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ABSTRACT 

The d i f f e r e n t i a l  sca t te r ing  cross section f o r  e l a s t i c  co l l i s i ons  of 345 

Mev protons with protons has been measured i n  t he  angular range 11' t o  90' 

(center of mass system). The same cross section has been measured over more 

l imi ted ranges of angles a t  lower energies. The cross section ( i n  t h e  center 

of mass system) a t  90° is  remarkably independent of energy. The cross  sec- 

t i on  a t  345 Pev i s  very independent of angle, being close t o  3.8 x 

crn2/steradian (center of mass system). The agreement with ex i s t ing   heno om- 

enological theor ies  based on s t a t i c  potentia1.s i s  ra ther  poor, especia l ly  i n  

t he  case of sca t te r ing  a t  small angles a t  345 Mev. 
9 
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Experiments on Proton-Proton Scat ter ing from 120 t o  345 Me,% 

. 0 .  Chamberlain, E,. segr'e and C .  ,Wiggand 
G 

Radiation Laboratory, Department of Fhx s i c s  
University of California,  Eerkeley, Cal i fornia  

C 

February, 1951 

Intr,oduction , I P,' ,i 8 , 

The r e s u l t s  of experimental,investigatiqqs of p,-p s.ca%teyings2;4av 

previously ,been reported and we have ,given prel;iminas,y repor t s  on QY study 

A t  thel .end of one preliminary r , q o r t ,  we indioqt,ed ,some pogsibl+e, i~+- 

provements i n  technique which we have now accomplished. I n  t h i s  paper we 

give our f i n a l  r e s u l t s  on t he  d i f f e r e n t i a l  cross section of p r ~ t o n ~ p r o t o n  , 

sca t te r ing  a s  a function of t he  angle of sca t te r ing  and of the  energy pf t he  

protons. The r e s u l t s  of our preliminary paper a re  confirmed, but t he  Fres- 

ent  invest igat ion extends t he  d a t a  t,o lower energies and increases.$he 

precision, of t he  determinations. While these expeqiments were $in progress, 

3 
Oxley, Scbamberger, and Towler have jlnvestigated the  p-p sca t tg r ing  ,ati ,240; 

4 
Mev, and Birge has done t@, same at# ,lOQ Uev;,. ,Their, r e s u l t s  overlap i n  , 

par t  - our own and agree with ~z,s $F the  >c,ofpmon -~? r t -  , 
I L 1 '  

r) 

A summary sf the  ~ e s u l t s , ~  i s  presenhed i n  Tables I, 11, 111 a d  i n  Fig. '_ 

Hadley, Kelly, Lei;th, segr\e, Wiegand,"and York, Fhys. Rev. 2, 351 (1949); 
Kelly, Leith, Segre, and Wiegand, Phys. Rev. , .  a, 96 ,(195,0) ., ,,  .. , ; a ,  :, . ,: 

0. Ceamberlain and C. Wiegand, Fhys. Rev. 29, 81 (1950) ; Chamberlain, 
Segre, and Wiegand, Phys. Rev., i n  press. i * - l - , ,  a , 

Oxleg, Schamberger, and Towler, Bull. Amer. Phys. So$. 26, 8s  (1951,) -, : 
-. 

R. W. Birge, Phys. Rev. 80, 490 (1950). b r . a * T q q c .  I 



Our source of high energy protons is  the  external  beam of t he  1td-inch 

Berkeley cyclotron. In  t h i s  beam is  placed a hydrogenous ta rge t ;  e i t he r  

polyethylene ( c H ~ )  or  l i qu id  hydrogen. The protons scat tered out of t he  
1 

beam (and out of the  t a rge t )  a r e  counted e i t he r  singly (method I )  or e l s e  

both the  scat tered and s t ruck protons a r e  detected simultaneously by two 

counters in coincidence (method 11). I n  the  l a t t e r  case the  two protons 

emerge from the  t a rge t  a t  about 90' from each other, a cha rac t e r i s t i c  which 

helps very g rea t ly  i n  t he  separation of p-p sca t te r ing  from other sca t te r ing  

processes. both methods a r e  aided by two developments: the  inventicn by 

Leith of a method fo r  obtaining a f a i r l y  long (25 microsecond) beam pulse 

time using def lect ion by multiple sca t te r ing  within t.he cyclotron vacuum 

5 
tank; and t he  development of t rans-s t i lbene c r y s t a l  counters and associ- 

6,7 
ated equipment with a resolving time f o r  coincidences of about 4 x loe8 

sec . 
A schematic diagram of the  apparatus (method 11) is  presented i n  Fig. 1. 

The beam def lected from the  cyclotron and collimated through t he  shielding 

walls impinges on the  t a rge t  T ( a  f o i l  of polyethylene), The protons, .. . 
scat tered and reco i l ,  are detected i n  the  s t i lbene  c r r s t a l s  A and E, each 

viewed by a lP21 photomultiplier tuloe. A subtends the smaller so l i d  angle 

fl, and B i s  such t h a t  every proton through 6 sends i t s  counterpart through B; 

as a matter of f ac t ,  E subtends a l a rger  so l id  angle than would be necessary 

t o  s a t i s f y  t he  condition s t a t ed  above i n  order t o  be safe from losses of 

coincidences due t o  multiple sca t te r ing  e f f e c t s  and defects  i n  alignment. 

C .  E. Leith, Phys. Rev. 28, 89 (1950). 

Ginston, Hewlett, Jasberg, and Hoe, Proc. I. R.  E. &, 956 (194.8). 

C. Ciegend, iiev. Sci .  I n s t .  a, 975 (1950). 
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. , 
The beam i s  ~tlonitored by measuring t he  ioniaation produced i n  a shallow 

ionization chamber f u l l  of argon which has ( i n  tu rn)  been ~ a l i b r a t e d ' a ~ a i n s t  

t a Faraday cup. 

Let us c a l l  N t he  number of hydrogen atoms per om2 i n  the  t a rge t  meas- 
C 

ured i n  the  d i rec t ion  of t h e  indident beam, n  t he  number of protons t h a t  

crossed the  t a rge t  and H t'he number of coincidence counts between A and B 

due t o  hydrogen i n  t he  t a rge t .  Let (g be the  angle between the  l i n e  from the  

t a rge t  t o  counter A and t he  d i rec t ion  of the  primar 1.9 

t he  d i f f e r e n t i a l  sca t te r ing  cross section (laboratory sys t  

4) -- H/(nW (1) 

Passing t o  the  center of mass system: 

t an  @ / 2 )  = [I. + (E/~UC~)]''* t an  (3 

where a(@) i s  the  d i f f e r e n t i a l  sca t te r ing  cross section i n  the  center of 

mass system, a t  angle 8 from the  beam i n  the  center of mass system of qoor- 

dinates, E i s  the  k ine t ic  energy of the  incident protons (lab. system), hlc2 
I - % 

i s  t he  proton r e s t  energy. 

We sha l l  now ddscribe our operations and the  measurements of t he  s ingle  

f ac to r s  enter ing i n t o  Eq. (1 ) .  

‘L Proton Beam 

, Fig. 2  gives a  general plan of t he  cyclotron showing the  path of the  

protons i n  the  external  beam. A t  la rge  r a d i i  (about 81  inches) t he  proton 

o r b i t s  show la rge  v e r t i c a l  o sc i l l a t i ons  and much of t he  i n t e rna l  beam s t r i k e s  

e i t h e r  of two grgphite blocks placed above and below the  normal beam plane. 

A few of the  protons are  def lected by multiple sca t te r ing  i n  t he  graphite i n  

such a  way a s  t o  enter  t he  magnetic shielding tube ( t ~ m a ~ n e t i c  def lector")  



through which t h e  protons a r e  l ed  away from the  main f i e l g  o f ,  the  cyclotron. 

The coll5mator. C i s ,  shown $n more d e t a i l  i n  Fig. 3 .  Its. aperture can 

be changed from two inches t o  1/4 inch; we used it i n  the  range 1/2 t o  1 
'I 

inch. The a x i s  of t he  c o l l i m a t ~ r  hole was adjusted t o  be p a r a l l e l  t o  t he  

beam t o  within 0 .001radian.  The cen t ra l  hole of the  collimator could be , 

preceded by cy l indr ica l  boxes f u l l  of lithium metal i n  order t o  reduce t he  

energy of t he  emerging protons. 

The homogeneity i n  energy of t he  emerging beam i s  very sa t i s fac tory  a s  
8 

shown by the  Bragg curye given i n  another a r t i c l e .  This i s  obtainable by 

putt ing 2 shallow ionization chambers i n  the  beam between which is  a var i -  

able  copper absorber. The r a t i o  of the  current  i n  the  second chamber t o  

t h a t  i n  t he  first chamber i s  p lo t ted  a s  a function of absorber thickness. 

The sharp peak a t  t he  end of t h e  curve i s  an indicat ion of t he  homogeneity 

i n  t h e  energy of t he  beam. 

The bending magnet i n  combination with t h e  th ree  collimating holes 
\ 

through which t h e  beam must pass gives a momentum select ion t o  about one 

percent. Evidence t ha t  few very low energy protons a r e  generated i n  t h e  

collimator tube material  i s  obtained from the  coincidence counting method 
- .  

(as  explained i n  connection with Fig. 8). 

The current  i n  t he  beam was measured i n  an ionizat ion chamber of t he  

type shown i n  Fig. 4, which was ca l ib ra ted  against  a Faraday cup a t  t he  

highest energy used (345 ~ e v ) .  The Faraday cup, which i s  our primary stand- 2 

6 

ard f o r  determination of t h e  beam intensi ty ,  was b u i l t  by D r .  V .  Z .  Peterson. 

It consis ts  of a'6-inch by 6-inch cy l indr ica l  brass block, a s  shown i n  Fig. 

4. Across t he  face  of the  Faraday cup i s  a t h in  f o i l  (bias f o i l )  which can 

be biased t o  t e s t  f o r  t he  e f f ec t  of secondary e lect ron emissicn from the  
, I 8 .  

" I 

R. Mathq and E. segr\s, Phys. Rev., i n  press; (UCRL-1089). 



electrodes.  The whole Faraday cup s t ructure  i s  i n  an evacuated enclosure 

i n to  which the  beam passes through a t h i n  window. A magnetic f i e l d  of 100 

across t h e  face of t he  Faraday cup serves t o  reduce d r a s t i c a l l y  the  
Li 

secondary e lect ron emission. In  operation, change of t he  bias  f o i l  poten- 

b t i a l  from -500 v t o  +5OO v caused only 1/2 percent change i n  the  apparent 

cal ibra t ion of t he  ionization chamber, indicat ing t h a t  secondary e lect ron 

emission was su f f i c i en t l y  small. 

We c a l l  t h e  mult iplication fac tor  I of t he  ionization chamber t he  r a t i o  

between the  sa turat ion current  col lected i n  the  chamber and the  cprrent  i n  

t h e  Faraday cup. We can wr i te  

M = ( t /w)(-a /&) (4 

where C i s  t h e  thickness of the  chamber i n  gr/cm2 of argon, d ~ / d x  is  the  

spec i f ic  energy l o s s  i n  ev gr-I cm2 and n i s  the  energy i n  ev spent f o r  

producing one ion pair .  Asquming a t  t he  maximum energy -d~ /dx  = 3.08 x lo6 
9 

f o r  argon we f ind  t ha t  t h e  energy w spent per ion pa i r  produced i s  25.5 ev. 

Assuming t h i s  quanti ty t o  be inde~endent  of energy, and the  range energy 

r e l a t i o n s  of reference 9 t o  be correct ,  we can calcula te  the  m u l t i ~ l i c a t i o n  

f ac to r  of t h e  chamber a t  t h e  other energie 

The i n t ens i t y  of t h e  beam used varied from 5 x lo5 t o  5 x lo7 protons/ 

sec. The pulses during which t he  pa r t i c l e s  come out occupied about one- 

thousandth of the  "beam on" time. The diameter of the  beam was usual ly  

Y 1.25 cm. The in tegrated current  i n  the  ionizat ion chamber was measured bg 

passing it i n t o  a condenser and measuring the  potent ia l  across t he  condenser 
10 

with an electrometer c i r c u i t  s imilar  t o  t h a t  of Vance. The leakage r e s i s -  

tance of the  system was about 1013 ohms. When necessary t he  energy of t he  

hron, Hoffman, and Williams, AECU-663. 

lo A .  W. Vance, Rev. Sci .  I n s t .  2, 4-89 (1936). 
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beam was, reduced by inse r t ing  l i thium absorbers before. t he  collimating 

channel. Lithium was chosen i n  order t o  minimize multiple sca t te r ing  which 

lowers the  beam in tens i ty ,  The energy of the  protons emerging was. then 

deduced frpm t h e i r  range i n  copper and t he  t ab l e s  of Aron, Hoffman, and 

9 8 
WiUiams which were a l so  checked by a d i r ec t  experiment. 

The t a r g e t s  used were f o i l s  of polyethylene ( c H ~ ) ,  which weighed 283 

mg The compo.sition of t h i s  substance was kindly checked by t he  l a t e  

D r ,  Otto Beeck o f , t h e  She l l  Development Company; it was found t o  contain 

U.44 percent hydrogen by weight ( t heo re t i c a l  f o r  CH2 i s  14.37). I n  s p i t e  

of t h e  coincidence system the  coincidence counting r a t e  did not vanish i f  we 

replaced CH2 by carbon of equal stoppifig power. These res idua l  coincidences 

were mainly accidenta ls  and t h e i r  r a t e  could be kept low (1/10) with respect  

t o  t h e  main e f f e c t  by control l ing t he  i n t ens i t y  of t he  primary beam. In  

order , to subtract  them we used a carpon t a r g e t  containing 1.43 times a s  many 

carbon atoms per cm2 a s  the  CH2 t a rge t .  This t a rge t  hasa approximately t he  

same stopping power f o r  protons a s  t h e  CH2 t a rge t ,  Since the  way i n  which 

t he  background should be subtracted i s  not completely unambiguous it i s  
- ~ 

important t o  keep it small with respect  t o  t he  main e f fec t .  

We ca lcu la te  H, t h e  e f f ec t  due t o  hydrogen, by the  formula 

where CH2, C, and B a r e  t h e  number of counts obtained i f  the  same number of 

,protons crossed the  polyethylene ta rge t ,  C target ,  or no t a rge t  (blank run) .  

The . j u s t i f i c a t i on  of t h i s  formula i s  a s  follows: Data from rrel iminary work 

show t h a t . f o r  1 single  count due t o  hydrogen there  a re  about 5 s ing le  counts 

due t o  carbon. On t h i s  assumption, taking i n t o  account t he  so l i d  angles 

subtended bg. t h e  A and E c r y s t d s ,  we have f o r  one count clue t o  hydrogen i n  



c rys t a l  A when using a CH2 t a rge t  

Crysta l  A Crys ta l  B 

Counts due t o  H 1 9 

Counts due t o  C 5 45 

Accidental coincidences a r i s e  from 5 counts i n  c r y s t a l  A and 45 + 8 = 53 

counts i n  c r y s t a l  B. I f  we use a carbon.target  having t he  same stopping 

power a s  the  CH2 target ,  it must contain 1.43 a s  much C a s  t he  CH2 ta rge t .  

We have thus  

Crysta l  A Crysta l  B 

Counts due t o  C 5 x 1.43 = 7 45 x 1.43 = 64 

The accidenta l  coincidences i n  t he  case of the  carbon ta rge t  a r e  then 

7 x 64 x u = 448 a where a depends on the  instruments used and on the  beam 

in tens i ty .  With t he  CH2 t a rge t  we have an accidenta l  coincidence r a t e  given 

by 5 x 53 x a = 265 a; 265 a/(448 a) = 0.6. We thus  subtract  the  carbon 

background by subtracting t he  carbon e f f ec t  mult iplied by 0.6. It i s  impor- 

t a n t  t h a t  not only t h e  t o t a l  number of protons be t he  same but a l s o  t he  

current, because C and B are approximately proportional t o  t he  current  f o r  a 

constant t o t a l  number of protons a s  i s  t o  be expected f o r  accidenta l  coinci- 

dences. Experimental ve r i f i c a t i on  t h a t  t h i s  procedure i s  adequate has come 

from the  agreement of cross sect ions  measded over a considerable range of 
h 

beam i n t e n s i t i e s ,  

'i Geometry 

The angle between t he  protons emerging from the  t a rge t ,  which would be 

90° i n  a non- re la t iv i s t i c  case i s  given by: 

t an  (@ + 0) = [(2Mc2/~) + 11 t a n  @ + ( ~ M c ~ / E )  cot  @. 
The deviation of (@ + a) from 90° may conveniently be approximated by ' 

(n/2) - - ( E / O ~ C ~ )  s i n  (26) (7 

where E i s  t h e  k ine t i c  energy of t he  incident proton i n  t he  lab.  system. 



The defining c ry s t a l  A and the  large? c ry s t a l  B a r e  located' as An Fkg. 1. 

Given t he  dimensions and distance of c ry s t a l  A, which d e f i n e n ,  t h e  dimen- 

sions and distance of B must be so chosen t h a t  a l l  p-p soat ter ing processes 

which r eg i s t e r  i n  A r e g i s t e r  a l s o  i n  B. The condition on t he  kheight  of 

c ry s t a l  B i s  indicated i n  Fig.  5 which i s  a  projection i n  a  d i rec t ion  paPal- 

l e l  t o  the  beam d i rec t ion ,  The analogous condition on t he  width of c ry s t a l  

B involves t he  width of c r y s t a l  A as well a s  the  thickness of the  t a rge t  

.measured i n  t h e  di rect ion of c r y s t a l 8 .  The s i ze  of c ry s t a l  B must be fur-  

t he r  increased t o  allow f o r  t he  e f f ec t  of multiple sca t te r ing  of both emerg- 

ing protons i n  t he  t a rge t  material .  I n  a  t yp i ca l  case t he  dimensions of A 

are  1.8 cm high x 3.80 cm wide; of 3 3.80 em high x 2.51 cm wide; t he  

distances TA and TB i n  projection a r e  64 cm and 16 cm, The ac tua l  d is tances  

between t he  t a r g e t  and t h e  f r o n t s  of A itnd B a r e  80 crn and 30 ern respect ively .  

In  t he  case described @ = f12.5~ and @ = 32.8O. 

The dis tance between ,the t a r g e t  and the  c r y s t a l  ;which def ines  t h e  so l i d  . . 
angle has been a r b i t r a r i l y  measured from 4 mm ins ide  of the  c ry s t a l .  We do 

not know exactly how f a r  a  pa r t i c l e  must peaetrate t he  c r y s t a l  i n  order t o  

be counted, but s ince  t h e  t o t a l  distance between A and T is  more than 80 em, 
- .  

t h i s  uncertainty of 2 or 3 mtn can not make more than an e r ror  of abokt'0.8 

percent i n  t he  measurement of the so l i d  aa$le. A more sepious px'oblem is t o  
+ 

make sure t h a t  t h e  whole f ron t  of t h e  c r y s t a l  i s  sensi t ive .  The bes t  evi-' 

f a c t  t h a t  severa l  d i f f e r en t  p a i r s  of c ry s t a l s  i n  d i f f e r en t  geometries gave 

t h e  same cross sect ion within s t a t i s t i c s .  In  a previous paper we reported 

cross sect ions  obtained with gas counters. They were systematically some- 

2 
what higher than t he  ones obtsined with c r y s t a l  counters. The or ig in  of 

t h i s  discrepancy has been t raced t o  the  f a c t  t h a t  the  brass  wal ls  of t he  
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counters were t h i ck  (0.3 cm) , Protons h i t t i n g  the  b'rass could, by f iu l t ip le  

scattering,  be deviated i n t o  t he  gas and thus counted. The order of magni- 

tude of t h i s  e f f ec t  calculated i n  a crude way was comparable with t he  d i s -  

agreement between t he  gas counter cross  sect ions  and t he  present c r y s t a l  
C 

cross sections.  To make cer ta in  t ha t  our explanation i$ correct, we put i n  

f ron t  of our c ry s t a l  a brass  tube t o  simulate the  geometry of the  gas count- 

e r s .  Measurement of the  cross sect ions  with t h i s  contraption again 

high values i n  agreement with t he  gas counter r e su l t s .  

The angle between the  t a rge t  and the beam was chdsen i n  such a way t h a t  

the  plane of t h e  t a rge t  was tangent t o  a c i r c l e  defiried by the  two c rys t a l s  

and t he  point where t he  beam in t e r s ec t s  the  t a rge t .  ' This minimiaes the  

deviations from t h e  optimum geometry f o r  the  various points of the  t a rge t  

and i s  e s sen t i a l  i f  c r y s t a l  A and crystay B a r e  t o  have approximately t h e  

same dimensions. 

We checked many times t h a t  upon changing the  distance between A and T 

or B and T or both, within the  l i m i t s  p e s c r i b e d  by t h e  geometrical c r i t e r i a ,  

t he  cross  sect ions  remained unchanged. 

Experimental Procedure 

A t yp i ca l  run proceeded a s  f o l l d s :  ?he defyecthd beam of the  cyclo- 

t r on  was aligned photographically by rdplacing the  t a rge t  T and ibnizat ion 

chamber M of Fig.  1 with x-ray f i lms which had f i d u c i a l  marks a c c ~ r a t e l y  

located with respect  t o  t h e  sca t te r ing  tab le .  

After  t h i s  t h e  plateaus of t he  coincidence counting r a t e  H versus 

voltage i n  the  photomultiplier tubes @ere taken. Re$ults a re  shown i n  'Fig. 

6.  

Following t h i s  the  height of t h e  whole sca t te r ing  apparatub was.changed 

i n  small s teps  an'd the  coincidence countihg r a t e  maximized. ( ~ i g .  7.) This 

guaranteed t h a t  t h e  beam, c r y s t a l  A and c r y s t a l  B were i n  a plane. Final ly ,  



keeping @ constant, was varied t o  maximize t he  H count.. This l a s t  check 

shows very c l ea r ly  t ha t  t he  energy of the  impinging proton i s  about 3-45 Mev 

(and t ha t  'the r e l a t i v i s t i c  , e l a s t i c  co l l i s ion  laws a re  .obeyed). (Fig. 8 . )  
5 

The e f f e ~ t  vanishes %at 90°, indicat ing t h a t  there  were few very low energy 

protons i n  the  beam. a 

After these  t e s t s  a measuring run s t a r t ed  and. we repor t  the  numbers 

obtained i n  a t yp i ca l  case. 

We give a s  an example the  de ta i l ed  calcula t ion of t he  eleventh l i n e  ~f 

Table I. The angle (P, measured d i r ec t l y  is, 52.r0. Knowledge of t h e  inc i -  

dent proton energy allows calcula t ion of t he  center of mass angle, 0 = 70.6O 

using Eq. (3 ) .  ere we always use whichever angle i s  l e s s  thaa  90'. ) The 

t a rge t  thickness i f  .0.283 g r  of CHZ, and t he  surface of t he  t a r g e t  

makes an angle of 54.1° with t h e  beam. The number of t a rge t  atoms per cm 2 

along t h e  beam d i rec t ion  i s  N = 0.283 x 2 x 6.023 x 10*~/(14.03 x s i n  54.1°) 

= 3,000 x ld2 targetprotons/cm2. The dgfining c r y s t a l  (A) has a face  of 

1.81 cm x 3.80 cm = 6.88 cm2, and is located at  t he  e f fec t ive  dis tance 80.2 

cm from t h e  t a rge t .  The so l i d  angle subtended by t he  counter, n , i s  then 

6.88/(80.2)* = 1.070 x s terad.  Crysta l  B is  3.80 cm high by 2.51 cm 

wide and i s  located 30 cm from t h e  t a rge t .  The ionizat ion chamber f o r  beam 

monitoring i s  5.10 cm deep, and i s  f i l l e d  with argon gas t o  a pressure of 

89.6 cm Hg a t  22% (82.9 cm Hg ' a t  0% ) . The t o t a l  capacity i n  t he  integra- 

t i o n  c i r c u i t  i s  1.007 x l ~ - ~  fd.; the ,  in tegra tor  c i r c u i t  i s  observed t o  

read f u l l  sca le  with 0.993 v o l t s  a t  the  input.  From these  f igures  and t he  
. . 

data  obtained i n  the ca l ib ra t ion  with the  Faraday cup w e  ca lcula te  t h a t  

n = 6.86 x lo8 protons fo r  f u l l  scale  in tegrator  reading (t l integrator vo l t " ) .  

The number of counts per in tegrator  Volt reg i s te red  was a s  follows: 

C : 5 2 2 4  

Blank : 26 2 7; 



the  time required f o r  one in tegrator  vo l t  was about 100 seconds. From t h i s  

according t o  Eq. (5) we obtain 

and EH (standard deviation) = 8. 

- We can now calcula te  t he  d i f f e r en t i a1 , s ca t t e r i ng  cross section i n  t he  

center of mass system using Eqns. (1) and. (2), a(@ = 70.6O) = (3.67 2 .O.l6) 

x cm2 s terad- l .  Table I and Fig. 10 show a l l  the  r e s u l t s  obtained a t  

f u l l  beam energy with t h i s  method. 

Small Angles 

A t  small sca t te r ing  angles t he  use of polyethylene t a rge t s  becomes 

impractical  because a coincidence system i s  hampered by the d i f f i c u l t y  of 

measuring t he  proton escaping a t  low energy, and i f  one abandons t h e  coin- 

cidence procedure the  sca t te r ing  by carbon becomes prohibitive. For th5s 

reason we decided t o  use Method I with a l iqu id  hydrogen t a rge t  and do away 
I 

with the  coincidence method. 

The experimental se tup i s  schematically shown i n  Fig. 9. The l i qu id  

hydrogen t a rge t  was b u i l t  by D r .  L. J .  Cook and w i l l  be described by him i n  

11 
another a r t i c l e .  The hydrogen containing par t  of it i s  a s t a in l e s s  s t e e l  

- tube 34.92 cm long and 5.08 cm diameter closed by two hemispherical f o i l s  of 

s t a in l e s s  s t e e l  0.1 gr/cm2 thick.  Also two' i den t i ca l  hemispherical f o i l s  
l 8  

form par t  of t he  vacuum jacket. The beam, 1.3 cm i n  diameter, passes through 

t h i s  t a rge t  h i t t i n g  only t h e  four terminal hemispheres and t he  hydrogen but 

not t he  s ide  walls .  The c ry s t a l  counters A and B were connected i n  coinci- 

dence and could detect  pa r t i c l e s  from the  whole length of t he  hydrogen tar- 

get .  The measurements proceeded as  follows: f i r s t ,  the  coincidence counting 

r a t e  was determined with T f u l l  of a i r ,  next with T f u l l  of l i qu id  hydrogen 

boi l ing a t  atmospheric pressure, and f i n a l l y  the  l iqu id  hydrogen w a s  evapor- 

l1 To appear soon, probably i n  the  Rev. Sci .  I n s t .  



Table I 

Differential 
Angle 8 cross section Error 

c.m. system 4 @A in a(@> lab. system 
i n  degrees i n  10'~~cm /sterad. in lo-ncm2/sterad, i n  Mev 

35.6 4.31 0.21 345 

36.4 3.93 0.15 I1 

43.4 3.79 
I 0.15 11 

44.0 4.17 0.13 II 4 

45.8 3.64 0.07 11 

46.1 3.99 0.11 I t  

52.4 3.77 0.10 I t  

60.8 3.83 0.13 (1 

64.0 3.55 0.11 n 

64.0 3.74 0 .U 11 

70.6 3.67 0.16 I1 

72.2 3.67 0.11 11 

80.2 3 095 0.12 I t  

87.6 3.86 0,lO 11 

88.2 3.91 0.08 I l 

88.2 3.70 0.08 I1 

88.6 3.85 0.06 11 if 

88.6 3.54 0.09 n 
7 

89.2 4.15 0.36 I1  



ated and the  background redetermined.. This cycle was repeated twice. The 

angle @ was vakied from 5 t o  25 degrees i n  order t o  overlap with measure- 

ments obtained by the  coincidence system. The r e s u l t s  a r e  contained i n  

Table 11. It w i l l  be noted t h a t  the  consistency of the  data 9s good, but 

* there  i s  a deviation of about 10 percent between these  data and those ob- 

, ta ined with t he  coincidence system. Bore work on t h i s  point would c lear ly  

be desirable,  because the  discrepancy i s  not yet  accounted fo r .  

Table I1 

Liquid H2 Run 

Di f fe ren t ia l  
Angle 8 cross sect  ion Error E 

c.m, system a(@) i n  a(@) l ab ,  system 
i n  degrees i n  10-27cm2/sterad. i n  1 0 ~ 2 7 c ~ ~ / s t e r a d ~  i n  Mev 

11*3 5.1. 0.36 345 

Lower Energies 

Results  a t  reduced energies a r e  reported i n  Table 111, and the  di f feren-  

t a i l  cross sect ions  a t  go0 (c.m. ) are shown i n  Fig. 11. Ohly the  coincidence - 



Angle 8 
c.m. system 
i n  degrees 

Table I11 

Dif fe ren t ia l  
cross sect ion Err or E 

4 @A i n  DJQ) lab. systbm 
i n  10'27cm /sterad.  i n  10'27cm /sterad. i n  Mev 

250 

method (method 11) has been used a t  reduced energies. The beam i s  grea t ly  

at tenuated ( t o  1/100 normal i n t ens i t y )  by multiple sca t te r ing  i n  t he  l i thium 

and t h e  beam loses  i t s  paral le l ism so the  only e f fec t ive  collimation i s  by 

t h e  &-inch long collimating tube shown i n  Fig .  3 .  The e f f ec t  of previous 

collimating s l i ts  i s  reduced d r a s t i c a l l y  by the  multiple scat ter ing.  There- 

fore, t he  beam i s  more spread and more divergent than t h e  f u l l  energy beam 

and l a rge r  c r y s t a l s  of s t i lbene  have been necessary t o  obtai'n s a t i s f ac to ry  

geometry. Relative t o  t h e  proton beam i n t ens i t y  t he  background is consid- 

erably increased, presumably due t o  neutrons formed i n  the  l i thium and i n  
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t he  brass  of t h e  c o l l i m a t p ,  
1 

Prec.ision o f  t h e  Results, 

,   he erroks quoted i n  Table I a r e  standard deviations due t o  s t a t i s t i c s  

only. I n  addit ion t o  these we have t o  consider e r ro r s  i n  the  various q u a -  

t i t i e s  B, N, n, n, and @ which enter  i n  t he  expression f o r  d B ) .  For the  

target :  area, mass, mif'ormity, composition. These a l l  together may ,make 1 

percent. The effect ive  thickness of t he  t a rge t  depends on the  angle 6 of 

Fig. 1. The imprecision of t he  adjustment of t h i s  angle may make another 1 

percent error .  

The measurement of H i s  af fected by s t a t i s t i c a l  e r ro r s  and by t h e  un- 

ce r ta in ty  inherent i n  t he  background subtraction method. The measurement of 

t he  so l id  angle of t he  c ry s t a l s  i s  affected by the  precision of the  geomet- 

r i c a l  measurements which i s  good (1.5 percent) but i s  subject t o  t h e  assump- 

t i o n  t h a t  a l l  the  c ry s t a l  i s  sensi t ive .  This i n  tu rn  5s proved by t he  pla t -  

eaus of the  coincidenee counting r a t e  versus voltage. The e r ror  introduced 

here i s  hard t o  estimate and i s  probably one of the  weakest points of t h i s  

investigation.  We give a s  an estimate 3 percent e r ro r .  Some reassurance on 

t h i s  point was ~ b t a i n e d  by using various s e t s  of c ry s t a l s  and distances.  The 

cross section obtained were ident5cal  within the  s t a t i s t i c a l  accuracy of the  

measurements. 

Multiple sca t te r ing  i n  t h e  t a rge t  and i n  the  c ry s t a l s  is  negligible,  

since c r y s t a l  B was i n  a l l  cases suf f ic ien t ly  l a rger  than d ic ta ted  by geo- 

metical considerations alone. 

The measurement of t h e  current  i n  t he  primary beam i s  subject  t o  the  

uncertainty of t h e  e l e c t r i c a l  apparatus, sa turat ion of t h e  current i n  the  
, 

ionizat ion chamber; and c d i b r a t i o h  with the, Faraday cup, T m  percent e r ro r  

may be a f a i r  est imate f o r  t h i s  par t  of t h e  measurenient. 
, > 

, ' A l l  together t he  imprecision may be estimated t o  be the  counting eprors 



shown i n  Table I superimposed on a  5 percent e r ro r  due t o  other fac tors .  

The points  obtained a r e  each independent of t he  others and represent abso- 

l u t e  measurements. The agreement between them 'gives a  f a i r  idea of t h e  

overal l  consistency of the  experiment. 

Analysis of the  l i qu id  hydrogen r e s u l t s  of Table I1 indicate  t h a t  they * 

too  should be given a  5-percent e r ro r  superimposed on the  counting e r ro r  

shown i n  the  t ab le .  Reduced Bnergy r e s u l t s  (Table 111) are  subject  t o  

greater  uncer ta int ies ,  amounting t o  about 7 -perce rimposed on 

those of the  t ab l e .  

In te rpre ta t ion  

A maximum program f o r  t he  in te rpre ta t ion  of n-p and p-p sca t te r ing  

experiments would be t o  deduce the  cross section from meson theory. A t  t h e  

present stage of t he  theory t h i s  i s  c lea r ly  impossible and we must be con- 

t en t  with more modest procedures. 

The attempt has been made by many people t o  i n t e rp re t  the  sca t te r ing  

experiments with veloci ty  'independent forces  .12 Accepting the  usual s p -  

metry r e s t r i c t i o n s  one i s  l e f t ,  for .  pa r t i c l e s  of spin ' l /2 ,  with a  f a i r l y  

broad c l a s s  of potent ia ls :  

V = V1 + g-. g2 V2 + S12 V3 (8) 

where V19 V2 and V3 a re  functions of the  separation distance and may be 

d i f f e r en t  f o r  even and od umbers of t ntum. 

a a n d g 2  a r e  t h e  spin operators and S12 i s  the  tensor force  operator. These -1 

attempts have been reasonably successful  i n  several  cases i n  explaining high 

energy sca t te r ing  with po ten t ia l s  which a l s o  show i t h  t he  

l2 A p a r t i a l  l i s t  includes M. Camac and H .  A .  Bethe, Phys. Rev. 22, 191 
(1948);  T. Wu, Phys. Rev. 73, 934 (1948); J .  kshkin and T. Wu, Phys, 
Rev. z, 973 (1948); Massey, Burhop, and Hy, Phys. Rev. a, 1403 (1948) ; 
Burhop and Yadav, Proc. Roy. Soc. m, 505 (1949) ; R. S. Chris t ian  and 
E. W. Hart, Phys,. Rev. 77, 441 (1950); R .  S. Chris t ian  and H. P. Noyes, 
Phys. Rev. 2, 85 (1950); Robert bastrow, Phys. Rev. z, 389 (1950). 



low energy propert ies of t h e  n-p or p-p system respectively.  As an example 

of these attempts we repor t  t he  r e s u l t s  of c a l c u l a t i ~ n s  by Chris t ian  "and 

Hart fo r '  the  n-p sca t te r ing  in Fig,  12. 

, I t . w i l l  be noticed t h a t  whereas the  form of the  curves f i t s  reasonably 

well, t he  calculated cross sections a r e  i n  a l l  cases higher than t he  ob- 

served cross sect ions ,  " l3 The theore t ica l  curves a r e  t o  be considered the  

best  f i t s  i n  t h i s  case, f o r  t he  angular d i s t r ibu t ions  a r e  thought t o  be 

b e t t e r  known than t he  t o t a l  cross sections.  For instance, a t  90 Mev the  

a n a l a r  d i s t r ibu t ion  i s  probably known t o  a b o u t 5  percent while the  t o t a l  

cross section i s  known only t o  15 percent. (The uncer ta int ies  i n  the  t o t a l  

cross sections stem not from the  cross section measurements themselves, ht 

from the  uncer ta in t ies  i n  t he  e f fec t ive  energies a t  which the  observed cross 

sect ions '  should be considered t o  apply, ) Nevertheless there  i s  a f a i r l y  

c lea r  discrepancy between calculated and observed cross 'sections f o r  n-p 

sca t te r ing  a t  90 Mev, f o r  the  experiments indica%e t h a t  the product Ebt i s  

de f in i t e ly  l e s s  than 8 x ~eo-cm2, while the  calculated value of 

Chris t ian  and Hart is  9.3 x r241ev-cm2.  

For the p-p sca t te r ing  we show i n  Fig. 13 the  r e s u l t s  of Chris t ian  and 

Noyes. The parameters have been changed fo r  us by Swanson, t o  give the  best  

f i t  t o  t he  present r e s u l t s ,  The forces  used here d i f f e r  from those used i n  

the  n-p calcula t ions  of Fig. 12 mainly i n  the  addit ion of a strong odd-wave 

a tensor fo rce  with a s ingu la r i ty  a t  t he  origin.  Within t h i s  framework no way 

has been fourid t o  remove t h e  large  discrepancy between observed and calcu-, 

l a ted  cross sect ions  near 15O, 345 Mev. 10mission of the  tensor par t  of t he  

force would create  an insurmountable d i f f i c u l t y  inasmuch as  it would produce 

a vanishingly small cross sect ion a t  90°, 

l3 cook, ~ c k l l a n ,  Peterson, and Sewell, Phys. Rev. 21, 7 (1949); J .  
QeJuren and 8. Knable, Phys, Rev.. a, 606 (1950) . 



In  view of t he  strong arguments from low energy phenomena' favoP6hg the  

iden t i ty  of the  n-n and p-p forces  it i s  very tehlpting t o  extend t h i s  r e s u l t  

and t r y  t he  hypothesis of the  i den t i t y  of t h e  n-p, p-p, and n-n ih teract ions .  

Quali tat ive support f o r  t h i s  hypothesis has recent ly  been given by Jastrow. 

The low energy n-p and p-p sca t te r ing  experiments do not conf l i c t  with t h i s  

viewpoint. The large  apparent d i f ferences  between high energy n-p and p-p 

sca t te r ing  cross  sect ions  do not r u l e  out t h i s  pos s ib i l i t y  because t he  Fauli  

pr inciple  el iminates hal f  of t he  s t a t e s  ( t r i p l e t  s, s ingle t .  p, e t c ,  ) from 

p-p or  n-n scat ter ing.  The absence of ha l f  of the  s t a t e s  i n  t h e  case of 

systems with i den t i ca l  pa r t i c l e s  gives a  large  leeway i n  t he  choice of po- 

t e n t i a l s  t o  f i t  both problems 

Actually t he  most t h a t  we can hope t o  do with the  semiempirical l i n e  of 

approach followed i s  t o  exhibi t  a  spec ia l  po ten t ia l  compatible with a l l  the  

experimental mater ia l  avai lable  including high energy p-p ahd n-p sca t te r ing .  

It might be possible, however, t o  do the  apposite, namely t o  prove t h a t  

t he  po ten t ia l s  a r e  d i f f e ~ e n t .  The only simple theorem now known t o  us i s  

t he  following: I f  t he  n-p and p-p po ten t ia l s  a re  the  same and i f  the re  are 

no tensor forces,  then 
- ~ 

cr (€2 = 90') S 4 a (€2  = 90°) 
P-P n-P 

( 9 )  

Unfortunately, we know of no such l imi ta t ion  f o r  cases i n  which tensor  

forces  a r e  allowed. Furthermore even t h i s  re la t ionsh ip  is  not v io la ted  a s  

f a r  a s  it i s  now known. The case which comes c loses t  t o  v io la t ion  of t he  

above r u l e  i s  t h a t  a t  260 Mev, where t he  p-p d i f f e r e n t i a l  cross sect ion i s  

( 3*6  - + 0.2) x cm2/sterad,, and t he  corresponding n-p cross sectfon i s  

(1.3 + 0.2) x 10-~7 c&/sterad. The r a t i o  i s  2.8 _f: 0.5, so t he  r u l e  ( l imited 

a s  it i s )  i s  not broken. 

It remains, then, t o  t r y  t o  show a t  l e a s t  o  corres-  

ponds t o  both p-p and n-p sca t te r ing .  We ment s e s  .of i n t e r e s t  



with which we have t he  g rea tes t  fami l ia r i ty .  F i r s t ,  the  Chris t ian  and Hart 

po ten t ia l  f o r  t h e  n-p sca t te r ing  used i n  Fig. 12 gives f o r  the  p-p sca t te r -  

ing negl igible  i n t ens i t y  i n  t he  range of angles 50° Lo 90' and so disagrees 

with the  p-p experiments. 

- Secondly, t h e  Chris t ian  and N oyes po ten t ia l  developed f o r  p p  s ca t t e r  - 
ing may be applied t o  t he  n-p scat ter ing,  Fig. 14 shoMs the  cross sections 

f o r  n-p scat ter ing,  a s  calculated f o r  us by Swanson with experimental points, 

using t he  same po ten t ia l  as i n  t he  p-p case of Fig. 13. The agreement is  

not excellent, but t he  qua l i t a t ive  fea tures  a r e  reasonably well represented; 

The calcula t ions  have been made using Born approximation i n  odd s t a t e s ,  but 

a more exact method has been used i n  even s t a t e s .  The unexpected behavior 

near 30° may be t he  r e s u l t  of the  approximation used. The calculated t o t a l  

cross section i s  a s  usual  too high. These curves a re  included here because 

they give a be t t e r  f i t  t o  t he  n-p experiments than was a t  f i rs t  supposed, 

and f o r  comparison with t he  calcula t ions  of Jastrow . 
The t h i r d  case of i n t e r e s t  is  t h a t  of Jastrow,12 who chaoses a poten- 

t i a l w i t h  a strong repulsion a t  shor t  distances.  The same po ten t ia l  has 

been used t o  calcula te  both n-p and p-p scat ter ing.  H i s  r e su l t s ,  along with 

experimental points, a r e  shown i n  Figs.  15 and 16. He has kindly extended 

h i s  calcula t ions  fo r  us  t o  include i n  the angular d i s t r ibu t ion  t he  e f f ec t  of 
-+ 

tensor forces  i n  odd s t a t e s .  The 'calcula t ions  were made using Born approxi- 

G mation except i n  t he  case of the  s-wave, where a more exact method has been 

used. The n-p curve of Fig. 16 shows unexpected maxima near 30' and 130° 

which a r e  thought t o  be peculiar  t o  the  approximation used, 

In  Jastrow 1s resu l t s ,  a s  i n  those of Chris t ian  and Noyes, a Large d i s -  

crepancy appears i n  the  p-p sca t te r ing  a t  15O, 345 Mev. Coulomb e f f e c t s  

have not been included i n  the  calcula t ion,  However the  coulomb e f fec t ,  

even i n a t h e  form of interference with the  spec i f ica l ly  nuclear scattering,  





Figure Captions 

Fig. 1. Arrangement of t h e  coincidence apparatus, top  view. The angles 

used i n  the  t e s t  a re  shown on t h i s  f igure .  

Fig. 2. Schematic diagram of t he  cyclotron, def lect ing magnet, and collima- 

t o r .  

Fig. 3 .  Collimator f o r  t h e  proton beam. . In  t h i s  f igure  we a l so  show the  

l i thium absorbers occasionally used t o  reduce t h e  energy of the  

beam. The mechanism f o r  moving the  collimator hole i s  not shown. 

Fig. 4. Detai l  of the  monitoring ionization chamber and of t he  Faraday cup 

a s  assembled f o r  ca l ib ra t ion  of the  ionization chamber. 

Fig. 5. Relative s i ze  and posi t ion of defining and coincident c r y s t a l  

viewed from the  d i rec t ion  of the beam. The two c rys ta l s  and t he  

beam a r e  shown on scale.  The separation distances of each c ry s t a l  

from the  beam are reduced t o  1/2 t h a t  scale.  

Fig. 6. Voltage plateau. Abscissa: voltage on t he  ph~ tomul t i p l i e r s  con- 

nected with c ry s t a l s  A and B. Ordinate: number of coincidences 

due t o  hydrogen f o r  a f ixed number of protons crossing t he  t a rge t .  

 h he f igure  shows the  coincidence counting r a t e  a t  the  average beam 

l e v e l  used. ) 

Fig. 7.  Number of coincidences due t o  C H ~ ' ~  or a f ixed number of protons 
9 

crossing the  t a rge t  versus height of t he  plane containing c ry s t a l s  

P AB and t h e  t a rge t .  This plane i s  i n i t i a l l y  pa ra l l e l  t o  t he  beam 

and i s  adjusted t o  contain t he  beam by l i f t i n g  the  whole apparatus. 

Fig. 8. Ccincidence counting r a t e  as a function of t he  angle (@ r @) 

between t h e  two c rys t a l s  f o r  @ = 43O. According t o  Eq. (6) a 

maximum a t  84.7' corresponds t o  E = 345 Mev. 

Fig. 9. Ver t i ca l  section of the  l i qu id  hydrogen apparatus f o r  measuring 

sca t te r ing  a t  small angles t o  t h e  beam. The counter arm pivots 



around an ax i s  through t he  center of the  l i qu id  hydrbgenfi'contbiner. 

. Not shown i s  a t h i n  heat  shie ld  which surrounds tli& %i+id  hydro& 

container and is  maintained a t  l i qu id  nitrogen temperatiu'e. A 

Fig. 10. Di f fe ren t ia l  s c a t t e r i  c t ion i n  center of mass coordinate 
c, 

system, &€I). The e r ro r s  shown are  standard deviations from count- 

ing s t a t i s t i c s  only. Circ les :  "CH2 ta rge t ,  coincidence method 

(method 11). Crosses: l i qu id  hydrogen, s ingle  cbunter (method I) . 
Square: CH2 t a rge t ,  s ingle  counter (method I ) .  

Fig. 11. Di f f e r en t i a l  sca t te r ing  croSs section f o r  GI = 90' a s  a function of 

energy, i n  10-27 cm2/steradian. Errors  indicated are standard 

deviations from counting s t a t i s t i c s  only. 

Fig. 12, The curves show the  calculated di f ferent ia l -  cross sect ions  of 

Chris t ian  and Hart. The points are  experimentalv&lues, taken from 

the  papers of reference 1, except t h e  l a rge  X which was obtained 

from pr ivate  communication from D r .  Robert H ,  Fox. The experimen- 

t a l  t o t a l  cross sect ions  might be i n  e r ror  by as much a s  20 percent, 

a s  would be needed t o  give good f i t .  I n  the  calcula t ions  Chris t ian  

and Hart uded the  following potential :  For s ing le t  s t a t e s  V = (-35.3 - .  
Mev) [(1/2) + (1/2) P ~ ]  (r&) exp ( - r / r o ) ;  f o r  t r i p l e t  s t a t e s  V = 

(-25.3 Yev) [(1/2) + (1/2) P ~ ]  ( ro/ r )  exp (-r /ro) + ( -48 .2Me~)  P 

(0.37 + 0.63 P ~ )  (rdr) exp (-r/ro) S12, where S12 i s  t he  tensor 

force operator and ro = 1.35 x lomx3 crn i n  a l l  cases. Px i s  the  
2 

space exchange operat or. 

Fig. 13. Foints  represent experimental r e su l t s ,  345 Mev, Curves a re  those 

calccla ted by Swanson using the  method of Chris t ian  and Noyes. In 

the  calcula t ions  the  following potent ia ls  were used: For s ing le t  

s t a t e s  V = (-U.273 Msv) (1/2 + (1/2) pX) f o r  r c r l  and V = 0 f o r  

r > rl;  f o r  t r i p l e t  s t a t e s  V = '  (-25.3 ~ e v )  (112 + (1/2) PJ ( r2/ r )  



x 10-I3 om, r2 = 1.3 5 x 10-l3 cm, and r3 - 1.6 x 10-l3 cm. 

Fig. U. n-p sca t te r ing  calculated with t he  same po ten t ia l  used f o r  p-p 

sca t te r ing  i n  Fig. 13. 

Fig. 15. Experimental points  and c w e s  a s  calculated by Jastrow using the  

following potent ia l :  I n  s ing le t  s t a t e s  V = m when r c r,, V = 

(-375 ilev) [(1/2) + (1/2) P,] exp [-(r - ro)/r, ] when r > ro where 

r, = 0.60 x lomU cm, rs = 0.40 x cm; i n  t r i p l e t  s t a t e s  V = 

(-69 r e ~ j  [(1/2) + (1/2) P, + (0.3 + 0.7 P,) x 1.84 5121 sxp (-r/rt) 

where rt = 0.75 x 1013 cm. 

Fig. 16. Experimental points  and curves a s  calculated by Jastrow using the  

po t en t i a l  given i n  Fig. 15. 



Fig. 1 



Fig .  2 



-COLLI MATING 
HOLE 



- - 
TO PUMP 

SOLID BRASS 

L l  

/TO ELECTROMETER 

CONNECTED TO KXK)V 

FILLING TUBE 

INCHES 
w t... 



Fig. 5 





TABLE HEIGHT IN CM. 
MU 1291 

Fig .  7 



I 

POLYETHYLENE TARGET 
CARBON TARGET 

ANGLE BETWEEN COUNTERS 
IN DEGREES 

MU ILIL 

Fig. 8 



r LIQUID HYDROGEN 

Ir 

6 

Fig. 9 



345 MEV 1 

C. M. ANGLE Mu lea0 

Fig. 10 



Fig. 11 



C.M. ANGLE 8 MU ~ese 

Fig. 12 



119 MEV 
x \ 

345 MEV , 

X 
X 

C. M. ANGLE 8 

Fig. 13 



C. M. ANGLE 8 
MU 1711 

Fig. U. 



P-P,345 MEV 1 

C. M . ANGLE 8 MU len 

Fig. 15 



C. M. ANGLE 8 
MU 1712 

Fig. 16 




