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I n  t h e  comse of making measurements on proton-proton scat ter ing,  it 

has occurred t o  us t h a t  l i g h t  nuclei  should be su f f i c i en t l y  transparent  

t o  high energy protons t o  allow observation of proton-proton co l l i s ions  

within t he  nucleus. The ul t imate  goal  of  such an invest igat ion would be 

t o  explore t h e  frequently used model i n  which nucleons within mc lea r  mat- 

t e r  a c t  very much a s  do f r ee  nucleons, and t o  determine the  nucleon momen- 

tum spectrum within nuclei.  Concurrently wfth our work, an experiment with 

s imilar  purposes 

One s a l i e n t  

of equal mass i s  

has been conducted by Cladis, Hess, and Moyer, 1 

cha rac t e r i s t i c  featupc of the  sca t te r ing  of two bodies 

the  f a c t  t h a t  they escape a t  90' i n  t he  labcratory system 

and it was decided t o  observe t h i s  aspect  of the  c r l l i s i on .  

I n  order t o  study t h i s  phmomenon more c lcsely ,  we have used a l i t h i m  

t a r g e t  i n  the  apparatus used previously f o r  proton-proton scat ter ing,  2 

Our experimental arrangement i s  v i r t u a l l y  i den t i ca l  t o  %hat shown i n  Fig, 1 

of reference 1, with counters A and B i n  a hor izontal  plane containing t he  

beam, We use only t h e  laboratory coordinate system, i n  which counter A i s  

a t  angle Q from the  beam, and counter B i s  a t  angle @ from the  bem on 

the  opposlte side.  

I n  t yp i ca l  observations, detector  A was kept a t  a fixed angle wkile 

t he  coincidence counting r a t e  was measured a s  a function o f  the  a n g k  @ 

of counter B. I n  a l l  cases the  coincidence r a t e s  were careful ly  extsapolated 



t o  zero beam i n t e n s i t y  t o  el iminate accidenta l  coincidence counts, Typical 

so l i d  angles subtended by t he  counters a t  the  t a r g e t  were about 0.05 s t e r -  

bdian The U thium t a rge t  ha6 a thickness of 0.46 g/~m-2. The berur, 

gra t ion rnnthod was the  same a s t h a t  described i n  reference 1. 

The curves shown i n  Figures 1 and 2 represent t he  r a t e  of coincidences 

a s  a function of the  angle of one of t he  counters, the  other counter being 

held fixed a t  45' and 30' i n  the  respect ive  cases. I n  both oases the  two 

counters and t he  beam were i n  a common plane a t  a l l  times. The abscissa  

useC i n  the  f i gu re s  i s  the  d w i a t i o n  of t he  angle between the  two counters 

from 90'. The reso lu t ion  curves shown i n  the  f i gu re s  are those calculated 

from the  s i ze s  of t h e  s t i l bene  counters. These shapes have been checked 

i n  d e t a i l  using f r e e  p-p scat ter ing.  

S i d l a r  curves have been obtained by moving counter B ver t i ca l ly ,  out  

of the  plane defined by t he  beam and counter A. These have been used t o  

perform an i n t eg ra t i bn  of t h e  coincidence counting r a t e  over a l l  posit ions 

of counter B, t o  obtain t he  d i f f e r e n t i a l  cross sec t ion  fo r  t h i s  e f f ec t  i n  

t he  d i rec t ion  of counter A. The r e s u l t  is 

(39 4 )  X cm2/sterad. - Li atom (lab. system) a t  30' (lab. ). 

The simplest analys is  of the  r e s u l t s  shown %n Figures 1 and 2 can be 

made on t he  assumption t h a t  we d ~ j a l  with p-p s ca t t e r i ng  of the impinging 

proton by an individual  proton i n  the  Li nucleus. After the  col3ision, t h e  

2 protons escape without suffering any other co l l i s ion ;  otherwise they would 

not be detected by the  counter arrangement used, The p o t o n s  i n  the  Li 

nucleus, however, a r e  not a t  r e s t  and i n  amly ing  t h e  conservation of energy 

and momentum t o  t he  system we s h a l l  t ake  i n t o  account by some advLttedly 

crude assumptions, the  i n t e r n a l  motion of the  protons and t he i r  binding 

energy. 



kt ns ca31_P and 8 the momenta of the impinging proton and of the 

col l iding proton i n  the lil nucleus before the collision, and ot are the 

momenta a f t e r  the collision. We have then separate conservation of momen- 

tum for  the two colliding protons. 

, P + g = P ' + &  (1 

The conservation of energy can be expressed by saying that:  

EP = EP ,+Ep +B + EAeD 
7 where B i s  the binding energy of the proton i n  Id. (10 

6 t a t ion  energy l e f t  i n  the He atam a f t e r  the col l is ion 

(2) 

~ e v )  plus the exci- 

which we estimate 

fo r  the sake of argument t o  be 5 Mev. The Els a re  kinet ic  energies i n  the 

laboratory system. 

I n  the simplest case i n  which a l l  the four m~menta a re  coplanar (cor- 

responding experimentally t o  Figs. 1 and 2). Equations (I) and (2) oan 

be combined, and give : 

2 p t ~ t  cos ( B + Q = (I+ p2+ 2~~ cog a + x ~  ( 3 )  

where K i s  the angle between p and the impinging proton momentun, and m 

i s  the mass of proton. A i s  the atomic mass of the residual nucleus; i n  

t h i s  case A -1;. For Ep = 345 Mev, I$, = 20 MBV, B E 15 kv and ptpt ~ 3 ~ 0  
in 

Ep has been chosen on the basis of the Pree par t ic le  model for  the Li nu- 

cleus and represents a plausible average value of p. 

We c a l l  (f, the departure of 4 + @ from 90'. 

(Y = 0 i s  the value tha t  would obtain nm-re la t iv is t ica l ly  f o r  p and B 



The number of protons having C. i n  a given i n t e r v a l  d a  is  given by 

dd ; they give r i s e  t o  a d i s t r i bu t i on  i n  , . Y' 
= (I/- ) (cos ) (0.25 4- 0.23 s i n  - s in2  y)-ll2 

fo r  the  case @ =  45'. I n  developing t h i s  fornula we take i n to  account 

that p-p s ca t t e r i ng  i s  spher ical ly  symmetric an6 t h a t  t l .~  influence of 

r e l a t i v e  ve loc i ty  on the  probabi l i ty  of co1,-ision i s  negligible,  This dis-  

h 

t r i bu t i on  i n  i s  plot ted in Fig. 3, fo r  pL/2m = 20 Mev f o r  t he  given case 

9 = 4-5' a s  wel l  as fo r  the  case $ = 30°. I f  we vary p, the  d i s t r i bu t i on  

changes, beconing narrower as p i s  decreased (and sh i f t i ng  s l i gh t l y  toxard 

la rger  values of y) ,  approachinga d e l t a  functionaround = -2 .6° fo r  Y 
P = 0 i f  B 2 1 3  Mev. The number of protons wLth a value of p f n an 'f nter-  

v a l  dp and moving i n  the  plane of P and P f  i s  proportions1 t o  pdp, and i f  we 

perform t h e  i n t e g r a l  B (p)pdp we obtain a function of Pwhich i s  not. too 3' YJ 
d i f f e r en t  from a t r i ang l e  having a maxinum at $ = -2.6' and a b&se of 62' 

extending from ifi = -39' t o  23' ( for  the  case 6 .& = 45O). 

Actu.al?-y t h i s  consideration i s  not r e l a t i v i s t i c  and we can tzke  re la -  

t i v i t y  i n t o  account approximately by sh i f t i ng  our calculated curves i n  such 

a ~ 8 p  that. they have a maximum a t  = -go and not a t  = -2*601 -5.6' 3 
b-in€ t h e  r e l a t i v i s t i c  value of that would obtain i n  f r e e  p-p scat ter ing,  

. + 
It i s  noteworthy t h a t  the  spread i n  s'mrved a g m  wtth the om corwsperd - 

ing t o  a n?axL~urn k ine t i c  energy of nucleons with t h e  nucleus of 20 Nev, 

hrtkiermore, t he r e  is  approximately the  expected s h i f t  of the  rmxirnun and 

the n x p c t e d  increiised spread as i s  changed frorc 45' to 30'. m 
We can a l so  compare the  f r e e  p-p d i f f e r e n t i a l  sca t te r ing  cross section 

with t h e  d r f f e r e n t i a l  cross  sec t ion  obtained by in tegra t ing  over a l l  direc- 



t i ons  of the second counter. A t  6 = so0, the  f r e e  p-p moss section (lab- 

2 oratory system) i s  13.2 x cm steradog'. Three times t h i s  cross sec- 
2 -1 

t i o n  i s  39.6 x CIU sterad. . This compares remarkably well with the 

2 cross  sect ion (39 * 4) x loa7 cm sterad:' obtained from lithium. It 

should be mentioned, however, t h a t  the v e r t i c a l  spread, observed when coun- 

t e r  B i s  moved out of the plane of P and PI, i e  abopt 40 percent larger  

than t h a t  t o  be expected from the prwent  in te rpre ta t ion  of the horizontal 

spread (Figs. 1 and 2). This aspect w i l l  be investigated more closely i n  

fur ther  work. 

These experiments are p e l i a n a r y  i n  nature but they show qual i ta t ive  

fea tures  which seem of i n t e r e s t  t o  us. When improved and extended, they 

ought t o  be able t o  give d i r ec t  information on the motion of the protong 

inside of the nucleus and on the transparency of  nuclear matter f o r  protons. 

This work was preformed under the auspices of the Atomic Energy Commis- 

sion. 
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