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I, INTRODUCTION 

A ,  Statement of problem, The pa r t i cu l a r  i n t e r e s t  i n  studying mesons 

produced i n  co l l i s i ons  of high energy protons with f r e e  protons, a s  compared 

t o  protons bound i n  nucle i ,  stems from t h e  d e f i n i t e  knowledge of t h e  r e l a t i ve  

motion of t h e  co l l id ing  nucleons, Mesons produced by nucleon-nucleon co l l i s i ons  

within complex nucle i  may be formed while the  s t ruck nucleon i s  moving toward, 

perpendicular, or  even away from the  impinging nucleon, Irrterpns&ation of t h e  

energy spectrum of mesons produced i n  such co l l i s i ons  rhust t ake  account of t h e  

lack of exact  knowledge of t h e  dynamics of t h e  c o l l i s i o n  pracess, and therefore  

t he  a b i l i t y  of the  experimental data  t o  discriminate between var ia t ions  i n  

t heo re t i c a l  predic t ions  i s  reduced, 

I f ,  however, an assemblage of f r e e  nucleons i s  used a s  a t a rge t  f o r  

nucleons of a known high energy, the  energet ics  of the  co l l i s i on  may be ca lcu la te  

with l i t t l e  uncer ta inty ,  The case of high energy protons on hydragen i s  near ly  

i d e a l ,  The hydrogen molecule provides two protons "freen a s  f a r  a s  high energy 

nuclear in te rac t ions  a re  concerned, Protons a re  a l s o  i dea l  bombarding nucleons 

since they a r e  capable of accelera t ion t o  high energy wi th  a very narrow energy 

spread, The , a v a i l a b i l i t y  of a well-collimated beam of 349 Hev protons from t h e  

Berkeley 184-inch cyclotron makes t h i s  experiment possible,  

Experiments concerning the  production of mesons may be expected t o  ind ica te  

which features  of present meson theor ies  a r e  qua l i t a t i ve ly  correct ,  and furnf  sh 

quant i ta t ive  checks with which any future  meson theory must agree, It i s  always 

t o  be hoped t h a t ' t h e  experimental r e s u l t s  w i l l  contain s t r i k i n g  features  from 

which proper t ies  of t h e  meson or meson-nucleon i n t e r ac t i on  ma'' be deduced 

d i r e c t l y  without recourse t o  de ta i l ed  ca lcu la t ions ,  



The s tudy  of mesons produced from hydrogen i s  a  l o g i c a l  culminat ion of 

t he  knowledge and techniques  gained from e a r l i e r  experiments on s impler  t a r g e t s .  

Gardner and ~ a t t e s '  made t h e  f i r s t  e s t i m a t e  of t h e  meson product ion from carbon, 

us ing  t h e  photographic p l a t e  technique w i t h  t h e  i n t e r n a l  c i r c u l a t i n g  c y c l o t r o n  

2 beam, La te r  Pe t e r son  measured t h e  d i f f e r e n t i a l  c ros s - sec t ion  f o r  product ion  

of mesons from carbon i n  t h e  forward d i r e c t i o n  a t  low meson e n e r g i e s  f o r  bo th  

380 Mev a lphas  and 350 Mev protons i n s i d e  t h e  cyc lo t ron ,  The e x t e r n a l  d e f l e c t e d  

proton beam was f i r s t  used f o r  meson product ion  experiments by Richman and 

~ i l c o x ~  and IVeissbluth4 t o  s tudy  mesons produced from carbon and l ead ,  This  

method o f f e r s  t h e  advantages of a  wel l -co l l imated  beam and a  f i e l d - f r e e  r e g i o n  

t o  s tudy  angu la r  and energy d i s t r i b u t i o n s  over  t h e  f u l l  range of meson e n e r g i e s ,  

These experiments  measured t h e  energy d i s t r i b u t i o n  of p o s i t i v e  and nega t ive  

mesons produced i n  nucleon-nucleon c o l l i s i o n s  w i t h i n  n u c l e i ,  The r e s u l t s  

provide  t h e  f i r s t  ex t ens ive  experimental  check on meson product ion  c a l c u l a t i o n s ,  

a l though t h e i r  imp l i ca t ions  a r e  somewhat obscured by t h e  e f f e c t s  of i n t e r n a l  

nuc lea r  motion, Product ion from f r e e  pro tons  i s  an obvious experiment t o  provide  

a more severe  t e s t  of t h e  theory .  

" . " .  
B, Energy cons ide ra t ions  i n  proton-proton c o l l i s i o n s ,  I n  o rde r  t o  produce 

a mass 276 n meson from a s t a t i o n a r y  proton,  t h e  i n c i d e n t  pro ton  must have a t  

l e a s t  292 Mev of k i n e t i c  energy,  This  h igh  t h r e s h o l d  energy means t h a t  t h e  

mesons c r e a t e d  by c o l l i s i o n s  of 340 Mev pro tons  w i t h  hydrogen w i l l  have, i n  t h e  

proton-proton center-of-mass system, k i n e t i c  e n e r g i e s  of 20 Mev o r  l e s s ,  The 

motion of t h e  c e n t e r  of mass system i s  given by  a fi of 0,39, wh i l e  t h e  p of 

1 E, Gardner and C,M,G, L a t t e s ,  Science,  102, 270 (19481, - 
%, Z. Peterson ,  Pfiys, Rev, 75, 1 4 6 9 ( ~ )  (19481, - 
3 ~ ,  R i  chrnan and H, A, WiPcox, UCRL-592, 

4 ~ .  Veis sb lu th ,  Thesis ,  UCRL-568, 



a 20 hrev n meson i s  O , 4 B ,  Thus upon t r ans fo rma t ion  t o  t h e  l a b o r a t o r y  system, 

we w i l l  expect t o  f i n d  t h a t  a l a r g e  f r a c t i o n  of t h e  mesons w i l l  emerge i n  a  

gene ra l ly  forward d i r e c t i o n ,  

Presumably t h e  o n l y  two r e a c t i o n s  leading  t o  t h e  format ion  of a  p o s i t i v e  

A meson i n  proton-proton c o l l i s i o n s  a r e :  

( a )  p  -t. p --P p -+ a .C n 4- 

I n  case  ( a )  t h e  maximum value  of t h e  continuous d i s t r i b u t i o n  of  poss ib le  meson 

ene rg i e s  can be r e a d i l y  c a l c u l a t e d  and r ep resen t s  a d e f i n i t e  upper l i m i t  beyond 

which no mesons should be observed, I n  case  ( b ) ,  whose p o s s i b l e  ex i s t ence  

was f i r s t  pointed out  by  arka as^, t h e  c o l l i s i o n  process  i s  a  two-body problem 

and t h e  mesons formed i n  t h e  c e n t e r  o f  mass system w i l l  a l l  possess  a s i n g l e  

energy, This  energy i s  very  n e a r l y  2.2 Mev h ighe r  t h a n  t h e  maximum energy 

c a l c u l a t e d  i n  case ( a ) ,  Upon t ransforming  t h e s e  r e s u l t s  t o  t h e  l abo ra to ry  system 

(making t h e  energy a f u n c t i o n  o f  l abo ra to ry  ang le ) ,  we o b t a i n  t h e  v a r i a t i o n  

shown i n  F ig ,  1, The s o l i d  l i n e  r ep re sen t s  t h e  maximum energy of t h e  continuous 

d i s t r i b u t i o n ,  while  t h e  d o t t e d  l i n e  shows t h e  v a r i a t i o n  o f  t h e  unique center  

of mass energy of mesons corresponding t o  t h e  deuteron  format ion ,  The example 

i s  ca l cu la t ed  f o r  t h e  ca se  of 340 Mev pro tons  i n c i d e n t ,  The process  of  t r a n s -  

formation inc reases  t h e  sepa ra t ion  between t h e  two e n e r g i e s  t o  n e a r l y  4 Mev 

i n  t h e  forward d i r e c t i o n  and reduces it i n  t h e  reg ion  of 90'" I n  p r i n c i p l e  

t h e  e x i s t e n c e  of r e a c t i o n  ( b )  could  be confirmed o r  denied b y  e i t h e r  a p rec i se  

de te rmina t ion  of  t h e  upper  energy l i m i t  of t h e  meson energy spectrum, or by 

%. Barkas, Phys. Rev. 75, 1109 (1949). - 



showing t h e  e x i s t e n c e  of a  s i n g l e  energy " l i n e n  beyond t h e  cont inuous d i s t r i b u t i o n  

a t  any one observa t ion  ang le ,  . . 

C ,  D i r ec t  product ion  vs ,  s u b t r a c t i o n  t echn iques ,  A t a r g e t  of f r e e  pro tons  

may be obtained e i t h e r  by us ing  pure hydrogen o r  by ob ta in ing  it i n  molecular  

combination wi th  o t h e r  e lements ,  I n  t h e  l a t t e r  case  t h e  e f f e c t s  o f  hydrogen 

must be obtained by measuring s e p a r a t e l y  and s u b t r a c t i n g  t h e  e f f e c t s  of i t s  com- 

panion elements.  I n  s p i t e  of t h i s  added complicat ion,  t h e  s u b t r a c t i o n  t echn ique  

may be l e s s  d i f f i c u l t  t h a n  t h e  cons t ruc t ion  of a  s p e c i a l  t a r g e t  t o  con ta in  hydrogen 

i n  l i q u i d  o r  gaseous form, The small  c ros s - sec t ion  f o r  meson product ion r e q u i r e s  

t h a t  i f  hydrogen gas be used it must be confined a t  h igh  p re s su res ,  while t h e  

use  of l i q u i d  hydrogen n e c e s s i t a t e s  cryogenic techniques ,  

I n  t h i s  experiment t h e  d i r e c t  p roduct ion  t echn ique  was chosen, us ing  a 

l i q u i d  hydrogen t a r g e t ,  The experiments of Richman and Wilcox showed a v e r y  h igh  

background of i n e l a s t i c  p ro tons  from carbon i n  t h e  forward d i r e c t i o n s ,  w i t h  which 

any s u b t r a c t i o n  technique  must cope, In  t h e  case  of hydrogen, however, t h e  

protons a r e  a l l  e l a s t i c a l l y  s c a t t e r e d  so t h a t  t h e  only  background a t  small  observa- 

t i o n  angles  w i l l  come from very  high energy p ro tons  whose range w i l l  be much 

g r e a t e r  t han  t h e  h i g h e s t  energy meson t o  be observed,  A d i r e c t  ex3eriment a l s o  

has  t h e  obvious advantage of a l lowing one t o  g a t h e r  s t a t i s t i c s  wi thout  s u b t r a c t i o n ,  

t h i s  po in t  being of p a r t i c u l a r  i n t e r e s t  i n  an experiment u s ing  p h o t o g r a ~ h i c  p l a t e s .  

I n  add i t i on ,  it i s  of g r e a t  advantage t o  l a o w  t h a t  a l l  of t h e  mesons observed 

a r i s e  from hydrogen when ana lyz ing  such e f f e c t s  a s  t h e  angu la r  d i s t r i b u t i o n  of 

p-mesons r e s u l t i n g  from decay of t h e  p o s i t i v e  n q  s ,  

The s u b t r a c t i o n  technique ,  us ing  C and CH,, has  been t r i e d  s u c c e s s f u l l y  

6 by Cartwright ,  Richman, m i t e h e a d  and Wilcox making u s e  of a  magnetic f i e l d  

' c a r t w i g h t ,  Richman, Whitehead, and Wilcox, Phys, Rev, ( t o  be publ i shed) ,  
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and channels  t o  s e l e c t  narrow momentum bands of p o s i t i v e  o r  nega t ive  p a r t i c l e s  

f o r  s tudy  a t  any one exnosure, % i s  method has succeeded i n  ob ta in ing  r e s u l t s  

f o r  hydrogen without  r equ i r ing  p r o h i b i t i v e  numbers of mesons, i n  p a r t  due t o  

t h e  s t rong ly  peaked energy d i s t r i b u t i o n  and l a r g e  c ros s - sec t ion  f o r  hydrogen, 

This method i s  p a r t i c u l a r l y  we l l - su i t ed  t o  observa t ion  a t  0' where t h e  d i r e c t  

method cannot work, and t h e  two methods supplement each o the r  i n  t h i s  r e spec t ,  

Comparison of our r e s u l t s  with those  obta ined  by t h e  s u b t r a c t i o n  technique 

w i l l  be  made i n  Sec t ion  IT, 



A ,  General experimental  method, A ske t ch  of t h e  genera l  method of bom- 

bardment by t h e  d e f l e c t e d  pro ton  beam from t h e  184-inch cyc lo t ron  i s  shown i n  

Fig. 2 .  Use i s  made of a  pu lsed  e l e c t r o s t a t i c  d e f l e c t o r  and magnet ic  channel  

t o  b r i n g  a  small  f r a c t i o n  of  t h e  c i r c u l a t i n g  beam outs ide  t h e  cyc lo t ron ,  This  

beam i s  co l l imated  by a  narrow ( , I 5  i n ,  x -50 i n . )  s l i t  j u s t  b e f o r e  it p a s s e s  

between t h e  po le s  of a  focus ing  magnet, Neutrons and low energy  p ro tons  formed 

a t  t he  s l i t  a r e  l o s t  t o  t h e  beam by t h e  t ime  t h e  main h igh  energy component i s  

bent  through lo0 and p a r t i a l l y  focused h o r i z o n t a l l y  a t  t h e  end of a  22-foot 

tube l ead ing  through t h e  main cyc lo t ron  s h i e l d i n g  t o  a  "caven where t h e  d e f l e c t e d  

beam experiments a r e  run .  F i n a l  c o l l i m a t i o n  of t h e  pro ton  beam i s  achieved 

by a  long (48 i n , )  b r a s s  c o l l i m a t o r  mounted a t  t h e  e x i t  end ("snout") of t h e  

tube. The c ros s - sec t iona l  a r e a  of t h e  beam may be l i m i t e d  e i t h e r  by t h e  pre- 

magnet s l i t  o r  by t h e  snout co l l ima to r .  The beam s i z e  used i n  t h e s e  experiments  

was about  3/4 i n ,  x  1-1/4 i n ,  

A r e l i a b l e  beam i n t x m i t y  of abou t  10"1° amperes of pro tons  can be  obta ined  

under t h e s e  cond i t i ons ,  and t h e  exposure t imes  requi red  range from 1 t o  10 

hours depending on t h e  geometry involved,  The t o t a l  number o f  ;protons s t r i k i n g  

the  t a r g e t  i s  determined by pass ing  t h e  beam through an  i o n  chamber b e f o r e  

s t r i k i n g  t h e  t a r g e t  and measuring t h e  charge c o l l e c t e d ,  The t a r g e t  was a l igned  

wi th  r e spec t  t o  t h e  beam by exposing x-ray f i l m  mounted a t  e i t h e r  end of t h e  

t a r g e t .  

The hydrogen t a r g e t  w i l l  be  desc r ibed  i n  more d e t a i l  i n  t h e  n e x t  s e c t i o n ,  

Photographic p l a t e  d e t e c t o r s  were used, and ang le s  of obse rva t ion  15O, 30°, and 

60' w e r e  chosen t o  s tudy  t h e  meson energy d i s t r i b u t i o n ,  The g r e a t e s t  p a r t  of 

t h e  p l a t e  a n a l y s i s  t o  d a t e  has  been made on t h e  30' p l a t e s  and t h e r e f o r e  f u r n i s h e s  
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t he  bas i s  of t h e  r e s u l t s  repor ted  he re ,  

Blank runs  were made i n  connect ion with. each s e r i e s  of runs ,  and t h e  

number of  mesons de t ec t ed  wi thout  hydrogen i n  t h e  t a r g e t  (bu t  a l l  o ther  cond i t i ons  

t h e  same) proved i n  a l l  cases  t o  be a  n e g l i g i b l e  f r a c t i o n  of t h e  hydrogen e f f e c t ,  

?!he e a r l y  runs were made wi th  a  " l i ne"  source t o  avoid  end window e f f e c t s ,  La t e r  

runs were made w i t h  a  th in-wal led  Mpoin t"  source a f t e r  t h e  y i e l d s  proved t h a t  

t h l s  could be done wi thou t  r e v e r t i n g  t o  a  s u b t r a c t i o n  t echn ique ,  

The d e t e c t o r  geometry w i l l  be descr ibed  i n  more d e t a i l  i n  l a t e r  s ec t ions ,  

but  i n  genera l  two t y p e s  were used, I n  t h e  f i r s t  r u n s  t h e  d e t e c t o r  viewed t h e  

source d i r e c t l y  i n  a  reg ion  of no magnetic f i e l d  and t h e r e f o r e  r e g i s t e r e d  

e l a s t i c a l l y  s c a t t e r e d  pro tons ,  mesons, and neutron-induced background, Later  

runs employed a  magnet ic  f i e l d  i n t e rposed  between source  and d e t e c t o r  i n  such 

a way a s  t o  s e l s c t  on ly  p o s i t i v e  p a r t i c l e s  having momenta below a  c e r t a i n  maximum 

value,  This was done t o  s epa ra t e  mesons from e l a s t i c a l l y - s c a t t e r e d  pro tons ,  

The exposed and processed photographic p l a t e s  were scanned under a  microscope 

t o  d e t e c t  mesons, I d e n t i f i c a t i o n s  of t h e  mesons was made by t h e  c h a r a c t e r i s t i c  

"wander" and change i n  g r a i n  d e n s i t y  n e a r  t h e  end of t h e  t r a c k ,  The q u a l i t a t i v e  

f e a t u r e s  of each event  were sketched, and t h e  o r i e n t a t i o n  of t h e  p-meson measured 

and recorded,  The f i n a l  product of t h e  measurements of t h e  number and pos f t i on  

of t h e  mesons i n  t h e  p l a t e s  i s  a  p l o t  of t h e  d i f f e r e n t i a l  c ros s - sec t ion  f o r  meson 

product ion a s  a  f 'unction of  meson energy a t  a  given obse rva t ion  angle ,  

B ,  The l i q u i d  hydrogen t a r g e t ,  Although hydrogen gas a t  very  h igh  p r e s s u r e s  

was considered a s  a t a r g e t  i n  t h i s  experiment,  li quid hydrogen was chosen f o r  

s eve ra l  reasons,  One was t h a t  use  of h igh  p re s su res  involved r e l a t i v e l y  t h i c k  

end windows which would be exposed t o  t h e  pro ton  beam and t h e r e f o r e  would 



produce mesons, A t a r g e t  of t h i s  des ign  would be l i m i t e d  t o  a  long l i n e  source 

wi th  a t t e n d a n t  d i f f i c u l t i e s  i n  angular  r e s o l u t i o n  and d e f i n i t i o n  of t a r g e t  a r e a ,  

With l i q u i d  hydrogen a t  atmospheric p re s su re s  it seemed p o s s i b l e  t o  c o n s t r u c t  

a  s u f f i c i e n t l y  th in-wal led  con ta ine r  so t h a t  w a l l  e f f e c t s  could be ignored,  

Another f a c t o r  i n  t h e  choice  of l i q u i d  hydrogen was i t s  ready a v a i l a b i l i t y  on 

t h e  Berkeley campus from t h e  low-temperature l a b o r a t o r y  of P ro fe s so r  W. F, Giauque, 

The e s s e n t i a l  requirements  of a  l i q u i d  hydrogen con ta ine r  a r e  t hose  of a  

good Dewar x That it be b u i l t  a s  a  high vacuum i n s u l a t e d  v e s s e l  of m a t e r i a l  

having low h e a t  c o n d u c t i v i t y  with h i g h l y  r e f l e c t i n g  i n t e r n a l  su r f aces ,  I n  

a d d i t i o n  t h i s  t a r g e t  i nco rpora t e s  a  l i q u i d  n i t r o g e n  jacke t  t o  pre-cool  t h e  

hydrogen v e s s e l  and mainta in  t h e  r a d i a t i v e  surroundings a t  a  low tempera ture ,  

The s p e c i f i c  use of t h i s  con ta ine r  a s  a t a r g e t  f o r  a charged p a r t i c l e  beam 

requ i r ed  t h a t  t h e  beam en t r ance  window be reasonably t h i n  t o  minimize proton 

s c a t t e r i n g ,  Observat ion o f  low energy mesons n e c e s s i t a t e d  t h e  inco rpora t ion  o f  

t h i n  windows i n  t h e  d e t e c t i o n  d i r e c t i o n ,  F i n a l l y ,  s i n c e  hydrogen-air mix tures  

a r e  p o t e n t i a l l y  explos ive ,  some s a f e t y  p recau t ions  regard ing  t h e  f i l l i n g  and 

vent ing of hydrogen had t o  be considered. 

The s i z e  of t h e  vacuum chamber was determined by t h e  dec i s ion  t o  u se  a  

l i n e  source first, and by t h e  requirement o f  smal l  obse rva t ion  ang le s ,  I n  o r d e r  

t o  observe a t  15' and n o t  "see" t h e  end windows of t h e  l i n e  source,  t h e  source 

had t o  bo about  36 inches  i n  length.  The end windows o f  t h e  vacuum chamber were 

d isp laced  even f u r t h e r  from t h e  t a r g e t  a r e a  t o  make it e a s i e r  t o  s h i e l d  t h e  

photographic p l a t e s  from s c a t t e r e d  protons,  A photograph of t h e  main vacuum 

tank  and a s s o c i a t e d  pumping system i s  shown i n  F ig ,  3 ,  The v e r t i c a l  column o r  

"stack" conta ins  t h e  l i q u i d  hydrogen r e s e r v o i r  surrounded by a  double-walled 
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jacket  of l i q u i d  n i t r o g e n ,  The vent ing and f i l l i n g  appa ra tus  i s  no t  shown, 

A more d e t a i l e d  i d e a  of t h e  des ign  may be seen i n  F ig ,  4, which IS a  

s i m p l i f i e d  ve r s ion  of t h e  assembly drawing, The view i s  a long t h e  beam d i r e c t i o n ,  

This f i g u r e  shows t h e  "point'J source and r e s e r v o i r  surrounded by t h e  n i t rogen  

j acke t ,  Reservoi r  and jacke t  a r e  both  joined t o  t h e  vacuum chamber only a t  

t h e  t o p  of t h e  s t a c k  and main ta in  t h e i r  spac ings  below by  means of s t e a t i t e  

s t andof f s ,  For  assembly reasons t h e  n i t r o g e n  jacke t  h a s  a  removable copyer 

bottom below t h e  source,  and on one s i d e  h a s  a  long r a d i a t i o n  s h i e l d  window of" 

two .001 inch  s t a i n l e s s  s t e e l  f o i l s ,  This s i d e  i s  t h e  obse rva t ion  s i d e  and a  

d e t e c t i o n  chamber f i t t e d  w i t h  a  .005 inch  s t a i n l e s s  s t e e l  window i n t r u d e s  i n t o  

t h e  vacuum chamber w i t h i n  3-1/2 inches  of t h e  source c e n t e r ,  Th i s  d e t e c t i o n  

chamber i s  r e a d i l y  a c c e s s i b l e  from ou t s ide ,  a l though dur jng  t h e  run it may be 

s e a l e d  o f f  f o r  s a f e t y  cons ide ra t ions ,  

The l i n e  source was cons t ruc t ed  from 3 inch  d iameter  1/32 inch  wa l l  s t a i n l e s s  

s t e e l  t ub ing  and i s  36 inches  long,  The hemispharicad end caps through which 

t h e  pro ton  beam passes  a r e  made o f  ,GO6 inch  t h i c k  s t a i n l e s s  s t e e l ,  The e n t i r e  

l i n e  source and r e s e r v o i r  assembly i s  shown i n  F ig ,  5, 

The p o i n t  source c o n s i s t s  of a  c y l i n d r i c a l  cup tu rned  from a  s i n g l e  block 

o f  duraluminum so t h a t  t h e  s i d e  w a l l s  a r e  only .002 inch  t h i c k ,  This cup has 

a beveled f l ange  a t  t h e  t o p  which i s  clamped t i g h t l y  t o  a s i m i l a r  s t a i n l e s s  

s t e e l  f l ange  a t  t h e  bottom of t h e  hydrogen r e s e r v o i r  t o  form a  vacuum t i g h t  

metal-to-metal s e a l .  The cup can r e a d i l y  w i ths t and  i n t e r n a l  p re s su re s  of 

45 p , s , f ,  Poin t  and l i n e  source a r e  in te rchangeable ,  u s ing  t h e  same r e se rvo f r ,  

Procedures f o r  f i l l i n g  t h e  r e s e r v o i r  w i t h  l i q u i d  hydrogen and vent ing  t h e  

h y d ~ o g e n  gas evolved du r ing  t h e  f i l l i n g  and running t imes  were worked out ,  with 



t h e  advice of D r .  David Lyon of P ro fe s so r  Giauqueqs labora tory .  The a u x i l i a r y  

appara tus  f o r  t h e s e  ope ra t ions  i s  shown a t t a c h e d  t o  t h e  t a r g e t  i n  F ig ,  6 ,  except  

t h a t  t h e  5 0 - l i t e r  l i q u i d  hydrogen Dewar i s  n o t  i n  p l ace ,  The r e s e r v o i r  i s  f i r s t  

f l u shed  w i t h  helium and t h e n  f i l l e d  by f o r c i n g  l i q u i d  hydrogen from t h e  Dewar 

through a  vacuum-jacketed t r a n s f e r  tube  under a  few pounds p re s su re  of helium 

gas,  Despi te  pre-cool ing t o  l i q u i d  n i t r o g e n  tempera tures ,  over 5 l i t e r s  of 

l i q u i d  hydrogen a re  bo i l ed  o f f  a t  f i r s t  i n  cool ing  t h e  r e s e r v o i r  t o  20° K ,  The 

gas evolved i s  vented t o  t h e  o u t s i d e  of t h e  c y c l o t r o n  b u i l d i n g  through 2 inch  

diameter  t ub ing ,  A l i f t  check valve p reven t s  back d i f f u s i o n  of  t h e  a i r  i n t o  

t h e  hydrogen system, I n  case  t h e  hydrogen con ta ine r  l e a k s  o r  b u r s t s  i n t e r n a l l y  

and hydrogen gas i s  so r a p i d l y  evolved t h a t  a  h igh  i n t e r n a l  p re s su re  b u i l d s  up, 

a  blowout pa tch  i n  t h e  b o t t o n  of t h e  vacuum chamber i s  connected t o  t h e  same 

vent .  The l e v e l  of t h e  l i q u i d  hydrogen i n  t h e  r e s e r v o i r  i s  determined by a  

s e r i e s  o f  thermocouples i n s i d e  a  long s t a i n l e s s  s t e e l  t ub ing  ex tending  i n t o  t h e  

r e s e r v o i r ,  I n  o r d e r  t o  d i s t i n g u i s h  between hydrogen l i q u i d  and hydrogen gas,  

each thermocouple i s  surrounded by a  h e a t e r  c o i l  which f u r n i s h e s  enough l o c a l  

hea t  t o  s l i g h t l y  r a i s e  t h e  temperature of a  gas ,  b u t  not  a l i q u i d ,  l a y e r  j u s t  

ou t s ide  t h e  tub ing .  A continuous record  i s  made of t h e  thermocouple v o l t a g e s  

by a record ing  poten t iometer ,  This record shows t h a t  t h e  r a t e  o f  hydrogen 

evapora t ion  r a p i d l y  decreases  a s  t h e  l e v e l  f a l l s ,  i n d i c a t i n g  t h a t  conduct ion 

lo s ses  predominate, The volume l o s s  r a t e  midway i n  t h e  r e s e r v o i r  i s  about  

150 cc/hour . 
C. Photographic p l a t e  method of d e t e c t i o n ,  The method of  meson d e t e c t i n g  

chosen was t h a t  of n u c l e a r  emulsions, Emulsions a l low one t o  s e l e c t  mesons, 

both p o s i t i v e  and negat ive ,  from r e l a t i v e l y  h igh  backgrounds w i t h  a h igh  degree 
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of c e r t a i n t y .  This  i s  p a r t i c u l a r l y  Smportantj when, a s  i n  t h i s  experiment, 

the  lack  of nega t ives  1 s  a confirmation of t h e  assumption t h a t  s t r a y  beam i s  

no t  producing d e t e c t a b l e  mesons from s i d e  w a l l s ,  e t c ,  The photogranhic method 

o f f e r s  e x c e l l e n t  energy r e s o l u t i o n  when used proper ly  i n  connection wi th  absorbers ,  

The method employed he re  was t o  imbed photographic p l a t e s  i n  coppes- o r  aluminum 

absorbers ,  emuision up, a t  a  small  angle  of  tilt w i t h  r e s p e c t  t o  i n c i d e n t  meson 

f l u x ,  Mesons slowing down i n  t h e  absorber  wLll come t.o r e s t  a t  var ious  depths,  

and t h e  i n c l i n e d  emulsion serves  a s  a means of  sampling t h e  volume dens i ty  of 

mesons ending i n  t h e  absorber  a t  va r ious  ranges ,  This  arrangement i s  shown i n  

F ig ,  7, inc luding  t h e  l i g h t - t i g h t  f o i l  surrounding t h e  absorber  block,  

The energy of  t h e  meson i s  determined by i t s  p o s i t i o n  i n  t h e  photographic 

p l a t e ,  corresponding t o  a  wel l-def ined r a n r e  i n  t h e  absorber ,  The rmge-energy 

r e l a t i o n s  used were derj-ved Prom proton range-energy curves a s  g iven  'by Aron, 

Hoffman and i i ~ l l i a m s " .  The s toqping power of  t h e  ernulsf on f o r  mesons has been 

s i m i l a r l y  der ived  from t h e  pro ton  range-energy r e l a t i o n  f o r  I l f o r d  emulsion 

g i m n  by Bradner, Smith, Barkas,  and ~ i s h o ~ ~ ,  By- t h i s  method a  complete 

energy spectrum of mesons can be reeordsd i n  a s i n g l e  photographic p l a t e g  avoid- 

ing r e l a t i v e  e r r o r s  I n  geometry and beam i n t e g r a t i o n  whlch may occur i f  t h e  

energy spectrum i s  determined p o i n t  by p o i n t ,  I n  determining s o l i d  angle it 

has been assumed t h a t  t h e  e f f e c t  of m u l t i p l e  s c a t t e r i n g  of t h e  mesons 1 s  

n e g l i g i b l e 9  s i n c e  t o  a  f i r s t  approximation a s  many mesons s c a t t e r  i n t o  t h e  

emulsion from t h e  absorber  a s  s c a t t e r  out  of t h e  emulsion, That t h e  c o r r e c t i o n  

w i l l ,  i n  any event ,  be small  i s  p a r t i a l l y  confirmed by t h e  f a c t  t h a t  only 

78. Aron, B. Hoff'man and F. Xi l l i ams ,  UCRL-121 (Second Revision,  1949). 

8 ~ ,  Bradner, Po Smith, Pi. Barkas and A. Bishop, Phys Rev. 77, 462 ( 1 9 5 0 ) .  - 



t e n  pe rcen t  of t h e  mesons observed en te red  from the  bottom ( r a t h e r  t h a n  t h e  

t o p )  of t h e  emulsion, 

I l f o r d  C-2 100 micron emulsions were used i n  t h i s  experiment,  s i n c e  t h i s  

s e n s i t i v i t y  of emulsion w i l l  g ive  t h e  lowest s ing le -g ra in  background from high 

energy protons while  s t i l l  record ing  n-u decays r e l i a b l y .  E l a s t i c a l l y  s c a t t e r e d  

pro ton  t r a c k s  remain t h e  background l i m i t a t i o n  t o  exposure, however, s i n c e  

s i n g l e  g r a i n s  o f  high d e n s i t y  e v e n t u a l l y  make i d e n t i f i c a t i o n  of t h e  u  d i f f i c u l t .  

Other background a r i s e s  from t h e  i n t e r a c t i o n  of t h e s e  h igh  energy  s c a t t e r e d  

pro tons  w i t h  n u c l e i  of t h e  emulsion, and from neutron s t a r s ,  

I n  order  t o  c a l c u l a t e  t h e  abso lu t e  d i f f e r e n t i a l  c ros s - sec t ions ,  t h e  th i ckness  

of t h e  emulsion must be determined, S ince  t h e  emulsion s h r i n k s  t o  about  40 percent  

of i t s  o r i g i n a l  t h i ckness  upon process ing ,  one must e i t h e r  determine t h e  shrinkage 

f a c t o r  o r  devise some means of record ing  t h e  o r i g i n a l  th ickness  w i thou t  des t roying  

the  emulsion, A very convenient  method dev i sed  by  I!. A .  Yilcox3 does t h i s  by 

i r r a d i a t i n g  unexposed p l a t e s  t o  380 Mev a lpha  p a r t i c l e s  a t  a known angle  of 

inc idence ,  A f t e r  t h e  meson exposure and normal processing have been completed, 

t h e  o r i g i n a l  t h i c k n e s s  can be c a l c u l a t e d  from t h e  measured p r o j e c t e d  range s ince  

t h e  emulsion shrinkage l a t e r a l l y  i s  v e r y  small ,  Thicknesses measured i n  t h i s  

way a r e  probably good t o  3 percent .  

D, Use of a u x i l i a r y  s o r t i n g  magnet, The f i r s t  r e s u l t s  w i t h  t h e  l i n e  source 

confirmed t h e  expec ta t ion  t h a t  on ly  p o s i t i v e  mesons a r e  produced i n  proton-proton 

c o l l i s i o n s .  They a l s o  showed t h a t  t h e  background due t o  e l a s t i c a l l y - s c a t t e r e d  

protons l i m i t e d  t h e  exposure t ime and scanning r a t e ,  Therefore,  a l though t h e  

i n i t i a l  exposures provided evidence of t h e  magnitude of t h e  c r o s s  s e c t i o n  and 

of t h e  shape of t h e  energy spectrum w i t h  f a i r  s t a t i s t i c s ,  an a t t empt  t o  reduce 
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and pt-otons of equal.. momenta (I e sul t i -ng f rolri secor~ciary 7: oces3es  U C C I I T S  lr? 

t h e  absorbers  p l ace3  be fo re  t h s  p l a t e? ; ,  S I T ~ G ~  the I ~ T Q ~ L ' Y L  rot:ga 3 s o n l y  2/56 

o f  t he  meson range ,  The r e s u l t s  of t h e  experimsnt stlow t h ~ t ,  L k i s  neizhod r e s u l t s  

i n  an im~1-o-voment I n  me son- to-backgr ouxsd rat: o of aboul; !%O, The residua4 

backgrounk i s  cornnosed c h l e f l y  of" neutron-indllced resc t lon : ;  I n  the emulsion and 

c a l l b r a t i o n  t r a c k s ,  

The exac t  geometry used vrith t h e  s o r t i n g  magnet r r u s  i s  s b , ) ~ ~  i n  l'lg, 8, 

Usca cot t h e  magnet neccssm i l y  irivolves much smal le r  s o l l d  ang le s  t h m  d i r e c t  

exposure s o  t h a t  r u n  t-irnes of t i ls  orde r  of 10 holtrs ?.re r . - > q a r e d ,  In t h e s e  runs 

the polfit anurce rvas used, wi th  r e s l ~ l t a n t .  improvement i n  angular r e s o l u t i o n ,  

E ,  Beam i n t e g r a t i o n ,  The n.m.Ser of protons s t r i b i n g ,  t k ~ e  liquid hydrogen --. - 
t,ari.,et. w a s  d e t e i ~ ~ i n n d  by le t t i ing  the proton bean pass l;hrou& an argon 1or1 

c'nmber before  enter in^ t h e  vacuum chxmbar., Tho iorl  uhm.ber c o n t a i n e d  99,7 

percent  pure  argon a t  approximately 5 p,  s o  i , gega, ha-vini?; or1 g ina . l l y  been 

f i l l e d  t o  a tots: pres su re  of l O O , E  cm Hg at i ~ , 4 "  C ,  The efPective chamber 

s e p a r a t i o n  w a s  ?.,GO2 inches ,  t h i s  be ing  t h 5  dist~nse l~etweer ,  t h e  high  voltage 

and c o l l e c t i o n  e l e c t r o d e s  of .OG% inch z lminum f o i l ,  The e x t a r m i l  p r e s s z r e  

windows of t h e  chamber were .OOZ inch  beryil.riun-i;snner i"o'i..'i., 

The charge c o l l e c t e d  by t h e  i o n  chsmb-r was measu.-ed u s j a g  a s'!id?-back 
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ion chamber was determined i n  a s e r i e s  of separate  experiments9 by comparing 

the  charges col lec ted by t h e  ion chamber and a Faraday cup placed i n  t h e  same 

proton beam. Voltage pla teau curves were taken and showed recombination e f f e c t s  

t o  be negl ig ible  above 500 v o l t s  col lec t ion voltage;  co l l ec t ion  voltages of 

1500 vo l t s  pos i t ive  were used i n  the exper-nents.  The mul t ip l i ca t ion  fac to r  

of t h i s  ion chamber was found t o  be 1110 2 30, Using Aron, Hoffman and Nil l iamss 

range-energy curves7 f o r  t h e  r a t e  of energr l o s s  of 340 Mev protons i n  argon, 

we ca lcu la te  the  e,v,/ion p a i r  t o  be 23,8, The value quoted by Rossi and 

s taubl0  f o r  5.3 Mev alphas i n  argon i s  24.9 e.v./ion pa i r .  

'R, L. ~amddt ,  V. Peterson and R. Ph i l l i p s ,  UCRL-526, 
10 

Rossi and Staub, ~ o n i z a t i o n  Chambers and Counters; Experimental Techniques 
(~c~raw-  ill, 1919)  p ,  227,  
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EXPERIMENTAL RESULTS 

A ,  Formula f o r  d i f f e r e n t i a l  c ros s - sec t ion ,  The nuc lea r  emulsion se rves  

a s  a d e t e c t o r  by r eg i s t e r ing ,  t r a c k s  of p a r t i c l e s  pas s ing  through it,, i n  p a r t i c u l a r  

t he  endings of mesons, The s o l i d  angle  and energy i n t g r v a l  de t ec t ed  depend 

upon t h e  d i s t a n c e  from t h e  t a r g e t ,  a r e a  scanned, and emulsion th i ckness  and 

s topping power, yf i thin a  very  good approximation t h e  d e t e c t i o n  e f f i c i e n c y  i s  

a  volume e f f e c t  and i s  independent of t h e  o r i e n t a t i o n  of t h e  emulsion wi th  

r e s p e c t  to t h e  i n c i d e n t  beam, To see  t h i s ,  l e t  us  assume a s  i n  Fig,  9 t h a t  

we have an emulsion placed i n  an absorber  a t  a n  ang le  b/ t o  t h e  i n c i d e n t  meson 

f l u x  from a  po in t  source P a t  a d i s t a c e  Do Consider a  volume element V s i t u a t e d  

i n  t h e  absorber  so  t h a t  some mesons of energy E a t  t h e  source a r e  slowed clown 

enough t o  come t o  r e s t  i n  t h i s  region,  The s o l i d  angle  subtended by t h i s  

volume element a t  t h e  source i s  t h e  product  of df3 and d$', where 

and y  i s  t h e  width of t h e  scanned a r e a  pe rpend icu la r  t o  t h e  paper ,  Thus, 

The energy i n t e r v a l  dE of mesons of i n i t i a l  energy E l eav ing  t h e  source 

which a r e  stopped i n  t h e  e f f e c t i v e  emulsion t h i c k n e s s  QR p. t / s i n &  depends 

upon t h e  s topping power- of t h e  emulsion f o r  mesons of i n i t i a l  energy E, Thus 

the  d e t e c t i o n  e f f i c i e n c y  of t h e  emulsion decreases  w i t h  inc reas ing  meson energy,  

More exac t lyo  

F i n a l l y ,  t h e  product  of s o l i d  angle  and e n o r 0  i n t e r v a l  i s  independent of 
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emulsion o r i e n t a t i o n :  

Note t h a t  d a d E  i s  independent of t h e  c h a r a c t e r i s t i c s  of t h e  absorber  used t o  

slow down t h e  mesons, 

Th i s  formula may be  used t o  express  t h e  d i f f e r e n t i a l  c ros s - sec t ion  i n  

terms of t h e  number of mesons/cm2 found i n  an  emulsion of uniform th i ckness .  

I f  L i s  t h e  t a r g e t  t h i ckness ,  $ t h e  t o t a l  number of pro tons  s t r i k i n g  t h e  

t a r g e t ,  n t h e  volume d e n s i t y  of t a r g e t  atoms, and N t h e  number o f  mesons 

found i n  a n  a r e a  A, t h e n  

B. Line source experiment; energy d i s t r i b u t i o n  a t  30°, The i n i t i a l  run 

was made us ing  a l i n e  source geometry a s  shown i n  Fig. 10. This  t a r g e t  was 

one b u i l t  f o r  use  a t  t h e  synchrotron by Lo J. Cook and k i n d l y  loaned t o  t h e  

au thor  be fo re  t h e  p re sen t  t a r g e t  was completed, P l a t e s  imbedded i n  duraluminum 

absorbers  were exposed a t  30' and 45' b u t  t h e  l a t t e r  p l a t e s  s u f f e r e d  from 

high  background due t o  i n s u f f i c i e n t  s h i e l d i n g ,  P a r a l l e l - s i d e d  channels  1 inch  

wide def ined  a t a r g e t  a r e a  of 2 inches t h i c k n e s s  a t  30' w i t h  an angular  

r e s o l u t i o n  of ? 3O, Addi t iona l  lead  b r i c k  s h i e l d i n g  was used around t h e  

s i d e s  of t h e  channels ,  P o s i t i v e  n-p decays occurr ing  i n  t h e  emulsion were 

observed under t h e  microscope us ing  oil-immersion ob jec t ive .  Only n-pP s 

were included i n  t h e  f i n a l  s t a t i s t i c s ,  b u t  a l l  mesons ending i n  t h e  emulsion 

were sketched and recorded,  The number of mesons (mesons ending i n  t h e  e 
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emulsion without event)  i n  t h i s  run, and l a t e r  runs, was approximately equal  

t o  t h e  number of n-p decays. The o r i g in  of t h e  ' s  i s  undoubtedly n-u decays Q 
occurring i n  the  adjacent  absorber o r  g l a s s  backing, 

A blank run made wi th  t he  l i n e  source empty showed no mesons i n  a p la te  

area  and'exposure com~arable t o  t he  subsequent run with hydrogen i n  t h e  

container. The hydrogen-exposed p la tes  yielded 115 n-y decays i n  an area 

of 1.7 om2. A p lo t  of t h e  number of n-p's observed per mi l l imeter  along 
.-. . . . - - --. . 

the  p l a t e  i n  a 1 cm wide area  i s  shown i n  Fig. 11, This i s  t h e  range c i is t r i -  

bution i n  aluminum, uncorrected f o r  t he  thickness of windows, e t c , ,  which the  

mesons pass through between source and absorber,  

In  addi t ion t o  t he  115 pos i t ive  mesons, two n- star-forming mesons were 

found i n  t h e  plate.  These negative mesons are  believed t o  have been f omed 

i n  t h e  absorbers by e l a s t i c a l l y  s ca t t e r ed  protons (which have an energy of 

250 Mev a t  30°), A rough est imate of t h e  expected y i e ld  on t h i s  assumption 

can be made from known data  on the  p-p s ca t t e r i ng  cross-section1', t h e  meson 

production cross-section f o r  340 Mev p ro tons3~4 ,  and the  exc i t a t i on  curve f o r  

meson production by protons12. This est imate i s  about 1 percent of t h e  t a rge t -  
. - 

produced. mesons. Therefore no p a r t i c u l a r  s ignif icance i s  a t tached t o  t h e  

discovery of a few negative mesons i n  

of t h e  r e l a t i v e l y  poor s t a t i s t i c s ,  no 

absorber-produced pos i t ive  mesons, 

I n  a l a rge  f r ac t i on  (2/3) of the  

t h i s  experiment. Furthermore, i n  view 

cor rec t ion  has been made f o r  possible 

apparent n-p decays, the  "p" leaves t h e  

emulsion a f t e r  a r e l a t i v e l y  shor t  d is tance  and the re fore  cannot be dis t inguished 

l l O .  Chamberlain, E. Segrh and C. Wiegand, Phys. Rev. ( t o  be p b l i s h e d ) .  

"s. B. Jones and B. S .  Nhite, Phys. Rev. 78, 1 2  (1950). - 



from a high-energy proton. We have counted such events a s  n y  decays fo r  

two reasons, One reason i s  t h a t  no nuclear r e co i l  i s  v i s i b l e  i n  any such 

case observed, Tne other reason i s  t h a t  the  occurrence of only 2 i den t i f i ab l e  

n-negative s t a r s  makes t h e  occurrence of any one-prong n-negative s t a r s  very 

imp robable. 

When the  var ia t ions  i n  so l i d  angle and stopping power a r e  combined with 

the data  of Fig. 11, a p lo t  of t h e  d i f f e r e n t i a l  cross-section a s  a function 

of meson energy resu l t s .  This i s  shown i n  Fig. 12 .  The most s t r i k i n g  fea tu re  

of t h i s  spectrum i s  t h e  concentrat ion of mesons near t h e  higher  energies.  

This w i l l  be discussed i n  d e t a i l  i n  Section IT. 

The absolute values of the cross-section i n  Fig. 12 have been calculated 

using t h e  formula developed i n  p a r t  ( A ) .  The densi ty  of l i qu id  hydrogen 

assumed was ,071 gm/cc13. The t a r g e t  area  was assumed t o  be defined by t he  

1 inch channel, and no correct ions  have been made fo r  poss ible  penetra t ion of 

the  channel corners. The dis tance  from t a r g e t  center  t o  t h e  near edge of t he  

photographic p la te  was 27-1/2 cm. An emulsion thickness of 52 2 3 microns was 

used i n  t h i s  f i r s t  run (100 micron emulsions were used i n  l a t e r  runs) ,  (A 

shrinkage f a c t o r  of 2.5 2 .1 was used i n  t h i s  case s ince  ca l i b r a t ed  p l a t e s  

were not available.  This f a c to r  was determined l a t e r  by measuring micro- 

scopical ly  the  thickaess o f  processed emulsions containing ca l i b r a t i on  t r a cks ) ,  

The energy scale  r e f e r s  t o  the  energy of t h e  meson a s  formed a t  t he  

t a rge t .  An aluminum equivalent  of 1.07 cm i s  added t o  t h e  range i n  the  

absorber t o  take  account of t h e  half- thickness of t he  hydrogen, plus t he  s ta in -  

l e s s  s t e e l  container walls  and windows through which t h e  meson must pass 

13&. D. Lyon, pr ivate  cormunication. 
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a t  an angle  of 30°, The minimum energy of a meson reaching t h e  p l a t e  i s  

t h e i e f o r e  22 Mev, The ha l f - th i ckness  of t h e  e f f e c t i v e  t a r g e t  a r e a  i n  t h e  

d e t e c t o r  d i r e c t i o n  i s  1 inch ,  o r  1-1/4 Mev t o  a 50 Mev meson, This t a r g e t  

spread plus  t h e  e s t ima ted  1 percent  u n c e r t a i n t y  i n  t h e  range-energy r e l a t i o n  

means t h a t  t h e  energy assignment may be i n  e r r o r  by 1 or  2 Mev, 

A p rec i se  p r e d i c t i o n  of t h e  upper energy l i m i t  on mesons observed a t  a 

given l abo ra to ry  angle i s  l i c i t e d  by t h e  inexac t  knowledge of t h e  me son mass 

and t h ~  proton beam energy, The quoted u n c e r t a i n t y  i n  t h e  mass of t h e  n-meson 

(276 f 6 m e ] l 4  amounts t o  23  Msv. The b e s t  method p r e s e n t l y  a v a i l a b l e  f o r  

de te rmina t ion  of t h e  pro ton  beam energy i s  t o  measure i t s  range i n  absorbers ,  

I t s  range i n  copper i s  about  93 gn/cm2, a s  determined by  exposing x-ray f i l m  

a t  t h e  end of t h e  range o r  by measuring the  Bragg curve w i t h  a p a i r  of i o n  

chambers, The l a t t e r  method i s  probably good t o  b e t t e r  t han  1 g m / d  and 

g ives  a mean energy of 340 IiTevl5. The v a r i a t i o n  from one run t o  t he  next  i s  

of t h e  order of 1 @/an2 or 2 Mev, 

The energy spread  of t h e  primary pro ton  beam may a l s o  be i n f e r r e d  from 

rznge measurements, The Bragg curves show a range s t r a g g l i n g  ha l f -wid th  of 

2 1-1/2 gm/cm . This  i s  i n  agreement w i th  t h e  range s t r a g g l i n g  de r ived  from 

12 comparative measurements of t h e  C ' ( p , p n ) ~ l l  e x c i t a t i o n  curve9 n e a r  t h e  

2 0  Mev th re sho ld  us ing  32 Mev pro tons  from t h e  l i n e a r  a c c e l e r a t o r  and 340 Nev 

protons slowed down i n  copper,  The c a l c u l a t e d  range s t r a g g l i n g  t o  be expected 

If? 
i f  t h e  protons were monoenergetic i s  .95 gm/em2 Therefore,  assuming t h a t  

t h e  a d d i t i o n a l  measured s t r a g g l i n g  i s  due t o  t h e  energy spread of t h e  primary 

14E'. M. Smith, e t  a l .  Bul l .  h e r .  Phys. Soc. 24, 9 (1949). - 
150. chamberlain and C, Wiegand, p r i v a t e  communication, 

Livingston and H. Bethe, Rev. Mod. Phys., 9, 283 (1937),  - 



beam, we a r r i v e  a t  a  value of 2 2-1/2 Mev, 

Taking i n t o  cons idera t ion  t h e  unce r t a in ty  i n  t h e  range-energy r e l a t i o n s ,  

it seems t h a t  it would be very d i f f i c u l t  t o  determine t h e  primary proton 

energy t o  b e t t e r  than  2 4 Mev, However, t h e  energy spread of the  beam appears 

t o  be q u i t e  small  and i s  probably no t  t h e  l i m i t i n g  f a c t o r  i n  t h e  energy 

re so lu t ion  of t h e  present  experiment, 

I n  t h e  l i n e  iou rce  run  t h e  inc iden t  pro tons  passed through a 1/16 inch  

s t a i n l e s s  s t e e l  window and 14 cm of hydrogen, reducing t h e  beam energy 8-1/2 

Mev t o  about 332 Mev, The t a r g e t  th ickness  (2 inches of l i q u i d  hydrogen) 

amounts t o  2-1/2 Mev f o r  t h i s  energy proton beam. The ca lcu la t ed  s t r a g g l i n g  

i n  energy of 50 Mev mesons a t  t he  end of t h e i r  range i s  equivalent  t o  2/3 

Mev i n  i n i t i a l  energy, The angular  spread of 2 3' allowed by t h e  geometry 

corresponds t o  a v a r i a t i o n  i n  t h e  maximum k i n e t i c  energy of t h e  mesons of about 

+ 2 Mev. It seems c l e a r  t h a t  t h e  energy r e s o l u t i o n  of t h e  experimental  

arrangement alone i s  about 2 3 Mev, Combined wi th  t h e  u n c e r t a i n t i e s  of t h e  

proton beam energy and t h e  meson mass, we should n o t  look f o r  agreement between 

the ca lcu la t ed  and experimental ly determined va lues  of  t h e  upper energy meson 

l i m i t  w i t h i n  5 Mev and should expect an energy spread of about 2 4 Mev, 

C, Point  source experiment; energy spectrum a t  30' using s o r t i n g  magnet, 

P l a t e s  d i r e c t l y  exposed t o  t h e  f l ux  of mesons and s c a t t e r e d  protons from t h e  

hydrogen t a r g e t  a r e  l imi t ed  i n  exposure by t h e  proton background, I n  order  

t o  improve t h i s  s i t u a t i o n  and ob ta in  b e t t e r  s t a t i s t i c s ,  a s o r t i n g  magnet 

was in terposed between source and t a r g e t  ( see  Fig. €3)- A t  t h i s  time t h e  po in t  

source was a l s o  s u b s t i t u t e d  f o r  t h e  l i n e  source i n  order  t o  b e t t e r  de f ine  

the t a r g e t  th ickness  and improve the  angular  r e so lu t ion .  Although use of 

the  magnet r equ i re s  g r e a t e r  source-detector  d i s t a n c e s ,  t h e  improvement i n  



msson-to-Dack~ruund r a t l o  1 s  su f f l s i sn i ;  (about 500) t o  a l l m  long exposures 

and a  i ? rge r  numbzr cf mesons recorded i n  t h e  p l a t e s ,  

As is shovm i n  FIG, 8 t h e  s o l i d  angle  i s  der ined  rn  azimuth bjr t h e  width 

;f t h e  en t rance  t o  t h e  magnet ic  f l e l d ,  wh1I.e t h e  v e r t i c a l  a p e r a t u r e  is s t i l l  

dependent, upon t h e  width of t h e  scannlng s t r i p  i n  t h e  emulsicn, The formula 

f o r  t,he product of t h e  energy i n t e r v a l  and s o l i d  angle  i s s  

a l  
u? l tp -a  w - t h e  en t rance  width (*"ateb'] t o  t h e  magnetic f i e l d ,  and s c- T= p I S  

t h e  p;,th t r a m r s e d  by a  meson of' r a d i u s  of curva ture  I n  t h e  magnetic f f e l d ,  P 
The plate-imbedded absorbers  a r e  placed along a l i n e  pass ing  through t h e  cen te r  

oi' Lhe ga te  a t  an angle  of 45' t o  t h e  i n c i d e ~ t  meson f l u x ,  Thls l i n e  f s  t h e  

locus  of 90' p o m t s  on t h e  c i r c u l a r  o r b i t s  o f  mesons o f  d i f f e r e n t  momenta, 

so t h a t  t h e  mecons e n t e r  t h e  absorbers  a t  an  angie  o f  45'- Since mesons 

ent ,er lng t h e  gate initially p a r a l l e l  w i l l ,  t o  a  f l r s t  anproximatlon, converge 

0 a t  t h e  90 position, t h i s  geometry serves  t o  concen t r a t e  t h e  mesons I n  t h e  

photogranhic p l u t e .  I t  1 s  e s p e c i a l l y  u s e f u l  i n  t h i s  case  s i n c s  t h e  angular  

acceptance i s  very scial l ,  

I n  t h i s  run t h e   ate width was ? inches a t  a  d i s t a n c e  of 36-1/2 inches  

from t h e  source,  l i m i t i n g  t h e  angular  acceptance a t  sf;' t o  - The 

photographic p l a t e s  mbsdded a t  an angle  of 15" t o  t h e  h o r i z o n t a l  In copper 

absorbers  were placed i n  t h e  median p lane  of t h e  P-5/8 i cch  gap of t h e  

14,61 k i logauss  magnetic f i e l d  sliown i n  F ig ,  8, T h ~ e e  6 inch  long absorber-  

h o l d e r s ,  each conta in ing  two 3 inch  p l a t e s ,  w e r e  placed along t h e  90"-focus 

p o s i t i o n  from 2 inches  t o  20 inches  fsom t h e  g a t e  c e n t e r ,  The mesons e n e r g i e s  

t hus  covered a  range from 1 t o  70 Mev, w e l l  above t h e  55 Mev meson energy 

l l m i t  c a l cu l a t ed  f o r  340 Mev pro tons ,  '6he minimum t h i c k n e s s  of absorbers  
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through which mesons must pass  t o  b e  de t ec t ed  was 1.3 mm Cu equ iva l en t ,  

corresponding t o  an  11 Mev meson a t  t h e  source. 

I n  t h e  i d e a l  case  of a p e r f e c t l y  cons tan t  magnetic f i e l d  and i n f i n i t e l y  

narrow angular  acceptance,  t h e  p o s i t i o n  of t h e  meson endings i n  t h e  photographic 

p l a t e s  would be descr ibed  by a  l i n e  whose d i s t a n c e  from t h e  edge of t h e  p l ace  

va r i ed  approximately a s  t h e  f o u r t h  power of t h e  d i s t a n c e  from t h e  ga t e ,  A f i n i t e  

angular  acceptance At3 t e n d s  t o  spread  out  t h e  endings of equal  momenta mesons 

over a  d i s t ance  ,A ,  a long  t h i s  l i n e  and t h e r e f o r e  a l s o  sp reads  t h e  l i n e  

i n t o  a  band, Since t h e  a c t u a l  magnetic f i e l d  f a l l s  o f f  nea r  t h e  ga t e  en t r ance  

t o  65 percent  i t s  maximum value  and p e r s i s t s  t o  some e x t e n t  beyond t h e  geometr ica l  

boundary, t h e  o r b i t s  a r e  f u r t h e r  per turbed  from c i r c u l a r  p a t h s  and a d d i t i o n a l  

spreading of t h e  l i n e  i s  t o  be expected, An a c t u a l  p l o t  of 472 meson endings 

i n  t h e  two p l a t e s  between 11 inches and 17 inches  from t h e  g a t e  i s  s h o ~ m  i n  

F ig ,  13, w i t h  the d i r e c t i o n  of i nc reas ing  momentum i n d i c a t e d  by t h e  arrow, 

The a r e a  scanned i s  o u t l i n e d ,  I t  can be  seen t h a t  mesons a r e  spread  along 

t h e  p l a t e s  i n  a  band whose d i s t a n c e  from t h e  p l a t e  edge i n c r e a s e s  w i t h  momentum, 

The v a r i a t i o n  i n  d e n s i t y  of meson endings wi th  momentum gives  a  rough measure 

of t h e  v a r i a t i o n  of t h e  c ros s - sec t ion ,  a l though because of t h e  spreading  of 

t h e  o r b i t s  t h e  energy assignment i s  b e t t e r  ob ta ined  from t h e  range of t h e  

meson i n  t h e  copper abso rbe r ,  Unfortunately a t  an angle  of inc idence  of 45' 

t h e  ca l cu la t ed  range i s  r a t h e r  s e n s i t i v e  t o  v a r i a t i o n s  i n  angle  of inc idence ,  

s ince  

1 dR 
F d e  = - c o t  'd 

Thus a  v a r i a t i o n  o f  5O from 45O inc idence  w i l l  mean a 5 pe rcen t  change i n  t h e  

meson energy as  c a l c u l a t e d  from t h e  p o s i t i o n  of t h e  ending. The wid th  of t h e  

band of mesons i n  F ig ,  13  i s  a  r e s u l t  of t h e  v a r i a t i o n  of  t h e  a n g l e s  of 
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incidence of o r b i t s  p l o t t e d  i n  accordance w i t h  t h o  a c t u a l  magnetic f l e l d  

d i s t r i b u t i o n ,  Carefu l  shimming of t he  magnetic f l e l d  and o r i e n t a t i o n  of t h e  

absorbers  t o  g ive  normal meson incidence w i l l  narrow t h e  width of t h i s  band 

and t h e r e f o r e  improve t h e  energy r e s o l u t i o n ,  

I f  we count t h e  number of mesons ending i n  a  1 mm wide s t r i p  of cons tan t  

mean d i s t ance  d  from t h e  inc iden t  edge of t h e  p l a t e ,  we s e l e c t  mesons of a  - 
s i n g l e  band of ene rg i e s ,  (The s t r a g g l i n g  i n  p o s i t i o n  mentioned above i s  

about 1 mm i n  d i s t a n c e  d o )  P l o t t i n g  t h e  nxnber of mesons pe r  mm s t r i p  a s  a  - 
func t ion  of d i s t a n c e  d  we o b t a i n  t h e  range d i s t r i b u t i o n  shown i n  F ig ,  14, - 
Although the  energy r e s o l u t i o n  i s  no b e t t e r  than  t h e  l i n e  source experiment, 

because of t h e  s t r a g g l i n g  i n  p o s i t i o n  of t h e  meson endings, t h e  s t a t i s t i c s  

a r e  very  much b e t t e r ,  

This range d i s t r i b u t i o n  may be converted i n t o  a n l o t  of t h e  d i f f e r e n t i a l  

c r o s s  yect ion vs ,  meson k i n e t i  c  energy, a s  shown i n  F ig ,  15, Absolute va lues  

a r e  assigned from a knowledge of t h e  charge c o l l e c t e d  by t h e  i o n  chamber, t a r g e t  

2 t h i ckness  (1-1/2 inchs  of l i q u i d  hydrogen o r  .27 gm/cm'), and t h e  s o l i d  angle- 

energy i n t e r v a l  def ined  by t h e  geometry, The c o r r e c t i o n  f a c t o r  f o r  t h e  decay 

of t h e  n-mesons i n  f l i g h t  becomes cons iderable  due t o  t h e  long na th ,  ranging 

from 1,35 a t  30 Ddev t o  1 ,25  a t  70 LIev, A mean l i f e t i ~ e  a t  r e s t  of 2 x loa8 

17 sec ,  was assumed The emulsion t h i c k n e s s  was n e a r l y  uniform a t  110 microns 

a s  determined by t h e  range o f  c a l i b r a t i o n  t r a c k s ,  

The e f f e c t s  of t h e  Ding ing  magnetic f i e l d  i n  t h e  i n i t i a l  po r t i on  of t h e  

o r b i t s  of t h e  mesons h a s  been es t imated  from t h e  measured v a r i a t i o n  of t h e  

normal component of t h e  magnetic f i e l d  t r a n s v e r s e  t o  t h e  o r b i t  pa ths  i n  t h e  

median plane of t h e  magnet, Mesons above or  below t h e  p lane  of symmetry o f  

17s. M a r t i n e l l i  and A.K.H. Panofsky, Phys. Rev, 77. 465 (1950).  - 
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the  magnetic f i e l d  w i l l  experience a  fo rce  (toward the  symmetry plane i n  t h i s  

case)  approximately ~ r o p o r t i o n a l  t o  t h e i r  d i s t ance  from t h i s  plane t imes t h e  

g rad ien t  of the  f i e l d ,  This focusing a c t i o n  i s  equivalent  t o  t h e  a c t i o n  of 

a  lens  i n  geometrical o p t i c s ,  and i n  t h e  case t h a t  t h e  region i n  which the  

t r ansverse  gradient  e x i s t s  i s  shor t  a t h i n  l ens  " focal  lengthn can be ca lcu la ted ,  

I n  t h i s  case t h e  gradient  i s  about 2,3 percent  per  inch along 5 inches of t h e  

path,  g iv ing an equivalent  t h i n  lens  f o c a l  length  of 110 inches,  This increases  

the  number of mesons found i n  t h e  p l a t e  by about 7 percent ,  

The energy spectrum shown i n  Fig,  15  has been correc ted  f o r  the  above 

e f f e c t s .  The po in t s  a r e  shown with t h e i r  s tandard devia t ions  from the  

counting s t a t i s t i c s ,  The r e s u l t s  show t h e  sharp pesk i n  t h e  spectrum a t  

higher meson energies ,  i n  agreement wi th  t h e  l i n e  source run. The width of 

the  peak a t  half-maximum (12  Mev) i s  s l i g h t l y  broader and t h e  height  of the  

peak i s  lower than those  of the  l i n e  source run, However, t h e  cross-sec t ion  

in teg ra ted  over energy from 3 2  t o  70 Mev i s  almost i d e n t i c a l  with t h e  in teg ra ted  

value f o r  t h e  l i n e  source run (-7-1/2 x cm2 steradian"'). This i s  

reasonable i n  view of t h e  g r e a t e r  energy s t r a g g l i n g  i n  t h e  point  source run ,  

D, Angular d i s t r i b u t i o n  of p-mesons, Although t h e  experimental arrange- 
I 

ments were not  designed t o  favor the  search  f o r  poss ib le  asymmetries i n  t h e  

angular d i s t r i b u t i o n  of p-mesons r e s u l t i n g  from n-~1  decays, it i s  a  r e l a t i v e l y  

simple job t o  measure t h e  p d i rec t ion ,  This  has been done f o r  t h e  runs 

discussed here and s ince  the  r e s u l t s  do not  show t h e  expected i s o t r o p i c  d i s t r i -  

bution wi th in  s t a t i s t i c a l  e r r o r s ,  the  d e t a i l e d  numbers w i l l  be given, 

Angular d i s t r i b u t i o n s  f o r  t h e  u-mesons can be obtained under two very 

d i f f e r e n t  condit ions i n  t h i s  experiment, I n  t h e  l i n e  source run, t h e  p l a t e s  

were i n  a  region of e s s e n t i a l l y  zero magnetic f i e l d  (-20 gauss) ,  I n  t h e  
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~ o i n t  source rxn, t h e  p l a t e s  ne re  placed betvrser! t h e  poies  of a magnet whose 

field was about 15,000 gauss ,  'The geometr ica l  arrangements of t h e  p l a t e s  

w i th  r e spec t  t o  t h e  meson and proton beam d i r e c t i o n s  may be ohta lned  fzom 

F i g s ,  8 and 10, I n  both  cases  t h e  n lane  of t h e  emulsion I n t e r s e c t s  a t  an  

angle of 15' t h e  p lane  defined by t h e  pro ton  beam and t h e  l m e  of f l i g h t  of 

t h e  mesons ending i n  t h e  p l a t e ,  Therefore  as,ymmetries wl th  respec$ t o  e i t h e r  

t h e  p ro t an  beam d i r e c t i o n  o r  t h e  d i r e c t i o n  of t h e  st-meson i n c i d e n t  upon t h e  

absorber  c n  be determined from t h e  d i s t r i b u t i o n  off-mesons w i t h  p lane  

p ro j ec t ed  angle i n  t h e  emulsion, 

0 
The numbers of p u s  per  45 s e c t o r  have been t a b u l a t e d  aga.inst ang le  t3 

i n  Fig,  16, l i s t i n g  t h e  r e s u l t s  of t h e  "no-f ie ld"  and l5,000 gauss runs ,  

The angle  i s  de f ined  with r e spec t  t o  t h e  d i r e c t i n n  of  t h e  i n c i d e n t  n-mesons 

KS It e n t e r s  t h e  absorbers ,  and ang le s  a r e  measured clockwise a s  vlewed i n  t h e  

microscope f i e l d  of view, Since t h e  o p t i c a l  systzm of t h e  microscope preserves  

r e l a t i v e  angular  o r i e n t a t i o n s ,  t h i s  i s  t h e  same as viewing d i r e c t l y  t h e  decay 

process  from t h e  t o p  of t he  emulsion, 

The e r r o r s  p l o t t e d  a r e  s tandard  d e v i a t i o n s  based upon t h e  number of n-p 

decays observed, k t o t a l  of" 115 decays a r e  inc luded  In t h e  no - f i e ld  case ,  and 

472 decays i n  t h e  15,000 gauss case ,  The ang le s  were measured wj  t h  a gonfometer 

eyepiece at tachment  and each measurement i s  good t o  2 1'" The d e f i n i t i o n  of 

t h e  i n c i d e n t  m-meson angle i s  good t o  h0 i n  t h e  n o - f i e l d  case,  and b e t t e r  

than  2 5' i n  t h e  15 ,000  gauss case ,  

The most s t r i k i n g  f e a t u r e  of F ig ,  16 i s  t h e  ansa ren t  minimum i n  t h e  angu la r  

d l s t r i b u t f o n  a t  1 8 0 ~ .  I n  t h e  15,000 gauss case  a  l e a s t  squares  f i t  assuming 

a  f l a t  d i s t r i b u t i o n  i s  i nd ica t ed  b ~ r  the h o r i z o n t a l  l i n e ,  The root-mean-square 

dev ia t ion  of t h e  p o i n t s  from t h l s  f i t  i s  tw ice  t h e  s tandard  d e v l a t l o n  of t h e  

ind iv idua l  po in t s ,  m d i c a t l n g  t h a t  t he  odds s g a i n s t  ob ta in ing  t h e  experimpntal  
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d i s t r i b u t i o n  ( i s o t r o p i c  d i s t r i b u t i o n  assumed t o  be t h e  t r u e  d i s t r i b u t i o n )  due 

t o  s t a t i s t i c s  alone a r e  2 1  t o  1. The much poorer s t a t i s t i c s  o f  t h e  no-f ie ld  

case do not  j u s t i f y  such an a n a l y s i s ,  
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IV, DICCUSXCN OF RYSIJLTS 

A ,  In terpr  e t a t l o n  o f  peaked spectrux ,, Calcul-ltions made by 'faylor a.nd 

~hctv" of  he energy snectrum of mcsnns ppoduced by nucleons borllbnrdine f r e e  

nucleolls 0x1 t he  b a s i s  of s c a l a r  in terac- t ion  yielded bow- shaped curves whose 

mean energy was apprsximatoly hal f  t h e  maximum energy. ~rueckner l - '  has a lso  

ca lcula ted  t h e  r e s u l t s  t o  be expected on t h e  b a s i s  of psei.~dossalar theory vihich 

g l - ~ e s  a broad neak s h i f t e d  s l i g h t l y  toward higher energies ,  Both of these  

ca lcu la t ions  were made on t h e  assumption t h a t  the  f i n a l  proton and neutron 

d i d  not m t e r a c t  and t h e r e f o r e  could be described Sy plane waves, 

'The experimental energy spectrum d i f f e r s  markedly from t h e s e  t h e o r e t i c a l  

predic t ions  i n  t h a t  t h e  peak i s  very sharp and occui-s a t  t h e  upper end of t h e  

spsctrum. A reasonable explanation has been suggested by chewEo w!io pomts  

out t h a t  a t  the  low f i n a l  nucleon energies  involved t h e  proton and xeutron 

cannot be t r e a t e d  a s  f r e e  p a r t i c l e s ,  Indeed, s ince t h e  meson t a k e s  z o s t  of 

the  20 Idev k i n e t i c  energy ava i l ab le  i n  the  center-of-mass syster?, tb:: .]roton 

and nelltron each have only about one : " lev k i n e t i c  energy, A t  t hese  energies 

the  n-p sca t t e r ing  cross-sec t ion  1s  known t o  be large2 '  and t h i  s strong i n t e r -  

action. a t  lorn nucleon energies  increased the  p r o b a b i l i t y  t h a t  t h e  corresponding 

high energy mesons w i l l  be emit-ted, Calcula t ions  on this assum~fuion by 

Brueckner and ~ o ~ e s ~ ?  give good agreement with t h e  o'bserved energy spectrum, 

'he  energy spectrum obsorved by Cartwright,  Richman, Tilhitehead a n d  

Wilcox a t  0' i s  i n  good agreement wi th  t h e  present  r e s u l t s  and with t h e  

explnnl t ion  given above, I n  general  t h e  0" r e s u l t s  show a  higher and broader 

m y l o y  and G o  F. Chew, Phys. Rev. 711, % ( A )  (1950). - 
"K, Br uea:kner, UCRL-650. 

' O G ,  3 '  Chew, p r lva te  c o ~ m u n ~ c a t i o n .  

"gai ley ,  Bennett, e t  n l ,  Phys, Rev. 70,. 583 (1946 ), - 
"K. Bruecher and P. Noyes, p r i v a t e  corununication. 



peak and 

B ,  

t h e  expected s h i f t  of t h e  maximum towards h igher  meson energies ,  

Existence of deuterons, I f  t h e  proton and neutron i n  t h e  f i n a l  s t a t e  - 
a re  moving with low r e l a t i v e  momenta, a deuteron may be formed a s  one of t h e  

r e s u l t a n t  p a r t i c l e s  of t h e  c o l l i s i o n ,  In  such events  the  meson has a s ing le  

d e f i n i t e  energy i n  t h e  center-of-mass system which m i l l  give a " l i n e "  when 

observed a t  any labora tory  angle, Since t h e  binding energy of t h e  deuteron 

provides t h e  meson with dpproximately 2 , 2  Mev a d d i t i o n a l  k i n e t i c  energy i n  

the  center-of-mass system, t h i s  l i n e  w i l l  i n  p r i n c i p l e  be separated from t h e  

continuous meson energy spectrum, The separa t ion  amounts t o  about 3 Mev a t  

30' observation angle i n  t h e  l ~ b o r a t o r y  system. 

Experimentally it would be extremely d i f f i c u l t  t o  determine t h e  

exis tences  o r  non-existence of r e a l  deuterons by observing t h i s  gap i n  t h e  

meson energy spectrum, s ince  the  energy reso lu t ion  would have t o  be s i g n i f i c a n t l y  

l e s s  than 3 Mev, The s t a t i s t i c s  would a l s o  have t o  be very good t o  ?rove t h e  

exis tence  of even a d i p  i n  the  d i s t r i b u t i o n  nea r  the  upper energy l i m i t ,  

Cer ta in ly  these  two condit ions a r e  not met by t h e  experiments reported here ,  

On t h e  b a s i s  of Figs ,  11 and 14 one can n e i t h e r  confirm nor deny t h e  poss ib le  

exis tence  of deuterons i n  t h e  production Frocess,  However, i f  t h e  a c t u a l  

energy spread of t h e  proton bean i s  l e s s  than t h e  e s t i n a t e  given here it may 

be possible t o  achieve t h e  requlred energy reso lu t ion ,  

The incent ive  f o r  at tempting t o  iaprove t h e  energy r e s o l u t i o n  c e r t a i n l y  

e x i s t s ,  s ince  t h e  exis tence  and r e l a t i v e  magnitude of t h e  "deuteron l i n e "  

may lead t o  some r e s t r i c t i o n s  on the  choice of meson-nucleon i n t e r a c t i o n s ,  

The i n i t i a l  proton-proton system i s  l imi ted  t o  's, 3 ~ ,  l ~ ,  e t c , ,  s t a t e s  

because of t h e  P a u l i  exclusion p r inc ip le ,  and have even o r  odd p a r i t y  

depending on whether 4 i s  even o r  odd. The bound s t a t e  of t h e  deuteron 



i s  a  3~ s t a t e ,  The mesons formed a t  t h e s s  proton energies w i l l  be i n  an S 

s t a t e  a  la rge  f r a c t i o n  of the time s ince  the  wavelength 5 of a 20 Yev meson 

i s  about twice a s  long as  the  range of the  veson-nucleon i n t e r a c t i o n  

(assumed %/%c). TO t h i s  extent  we may say t h a t  t h e  p a r i t y  of the  f i n a l  

s t a t e  w i l l  be even, and t h a t  the  assumed i n t e r a c t i o n  q u s t  be capable of 

conserving o r  changing pzirity depending on whether the  protons c o l l i d e  i n  a  

s i n g l e t  o r  t r i p l e t  s t a t e ,  Furthermore, i f  t h e  meson sp in  i s  0 conservation 

of angular  momentum r u l e s  out c o l l i s i o n s  i n  t h e  'S s t a t e .  

C, Total  cross-sect ion,  The e x p e r h e n t a l  energy spectrum of p o s i t i v e  

8-mesons a t  30' vghen in tegra ted  over meson energy gives a  value of a t  l e a s t  

7-1/2 x an2 s t e rad ian  per proton. Due t o  the  r a c t  t h a t  the  mesons a re  

observed t o  have nea r ly  a s ing le  energy a t  t h i s  angle i n  the  labora tory  

system, we may r e a d i l y  e s t iml te  a  t o t a l  c ross-sec t ion  by assuming 8. s?her ica l ly-  

syrumetric anguler d i s t r i b u t i o n  f n  t h e  center-of-mass system, I'hen t h e  y i e l d  

may be expected t o  vary with labora tory  angle i n  much t h e  same way as S-wave 

p-p s c a t t e r i n g  ( the  upper l i m i t  on meson energies  goes near ly  t o  zero beyond 

9 0 " ) ~  Using t h e  r a t i o  of s o l i d  angles  from p-p sca t t e r ings  

&lab 
= 4 cos 8 " 3,46 ( a t  so0) 

ddhs o m  0 

and assuming spher ica l  symmetry i n  t h e  center-of-mass system, t h e  t o t a l  cross-  

sec t ion  becomes, 

d~ = 4 sr (7-l/2 x 3, r lC  2,7 x cm 2 t o t a l  

Do Angular d i s t r i b u t i o n  of t h e  u-mesons, I t  has been shown i n  experiments 

with photo-rnesons23 t h a t  neu t ra l  me sons decay int,o two gamma-rays and the  r e f  ore 

2 3 J, Steinberger,  WOKOR, Panofsky and J, S t e l l e s ,  UCHL-674, 



the  n e u t r a l  moson must have sp ln  zero,  I t  seems reasonable t o  assume t lLat  both 

charged and n e u t r a l  mesons a r e  of the  same type ,  and t h a t  photon and proton 

produced mesons have t h e  same c h n r a c t e r i s t i c s ,  Therefore it would be both 

su rp r i s ing  and i n t e r e s t i n g  i f  any e f f e c t ,  such a s  an asymmetry i n  t h e  d i r e c t i o n  

ofp-mesons i n  n-u decay, were found, Previous s tud ies  by Richman and 

~ i l c o x ~ ~  and by ~ e i s s b l ~ i t ~ h ~  of decays of p o s i t i v e  mesons from carbon and lead 

showed i s o t r o p i c  angular d i s t r i b u t i o n s  of  t h e / u 9 s .  However, i n  t h e s e  

experiments only of t h e  order  of 15 mesons per  45' s e c t o r  were obtained,  

Furthermore, whereas ~ i e n t z e l ~ ~  p r e d i c t s  a  maximum e f f e c t  near  threshold  these  

experiments were c a r r i e d  out 150 Mev above threshold ,  

The present  experiment comes much c lose r  t o  s a t i s f y i n g  t h e  condi t ions  

a s  l a i d  dowri by v{entzel, namely t h a t  it was c a r r i e d  out  near  threshold  where 

t h e  f i n a l  nucleon and meson momenta a r e  small compared t o  those  of the i n i t i a l  

protons, I n  f a c t ,  a s  has been pointed out before ,  t h e  nucleons have only 

about 1 Mev each i n  t h e  center-of-mass systemo whereas t h e  average meson 

pomentum i s  l e s s  than 1/7 of the  momentum of each of t h e  c o l l i d i n g  protons,  

The present  r e s u l t s  c e r t a i n l y  do not prove t h a t  the  n-pos i t ive  meson 

has a  non-zero spin ,  but  they do show an asymmetry i n  t h e  angular  d i s t r i b u t i o n  

of thep-mesons which i s  not  e a s i l y  explained on t h e  b a s i s  of s t a t i s t i c s ,  

If t h e  t r u e  d i s t r i b u t i o n  were i s o t r o p i c ,  then t h e  p r o b a b i l i t y  t h a t  the  

observed d i s t r i b u t i o n  would. occur i s  only 4,5 percent ,  Furthermore, t h i s  

does not  take  account of t h e  f a c t  t h a t  t h e  extreme points  a r e  grouped toge the r ,  

An a r b i t r a r y  d iv i s ion  of t h e  angular  d i  s t r i b u t f  on (whf ch happens t o  correspond 

t o  a  forward-backward separa t ion  with respect  t o  the  proton beam) a t  135O 

2 4 C, R i  chman and H, :;llcox, p r lva te  co:munication, 

2 5 ~ .  iTentzel, Phys. Rev. 7 5 ,  ltlO (1949). - 



i n t o  two hemicircles gives a  r a t l o  of 1 , 4 1  2 .13, or  a  p r o b a b i l i t y  of only 1 

i n  400 of being due t o  an i s o t r o p i c  d i s t r i b u t i o n ,  

I f  t h e  meson possesses a  magnetic moment a s  l a rge  a s  one mesonic magneton, 

however, it would requi re  a  very strong asymmetry t o  withstand the  e f f e c t s  of 

precession of the  moment i n  a 15,000 gauss f i e l d  during t h e  l i f a t i m e  f o r  decay 

of t h e  n-meson,, A p a r t i c l e  having one mesonfc magneton w i l l  precess about 1 

complete revolut ion  during the h a l f - l i f e  f o r  meson decay, Although t h e  

angular d i s t r i b u t i o n  observed f a l l s  o f f  i n  t h e  r o t a t i o n  d i r e c t i o n  expected 

of a precessing p o s i t i v e  moment, t h e  magnitude which must be assumed f o r  t h e  

i n i t i a l  asymmetry i s  so g r e a t  t h a t  t h e  e f f e c t  should have been not iced  on 

the  no-f ie ld  p l a t e s ,  

The r e s u l t s ,  while inconclusive,  J"ustif"y f u r t h e r  experimental work with 

p l a t e s  placed i n s i d e  and outs ide  a region of magnetic f i e l d ,  
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