i n  t h i s  momentum i n t e r v a l  daldt mb/@evlc) a ..: was. p lo t ted  d i r e c t l y  a s  t h e  

ordinate  without the previously used normalization. '  The l e a s t  squares f i t s  shown 

a+bt+cl? ; , . a r e  of the  previously used form daIdt = e 
! 

The r e s u l t s  of the equivalent one pole a n a l y s i s . f o r  a ( t )  a r e  shown 

i n  Fig.  9. 
5 , ;  

The l e a s t  .squres l i n e a r  f i t  f o r  a ( t )  = a + b t  gave the r e s u l t .  

a ( t )  = (0.71 f 0.20) + @003 f a 2 3 0 ) t  . (20) 

The e r r o r  on a a l l ows ' fo r  5% estimated uncertainty i n  the f l a t n e s s  

of the + p t o t a l  cross-sect ion and o ther  systematic e r ro r s .  .The d i f fe rence  of . ' 

. a  form uni ty i s  not considered s ign i f i can t .  

The r e a l  t e a t  of Regge type shrinkage i s  the  b ' co -e f f i c i en t  i n  a ( t )  P a +bt. 

This i s  so because any. r e a l  amplitude varying with incident  momentum 'or r e l a t i v e  

normalization e r r o r  i n  e i t h e r  the incident  momentum dependence of the t o t a l  cross- 

sec t ion  o r  the daelldt w i l l  s ens i t i ve ly  change a form unity.. However b.  w i l l  be 

.&os t  independent of any n o k l i z a t i o n  e f f e c t  o r  change i n  r e a l  amplitude with in-  

c id i en t  'moemntum* s ince  i t  measures the change i n  ehape of the d i f f e r e n t i a l  ; l a s t i f  

e r o v i d e d  there i s  no coupled s and t dependence. .: . , 



sca t t e r ing  curve a s  a function of s r a t h e r  than the change i n  normalization and i t  

i s  therefore e s s e n t i a l l y  only the b t  terms i n  a ( t )  which gives the Regge shrinkage 

e f f e c t s .  We see from eq. (19) t h a t  b i s  cons is ten t  with zero ( i . e . ,  no shrinkage).  

The systematic pa r t  of the e r r o r  i n  b can be well  estimated t o  be a negl ig ib le  

f r a c t i o n  of the e r r o r  s ince  the same apparatus and ca l ib ra t ions  .were used a s  i n  

the very accura'te p + 'p and nf + p experiments. Therefore,  s t a t i s t i c a l  ' probabi l i ty  

considerations can be d i r e c t l y  applied to  t h i s  e r r o r ,  and we see  , t h a t  3 17 standard 

deviat ions a r e  required t o  obtadn the  same value of b a s  f o r  p + p and only a 1.8 
. . 

deviat ions to  o b t a i n -  h the value of b a s  f o r  p + p. Natural ly  negative values 

(anti-shrinkage) of b a r e  j u s t  a s  l i k e l y  a s  pos i t ive  values s ince  the mean.value 

i s  near zero. 
- 

From the Regge pole theory point of view the e + p shrinkage behavior 

was expected t o  be s imi l a r  t o  p + p s ince the same Regge poles en t e r  and the f l a t -  

+ ness of the K + p t o t a l  cross-sect ion implied the same cance l la t ion  of w and P '  
. . 

poles which was used i n  the p + p case,  and the behavior of the K- + p cross-sect ion 

a l s o  supports t h i s .  

, Another i n t e r e s t i n g  p o i n t  i s  t h a t  i n  the f i t s  do/dt - eae(b +ct)t to - 
the data  &he average value of b + c t  i s  comparable f o r  pos i t ive  and negative pions 

and protons over the 7-15 Bev/c inc ident  momentum .range, whereas f o r  the + p the 
! - . . 

b + c t  i s  considerably l e s s  (by about - 3CR) implying t h a t '  the .K+ i s  a small p a r t i c l e .  

The question of e f f e c t i v e  p a r t i c l e  r a d i i  w i l l  be, t r ea t ed  i n  more d e t a i l  l a t e r ,  

- 
p + p ElastSc Sca t t e r ing  

Fig. 10 presents  our data  fo r  du 
el l& 

f o r  p +' p at. 7.2,g.O and 11.9 Bevlc . . ' 

. 

incident  . The ord ina te  i s  do/dt & mb .- . . 
dtOpt (~ev lc ) '  

with the normalization chosen so t h a t  the ord ina te  i s  equal' t o  doldt a t  

the highest  inc ident  momentum 11.9 Bev/c. 

The average slope of the 'exponent ial  f i t  i s  considerably s teeper  than 

, f o r  a l l  other. i n t e r ac t ions  measured. 
3 . . 



Fig .  11 shows an equivalent one Regge pole ana lys is .    he r e s u l t  i s  

a ( t )  = (0.79 * 0.36) - (1.39 f 1.36)t and due t o  the s i z e  of the e r r o r  i s  c l e a r l y  i n -  
P + P 

conclusive. 

K- + p E l a s t i c  Sca t t e r ing  I 

Fig. 12 presents  our data(6) f o r  doelldt (K' + p) a t  inc ident  

momenta of 7.2 and 8.9 Bevlc. 
. I  

The average slope is  comparable with t h a t  f o r  pions and protons, 

and considerably l a r g e r  than fo r  K+ (see s e c t .  on P a r t i c l e  Radii) .  ' 

Effect ive P a r t i c l e  ~ a d i i  
. . 

In  the ~ n t r o d u c t i o n  we saw t h a t  f o r  t 5 .3 and R FZ 1 fermi. 

The black d i sc  o r  sphere o r  constant absorption d i sc  op t i ca l  model 

e-/k)a t and tha t  an ex- e l a s t i c  s ca t t e r ing  can be presented by do/dt = dq/dtiOpt IT 
ponential  form would a l s o  correspond t o  a  Gaussian po ten t i a l .  Hence R i s  a  

reasonable de f in i t i on  of an e f f ec t ive  radius, f o r  the in t e rac t ion .  Unfortunately, . : 
& a+bt+ct2 and 

our data exhib i t  s ign i f i can t  c  co-ef f ic ien ts  when we l e t  do/& =. e 
. . 

therefore R = t ( t )  s o  t h a t  an e f f e c t i v e  radius should be defined a s  the slope of 

the exponential a t  a  pa r t i cu l a r  value t, R = b +2ct 'which ' is  expected to  r e f l e c t  

1 the average o r  e f f ec t ive  behavior of the radius and, of course, t h i s  t value 

4 should be i n  the measured range. 

We believe . t ha t  t 0.1 t o  0.2 corresponding t o  t ransverse momenta1 of 

2. 300-450 Mevlc (and dis tance w 213 t o  112 fermi), i s  a  reasonable compromise i n  . . 

averaging over outer  .pion cloud and core regions of the intera 'c t ions,  -and we use 

t w 0.2 s ince i n  a l l  cases ,  our data extends down to, t ha t  re'gion. Since a proton 

ta rge t  i s  common i n  a l l  cases ,  we may f o r  convenience, assoc ia te  the radius of .,the 

i n t e rac t ion  with the incident  p a r t i c l e .  

*of a  magnitude outs ide e r r o r  i n  l i nea r  approximation f o r  Gwssien poten t ia l  



Fig .  13 shows our p + p r e s u l t s  fo r  the exponential slope = 

(b + 2ct)-L-) b  + 0.4 c  . R a t  t $0.2. Er rors  include s t a t i s t i c s  and q T r  
est imates  of systematic e r r o r s  i n  the est imates .  The lower energy data ,  

including estimates of the e r r o r  i n  making comparison from l i n e a r  f i t  

(no ct;' beam) i s  a l s o  shown. 

. The slope of the 'exponential a t  t ss .2 w i l l  be expected to  only . 
loosely r e f l e c t  the Regge pole shrinkage e f f e c t s  with la rge  e r r o r s  s ince  the  

conclusions on Regge pole effect!s a r e  based on a l l  the data,  not jus t .  a t  one t 

value. We find a  trend f o r  a  growth of e f f e c t i v e  radius with increasing momentum 

as. we would expect with r e l a t i v e  values changing from 1.06 f 0.04 f  ( a t  7  Bev/c) 

t o  ~c 1.18 f 0.05f. The' average e f f ec t ive  radiue i~ 1.14 f0.015f (7-20 Bevlc).  A .. 

s imi la r  p lo t  f o r  e f f ec t ive  r a d i i  i n  n' + P and nf + p i s  given i n  Fig. 14. 
, , . . 

Here we see  no trend f o r  change with incident. &menturn'. The average. .. ' ,  

effecitive r a d i i  f o r  (7-17 Bevlc) n' + p ~c 1-11. f, 0.018f ; 

The d i f fe rence  i n  e f f ec t ive  r a d i i  f o r  n+ + p and n- + p is  not con- 

sidered necessar i ly  s ign f i c i an t .  A s  one can a l s o  note  on the average (from 7-20 Bevlc) 

pions* and protons have .almost comparable r a d i i .  ' 

Fig, 15 shows t h e  e f f ec t ive  r a d i i .  ded& f o r  + p, K- + p and p + p 

. . . in te rac t ions .  

It i s  c l e a r  t h a t  p + p e f f e c t i v e  radius i s  much l a r g e r .  than observed 
' 

. f i r  pions and protons. For 7-12 Bevlc the average eff.rad (p + p) = 1.35 f 0.08f . 

and may be increasing'  a t  lower momenta. 

0 

The K- + p (7-9 Bevlc) on the o ther  hand, has Refg = 1.13 4 .04 and is 

comparable with protons. and pions* i n  size.. The average k + p eff, radius  f o r  . . . 

7-15 Bevlc i s  0.95 f .04 and considerably smaller than the  K- o r  n9, n' o r  proton 
. . 

e f f ec t ive  r a d i i .  . . . 

* *r l e a s t  tor negslive pions, s i&e IT+ + p may h a k  a  s o ~ w h a t  smaller e f f ec t ive  

radius.  



Hence t o  summarize the e f f ec t ive  p a r t i c l e  s i z e ,  the appears t o  be 

. . e f f e ~ t i v e . 1 ~  l a r g e s t ,  then n', &, K' and p (on average neglect ing Regge e f f e c t s )  

' ,  a r e  a l l  comparable, followed. by the K+ which i s  the sinallest .  

Magnetic Spectrometer Setup f o r  1ow.t Data 

The previously described hodoscope equipment (co-incidence se.tup) 

selected e l a s t i c  s ca t t e r ing  events by kinematic requirements (coplanarity,  and 

kinematic angle) over t h e .  t range = 0.2 to' 1 . o ( B ~ v / ~ ) ~  . For the lower t points  

we used magnetic spectrometer.setup shown in .F ig .  16. This was necessary 'since the 

r e c o i l  protons stopped i n  the t a rge t  a t  low t . . . 

Hodoscopes HI and H, cons is t ing  of 28 and 00 respect ively v e r t i c a l  

s l a b  counters 6" x wide measured the  angle by which the,  incident  p a r t i c l e  was 
. . 

sca t te red  by the Hydrogen t a rge t  i n  the hor izonta l  plane with a reso lu t ion  of . *  
f 1 mrad. 

Hodoscope % cdns i s t s  of crossed s l ab  counters 2.5 inches wide by 30 

inches long arranged i n  an .array of 120" wide by 30". high measured both the v e r t i c a l  

and horizontal  pos i t ion  of the sca t te red  p a r t i c l e  a f t e r  passing throug the analyzing 

magnets. The momentum of the sca t te red  p a r t i c l e  was measured with a reso lu t ion  of 

f 1.5%. The t r igger ihg  log ic  was arranged s o  t h a t  a p a r t i c l e  wa8,required t o  s c a t t e r  

' 

by 15-55 m a d ,  s t r i k e  I& and to  have a momentum (>IS-50% P inc ident )  depending upon 

t h e . s c a t t e r i n g  angle t o  open the ga tes  from the counters.  Coding was used t o  reduce 
. . 

the number of input pulses  t o  96 and the previously described data  handling system 

and on l i n &  computer was used. 

For those events having only one p a r t i c l e  per hodoscope the space a n g l e ,  

0 .  and momentum of the sca t te red  p a r t i c l e  was calculated.  The npomentum spectrum of 

the p a r t i c l e s  within each angular bin (5 mrad'was calculated and general ly  show=d 

a peak a t  the proper e l a s t i c  momentum w 5-10 timee background. . 4, 



The on l i n e  computer to ta led  the number of possible  e l a s t i c  p a r t i c l e s  

\ .  
a t  the r i gh t  momentum i n  each bin,  calculated and subtracted the background, c a l -  

culated absolute .cross-sections i t s  s t a t i s t i c a l  e r r o r  and the mean t values 

f o r  the bin. Final  2nd order  correct ions to  the data ,as  previously,werq made a f t e r  

the experiment. 

Hodoscopes HI and Hz measured inc idne t  beam d i r ec t ion  t o  < 0.2 mrad. 

The analyzing magnets were ueed to  s e t  and mcaeure bearrl'mmentum t o  < 0.2%, using 
. I  

3 center ing counters near & . SO f a r  we have evaluated the  data from t h i s  setup 

only f o r  p  + p and n' + p. Typical. r e s u l t s  a t  2  momenta of the magnetic setup 

and compared to  the previous r e s u l t s  (co-incidence setup)  a r e  shown i n  Fig.  17 

(P + p) and i n  Fig.  18 (n' + p).  A s ing le  calculated r e l a t i v e  normalization f ac to r  

well  within the r e l a t i v e  normalization e r r o r s  of the two setups was used. There i s  

considerable overlap of the two types of data espec ia l ly  a t  the higher  momenta and 

the agreement between these two systematical ly  e n t i r e l y  d i f f e r e n t  methods i s  very 

good. F i t s  of the form do/dt = ea+bt*t2 a r e  shckn t o  a l l  the data  combined a t  the.  

two momenta and an intermediate one. 

The three  .p +. d f i t s  show the well-defined Regge shrinkage increasing 

with increasing t , 'whereas the n- + p f i t s  show no such e f f e c t  . The random 

wandering of the n' + p f i t s  a t  high t ju s t  r e f l e c t s  the poorer s t a t i s t i c s  i n  t h i s  

' region. These and s fmi la r  f i t s  to a l l  n: + P and P + p data  w i l l  be used l a t e r  t o  

. estimate the t o t a l  elasticcross-'sections'and a t  t o. We expect i n  the near 
. . 

, fu ture  t o  complete the treatment of the low t (magnetic s e t u p )  data fo r '  n+, 6;  and 

. . 6 incident  p a r t i c l e s .  . 

Total E l a s t i c  Cross-sections 

Having f i t s  t o  the  data of the form do/de = ea'bg+c< i t  i s  an easy 

k t t e r  to assume t h i s  functional form and integrate* and obtain the gotal  cross-  

a . s ec t ion .  Natural ly ,  both the ove ra l l  accuracy of the r e s u l t  and the s j z e  of possible 

*The in tegra t ion  was car r ied  t o  t 0 l[Bev/c).a The e r r o r  i n n e g l e c t i n g  highers  t con t r i -  
' , bu t ions  i s  estimated to be e n t i r e l y  negl ig ib le .  



ext rapola t ion  e r r o r s  a r e  reduced by very low t points  and therefore  the data 

obtained by the magnetic spectrometer method i s  pa r t i cu l a r ly  valuable i n  t h i s  

respec t .  So f a r  we have evaluated a l l  the data  including the magnetic spectro-  . . 

meter s e t u p  f o r  the n' + p and p + p so we w i l l  ' t r e a t  t h i s  d a t a  f i r s t .  
. . . . 

Fig. 20 (a) shows the t o t a l  e l a s t i c  cross-sect ions we obtained from . 
. . 

p + p and n- + p data .  A l l  sources of r e l a t i v e  e r r o r  have been included i n  the 
I 

e r r o r  points  but the absolute  s ca l e  fa'ctor is ,  of course, uncertain by the  same 

coristant (5-10%) a s  f o r  the d i f fe rence  of the cross-sect ions . 
' Results from other  experiments i n  t h i s  momentum region a r e  a l s o  shown 

. . 

, and i t  i s  c l e a r  there is  a good agreeient  wi,thin e r rorb .  There i s  a sys t&at ic  

trend i n  our p + p data  f o r  a decrease of '  the e l a s t i c  cross-sect ion with increasing 

momentum, but t h i s  e f f e c t  i s  e i t h e r  small o r  absent i n  our n- + p da ta .  

Fig. 19 shows ue1lu f o r  our p + and,n' + p data  and is  subs t an t i a l l y  
t o t  

l a rge r  f o r  p + p, implying the pion is more t ransparent .  

+ Although u (n + p) i s  not shobn, i t  i s  estimated om our co-incidence 
setup data  ( t  ;. 0.2 - f f0)  t h a t  the cross-sect ions a r e  s imi l a r  ihoee f o r  n- + p 

, . but perhaps -- 7% lower i n  value. 
. . '+ The e l a s t i c  cross-sect ions fo r  p + p, K + p and .K- + p a r e  obtained 

, 

I 

from an . in tegra t ion  of the co-incidence setup data  only and a r e  shown i n  Fig. 20(b). 

The forthcoming f i n a l  an lays i8 ,of  .the magnetic spectrometek data  f o r  

these p a r t i c l e s  w i l l  provide b e t t e r  f i n a l  values.  

Optical  Theorem 
. . 

The, op t i ca l  theorem predict ion i n  convenient p rac t i ca l  u n i t s  can be 
I \ 

doldt 2 ~ . 0 5 1 ( u ~ ~ ~ ) ~  (mb)a where the equal i ty  appl ies  

. . for  no r e a l  pa r t  of 

Fig. 21  is  a p l o t  of a compar is~n  of the extrapolat ion of our data  (magngtic 

. . . and co-incidence) and fhe o p t i c a l  theorem predicr ion by using the  f i t s  doldt-e a+bt+c t2 



and s e t t i n g  t = o .  We have used our previous normalization method so t h a t  we p lo t  

an ordinate&dcsldt/& and the normalization i s  such t h a t  the ordinate  i s  
dtop t 

2 a t  20 ~ e v / c .  doldt (mbl (Bevlc) ) 
The 'dotted s t r a i g h t  l i n e  then 'represents the op t i ca l  theorem pred,iction. 

The e r r o r s  shown a r e  r e l a t i v e  e r r o r s  only, and, of c'ourse, the same 

absolute  sca le  uncertainty (5-10%) e x i s t s  a s  f o r  the d i f f e r e n t i a l  cross-sect ion data .  

The n' + p data  agree well with the o p t i c a l  theorem and show no s igni -  
. I 

f j c a n t  va r i a t i on  with incident  momentum. 

The p + p da ta ,  on the o t h e r  hand, al&ough they agree & e l l  with the 

o p t i c a l  l i m i t  i n  the region of 17-20 ~ e v / c  show a systematic tendency t o  be above 
. . 

a t  lower momenta. Considering the absolute  sca le  uncertainty,  and the s i z e  of the 

r e l a t i v e  e r ro r s ,  and possible  r e l a t i v e  e r r o r s  a s  a function of momentum i n ' t h e p  + p 

and n' + p t o t a l  cross-sect ion,  we do not bel ieve t h a t  the precf s ion of the present 

ana lys is  allows one t o  d e f i n i t e l y  conclude t h a t  t he re  i s  convincing evidence f o r  a 

r e a l  amplitude i n  the p + p case, when one considers a l l  the  possible  systematic 

e r ro r s .  However, we s h a l l  fu r the r  inves t igah  t h i s  point*. *From 'an extrapolat ion 
. . 

of the n+ + p co-incidence data  we, expect a s imi la r  r e s u l t  i s  f o r ' = -  + p, namely 

consistency with the o p t i c a l  theorem. However, f o r  a c r i t i c a l  evaluation of ?+ + p, . . 

K+ + p, n' + p and p + p i n  regard t o  the  o p t i c a l  theorem w e  muat .await the completion 
. . t 

! ' .  
8 .  

' of the magnetic data  ana lys is . ,  . . 

Opacity . 

Our data f o r  the p + p case y i e lds  the  .following approximete estimate f o r  

the  atrerage opaci ty using eq. (12) 
, . 

6 0.74 '* 0.022 and 

For both pos i t ive  and negative pions the average opacity i s  consis tent  

with fi .S f 0.03 

*Note added a f t e r  conference--see paper by ~ ( l p b b w h i c h  report8 observation of an i n t e r -  
ference e f f e c t  between the coulamb~amplitude and a r e a l  par t  of the p + p . sca t t e r ing  am- 
p l i tude  f o r  6.5 and 10.5 p. + p in t e rac t ion .  



For pos i t ive  Kaons (7-15 Bev/c) 6 d . 5 5  f 8.04 

. For negative ~ a o n s  (7-9 Bev/c) 6 4 . 5 1  f0.04 

For ant i -protons (7-12 B;?v/c) 6 - 0 8 3  f0.07 

Discussion . 
With the advent of the Regge pole theory i t  was the g rea t  hope of many 

I t h a t  f i n a l l y  a simple and d e f i n i t e  prescr ip t idn  f o r  two body f i n a l  e t a t e s  a t  high- 

enough energy'had been found. 

It was o r i g i n a l l y  general ly  considered :that perhaps i n  the neighborhood 

of 2 10 ~ e v / c  the vacuum pole would Qminate s u f f i c i e n t l y  s o  t h a t  e f f e c t s s  ..of o ther  
' 

. . . . 
poles might be neglected. The t o t a l  cross-sect ion data  (10-12) and other  reasons 

1 

then made i t '  c l e a r  t h a t  o ther  poles,  including the next highest lying t r a j e c t o r i e s ,  ' 

the p and w vector  mesons should be included and a second ( I g i ' s )  vacuum pole' PI . . . . .  

o r  equivantly a d i s to r t ed  ABC t r a j ec to ry .  'This  led to. the four-pole model.,,which . -' 

I 

immediately became the  three-pole model a s  the p coupling appeared t o  be r e l a t i v e l y  ' 

weak. spin-averaged amplitudes and p a r a l l e l  and approximately s t r a i g h t  l i n e  Regge 

pole t r a j e c t o r i e s  were assumed of average slope deduced .' from the nucleon t r a j ec to ry .  

The three-pole model o r  even the vacuum pole model alone can be e a s i l y  

made t o  f i t  a l l  t o t a l  cross-sect ion data  and the r e s u l t s  of our p + p (7-20 ~ e v / c )  

e l a s t i c  sca t te r ing  experiments yhich exhibi ted Regge shrinkage cornpatable with the 
' 

or ig ina l  es t imate,  and f o r  which we determined from an equivalent one-pole ana lys is  tha t  . . 

a ~ + ~  
= (1.07 f .03) + ( 0 ~ 3 i 3 k  0.07)t , 

But then we cannot avoid a predict ion f o r  subs t an t i a l  Regge shrinkage fo r  
. . 

, our (7-17 Be+/c) n+ + p a n d  n- + p 'which i s  completely incomparable with our high pre- ' . 
c i s i o n  r e s u l t s  f o r  no Regge shrinkage within em11 errors . '  : . 
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Therefore, we must introduce addi t iona l  e f f e c t s .  The p pole i s  shown 

t o  have a small e f f e c t  s ince the a ( t )  i s  the smae within e r r o r s  f o r  n+ + p and rr- + p 

and the sca t t e r ing  amplitudes have i t  coupled equally and opposi te ly i n  the two cases .  

The K+ + p e a l s t i c  s ca t t e r ing  would be expected to  exhib i t  s imi la r  shr in-  . , 

. . kage behavior to  the p + p since the same Regge poles a r e  involved and P"and w a r e  
L 

a l s o  cowpled opposi te ly (imaginary amplitudes) t o  obtain the constant t o t a l '  cross-  

sec t ion  j u s t  a s  i n  the p + p case. However, we f ind the K+ + p cons is ten t  with no 

Regge shrinkage within e r r o r s  a n d l i t  w i l l  take 3:7 standard deviat ions t o  obtain 
. . 

the same slope fo r  the equivalent vacuum pole t r a j ec to ry  a s  i n  the p + p case. 
, 

I f  we allow enough new a r b i t r a r y  parameters we should eventual ly,  of 

course, succeed i n  explaining any . . f in i te  s e t  of experimental da ta ,  but such explan- 

a t i ons  may well be ju s t  convenient 

One way t o  obta in  more parameters and possibly explain these r e s u l t s  i s  

t o  allow separate  spin f l i p  and no*£ l i p  co-ef f e i c i e n t s  with; a r b i t r a r y  couplingb fo r  the 

four poles we have already considered.* . . 

Another way is  t o  admit cu t s  i n  addi t ion  t o  Regge poles a s  Mandelstam and 

Amati eta1 have shown t h e i r  e f f e c t s  t o  be subs t an t i a l  (17). 

Gatland and  offa at (18)' have arbi t rar i ly  assumed .the energy var iab le  s 

en t e r s  the equations i n  the normalized form only = and then t r i e d  t o  explain our, 
2wms 

experimental r e s u l t s  i n  terms of a s ing le  vacuum pole and a fixed c u t .  This makes 

hl . .++ p e  .5(dp + +and allows the cu t  t o  dominate n' + p (which a r e  more asymptotic), 

giving l i t t l e  shrinkage while the vacuum pole dominates p + .p .  

Also according t o  these authors with a scheme of t h i s  type, the K+ + p 

0 should show very l i t t l e  shrinkage effe.ct .  
. . 

Of i n t e r e s t  i s  a recent conclusion by Freund and Oehme (19) t h a t  i t  is  . . 
possible  but not easy t o  obtain a non=shrinking d i f f r a c t i o n  pa t te rn  within the frame- 

work of causal dispersion theory. 

Let us now &mmarize some of the other  general fea tures  ofo t h e  e l a s t i c  

@ , sca t t e r ing  i n t e r a c t i o n s  we have observed. 
. 

*Cri t ica l  t e s t s  of such an approach a r e  being considered. by G.  Chew and co l labora tors ,  
. . 

Pr iva t e  Conmntnicati on. 



The e f f ec t ive  t a d i i  [see def eq. (9)] of n+ + p  and IT' + p  in t e rac t ions  

exhib i t  no momentum dependence (from 7-17 Bev/c) and ha,ve an average value of 

1.08 f 0.015 which agrees within e r r o r s  with the average value of lower momentum data .  

The p  + p  in te rac t ion  e f f  r a d i i  exh ib i t  i n  general an expansion with increas ing  momentum 

( r e f l ec t ing  the Regge shrinkage e f f e c t ) ,  changing from w 1.06 f 0.04f a t  7 Bev/c t o  

-,. (1.18 k0.05)f a t  20 Bev/c. The (7-20 ~ e v / c )  p  + p  average e f f e c t i v e  radius i s  

. 
c 1.11 Q(.?.O2f. Hence, c lose  t o  the average pion radius.  

The average @ + p  radius (7-15 'Bev/c) i s  0.95 f 0.04 and i s  s ign i f i can t ly  

lower than f o r  the incident  pions and the protons. However, the (7-9 Bev/c) K' + P .. 

average e f f  radius 1.13 f 0.04 i s  comparable t o  t h a t  f o r  incident  pions and protons. 

The average p + p  radius (7-12 Bev/c) i s  1.35 ,f 0.08 and i s  s ign i f i can t ly  

l a rge r  than fo r  the incident  pions and protons and i s  probably increasing with lower 

momenta (- 3.25 Bev/c). 

One cannot, unfortunately,  e a s i l y . d i r e c t l y  r e l a t e  these nuclear i n t e rac t ion  

r a d i i  with the electromagnetic r a d i i  determined by the classic experiments s t a r t ed  many 
' 

years ago by Hofstadter and co-workers a t  Stanford(20).. This i s  so bec!use the e lec t ro- ,  

magnetic i n t e rac t ion  r a d i u s ' i s  more sens i t i ve  to  the s p a t i a l  d i s t r i b u t i o n  of charge but 

the nuclear i n t e rac t ion  r a d i i  a r e  mostly determined by the radius out t o  which the p a r t i -  

. cu la r  nuclear i n t e rac t ion  i s  resonably s t rong.  

As £ar  a s  opacity i s  ccincerned, the p + p  i s  most opaque (7-17 Bev/c) 
. . 

6 a 0.83 f 0.07 increasing t o  6 w. 0.96 f 0.05 a t  3/25 Bev/c (7-20 Bev/c). 

Next comes p  '+ p  (7-20 ~ e v / c )  with 6 = 0:74 f 0.022 and . f ina l ly ,  the 

mesons, pions (7-17 Bev/c) and ~ a o n s  (7-15 Bev/c) a l l  8eem.to have ,an opacity cons is ten t  . 

. . . with 6 -.0.5s 0: 0.04. 
.. . 

The extrapolat ion of do/dt t a  t = o  and comparison w i t h ' t h e  o p t i c a l  
. . . theorem gives good 'agreewnt .wi th in  e r ro r s  f o r  7-17 Bev/c n' + p  but i n  the case of 

. . 
, (7-20 Bev/c) p + p . t h e r e  i s  a  considerable systematic tendency f o r  higher values 

(- 10%) than predicted below 15 Bev/c. However, we do not  conclude t h i  a  e f f e c t  is 

s ign i f i can t  s ince we cannot ru l e ,  out  t h a t  possible  systematic e r r o r s  i n  a l l  the relevant  



quan t i t i e s ,  including t o t a l  cross-sect ions,  woul+ot reduce t h i s  e f f e c t  t o  an in-  

conclusive one. However, we a r e  analyzing t h i s  problem fur ther .  

Various t o t a l  e l a s t i c  cross-sect ions a r e  p l o t t e d ' i n  Figs.  20(a) and (b) .  

F ina l ly ,  t would comment t h a t  when reviewing a l l  of the e l a s t i c  s ca t t e r ing  

data ,  we have)just considered i n  the 7-20 Bevlc region, and t o t a l  cross-sect ion meas- 

urements, I am more impressed with the many d i f fe rences  observed than the few s imi l a r i -  

t i e s  and i t ,  therefore,  appears t h a t  the explanation of these phenomena may be qu i t e  

' 1 complex, and i t s  uniqueness qu i t e  uncertain.  
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TABLE I 

'Least  squcrrks f i t s  of r? + p data  i n  coincidence s e t - u p  t R. O..!  LO 1 u s i ~ : ~  the  par21i:etrie f o t c !  

,a?bt+ctL where t is i n  ( ~ c v / c ) ~ .  l'hc e!.lor of  a p o i n t  i n  tlic c a l -  
._r' 

c u l a t e d  f i t  is  i'ess than 'the. e r r o r  obtaine'd by t r e a t i n g  pa ramcte r s . ; !~  independent duc  Lo t l @ c  

4 '  

usua l  coup1 iag cf e r r o r s  through tlie e r r o r  ma t r  Fx which reduces the  independent l y  c a l c u l a t e d  

e r r o r  by a  f a c t o r  of 2 f o  s e v e r a l  i n  t h e  middle of the  da ta  t range.  

. ' 
- .  . . . 

. . ...: . n+ + p 
. ' - ... 

. ..> *:. , . . . 
Inc iden t  . 

M0~enti.1m. a ba b. 
. . Bev/c 

, .  . 
16.67 3 . 3 0 ,  0.175 t8.17 
14.72 ' 3 . 2 3  0.137 t-7.56 
13.71 3.38.  0.'119 +3.30 
10.75 3 .24  0..124 t7.37, 

8.76 3,41 '0.114 4 . 2 2  

I n c i d e n t  
Momen turn 
'Dev/ c I 

5 
n-:+ p c a s e  

.. . . . "  . . .': 
n+..+ c a s e  - Zj . . , . . .. - , n- + p c a s e  . . . - . . . . 

. . - ' A l l .  d a t a  taken tog'ether i n  one rit ' .. All da ta  taken t o g e t h e r  i n  one f i t  
... . - i;' = 63 where 4 8 ' i s  expacprd , . f = 51 where 47 ,is expe'cted . . 



FIGURE CAPTIONS 

F ig .  1. Chew-Frautschi P l o t  

Fig. 2  The Experimenta1,Arrangement (5,6). A Counter Hodoscope 

(co-incidence s e t  up) with Automatic Data Handling and on-l ine 
, 

computer. E l a s t i c  Sca t te r ing  i s  selected by coplanari ty  and 

kinematic angle  requirements. 

" I , . 

Fig. 3 & ' o t ( p )  i n  rnb f o r  (7-20 ~ e v / c )  
d t  k t ( 2 0  Bevlc) (~ev /c ) "  

p + p E l a s t i c  s ca t t e r i . ng  which i s  proportional t o  doid/& 
. . 

plot ted versus t ='top t 

"+ + p which i s  proportional t o  p lo t ted  versus t 

The so l id  l i n e  i s  a  l e a s t  the n+ + p 'da t a .  
. . 

The dotted l i n e  i s  a  l e a s t  squres f i t  t o  a l l  the previously reported 
, 

n' + p data.  

Fig. 5a a ( t )  versus t, the black circle 's  a r e  7-17 Bev/c (n- + p). open 

c i r c l e s  a r e  7-20 Bev/c. p  + p data  and the s o l i d  t r iangle8  f o r  p  + p 'data .. " 

above 10. Bev/c .. (5) 

F i g .  5b Compares a ( t )  from above 10 Bev/c data  only f o r  'p.  + p and, n' + p (5,6) 
. , 

Fig. 6 a ( t )  versus t f o r  R+ + p da,ta (7-17 pevlc) ., ' , , , 

4 

Fig. 7 A compilation of a(t) f o r  above 10 Bev/c p + 'p  e l a s t i c  s ca t t e r ing  from 

(5,6) and the higher t points  (4,9) 



Figure Captions (cont'd.) 

Fig. 8 .  + p Elastic Scattering - This Experiment (6). 

Fig. 9 a(t) versus t for @' + p:.. This Experiment (6) ; ' 
L 

. .  . 

Fig. 10 p + p ~lastic Scattering: This Experiment (6). 

. . 

Fig. 11 a(t) versus t for p + p: This Experiment (6). 

Fig. 12 .K- + p Elastic Scattering: This 'Experiment. (6). 

Fig. 13 p + p effective radius in fermi (right hand scale) using 
' . . 

definition .in text (see eq. ,21): This Experiment (6); and also . (13). . . 

. , , . 
. . 

Fig. 14 T? + p effective Radii: 'This ~x~eriment: (6) and (8, 14) .' 

Fig. 15 K? + p, , K- + p, and '+' p effective Radii: This ~xperiment , (6) and 

'_ 

'Fig. 16 Magnetic Spectrometer set-up for This Experiment (6) which obtained 

data' points in the range0.02 to 0.6 depending upon mdmentum. ' . 

. . .  
, '. 

.::: . , ..".*.. . . 
Fig. 17 p + p ~lastic. Scattering data at two typical incident momenta , . .  ' 

. . 

. (8.88 and 19.58 Be+) with both magnetic and co-incidence' set-up 
. . . . . . . . . *data shown, "Ihe fits are of the form do/dt ,e 'a+t&t? 'and a. third 

. , 
, . . intermediate momentum fit .is shown. 



. Figure Captions (cont ' d . ) 

Fig.  18 n- + p e l a s t i c  s c a t t e r i n g  data a t  two typ i ca l  inc ident  momenta. 

 he f i t s  a r e  of the  form do/dt = e and a t h i r d  intermediate 

momentum f i t  i s  shown. 

Fig.  19 The r a t i o  of the e l a s t i c  t o  the  total  cross-sect ion f o r  p + p and 

n- + p: This Experiment (6) .  

Fig.  20a The t o t a l  e l a s t i c  p + p and nt + p cross-sect ione.  
. . 

Fig. 20b The t o t a l  e l a s t i c  cross-sect ion f o r  p + p, K? + p and K' + p: 

 his Experiment (6) and(l.5a). 

Fig.  21 Comparison o f .  t h i s  experiment (6) w i th~ 'op t i ' c a i  theorem (please note  

discussion i n .  t ex t ) .  ' , . 
. . 
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