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Bvidence f o r  t he  Production of 'Neutral Mesons by Photons 

J. Steinberger,  We Ko8H, Panofsky and J, S t e l l e r  

. .  I -  

Radiation Laboratory, Department of Physics 
University of  Cal i forn ia ,  Berkeley, Cal i forn ia  

Apri l ,  1950 

I .' I n t  r o duc ti on 

Neutral mesons which a r e  coupled s t rongly  t o  nuc le i  must be expected t o  be 

unstable aga ins t  decay into-two o r  more gamma rays. 

l i f e t imes ,  have been discussed extensively"). 

responsible f o r  t h e  soft .showers which of ten  accompany energe t ic  cosmic ray nuclear  

events(2) ,  The evidence i n  favor of t h e  exis tence o f  the  neu t r a l  meson has r ecen t ly  

been g r e a t l y  strengthened by the  discovery a t  Berkeley(3) of' -gamma rays which behave 

i n  a l l  ways as i f  they  were due t o  t h e  d i s in t ek ra t ion  of a neu t r a l  meson, 

. produced by proton bombardment of various nuc le i  and have a production c ross  sec t ion  

which depends on proton energy much l i k e  t h a t  of charged mesons. 

approximately 70 MeV on the  average, half  t h a t  of the charged n meson, and t h e  energy 

spread i s  in-agreement with t h e  Doppler s h i f t  due t o  t h e  ve loc i ty  of t h e  parent  mesons. 

The l ifetime of t h e  mesons i s  l e s s  than 

The modes of decay, and expected 

These gamma , rays  a r e  then supposed 

r 
They a re  

Their energy i s  
? 

I . .  
sec., which i s  in  agreement with the  

. * I  

t h e o r e t i c a l  expectat ionse 
1 2 -  

The evidence i s  therefore  a l ready much i n  favor of t he  exis tence of a gamma 
. I .  , I  

. unstable  neu t r a l  meson. However, un t i l  now, coincidences between the  t w o  gamma rays 
. . I , :  . . .  'I 

have never been observed., We repor t  here  t h e  de tec t ion  of such coincidences, produced 

by the  bombardment of various nuc le i  i n  t h e  x-ray beam of t h e  Berkeley synchrotron, 

This must be regarded a s  strong addi t iona l  evidence supporting the exis tence of  the 

neu t r a l  meson. 

.a 3 .,. ' ,  . I ,  

I . :/ 

. . . __ ._ . . - 
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11, Experimental Arrangement,. 

The ’apparatus , i s  ske hrotron x-ray beam of 330 1.le.v 
I 
I 

I r ,  

m a x i m u m  energy i s  coll imated i n  two successive col l imators .  The second col l imator  serves  

I 
I only t o  in t e rcep t  some of t h e  e l ec t rons  produced a t  . the edge of t h e  f i r s t  coll imator.  
~ 

The beam t h e n  s t r i k e s  a t a r g e t ,  which, f o r  most  o f  t h e  experiment, i s  a cyl inder  of 
I 

beryllium, 1-1/2 inches long and 2 inches i n  diameter, 

t a r g e t  a r e  detected i n  two te lescopes,  each cons is t ing  of t h ree  s c i n t i l l a t i o n  counters , ,  , .  

A conver te rp  :usua l ly  1/4 inch of. lead, i s  in se r t ed  ,between the  t w o  c r y s t a l s  mearest  

The p a r t i c l e s  produced i n  t h e  

t h e  t a r g e t  i n  each te lescope.  An event i s  recorded i f  simultaneous (resolving* time 

lom7 sec , )  pulses  a re  recorded i n  the  outer  four c r y s t a l s ,  but  none i n  the  twoenear 

t he  t a r g e t .  

n e u t r a l  a t  f i r s t  which a r e  converted i n t o  charged p a r t i c l e s  by t h e  lead,  and which 

, * I  

That i s ,  we require  t h a t  t h e r e  be two p a r t i c l e s ,  one i n  each telescope., 

pene t ra te  one c r y s t a l  and e n t e r  t h e  next: With a beam i n t e n s i t y  of about 3.0’’ Mev/mfn 

the  counting f a t e  f o r  such coincidences a t  favorable o r i en ta t ions  of the te lescopes i s  I 

about 10 counts/min. 

! >  

111. Nature o f  t h e  Coincidences. 

Let us f i r s t  descr ibe the  experiments which i d e n t i f y  the  p a r t i c l e s  as gamma 

rays,  i nd ica t e  t h e i r  energy and show t h a t  t h e i r  o r i g i n  i s  t h e  nuclear r a t h e r  than the 

Coulomb f i e l d .  I n  Table I we l i s t  t h e  r e l a t i v e  de tec t ion  e f f i c i ency  f o r  var ious 

converter ma te r i a l s  and thicknesses .  

zero,  then increases  as  the  converter thickness  i n  each arm i s  increased t o  1/4 inch 

of lead,  and only s l i g h t l y  from 1/4 inch t o  1/2 inch. 

theory f o r  about 100 Mev photons. 

e f f i c i ency  as 1/16’inch of lead, again i n  agreement with shower the‘orys s ince the number 

of shower u n i t s  a r e  t h e  s q e  f o r & t h e s e  thicknesses ,  

Withoutconverters t h e  counting r a t e  i s  almost 

This i s  as  expected from shower 

1/4 inch of copper has approximately the same conversion 
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h '  

The coincidences a r e  a t tenuated by a 'fact'dr of four when 114 inch o f  lead 

This again i s  as  i s  i n se r t ed  between the  t a r g e t  'and t h e  anti-coincidence c rys t a l s .  

expected f o r  photons, 

require  convertersI  s o  that both p a r t i c l e s  must be photons. 

Furthermore, i t , c a n  be seen from Table I t h a t  both te lescopes 

To measure t h e  energy of t h e  conversion e lec t rons ,  aluminum absorbers were 

inser ted  between the l a s t  two  c r y s t a l s  of one of the  te lescopes,  

these er-ergies the  r ad ia t ion  losses  a re  important, and the re fo re  the  s t raggl ing  la rge .  

Ke have p l o t t e d < i n  Fig.  2 the  coincidence counting r a t e  as  a funct ion of t he  average 

energy required t o  t r ave r se  the  telescope. 

mesons, t h e  average gamma ray energy i s  expected t o  be approximately 100 MeV, and the  

average e l ec t ron  energy 50 Kev, qu i t e  i n  agreement with t h e  observed at tenuat ion.  

Unfortunately a t  

- 

1 Because t h e  photons o r ig ina t e  i n  moving 

. .. 
I 

TULE r 
Relat ive Detection Eff ic iency a s  a Function of Absorber Mater ia l  and 'Thickness 

Converter i n  Converter i n  Relat ive Counting Rate 
Telescope 1 Telescope 2 . a =  $ = goo 

none 
1/32 in .  Pb 
1/16 in .  Pb 
l/b i n .  Pb 
1/4 i n ;  F% 
l/d; i n .  cu 

none 
1/16 in .  Pb 

1/2 in .  F% 

none 
1/32 in.  Pb 
1/16 in.  Pb 
1/8 in .  Pb 
1/4 in .  Pb 
1)4 in .  cu 
1/4 in .  Pb 
1/4 in .  Pb 
1 /4- ino  Pb 

.01 ? .005 

.17 2 .013 

.67 2 ,08 

.39 $ .03 

.15 2 ;05 ' 

,62 2 .07 

a 3  t L.02 

1000 ,+'.OS 

'1'.07 t .1 
1/4 in .  Pb * 1/4 :in. Pb -28 2 -,05. 

1/4 i n ,  Pb absorbers placed i n  f r o n t  of  both telescopes.  

. .  

'e 'photons " i s  demonstrated by ' the '  . f ac t  ' t h a t  t he  cross  

'si'x times a s  b ig '  f o r  a 'lead 'nucleus 'as f o r '  
. . ... . . . .  . .. . .  . 

. .  . .  

sect ion for these  coincide 

beryllium, which .is l e s s  'than t h e  r a t i o  o f  t h e  nuclear  areas ,  
. * . . I  .+.. I..' ; :  - - !  , ; ; 3  . -. ' ' '  . .  . .  

On t h e  other  hand, 

.- . . . - . -. . 
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~* Fina l ly ,  ,we have looke q coincidences< , '  

about 175 Mev wi th  angles a and fi of t h e  te lescope both 90°, The cross  sec t ion  per 

6, ( the  number o f  Q i n  a bremsstrahlung beam i s  equal t o  t h e  t o t a l  energy divided by 

t h e  m a x i m u m  energy of the  spectrum) i s  a t  l e a s t  50 t imes smaller here  than a t  330 MeV, 

This  s teep e x c i t a t i o n  funct ion i s  a l s o  observed f o r  charged meson production. 

' ,  We bel ieve  therefore  t h a t  it is ,  demonstrated t h a t  the observed coincidences 

a re  caused by gamma rays of about 100 Mev average energy, o f  non-Coulombic o r ig in ,  and 

with a threshold  similar t o  t h a t  f o r  charged mesons. 

. >  IV.* Angular Corre la t ion  and D i s t r i b u t i o n  o f  t h e  Ga&a Hays. 

To study f u r t h e r  the  proper t ies  of these coincidences, we have measured t h e i r  

r a t e  as a func t ion  of t h e  angle 

te lescopes  and of t h e  co r re l a t ion  angle 

wi th  p a t  a f ixed  a, say 90'. 180' coincidences are r a re .  The counting r a t e  increases  

with decreasing 

a between the  beam d i r ec t ion  and the plane of t he  

p (See Fig. l l 0  Consider f i r s t  t h e  va r i a t ion  

t o  a maximum a t  90°, and then  drops sharply,  This behavior must 

a c t u a l l y  be expected of gamma rays which are t h e  decay products of neu t r a l  mesons, " .  
because o f  t h e  motion of t h e  decaying mesons. A meson a t r e s t  decaying i n t o  two gamma 

rayso  emits them i n  opposite d i rec t ion .  

t h e  meson has a t o t a l  energy E, then the  included angle varies between m and 

2 sin'' (k) with a p robab i l i t y  which favors  the ma;l angles tremendously. The median - 

angle i s  2 sin-' [ 
energy,, 

But when t h i s  i s  seen from a system i n  which , 

2 

( 3  E2 + 1 )  
, E i s  t h e  t o t a l  meson energy i n  u n i t s  of i t s  r e s t  1/21 

J For 70 Mev mesons t h e  minimum angle of i s  84' and t h e  median angle 92O. 

Since t h e ' d i s t r i b u t i o n  i s , s o  heavi ly  peaked, no t  much e r r o r  i s  introduced i f  one assumed, 

'as i s  done i n  t h e  followingp t h a t  t o  an angle corresponds a unique energy, t h a t  of t h e  
< .  

median angleo Therefore a measurement of th.0 d i s t r i b u t i o n  i n  8 i s  a measure of t h e  
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* 
eis t r ibu. t ion i n  energy o f  t h e  neu t r a l  mesons, although t h e  angular reso lu t ion  of our 

: te lescopes i s  i n s u f f i c i e n t  t o  give more than a glimpse o f  t h e  energy d i s t r ibu t ion ,  

r e  have included in' Fig.  3 curves i n  which t h e  ~ b s e r v e d ' ~ )  energy d i s t r ibu t ions  of t h e  

n meson made by t h e  same x-rays on hydrogen a r e  transformed i n t o  d i s t r i b u t i o n s  i n  

8 and a r b i t r a r i l y  normalized, 

a r e  omitted. 

+ 

A l l  correct ions due t o  s ca t t e r ing  a n d  sngular reso lu t ion  

rhe general  shape o f  t h e  curves i s  ce r t a in ly  wel l  repro4duced by t h e  

experiment. 

intermediate p a r t i c l e s ,  these  p a r t i c l e s  must move with v e l o c i t i e s  of t h e  order of 

- Z . 8 .  Excited nucleons of t h i s  ve loc i ty  cannot be produced by x-rays of 330 Mev; 

I t  i s  therefore  c l e a r  t h a t  i f  t he  gamma rays a re  the  decay product of 

V 
' C  

thq p a r t i c l e s  must therefore  have an intermediate mass. Furthermore, it i s  possible 

t o  see t h a t  the decay must be i n t o  only 2 photons, since t h e  expected angular d i s t r i -  

butions f o r  a decay into.more than  two  photons would not show a va l l ey  f o r  small angles p.  

- 7  
The d i s t r i b u t i o n  i n  t h e  angle a o f  t h e  beam w i t h  'the plane of the te lescope 

shown i n  Fig. 4, i s  i n t e r e s t i n g  ch ie f ly  because of t h e  difference between t h i s  d i s t r i b u t i o n  

&d t h e  angular d i s t r i b u t i o n  of n+ photo mesons(5) from e i t h e r  carbon o r  hydrogen t a r g e t s .  
- ., . 

This i s  not p a r t i c u l q r l y  surpr i s ing ,  s ince various theo r i e s  a l s o  give qu i t e  d i f f e r e n t  

r e s u l t s  f o r  charged and neu t r a l  mesons, 

V. Hydrogen Cross  Section and Total  Cross  Section. 
1 

A t  one s e t t i n g  of t h e  t e l e scop ic  angles, a = 8 = 90°, we have coqpared t h e  + 
1, 
1- 

c ross  sect ions of hydrogen and carbon, This was done by comparing t h e  count from a % 

I 
polyethylene (CH,) block and a perforated cardon block o f  t he  same s i z e  1,and carbon 

content as t h e  CH,. The r e s u l t  i s :W = - 1 2  2 .03. This again d i f f e r s  from 
H i 

// 
the  r e s u l t s  f o r  pos i t i ve  mesons, where c Y j % + / r r c n +  =. .55. "he d i f fe rence  i s  probably 

i n  p a r t  due t o  t h e  f a c t  t h a t  both neutrons and protons can cont r ibu te  t o  neu t r a l  meson 

production, bu t  only protons t o  n+ production. 

t h i s  t o  t h e  same phenomenon which, according t o  Chew(') i s  r e s p m s i b l e  f o r  t h e  large 

In p a r t ,  it may a l s o  be poss,ible t o  ascr ibe  
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, .  

r , .  

hydrogen - carbon r a t i o  f o r  t h e  pos i t ive  mesons. In  t h e  case o f  a+ production, t h e  
. 

I\ 
reac t ion  i s  inh ib i t ed  by t h e  f ac t  t h a t ,  whencthe pro ton  i s  changed i n t o  a neutron, 

I 
I _  

I ‘  - 1  
? , ; I r .  . 1 * I  

there  i s  an oversupply of neutrons i n  t h e  immediate neighborhood and t h e  number of 

- s t a t e s  ava i l ab le  t o  it i s  small because of  t h e  Pau l i  p r inc ip l e ,  This i s  not  / 

s igni f5cant  i n  t h e  neu t r a l  case becanse t h e  nucleon9s charge does not c h p g e ,  * 

. The curves i n  Fig. 3 can be in t eg ra t ed  t o  y i e l d  a tcjtal cross  sec t ion  f o r  c 

beryili-um, %e = 7,5 x 10”’ cm2 per “Q“, while f o r  carbon and hydrogen, assuming , ? . , ’  

, .  
t h e  same angular d i s t r i b u t i o n s ,  C = 10 x and 5 = 1,3 x cm2 per ‘ ‘ Q 1 ! o  - ,  C 
cThe absGlute x-ray . in tens i ty  i s  known(8) to-pabout 10 percentp  b u t  t h e  effici:enck of 

t h e  de t ec t ing  system o n l y t o  wi th in  a f a c t o r  of t w o p  s o  t h a t  t h e r e  i s  a corresponding : 

e r r o r - i n  the above cross  sec t ions .  The hydrogen cross  sec t ion  i s  approxiqately the  . 

’ 

Same as t h a t  f o r  A +  production(5),  those f o r  carbon and beryll ium aEe somewhat higher ( 7 )  
. 

~ 
One might assume t h a t  the  charge of the nucleon would p lay  an important r o l e  

in t h e  production o f  mesons i n  t h e  electromagnetic f i e l d  of t h e  photon. 

d i c t ed  by t h e  observed angular d i s t r i b u t i o n  of n +  mesons produced by photons i n  HZe 

The angular  d i s t r i b u t i o n  i n d i c s t e s  t h a t  t h e  p r inc ipa l  process responsible  f o r  charged 

nleson production i s  t h e  i n t e r a c t i o n  of t h e  photon with the  spin o f  t h e  nucleon, I f ,  

t h e  n e u t r a l  meson has t h e  same t ransformation p rope r t i e s  as the  charged it then  appears 

p l aus ib l e  t h a t  t h e  production cross  s e c t i o n s  i n  hydrogen should be comparablen as seems 

t o  be t h e  case, However, ac tua l  ca l cu la t ions  on the  b a s i s  of pseudo-scalar theory,  

both i n  t h e  c l a s s i c a l  and i n  t h e  per turba t ion  theory approximation, which give a reason- 

This  i s  contra- 

* -  

able  angular d i s t r i b u t i o n  f o r  the n+  production, give smaller  values f o r  n e u t r a l  meson 

production, Khether o r  not t h i s  i s  a new d i f f i c u l t y  i n  a theory which a l ready  has 

seve ra l9  i s  not  c l e a r .  

r e s u l t  ,, 

From a l e s s  r e s t r i c t e d  point  of view it i s  not a su rp r i s ing  
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I 

Summary. 
I - I  

I n  t h e  bombardment of various nuc le i  by 330 Mev x-rays, photons with the 

following proper t ies  are emitted: 

’ 1 )  A t  l e a s t  two a re  emitted i n  coincidence. 

- 2 )  

? )  

They each have an average energy of about 100 MeV. 

The is dependence of t h e  production ind ica t e s  t h a t  t hey  have :heir o r ig in  

i n  a nuclear i n t e rac t ion ,  and not i n  t h e  Coulomb f i e l d .  

I 

,c” I .A 
’” 

1 . 4 )  The threshold f o r  t h e i r  production i s  a t  l e a s t  150 Mev. p 4  

X i  

5) The angular correlati’on of t h e  photons. show 
* ( L  ‘ 

p a i r s  a s  t he  only decay products of p&ic le s  moving with v e l o c i t i e s  of 

t h e  order of E . d ‘therefore o f a i n t e m e d i a t e  ~@,s. 

a t  they a re  ’e 

r 
.i JJ 

r$ I 4 C 
* - \  f o r  production from hydrogen i s  about t h e  same’ 

4 rn‘ 
c , / S )  The t o t a l  cross  pec 

iif ~ 

. \  as  t h a t  fof;, production of m+ mesons3 oth%$ l igh t i  nuc 

a r e  sirnewhat higher than those foi? t h e  positive”Pmxesons. - 

: ~ o s s  sec t ions  3 

P 
J’ ir‘t 

, 
.e* 

It i s  c l e a r  f r &  these  propert’ies t h a t ‘ t h e  g&a rays a re  t h e  decay products 
* 

Y. r.’ 

o f  neu t r a l  mesons. 

photon$(l), the spin must be z e r o ,  excluding t h e  p o s s i b i l i t y  of  very high i n t r i n s i c  

Since spin 1/2, and spin 1 mesons a r e  forbidden t o  decay i n t o  two ,. 

angular nomenta. It seems reasonable, and it i s  i n  good agreement with a l l  observations,  

t o  assume t h a t  both charged and neu t r a l  mesons a re  of t he  same type. 

from t h e  angular d i s t r i b u t i o n  o f  t h e  x-ray produced n* mesons, and t h e  high cross  

sect ions f o r  making neu t r a l  mesons by x-rays, t h a t  t h e  n meson i s  a pseudo-scalar, 

This remark appl ies ,  of course, only t o  t h e  character  of t h e  meson, and not t o  any 

p a r t i c u l a r  f i e l d  theory f o r  t h e  in t e rac t ion  of mesons with nucleons. 
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r! 
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Figure Captions 

Fig. 1. Experimental arrangement. 

Fig. 2. 

Fig,  3 .  
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Absorption of.conversion e lec t rons  i n  aluminum. The energy includes the 

average rad ia t ion  loss .  

Variation of coincidence r a t e  with the  included angle 

arms of t h e  telescope. 

t h a t  t h e  gamma rays a r e  t h e  decay products of  a neu t r a l  meson, emitted with 

I 

between the  two 

The curves a re  those expected on t he  assumption 

I .  c' 
I .  - . .  

t h e  same energy d i s t r i b u t i o n  as a re  n+ mesons f iom hydrogen. %e.curves 
f 

' are a r b i t r a r i l y  normalized -_ f o r  each angle a. 

Fig. 4. Variation with t h e  angle a between t h e  plane o f t h e  te lescope and the  r 
, *  i I 

-r: . 

beam. Each point  represents  anAntegra1 over t h e  angle 8.' 
c 
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