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JI - p  + v  
??le branching r a t i o  f o r  pion b e t a  decay, R = + + 

w a s  measured. Arrays of lead  shee t s ,  s c i n t i l l a t o r s  and spark cham- 

b e r s  were used t o  measure t h e  angular  d i s t r i b u t i o n  of t h e  y rays  i n  

delayed coincidence wi th  s topping p ions .  Th i r ty -e igh t  events  r e -  

mained a f t e r  sub t r ac t ion  of a backgroucd of 8 ,  leading t o  a branch- 

ing r a t i o  of ( ]  .07 & 0.21) X This r e s u l t  i s  i n  good agreement 

wi th  CVC theory and wi th  t h e  r e s u l t s  of o the r  experiments.  
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A. INTRODUCTION 

The Conserved Vector Current proposa l  of Gershs te in ,  Zeldovich, Feynman 

and Gell-Mann t o  exp la in  t h e  observed near -equal i ty  of t h e  weak coupl ing of 

t h e  muon and t h e  vec to r  p a r t  of t h e  b e t a  decay i n t e r a c t i o n  i s  of  c e n t r a l  

importance i n  the  d e s c r i p t i o n  of t h e  weak i n t e r a c t i o n .  

t o  t h e  a r t i c l e  by C .  S .  WuL f o r  an e x c e l l e n t  d i scuss ion  of the  CVC theory  

and t h e  r e l e v a n t  experiments .  

We r e f e r  t h e  reader  

* 

We simply observe t h a t  CVC p r e d i c t s  t he  branching r a t i o  f o r  pion b e t a  

decay 

+ 0 + 
fl -+fi + e  + V  

Jr + p  + v  
, t o  be R = (1.07 ?c 0.02) X + + R =  

This  paper r e p o r t s  an experimental  de te rmina t ion  of 

Lawrence Radiat ion Laboratory 184-inch synchrocyclotron.  

R conducted a t  t h e  

* 
This re ference  conta ins  a complete b ib l iography of t he  t h e o r e t i c a l  

and experimental  i n v e s t i g a t i o n s  of C V C .  
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B .  EXPERIMENTAL 

1. General 

+ 0 + A]-though pion b e t a  decay, II -+ rl + e + V ,  i s  a very  r a r e  process ,  

i t s  f i n a l  s ta te  conta ins  s e v e r a l  observable  f e a t u r e s .  The de tec t ab le  

products  of pion b e t a  decay a r e  t h e  y rays  from t h e  decay of t h e  n e u t r a l  

pion and t h e  p o s i t r o n .  Measurable q u a n t i t i e s  inc lude  t h e  opening angle  

betweer, t h e  two y r ays ,  9 ; t h e  energy of  t h e  gamma rays;  the  energy and 

d i r e c t i o n  of t h e  pos i t rons ;  and the  time i n t e r v a l s  between t h e  a r r i v a l  of 
2Y 

t he  pions and t h e  occurrence of t h e  decays.  The low v e l o c i t y  of t he  n e u t r a l  

pions r e s u l t s  i n  emission of almost c o l l i n e a r  y r a y s .  Our previous expe r i -  

ence2 had shown t h a t  a l a r g e  source of n e u t r a l  pion background would be i n -  

f l i g h t  charge exchanges of p o s i t i v e  p ions .  Measurement of t he  angle  8 

i s  a s e n s i t i v e  and e f f e c t i v e  method of d i s t ingu i sh ing  charge exchange 
2Y 

n o ' s  

from those  t h a t  decay almost a t  r e s t .  The present  experiment r e l i e d  heav i ly  

on t h e  c o l l i n e a r i t y  of t h e  y rays w i t h  some s a c r i f i c e  of e f f i c i e n c y  i n  t h e  

d e t e c t i o n  of t h e  pos i t rons ;  t he  experiment was no t  designed t o  measure t h e  

p o s i t r o n  energy spectrum. 

The experiment I s  i l l u s t r a t e d  schematical ly  i n  F ig .  1. Pos i t i ve  pions 

were brought  t o  r e s t  i n  an a r r a y  of s c i n t i l l a t i o n  counters  T . . . T 

sandwiched between spark chamber modules M . . . M . The s p a t i a l  co- 

o rd ina te s  of t h e  pions were ind ica t ed  by  t h e  spark chambers and t h e  t i m e s  

I 6 

1. 7 

a t  which they  stopped were shown by the  counters .  When a n e u t r a l  pion 

was formed, i t s  two y rays  were de t ec t ed  by an a r r a y  o f  two sandwiches 

of l e a d  shee t  r a d i a t i o n  conve r t e r s ,  s c i n t i l l a t i o n  counters ,  and spark 

chambers. Pulses from a l l  t h e  counters  were displayed on osc i l l o scopes .  
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B. EXPERIMENTAL 

1. General 

+ 0 + Although pion b e t a  decay, x -+ rl + e + V, i s  a very  r a r e  p rocess ,  

i t s  f i n a l  s t a t e  con ta ins  s e v e r a l  observable  f e a t u r e s .  The d e t e c t a b l e  

products  o f  pion b e t a  decay are t h e  y r ays  from t h e  decay of t h e  n e u t r a l  

pion and t h e  p o s i t r o n .  Measurable q u a n t i t i e s  include t h e  opening angle  

betweec t h e  two y r a y s ,  6 ; t h e  energy of t h e  gamma rays ;  the  energy and 

d i r e c t i o n  of t h e  pos i t rons ;  and t h e  time i n t e r v a l s  between the  a r r i v a l  of 

t h e  pions and t h e  occurrence of t h e  decays.  The low v e l o c i t y  of t h e  n e u t r a l  

pions r e s u l t s  i n  emission of almost c o l l i n e a r  y r a y s .  Our previous expe r i -  

ence2 had shown t h a t  a l a r g e  source of n e u t r a l  pion background would be i n -  

f l i g h t  charge exchanges of p o s i t i v e  p ions .  Measurement of t he  angle  8 

i s  a s e n s i t i v e  and e f f e c t i v e  method of d i s t ingu i sh ing  charge exchange 

from those t h a t  decay almost a t  r e s t .  The p resen t  experiment r e l i e d  heav i ly  

on t h e  c o l l i n e a r i t y  of t h e  y r ays  wi th  some s a c r i f i c e  of e f f i c i e n c y  i n  the  

de t ec t ion  of t h e  pos i t rons ;  t h e  experiment w a s  not  designed t o  measure t h e  

pos i t ron  energy spectrum. 

2Y 

2Y 
no's 

The experiment i s  i l l u s t r a t e d  schemat ica l ly  i n  F i g .  1. P o s i t i v e  pions 

were brought  t o  res t  i n  an a r r a y  of s c i n t i l l a t i o n  counters  T . . . T 

sandwiched between spark chamber modules M . . . M . The s p a t i a l  C O -  

ordina-tes of t h e  pions were ind ica t ed  by t h e  spark chambers and t h e  times 

a t  which they  stopped were shown by the  coun te r s .  When a n e u t r a l  pion 

was formed, i t s  two y rays  were de t ec t ed  by an a r r a y  of two sandwiches 

of lead shee t  r a d i a t i o n  conve r t e r s ,  s c i n t i l l a t i o n  counters ,  and spa rk  

chambers. Pulses  from a l l  t h e  counters  were displayed on osc i l l o scopes .  

1 6 

I 7 
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P i c t u r e s  were taken of the  spark chambers and osc i l l o scopes  whenever e l k c -  

t r i c a l l y  n e u t r a l  r a d i a t i o n  was de tec t ed  i n  coincidence i n  t h e  counters  of 

both  sandwiches wi th in  a time i n t e r v a l  between 10 and 90 nsec a f t e r  a pion 

had stopped. If a pos i t ron  were also emit ted by t h e  stopped pion,  it had 

a high p r o b a b i l i t y  of appearing as  a pulse  on t h e  osc i l loscope  d i s p l a y  of 

pion s topping counters .  

p ion  t r a c k  and t h e  emission of  n e a r l y  c o l l i n e a r  y r ays  from t h e  p o i n t  where 

the  pion s topped.  The exac t  c r i t e r i a  by  which a set of d a t a  was determined 

t o  be r ep resen ta t ive  o f  pion b e t a  decay a r e  d iscussed  i n  Sec t ion  C .  

A pion b e t a  decay was cha rac t e r i zed  by a s topping  

2 .  Pion Counter Telescope 

The d e t e c t o r  arrangement t o  count t h e  number of pions t h a t  stopped i s  

shown i n  Fig.  1. It cons i s t ed  of the  counters  S,,C,T and 2 descr ibed  i n  

Table I. 

t o  pos i t rons .  

m a t e r i a l  i n  t h e  beam pa th  and were vetoed by 

stopped i n  t h e  pion s topper  was counted by t h e  coincidence-ant icoincidence 

conf igura t ion  S2CT 3 . 

1 3 

The Cerenkov counter  responded wi th  p r a c t i c a l l y  l O O $  e f f i c i e n c y  

Muons i n  t h e  beam had ranges i n  excess  (- 8 g/cm2) of  t h e  

The number of p ions  t h a t  
- 
S . 

3 

1 3  

3. Pion Beam 

2 A bery l l ium t a r g e t  of th ickness  32 g/cm , placed i n  the  e x t e r n a l  

proton beam of the  184-inch synchrocyclotron,  was t h e  source of p i o n s .  

Charged p a r t i c l e s  emi t ted  a t  25 * 4 degrees  were accepted i n t o  a magnetic 

spectrometer  shown i n  Fig. 2 .  

c e n t e r  of t h e  quadrupole t r i p l e t ,  was achromatic a t  t h e  image p o i n t .  

phys i ca l  l eng th ,  9 meters, corresponded t o  about one pion decay l e n g t h  

This system, which had a double focus a t  t h e  

I t s  
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a t  t h e  operat ing momentum of 130 MeV/c. The acceptance s o l i d  angle  of t h e  

system w a s  6 m i l l i s t e r a d i a n s .  Ap/p = k0.03 w a s  

determined by t ransmiss ion  ineasurements us ing  100-MeV/c Q p a r t i c l e s  from 

a r ad ioac t ive  source and agreed w i t h  t h e  observed range d i s t r i b u t i o n  of t h e  

pions i n  our s toppe r .  

The experimental  value of 

The beam of p o s i t i v e l y  charged p a r t i c l e s  a t  the  s topper  a r r a y  had a com- 

p o s i t i o n  of approximately 0.64 pions ,  0 .06  muons, and 0.30 p o s i t r o n s .  

4 .  Energy Degrader 

Pions en tered  t h e  apparatus  wi th  a k i n e t i c  energy of 65 MeV which was 

d i s s i p a t e d  i n  t h e  counters  of t h e  t e l e scope  and the  degrader D .  Any mecha- 

nism t h a t  produced n e u t r a l  pions i n  the  v i c i n i t y  of t h e  appara tus  th rea t ened  

t o  inc rease  t h e  background. Pos i t i ve  pions can charge-exchange on t h e  neutrons 

wi th in  nuc le i  i f  t h e i r  k i n e t i c  energy i s  high enough. I d e a l l y ,  l i q u i d  hydrogen 

should be  used as t h e  energy degrader ,  b u t  t h i s  i s  imprac t i ca l .  I n v e s t i g a t i o n  

of t h e  p r o p e r t i e s  of var ious  nuc le i  revea led  t h a t  carbon has a high t h re sho ld  

(n-13 MeV) for t h e  r e a c t i o n  II + A ( Z )  + A ( Z  + 1) + no. Therefore ,  CH was 

used as t h e  degrader;  t he  hydrogen con t r ibu ted  t o  t h e  s topping power b u t  riot 

t o  t h e  background. The th ickness  of t h e  degrader was ad jus t ed  t o  optimize 

t h e  number of pion s tops .  

+ 
2 

5 .  Gamma Ray Detectors  

Gamma rays  were de tec ted  by  conver t ing  them t o  e l ec t ron -pos i t ron  p a i r s  

i n  shee t s  of l e a d .  The conver te r  shee t s  had t o  be t h i n  enough t o  a l low a 

ma jo r i ty  of t hese  charged p a r t i c l e s  t o  emerge and pass  through ad jacen t  shee t s  

of s c i n t i l l a t i o n  material and ,  i n  our arrangement, spark modules. I d e a l l y ,  a 

total of several r a d i a t i o n  lengths  of conve r t e r  would be  used, d i spe r sed  into 

th icknesses  t h a t  a r e  s m a l l  i n  com2arison wi th  t h e  average range of t h e  
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conversion e l e c t r o n s .  Tes t  measurements were made on t h e  c h a r a c t e r i s t i c s  

of t r a c k s  produced by 70-MeV y rays  as  a func t ion  of lead  shee t  t h i ckness .  

P r a c t i c a l  l i m i t a t i o n s  orI t he  t o t a l  number of shee t s  coupled wi th  the  r e s u l t s  

of  t h e  t e s t s  determined the  choice of 0.9 g/cm2 f o r  the th i ckness  of t he  

lead  shee t s .  

The arrangement f i n a l l y  adopted (Fig.  1) f e a t u r e s  t w i n  a r r a y s  of count-  

This  a l lows a l t e r c a t e  shee ts  of e r s ,  spark chambers, and conver te r  shee t s .  

s c i n t i l l a t o r  t o  be viewed by d i f f e r e n t  phototubes and permits  90 s t e r e o  

viewing of the modules. 

3.0 r a d i a t i o n  lengths .  

o 

The ma te r i a l s  i n  each sandwich amounted t o  about, 

- - 
S c i n t i l l a t i o n  counters  A1,2 and A provided f o r  t h e  r e j e c t i o n  of  

3J4 

charged p a r t i c l e s  t h a t  e n t e r  t,he y-ray d e t e c t o r s  from the  reg ion  of  t h e  

beam. They were i n  e l e c t r i c a l  an t ico inc idence  with t h e  y-ray counters .  

6 .  E lec t ron ic s  

The primary funct ion of the e l e c t r o n i c  log ic  w a s  not t o  de f ine  t,he be t a  

decays,  b u t  r a t h e r ,  w a s  t o  provide a t r i g g e r  f o r  a l l  t h e  cameras when some- 

t h i n g  t h a t  could be a be t a  decay occurred.  For t h i s  reason r e l i a b i l i t y  and 

e f f i c i e n c y  were s t r e s sed  r a t h e r  than reso lv ing  times and speed. The com- 

ponents used were s tandard LRL type;  t he  a c t u a l  arrangement used t o  gener-  

a t e  t he  des i r ed  t r i g g e r  employed no nove l t i e s  t h a t  warrant mention here .  

7. Data Recording 

Spark chamber p i c t u r e s  were recorded on a s i n g l e  35-mm film wi th in  

an  a r e a  24 mm x 18 mm (cine/ fo rma t ) .  The l i n e a r  magnif icat ion was 0.01. 

Opt ica l  arrangements were convent ional  and cons i s t ed  of p l a s t i c  
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f i e l d  l enses  ad jacen t  t o  the tGpS and ends of t h e  y-ray spark chambers a long 

w i t h  mir rors  t o  r e f l e c t  t h e  images i n t o  t h e  camera l e n s .  No f i e l d  l e n s  w a s  

used on t h e  pion-stopping spark chamber because i t s  small  s i z e  and l a r g e  

d i s t ance  from the  camera (35 f t )  r equ i r ed  no a u x i l i a r y  l e n s .  

t r anspa ren t  p l a s t i c  were placed next  t o  t h e  l e n s e s  and were i l lumina ted  a t  

the  edges t o  provide a coord ina te  system f o r  t h e  spark chamber views. 

Two 4-beam osc i l loscopes  were used t o  r eco rd  pulses  on 35-mm f i l m  from 

Grids ru l ed  on 

a l l  t h e  counters .  One bbeam tube  w a s  f ed  p u l s e s  from the  stopping counters  
- 

s1 
T . . . T and S . The o the r  scope was used t o  record pulses  from 

S , A A and t h e  y-ray coun te r s .  The y-ray counter  pu lses  t h a t  were 

1 6 3 
- - 

2 12) 34 

recorded were t h e  same as those  t h a t  f ed  t h e  coincidence c i r c u i t s .  I n  ad- 

di t ion, ,  counter  S w a s  made t o  gene ra t e  another  s e t  of pu lses  t h a t  were 

fanned out t o  each sweep. These pulses  were t h e  time markers t o  which o the r  

2 

pulses  were r e f e r r e d  v i a  t h e  c a l i b r a t e d  sweep speeds.  

The sweep speed of t h e  o s c i l l o s c o p e ' b y  which t h e  s topping pion pulses  

The o ther  pu lses  were recorded were recorded w a s  nominally 50 nsec-em-'. 

by a 100-nsec-em-' sweep speed. The slower sweep speed used t o  

recmd Lhs  S , S and 7-ray pulses  allowed US t o  inspec t  t h e  outnut  or" 

t hese  counters  from 400 nsec be fo re  t,he a r r i v a l  of t h e  pion (time 

f o r  350 nsec t h e r e a f t e r .  

event  and t h e  breakdown of t h e  chambers w a s  ~ 3 5 0  n s e c . )  

1 2  

t. ) and 
0 

(The de lay  time between the  occurrence of an  

A s e t  of numeral lamps w a s  placed i n  each camera 's  f i e l d  of view. All 

t h r e e  s e t s  were dr iven  from t h e  same e l e c t r i c a l  pu lse  and served t o  i d e n t i f y  

each p i c t u r e .  

8. Monitor C i r c u i t s  

Severa l  monitor c i r c u i t s  were employed t o  keep a continuous check on 
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t h e  appara tus .  One c i r c u i t  monitored t h e  number of p a r t i c l e s  through 

counter  S1 i n  t he  50-nsec i n t e r v a l  immediately preceding time . The 

r a t i o  of t h e  number of t h e s e  counts  t o  the  number of pions stopped depended 

on t h e  cyc lo t ron  beam s p i l l  and amounted t o  about  0.03; t h a t  i.s, given a 

stopped pion, t h e r e  was a 3$ p r o b a b i l i t y  t h a t  an  independent beam p a r t i c l e  

a r r i v e d  wi th in  50 nsec of t h e  pion.  Other c i r c u i t s  monitored the  number of 

four - fo ld  y-ray counter  coincidences and thereby provided a check on t h e  

constancy of the  e f f i c i e n c y  of t he  y-ray coun te r s .  In add i t ion ,  almost every 
- 

run included some 51 stopping;  t hese  p i c t u r e s  were l a t e r  s tud ied  t o  de -  

termine the  number of observed rl + p - + K  + n de tec t ed  per  s topping pion 
- 0 

and thereby  served as an o v e r - a l l  check on the  day-to-day e f f i c i e n c y .  

9. Tune -Up Procedure 

- 0 
The capture  of r; or1 hydrogen t o  y i e l d  r( af forded  a p a r t i c u l a r l y  

n i ce  method o f  prep.ri.ng t h e  a p p r a t u s  t o  respond t o  be t a  decay events .  

I n  p a r t i c u l a r ,  the cable  lengt,hs (de lay  t imes )  and high-voltage s e t t i n g s  

of a l l  y-ray counters  were detsrmined i n  t h i s  manner. For most of t h i s  

- 
work t h e  51 were stopped in CH2, and i t  w a s  soon discovered t h a t  it w a s  

necessary t o  do a 

bon capture  y i e ld ing  a d e t e c t a b l e  f i n a l  s t a t e  i s  low, the  overwhelming m a -  

CH2 - C sub t r ac t ion ;  a l though the p r o b a b i l i t y  of a c a r -  

j o r i t y  of the  captures  a r e  on carbon and produce an observed background of 

d i s t i n c t l y  d i f f e r e n t  temporal behavior .  Figure 3 shows the response versus  

high vol tage  of a t y p i c a l  y-ray counter .  

The opening of t he  ga t e  through which t h e  y-ray pulses  passed w a s  nor- 

mal ly  delayed by about 10 nsec t o  e l imina te  even t s  a r i s i n g  from the  i n -  

f l i g h t  charge-exchange of i n c i d e n t  JI . It w a s  poss ib le  t o  t r a c e  out  the  
+ 

g a t e  wi th  J r -  + p + f l 0  + n events  and t,o predet,ermine how much de lay  
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cable  was necessary t o  de l ay  the  opening of  t h e  ga t e  r e l a t i v e  t o  the  s top -  

ping pion by any d e s i r e d  amount. (Resul t s  are shown i n  F ig .  4 . )  

Another method employed t o  e l imina te  t r i g g e r s  from i n - f l i g h t  genera t ion  

0 of n by n+ was t o  put  S i n  an t ico inc idence  wi th  the  output  of  t he  

y counters .  T h i s  was p a r t i c u l a r l y  e f f e c t i v e  i n  ve to ing  those  in s t ances  

when one n s tops ,  and another ,  a r r i v i n g  l a t e r ,  genera tes  a n which 

1 

+ 0 

g e t s  through the  ga t e  opened by the  prevl-ous pion.  The proper de l ay  of  the  

S, 
s i g n a l  was eas:' l y  determined wi t h  n- + p -+IT' + n. 

- 0 It was poss ib l e  t o  check t h e  t imings determined from n + p -+n + n 

by removing t h e  pion degrader and i n t e n t i o n a l l y  genera t ing  i n - f l i g h t  charge- 

exchange of x i n  t he  s topper .  The r e s u l t s  were unchanged. 
+ 

As a f i n a l  check, spark  chamber and osc i l loscope  p i c t u r e s  taken a t  

s e v e r a l  de lay  po in t s  of t h e  ga t e  were examined. We have v e r i f i e d  t h a t  t h e  

number of acceptab le  IT 

as recorded i n  F ig .  4. 

0 
p i c t u r e s  i s  p ropor t iona l  t o  t h e  number of t r i g g e r s ,  

113. Operating Conditions 

The bulk  of t he  d a t a  was taken under t h e  fol lowing opera t ing  cond i t ions :  

+ 
Average n stopping r a t e  4 x i o4  sec-' 

Duty cyc le  (not  including t h e  20 Mc rf)  

Rat io  of p i c t u r e s  taken t o  n Stopped = 1.5 x 

= 0.6 
+ 

N 

Percentage of p i c t u r e s  wi th  t r a c k s  < 5% 

Most (> 90%) of the  t r i g g e r s  ( p i c t u r e s )  could be explained as a c c i d e n t a l  

coincidences between t h e  s topping pions and uncorre la ted  s i g n a l s  from t h e  

y-ray counters .  These uncorre la ted  s i g n a l  r a t e s  were independent of t h e  

pion beam; they  o r ig ina t ed  a t  the  a c c e l e r a t o r  and from t h e  reg ion  of t h e  

e x t e r n a l  proton beam. 
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C .  DATA 

1. Scanning and Measuring Procedure 

All spark chamber and osc i l loscope  f i L m  was scanned and measured i n  

t h e  fol lowing sequence: The spark chmber  f i l m  was first viewed t o  find 

events  conta in ing  t r acks  i n  t h e  s topping chamber and bo th  y-ray chambers. 

It was requi red  t h a t  t h e  first p a i r  of s topping chambers f i r e .  A t r a c k  

i n  t h e  y-ray chambers was def ined as any spark a r r a y  conta in ing  a minimum 

of t h r e e  sparks  which included no more than  two spaces  between t h e  spa rks .  

The alignment of t h e  sparks  w a s  f u r t h e r  confined by  r equ i r ing  that t h e  cen- 

t r a l  spark be  less than 2 cm ( i n  space ) from t h e  l i n e  jo in ing  t h e  f i rs t  

and t h i r d  sparks  and a l s o  t h a t  t h e  p ro jec t ed  angle  between t h e  t r a c k  and 

t h e  l i n e  connecting t h e  o r i g i n  of t h e  t r a c k  wi th  t h e  stopped p ion  b e  l e s s  

than  45 degrees .  

on our e f f i c i e n c y  f o r  d e t e c t i n g  

t i v e  i n  reducing t h e  number of p i c t u r e s  t o  be  measured. These c r i t e r i a  

were app l i ed ,  of course,  t o  t h e  d i r e c t  and mirrored views of b o t h  chambers. 

This 45-degree requirement w a s  found t o  have l i t t l e  e f f e c t  

flo1s (see Sec t ion  D )  b u t  w a s  very  e f f e c -  

The osc i l loscope  f i l m  of those events  s a t i s f y i n g  the  spark  chamber r e -  

quiremente was then  viewed t o  a s c e r t a i n  t h e  t ime between t h e  a r r i v a l  of  

t h e  pion and t h e  conversion of t h e  y rays  and a l s o  t h e  t iming of any sec-  

ondary pulses  i n  th?  beam counters ,  y-ray counters ,  and an t ico inc idence  

coun te r s .  The o the r  osc i l loscope  fi lm f o r  t h e  same events  was scanned t o  

determine i n  which counter  t h e  pion stopped and t h e  time of any poss ib l e  

decay pu l se .  

a t  l ea s t  1 mm on the viewer (compared t o  about 1/2 mm f o r  t he  background).  

Those events  which s a t i s f i e d  the chamber c r i t e r i a ,  and which had no beam 

It w a s  requi red  t h a t  any decay pu l se  have an amplitude of 
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p a r t i c l e  a r r i v i n g  wi th in  k10 nsec of t h e  pu l se  i n  t h e  y--ray counters  a.nd 

f o r  which t h e  pu l ses  i n  t h e  s topping counters  were c o n s i s t e n t  wi th  t h e  

p a t t e r n  i n  t h e  s topping chamber, were measured on a Vanguard measuring 

p r o j e c t o r .  For each event  we d i g i t i z e d  t h e  10 f i d u c i a l  marks, t he  o r i g i n  

of t h e  two y-ray t r a c k s  i n  both  views, and t h e  end of the  stopping beam 

t r a c k .  

d i g i t i z e d .  

Simultaneously,  t iming information and a few yes/no comments were 

Some of the  scanning c r i t e r i a  impose e f f i c i e n c i e s  on the  d a t a  which 

are discussed i n  Sec t ion  D .  

2 .  Measurement of Events 

The measurements wi th  t h e  d i g i t i z i n g  p r o j e c t o r  had an accuracy 

of  about 3p on € i l m  and introduced u n c e r t a i n t i e s  which were n e g l i g i b l e  

compared t o  o the r  sources  of e r m r .  

w i th  a r econs t ruc t ion  program on an I B M  7044 computer t h a t  ca l cu la t ed  t h e  

angle  between t h e  two y r ays  and t h e  es t imated  e r r o r  of t h a t  angle .  The 

accuracy o f  t h e  angular  measurement was a l i n e a r  func t ion  o f  t he  uncer- 

t a i n t y  i n  p o s i t i o n  of t h e  conversion of t h e  y r a y .  Two p i c t u r e s  were 

taken  a t  90 degrees;  t h e r e f o r e ,  the e r r o r s  are i d e n t i c a l  i n  bo th  pro jec-  

t i o n s  and need be  evaluated on only one p r o j e c t i o n .  The g r i d s  under t h e  

f i e l d  l enses  provided a good map of t h e  d i s t o r t i o n  and non-l inear  aber -  

r a t i o n s  of t h e  whole o p t i c a l  system, thus  obvia t ing  t h e  n e c e s s i t y  of fab-  

r i c a t i n g  and a l ign ing  a p r e c i s e  o p t i c a l  system. Correct ions were i n t r o -  

duced i n t o  t h e  r econs t ruc t ion  program t o  t ake  t h e  observed d i s t o r t i o n s  

i n t o  account .  

The d i g i t i z e d  events  were processed 
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Other uncertainties in coordinates not revealed by a study of the grid 

images were : 

a. Multiple scattering: The y-ray conversion electrons multiple-scatter 

in the lead sheets, resulting in an apparent displacement of the point of 

conversion as observed in the nearest spark module. The observed mean pro- 

jected scattering angle is 15 degrees; folding in the geometry of the sand- 

wich and the distribution of conversion points results in an estimated un- 

certainty of u = 29p on the film. scat 
b. Spark image size: The images of the sparks were about 5Op wide on 

film and some were irregular in shape. The uncertainty in locating the 

spark coordinates is estimated to be u = 25p. This estimate was verified 

by making multiple measurements of a single spark and observing the result- 

ant coordinate distribution. This uncertainty includes the inaccuracy in 

P 

the measurement of the fiducial marks. 

c. Apparent displacement of sparks: Sparks were observed through 

one-inch-thick Lucite frames on the spark modules. Although the windows 

were accurately machined and polished, there were some imperfections that 

caused apparent displacements. The error introduced was estimated by study- 

ing the dispersion of sparks along the lines of flight of cosmic rays. This 

error is estimated as u = 20p on the film. d 

The total estimated uncertainty in the coordinates of y-ray conversion 

points is 

in space. 

0 = ( 2 ~ ' ) ~  = 43p on the film, which corresponds to 24.3 m t 

In the stopping chamber the main uncertainty is due to the stopping 

counter thickness, which is +25p on the film. 
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The e r r o r s  i n  the  coord ina tes  of t he  y-ray conversion po in t s  and the  

e r r o r  i n  t h e  coord ina tes  of t h e  p o i n t  of o r i g i n  of t he  y rays  cannot be 

combined as i f  they  were independent because t h e  po in t  of o r i g i n  i s  common 

t o  the  two r ays .  The s i z e  of t he  e r r o r  i n  t h e  angle  between the  rays a l s o  

depends upon t h e  d i s t ances  between the  p o i n t  of o r i g i n  and the  conversion 

po in t s  and upon the  angle  i t s e l f .  

t he  spark  chambers, t he  angle  could be determined t o  50.5 degrees;  however, 

I f  t he  conversions occurred deep wi th in  

most conversions took place i n  the  f i r s t  few lead  shee ts  where t h e  angle  

could not  always be determined t o  b e t t e r  t han  t3 degrees .  A d e t a i l e d  s tudy  

of t hese  e f f e c t s  fo rces  us t o  a s s i g n  an average unce r t a in ty  of +2 degrees 

t o  8 . These es t imates  have been checked i n  two ways: 
2 Y  
a .  Cosmic r a y  muons were used t o  i m i t a t e  t r a c k s  t h a t  had e,y = 180' 

Measurements of t he  angle  between these  t r a c k s  r e s u l t e d  i n  a d i s t r i b u t i o n  

of 8 centered  on 180 and cha rac t e r i zed  by a spread of 11.4 degrees;  

t h i s  observed d i s p r s i o n  was i n  agreement wi th  our  ca l cu la t ed  unce r t a in ty  

0 

2 Y  

i n  8 a 

2 Y  

b .  The d i s t r i b u t i o n  of  t h e  opening angle  between the  two y rays ,  , 
0 from the  r e a c t i o n  fl- + p -+fl + n was measured. About 250 events  were 

measured and t h e  histogram of 8 (Fig.  5 )  was f i t t e d  t o  a t h e o r e t i c a l  

d i  s t r i b u t i o n  

2Y  

e'=e2 e=e 2 p a x  
n n 

1 
(1 + COS e ) T  
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in which the first factor is the phase space distribution, the factor 

[l - O . l 4 ( f l  - 0) 1 takes account of the l o s s  in efficiency when 

and the last factor is the experimental dispersion. Parameters of the fit are 

0 decreases, 
2Y 

G and f3 where 0 is determined by the momentum of the neutral 
63 2ymaX' 2 pax 
pions. The fit of the data to the theoretical distribution is rather insensi- 

tive to but strongly depends on 
2 ymax e Our best fit gives 

degrees and a = 2 degrees. From the fit we cannot conclude anything signif- 

icant about ~7 , but the value of 0 is 0.6 degrees lower than the value 

calculated from the value of the r(- - n mass difference.3 We do not know 

g 

g 2 y m a x  
0 

if this represents a systematic error in the measurement of angles near 

8 

assign this slight discrepancy to its proper place in this analysis, we simply 

note the discrepancy and retain t2 degrees as the uncertainty in the angular 

= 155 degrees and/or an unknown background. Because we are unable to 
2 Y  

measurenents. 

Having determined the accuracy of the angular measurements and knowing 

that 0 > 176 degrees for pion beta decay, we calculate that 8 = 172 2 Y  2Y 
degrees (cos 0 

tially all the events; accordingly, we require -1.0 < cos 0 < -0.99 for 

an acceptable event. 

- 

= -0.99) is the maximum angle that will include essen- 
2 Y  

2Y - - 

Pictures of the oscilloscope pulses, showing relative times of occur- 

rence of the pions stopping and the emission of positrons and y rays, were 

measured directly on the scanning table. The timing signals generated by 

counter S were used as reference markers on all scope sweeps. The posi- 

tions of the four y-ray counter pulses that corresponded to prompt events 

(coincident with pion stopping) were deduced from a study of 

In terms of the velocity of light, the size of the counters was 4 nsec X 4  nsec. 

2 

0 s-  + p 4 rl + n. 
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The measured average spread i n  y-ray a r r i v a l  time t amounted t o  

k2.5 nsec and includes the  inaccuracy due t o  the  width o f  t h e  sweep t r a c e .  

I n  the  s toppjng counter  t he  s m a l l  amplitude of  t he  decay pu l se  accounts  

Y 

f o r  t h e  main e r r o r ;  here an  accuracy of 22.5 nsec appears  conserva t ive .  

Therefore,  i.f a decay pulse  were v i s i b l e  I t  was requi red  t h a t  i t s  t i m e  

s a t i s f y  

< 5 nsec I t y  - tdecay - I 
i n  order  t o  q u a l i f y  as a be ta  decay event .  

3. Resu l t s  

I n  t h e  experiment, a pion b e t a  decay w a s  requi red  t o  d i s p l a y  t h e  fol lox-  

ing  bas i c  s i g n a t u r e :  a p o s i t i v e  pion stopped i n  t h e  s topping appara tus  8 4  

a t i m e  t = 0, and i n  a la te r  t ime i n t e r v a l  12 < t < 91 nsec (wi th in  

which t h e  g a t e  i s  100% e f f i c i e n t )  two y rays  appeared wi th  an opening angle  

8 About 60$ of these  events  were accompanied by  a pulse  

i n  T . . . T t n a t  came a t  a time t wi th in  +5 nsec of t and these  

pulses  are ascr ibed  t o  decay p o s i t r o n s .  

Y 

> 172 degrees .  
2Y - 

1 6 d Y' 

There a r e  two ca t egor i e s  of events  t h a t  f u l f i l l  t h e  b a s i c  c r i t e r i a :  

a .  Events wi th  a v i s i b l e  decay (pos i t ron )  i n  t h e  s topping counter .  

I n  order  t o  es t imate  the  background c o n t r i b u t i o n  t o  these  b e t a  decay events ,  

we made a s c a t t e r  diagram of all events  i n  a (cos 8 

system (Fig.  6 ) .  ?"ne diagram w a s  no t  extended beyond cos@ = - 0.65 

because t h e  de t ec t ion  e f f i c i e n c y  drops t o o  quick ly  beyond t h a t  va lue .  

Beta  decay events  a r e  contained i n  Zone I11 of F i g .  6 .  

- t ) coord ina te  
2y' td y 

2Y 

The problem i s  t o  

e s t ima te  t h e  number of background events.among t h e  218 events  i n  Zone I11 

b y  reasonable  ex t r apo la t ion  of t h e  event d e n s i t i e s  i n  Zones I, 11, and 

IV i n t o  Zone 111. The p r o b a b i l i t y  of observing a g iven  d e n s i t y  (number 
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of events  per  A cos e 0.01) i n  Zone I i s  apparent ly  cons tan t  i n  

cos  0 . This cons tan t  d e n s i t y  appears  t o  p r e v a i l  i n  Zone 11; a l e a s t  

squares  s t r a i g h t  l i n e  f i t  t o  t h e  28 events  i n  Zone I1 y i e l d s  0 .83 events-  

in te rva l - '  a t  cos  8 = -1 and a s lope  of 0.002 events - in te rva l -2 .  

Figure 6 d i sp lays  

sca led  t o  correspond to t h e  t o t a l  background, w e  f i n d  t h e  background i n  

Zone I11 t o  b e  1.0 i. 1 even t .  A s tudy of t h e  background i n  the  v i c i n i t y  

of Zone I11 revea l s  t h a t  t h i s  r e s u l t  i s  independent of t he  d i r e c t i o n  of 

t h e  ex t r apo la t ion .  We conclude t h a t  t h e r e  a r e  27 * l b e t a  decays i n  

Zone 111. The time d i s t r i b u t i o n  of t h e  events  i n  Zone I11 was cha rac t e r -  

i zed  by a mean l i f e  of 25.5 i. 4 nsec .  

2 Y  

2Y 

2 Y  

90% of the  background. When t h e  observed dens i ty  i s  

b .  I n  t h e  second ca tegory  of events  are included a l l  events except  

- t 1 > 5 nsec .  AU events  1 %  y those  t h a t  have a decay pulse  s a t i s f y i n g  

which have 12 < t 

system (see  F ig .  7 ) .  

( co r rec t ed  f o r  t h e  background no t  d i sp layed  i n  F i g .  7)  i n t o  Zone I1 y i e l d s  

8 background events ;  t h e r e  a r e  38 +. 2 n e t  events  t h a t  we claim a r e  b e t a  

< 91 nsec a r e  loca t ed  i n  a (cos 8 , t ) coordinate  
Y 2Y Y 

The ex t r apo la t ion  of t h e  b e s t  f i t t e d  s t r a i g h t  l i n e  

decays.  
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The p r o j e c t i o n  of Zone I1 onto the  t axis,  as shown i n  F ig .  '7, 
Y 

c l o s e l y  resembles the  spectrum expected from pion decays.  The mean l i f e  i s  

26.5 * 4 nsec.  More s i g n i f i c a n t ,  however, i s  t h e  observat ion t h a t  t h e  

spectrum i s  not a t  a l l  c o n s i s t e n t  w i t h  t h e  muon l i f e t i m e  ( o r  any o the r  

uniform d i s t r i b u t i o n )  o r  t h e  54-nsec per iod  of t h e  synchrocyclotron rf .  

The bulk  of our q u a n t i t a t i v e  r e s u l t s  a r e  based on s t a t i s t i c a l  argu- 

ments, and w e  cannot exclude wi th  c e r t a i n t y  t h e  p o s s i b i l i t y  t h a t  some 

o the r  process  produces the  peaking i n  t h e  d i s t r i b u t i o n s  around 0 = 180~. 
2 Y  

For t h i s  reason we consider  t he  fol lowing r e a c t i o n s ,  which a r e  t he  most 

l i k e l y  background candidates  f o r  t h e  observed peaking. 

I - I -  a .  fl --f e + v +- y .  This mode has  been s tud ied  t h e o r e t i c a l l y  by 

s e v e r a l  authors4 '  and r e c e n t l y  some experimental  r e s u l t s 6  have become 

a v a i l a b l e .  Combining these  r e s u l t s  wi th  t h e  p r o b a b i l i t y  t h a t  a high-  

energy pos i t ron  a n n i h i l a t e s  while  leav ing  t h e  s topper  and applying our 

angular  c r i t e r i o n ,  w e  c a l c u l a t e  t h a t  less than  2% of o w  events  a r e  due 

t o  t h i s  decay. 

If  t h e  71 - p decay i s  very r a p i d ,  t h e  + + + b .  71 - + p  f q l - + e  + y +  v .  

muon pu l se  could be  concealed by  t h e  s topping pion pulse ;  i f  t h e  muon 

then decayed as ind ica t ed  wi th in  t h e  g a t e  and t h e  pos i t ron  ann ih i l a t ed  

i n  f l i g h t ,  t h i s  event would be ind i s t ingu i shab le  from b e t a  decay. Using 

2 x lo-' as an upper l i m i t  f o r  t h e  p. --f e + y branching r a t i o , 7  and 

mul t ip ly ing  by t h e  a n n i h i l a t i o n  p r o b a b i l i t y  and t h e  chance of decay w i t h -  

i n  our ga t e ,  w e  c a l c u l a t e  t h a t  l e s s  than  1% of our events  could be due 

t o  t h i s  process .  We a l s o  note  t h a t  t h e  t i m e  dependence of our  d a t a  i s  

i n c o n s i s t e n t  w i th  the  muon l i fe t ime.  

I- 4- 
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- + + + c .  r[ --f p + v + e  + V + V + y + v. Radiat ive muon decay exhib i t s '  

a n  almost uniform spectrum i n  cos 8 f o r  cos  8 < -0.85. Although 

our e f f i c i e n c y  for d e t e c t i n g  low energy (> - 15 MeV) y rays is  unknown, it 

i s  poss ib l e  t h a t  a l a r g e  percentage of our background (F igs .  6,  7) i s  due 

t o  t h i s  process .  We b e l i e y e  t h a t  our background sub t r ac t ion  method t akes  

adequate account of t h i s  e f f e c t .  

eY eY 

D . EFFICIENCY 

The n e t  e f f i c i e n c y  f o r  d e t e c t i n g  a pion b e t a  decay c o n s i s t s  of several 

independent f a c t o r s .  

0 
1. T( Eff i c i ency  

0 
The e f f i c i e n c y  for d e t e c t i n g  t h e  T( w a s  measured wi th  a hydrogen gas  

- 
t a r g e t  (Fig.  8) conta in ing  counters  S and SL (see Table I) designed 

s o  t h a t  t he  number of rc- stopping i n  H could b e  accu ra t e ly  determined. 

Then from publ ished valuesg of t h e  Panofsky r a t i o  ("_ 

number of 

t e c t e d  x o ' s  t o  produced n o ' s .  The experimental  r e s u l t s  a r e  contained , 

i n  F ig .  9 .  The average value of t h e  r a t i o  of acceptable  rc events  t o  

p i c t u r e s  ( t r i g g e r s )  w a s  0.60 5 0.01. 

c 

- 0 2 

) ,  t h e  
+ p 4 r r  + n  

II + p 4 y  + n  
reo's produced w a s  known. The e f f i c i e n c y  was t h e  r a t i o  of de-  

0 

However, t h e  c r i t e r i o n  t h a t  t h e  

spark  t r a c k  from t h e  y-ray conversion makes a n  angle of l e s s  than 45 de- 

g rees  wi th  r e spec t  t o  t h e  y-ray d i r e c t i o n  i n  t h e  pro jec ted  images could 

no t  be appl ied  because t h e  p rec i se  l o c a t i o n  of t h e  pion s t o p  was unknown. 

The e f f e c t  of t h i s  c r i t e r i o n  was measured independent ly  us ing  fl Is from 0 

- 
II stopping i n  the  a r r a y  of chambers and counters  of f i g .  1 and was found 

t o  be 0.91 0.03 . The p r o b a b i l i t y  t h a t  a t r i g g e r  represents an 
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event  s a t i s f y i n g  t h e  scanning c r i t e r i a  i s  then  

F = (0.60 t 0.01)(0.91 t 0.03) = 0.55 F 0.02. 

0 A c o r r e c t i o n  f a c t o r  must be app l i ed  t o  the  n e f f i c i e n c y  t o  account 

f o r  t h e  d i f f e rence  i n  angular  c o r r e l a t i o n  between t h e  two y r ays  from 
' 

- - 
r[ + p and those  from pion b e t a  decay. The y r ays  from TI + p have a 

smaller average ang le  between them, arid t h i s  lowers t h e  p r o b a b i l i t y  t h a t  

t hey  w i l l  t r i g g e r  t h e  appara tus .  By t h e  Monte Car lo  technique,  t he  t o t a l  

conversion p r o b a b i l i t y  f o r  t h e  r[ from rl + p and a l s o  f o r  t h e  rl 
- 0 0 

from b e t a  decay were ca l cu la t ed .  The r a t i o  of t h e s e  two p r o b a b i l i t i e s  

i s  t h e  c o r r e c t i o n  f a c t o r  t o  be  app l i ed .  The c a l c u l a t i o n  began by  chaos- 

- 
ing  s topping coord ina tes  f o r  t h e  pion; a uniform d i s t r i b u t i o n  f o r  

s topping i n  H was assumed, and t h e  measured d i s t r i b u t i o n  f o r  t h e  rl 

stopping i n  t h e  counter  a r r a y  of F ig .  1 w a s  used .  Angles f o r  one of t h e  

photons were chosen and a c a l c u l a t i o n  made o f  the pa th  length  of t h i s  

+ 
2 

l i n e  through one of t h e  y-ray spark chamber arrays. A conversion d i s t a n c e  

insid.e t h e  a r r a y  was chosen according t o  an  exponent ia l  d i s t r i b u t i o n ,  and 

t h e  d i f f e r e n c e  D between the  l i n e  l eng th  i n s i d e  t h e  chamber and t h e  

conversion d i s t ance  was found. The angles  of t h e  o the r  y ray were chosen 

1 

according t o  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  i n  8 and a d i s t ance  D , 2Y' 2 

similar t o  D , w a s  ca l cu la t ed .  The event  w a s  accepted only if D and 

D were bo th  g r e a t e r  than  a va lue  D . The r a t i o  o f  acceptab le  b e t a  de- 

cay events  t o  acceptab le  n + p events  was found t o  be  q u i t e  independ- 

e n t  of Do f o r  D 

chamber modules were separated by  about  2.5 cm and 3 sparks  were requi red  

1 I. 

2 0 
- 

between 7.5 em and 12.5 cm. Because ad jacent  spark  
0 

for a good event, 7.5 cm t o  12.5 cm i s  roughly t h e  range of i n t e r e s t .  
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All t h e  parameters were va r i ed .  

t h e  d i s t r i b u t i o n  i n  8 . The conclusion of t h e  c a l c u l a t i o n  i s  t h a t  t h e  

measured e f f i c i ency  f o r  d e t e c t i n g  t h e  fl from TI + p should be mul t i -  

p l i e d  by 1.15 5 0.02 .  

The c a l c u l a t i o n  w a s  s e n s i t i v e  only  t o  

2 Y  
0 - 

- 
The y r ays  from rl + p have a uniform energy spectrum extending from 

55 MeV t o  83 MeV; those  from pion b e t a  decay have l i m i t s  of 65.3 MeV and 

69.8 MeV. 

of sparks  i n  t r a c k s  and thereby e f f e c t  t h e  e f f i c i e n c y .  The rl + p events  

displayed i n  F i g . ?  were divided i n t o  two angular  i n t e r v a l s  which r e s u l t e d  

i n  one group cons i s t ing  of events  wi th  y rays  of nea r ly  equal  energy and 

another  group of events  w i th  y r ays  near t h e  extremes of t h e  allowed energy 

spectrum. N o  d i f f e rence  i n  t h e  d i s t r i b u t i o n  of sparks  w a s  de t ec t ed  between 

t h e  two groups.  A study of t he  spark d i s t r i b u t i o n  of t h e  events  w e  c l a im 

are b e t a  decays revealed no dev ia t ion  form t h e  d i s t r i b u t i o n  f o r  t h e  

even t s .  Although t h e  samples t h a t  were s tud ied  were b iased  because of t h e  

scanning c r i t e r i a ,  t h e  t r a c k s  wi th  a l a r g e  (> - 4) number of sparks  would 

have revealed any s i g n i f i c a n t  energy dependence. 

This d i f f e rence  could produce a d i f f e rence  i n  t h e  d i s t r i b u t i o n  
- 

- 
II + p 

Another c o r r e c t i o n  f a c t o r  of 0.99 has t o  be appl ied  t o  account f o r  

t he  d i f f e r e n c e  i n  w a l l  th ickness  of t h e  hydrogen t a r g e t  and the  s topping 

spark  chamber. 

a fl when a TI s tops  i n  hydrogen. F i n a l l y ,  t he  r a t i o  of t he  s lope  

of t he  number of 

of t h e  number of TI s tops  per  monitor vs pressure  (F ig .  9 - a )  i s  

0.0793I 0.030. 

d e t e c t i n g  t h e  rl from pion b e t a  decay 

We use 0.605 I 0.0C3(9) a s  t h e  p r o b a b i l i t y  of p-oducing 

0 - 

t r i g g e r s  per monitor v s  pressure  (F ig .  9-b) t o  t h e  s lope  

All t hese  f a c t o r s  were combined i n t o  an e f f i c i e n c y  f o r  

0 

0 e f f i c i e n c y  = (0.0793)(1.15) (0.55) (0.99)/(0.605) = 0.082 k 0.005 
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2. E f f i c i ency  Due t o  Gate Time 

An e l e c t r o n i c  g a t e  was opened each time a pion stopped. The g a t e  de- 

l a y  was se t  so  t h a t  t h e  g a t e  was h a l f  open 8 n6ec a f t e r  t h e  pion stopped 

and f u l l y  open 1 2  nsec af ter  the pion stopped. The f r a c t i o n  o f  decays 

between 1 2  and 91 nsec was e - e  = 0.596.  An unce r t a in ty  
- -  12 -9L 
25.5 2 5 . 5  

of 2.5 nsec in t he  measured t ime of t h e  y r a y  in t roduces  a n e g l i g i b l e  

c o r r e c t i o n  i n  t h i s  t iming e f f i c i e c c y .  

3. Pos i t ron  Eff ic iency  

To ob ia in  the e f f i c i e n c y  t o  d e t e c t  t h e  decay pos i t rons ,  measurements 

were made w i t h  a r ad ioac t ive  source of 

t r o n  emission wi th  a h a l f - l i f e  of 9 .5  hours and whose energy spectrum 

c l o s e l y  approximates the  spectrum of p ion  b e t a  decay (maximum energy 4 M e V )  

It was convenient ly  prepared by  i r r a d i a t i n g  a zinc f o i l  2.5 cm i n  diameter 

by 0.0025 ern th ickness  wi th  pro tons .  

pe r  second w a s  counted i n  a 4x s t e r a d i a n  s c i n t i l l a t i o n  counter .  

imately t e n  hours a f t e r  i r r a d i a t i o n  t h e  sho r t - l i ved  a c t i v i t i e s  had d i s -  

appeared, and t h e  source began t o  decay wi th  a 9.5-hour h a l f - l i f e .  The 

f o i l  w a s  then  placed a t  var ious  p o s i t i o n s  wi th in  t h e  stopping counter  

a r r a y .  

a r i l y  went t o  t h e  osc i l loscope ,  and t h e  th re sho ld  of t h e  c i r c u i t  w a s  ad- 

j u s t e d  t o  correspond t o  t h e  viewing th re sho ld  of 1 mm. 

f o r  counting a pos i t ron  i n  t h e  a r r a y  was then  ca l cu la t ed  by  averaging 

t h e  measured e f f i c i e n c i e s  f o r  t h e  var ious  source pos i t i ons  weighted by  

t h e  s topping pion dens i ty  a t  those  p o s i t i o n s .  The r e s u l t i n g  average 

GaG6,  which decays mainly by pos i -  

The t o t a l  number of pos i t rons  ernit tec 

Approx- 

A counting c i r c u i t  was connected t o  t h e  counter  leads  t h a t  o rd in -  

Tne e f f i c i e n c y  

e f f i c i e n c y  w a s  0.83 t 0.04. The u n c e r t a i n t y  i n  t h i s  number i s  due t o  
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the unce r t a in ty  i n  t h e  s topping d i s t r i b u t i o n ;  f o r t u n a t e l y ,  t h e  c a l c u l a t i o n  

i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h i s  parameter.  

To obta in  another  e s t ima te  of t h e  e f f i c i e n c y  a Monte Carlo c a l c u l a t i o n  

w a s  performed. The program imi t a t ed  t h e  counter  geometry and pion-stopping 

d i s t r i b u t i o n  q u i t e  accu ra t e ly ,  and genera ted  an allowed b e t a  spectrum of 

pos i t ron  ene rg ie s .  Pos i t ron  ranges were c a l c u l a t e d  by  F e a t h e r ' s  Rule: 

R(g/em2) = 0.542 T - 0.133 

where T i s  t h e  k i n e t i c  energy i n  MeV. The m i m u m  energy given by t h e  

pos i t ron  t o  one of t h e  s ix  counters  was c a l c u l a t e d  assuming t h e  pos i t ron  

follows a s t r a i g h t  pa th  of l eng th  corresponding t o  i t s  range. If t h i s  

energy were g r e a t e r  than  0.4 MeV (which corresponded t o  approximately a 

1-mm d e f l e c t i o n  of t h e  t r a c e  on t h e  f i l m  v iewer) ,  it w a s  assumed t h a t  t h e  

p o s i t r o n  would b e  recognized.  However, t'ne s t r a i g h t  l i n e  d i s t ance  a pos i -  

t r o n  goes i s  o r d i n a r i l y  much l e s s  than  expected from F e a t h e r ' s  Rule, p r i n -  

c i p a l l y  because t h e  pos i t ron  mul t ip l e - sca t t e r s .  The c a l c u l a t i o n  was r e -  

peated w i t h  ranges of 1.0, 0.75, and 0.50 of t h e  va lue  given by F e a t h e r ' s  

Rule, and t h e  r e s u l t i n g  e f f i c i e n c i e s  were 0.85 2 0.03,  0.82 5 0.04, and 

0.77 2 0.04. 

energy. 

Tle  ind ica t ed  e r r o r s  a r e  f o r  20.1 MeV i n  requi red  deposi ted 

These two independent methods of determining t h e  pos i t ron  e f f i c i e n c y  

agree  q u i t e  w e l l ,  s o  w e  w i l l  t ake  t h e  p o s i t r o n  e f f i c i e n c y  t o b e  0.82 20.04. 

4. Miscellaneous r,osses 

Seve ra l  o the r  f a c t o r s  must be  included i n  t h e  e f f i c i e n c y .  These f a c t o r s  

a r e  grouped toge the r  here  because they  r ep resen t  s m a l l  l o s ses  of events .  
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a. Events could have been vetoed by t h e  conversion of t h e  decay pos i -  
- t r o n  a n n i h i l a t i o n  r a d i a t i o n  i n  one of t h e  guard counters  A o r  E 
1 9 2  3?4 

The magnitude of t h i s  e f f e c t  was measured by p lac ing  the  Ga66 source be-  

tween T and T and not ing  the  count ing r a t e  i n  E and E . A  

simple c a l c u l a t i o n  employing y-ray a t t e n u a t i o n  lengths  confirmed the  r e -  

-. 1 4 1?2 3?4 

s u l t i n g  e f f i c i e n c y  f a c t o r  of  0.90 t 0.02. 

b.  Some pions stopped ou t s ide  t h e  F i d u c i a l  region of t he  T-chambers. 

The f i d u c i a l  reg ion  w a s  chosen so t h a t  pions which h i t  t he  chamber frames 

would be excluded from cons idera t ion .  Pions which stopped beyond counter  

6 were a l s o  excluded. The r e s u l t i n g  loss i n  e f f i c i e n c y  was measured b y  

analyzing p i c t u r e s  of s topping pions.  The p i c t u r e s  were taken whenever 

a pion stopped i n  a c c i d e n t a l  coincidence wi th  a random s i g n a l  generator .  

This was done t o  avoid t r i g g e r i n g  on y r ays  which might have been 

p r e f e r e n t i a l l y  yroduced when pions stopped outsi.de the  f i d u c i a l  region.  

The e f f i c i e n c y  f a c t o r  was 0.94 ? 0.03. 

e.  Occasionally a second beam p a r t i c l e  would e n t e r  t he  stopping 

chamber wi th in  the  chamber r e so lv ing  t ime and v i t i a t e  t he  t r a c k  of t he  

p a r t i c l e  t h a t  produced t h e  t r i g g e r .  We were then  unable t o  recons t ruc t  

t he  event ,  and it was r e j e c t e d .  The p r o b a b i l i t y  of t h i s  occurrence was 

measured by analyzing p i c t u r e s  of random stopping pions a t  the  same beam 

l e v e l  as t h a t  which preva i led  dur ing  the d a t a  tak ing .  It was found t h a t  

0.96 k 0.01 of these  events  could be recons t ruc ted ,  i n  t h a t  a t r a c k  was 

seen t o  s t o p  i n  the  region ind ica t ed  by the  T counters .  

d. The use of S t o  ve to  prompt events  r e s u l t s  i n  lo s ses  when a 
1 

second beam p a r t i c l e  e n t e r s  t h e  a r r a y  and ve toes  a possible event.  This 

f a c t o r  i s  est imated t o  be 0.99 k 0.01. 
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e .  The scanning e f f i c i ency  v a r i e d  among t h e  four  scanners  who a t  

d i f f e r e n t  t i m e s  worked on t h e  experiment; an average ca l cu la t ed  by weight- 

i n g  t h e  ind iv idua l  e f f i c i e n c i e s  w i t h  t h e  percentage of f i l m  scanned b y  

each person r e s u l t s  i n  a scanning e f f i c i e n c y  of 0.95 1 0 . 0 1 .  

f .  Gama-ray conversions which were v i s i b l e  b u t  ou t s ide  t h e  chamber 

f i d u c i a l  reg ion  in t roduce  a f a c t o r  of 0.99, which i s  est imated from 

made by s topping ri ' s  i n  t h e  T counters .  

x0 's  
- 

Many e f f e c t s  were s tudied  and found t o  con t r ibu te  n e g l i g i b l y  t o  t h e  

e f f i c i e n c y .  Among t hese  are A and A random pulses ,  and muons 

which s t o p  wi th in  the  

- 
3 . Y 2  3,4 

T counters  and dup l i ca t e  a pion s top .  

The product of a l l  t hese  independent f a c t o r s  i s  0.037 * 0.003, and 

t h i s  i s  our e f f i c i e n c y  f o r  d e t e c t i n g  a pion b e t a  decay when a v i s i b l e  

pos i t ron  i s  not  requi red .  If, i n  add i t ion ,  a v i s i b l e  pos i t ron  i s  re- 

qui red  as a check on t h e  d a t a ,  t h e  e f f i c i e n c y  becomes 0.030 f 0.003.  

E. RESULTS 

1. Branching Rat io  

We f i r s t  note  t h a t  r e l inqu i sh ing  t h e  requirement of de t ec t ing  t h e  

pos i t ron  does no t  al ter t h e  branching r a t i o ;  t h a t  i s ,  t h e  r a t i o  of a l l  

events  t o  events  wi th  a pos i t ron  i s  1 . 4 1  

corresponding e f f i c i e n c i e s  i s  1.22 If: 0.13. This serves  as an i n t e r n a l  

check on our eva lua t ion  of t h e  e f f i c i e n c i e s  and of t h e  background sub- 

t r a c t i o n s .  

0.40, while  the  r a t i o  of t h e  

The 38 t 7 de tec t ed  events  were produced by 9.538 X 10" stopped 

pions (as read on scaler) and were de t ec t ed  wi th  an e f f i c i e n c y  of 
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0.037 -F. 0.003. The branching r a t i o  i s  then  

38 7 

(0.0370 t 0.0027)(9.558 x io1') 

+ + 
K - + n o + e  + v  

- - = (1.07 5 0.21) 10-8 + -I- 
R =  

n -+p + v  

2. Comparison With Other Experiments 

Since 1962, seve ra l  l a b o r a t o r i e s  have measured the  pion be ta  decay 

r a t e .  D i f f e ren t  f e a t u r e s  of t h e  f i n a l  s t a t e  have been emphasized by the  

var ious  experiments. Table I1 l i s t s  t h e s e  measurements, t h e  number of 

events ,  t he  experimental  emphasis, and the  branching r a t i o s .  

p rerogat ive  of t h e  latecomer t o  form a weighted average of these  r e s u l t s ,  

We use the 

obta in ing  

R = (1.12 t 0.08) x . 
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TABLE I 

Dimensions and Characteristics of Detector Components 

C ompone n t Function Width X Height X Thickness 
(4 (4 (em> 

2 
S 

C 
- 

D 

T 
1 

M . . .  M 
1 7 

A ; A  
1,2 3,4 

a a ..6 6 
1 2  1 2  - 
S 

3 

sC 

sL 

1.0 Scintillation counter 21.5 x 21.5 x 

1.6 

3.5 

6 .o 

0 . 5  

0.3 

0.6 

79 x 79 X 1.0 

76 x 79 X 1.0 

Sc i nt illat i on c ount er 11.4 diam x 

Cerenkov counter (p =0.8) 12.7 x 12.7 x 

Energy degrader CH 10.1 x 10.1 x 

min 

2 

Scintillation counter 7.6 d i m  x 

Scintillation counters 10.1 x 10.1 x 

Spark modules 10.1 x 10.1 x 

Sc in t il la t i on c oun t er s 

Scintillation counters 

Scintillation counter 

Spark modules ( y ray) 

20.3 d i m  x 1.0 

76 x 76 X 1.0 

average 0.94 g/cm 2 Pb sheets (converter) 

Scintillation counter in H target 10 diam x 10.0 
2 

Scintillation counter in H target 7.6 diam x 0.012 2 
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FIGURE CAPTIONS 

1. 

2. 

3 .  

4. 

5 -  

6. 

7. 

Schematic of experimental  apparatus  showing arrangement 02 counters  
- 

S C, T, s stopping spark chambers M j  energy degrader D, and y-ray 
2, 3 ,  

de tec to r s  cons i s t ing  of l e a d  shee t  conver te rs ,  spark  chambers and counters  

a, @ , Y J ~  

I l l u s t r a t i o n  of method of product ion and t r a n s p o r t  of pion beam. Vertir.31. 

focuss ing  i s  produced by f r i n g e  f i e l d  of bending magnets and h o r i z o n t a l  

focussing by ends of quadrupole t r i p l e t .  

Response of a y-ray s c i n t i l l a t i o n  counter  a s  vo l tage  i s  v a r i e d .  Counter 

was i n  coincidence wi th  s i m i l a r  counter  on oppos i te  s i d e  of  pion s topper  

and was responding t o  converted y-rays produced by s topping r( i n  i nd ica -  

t e d  subs tances .  

Response of no  de t ec t ion  system t o  r a d i a t i o n  prodJced by s topping r[- i n  

C and CH2; y-ray s igna l s  a r e  delayed through ga te  fol lowing TI- s t op .  

(Width o f  ga t e  was enlarged when t ak ing  be ta  decay d a t a . )  

Measured number of events  w i t h  opening angle  ( e  
o r i g i n a t i n g  i n  r(- + p +so + n even t s .  

) between the: y-rays 

Histogram i s  b e s t  f i t  t o  da ta  

2 Y  

obtained by f o l d i n g  t h e  experimental  r e s o l u t i o n  i n t o  the  t h e o r e t i c a l  

g' d i s t r i b u t i o n  and varying 8 

S c a t t e r  p l o t  and p ro jec t ions  of events  which have a decay pulse  i n  s top -  

and 0 
2ymax 

ping counters .  About 90% of da ta  belonging i n  Zones I, I1 and I V  has 

been d isp layed .  

S c a t t e r  p l o t  and p ro jec t ions  of a l l  events  except those having a decay 

pulse s a t i s f y i n g  > 5 nsec .  About 90% of da ta  i s  d isp layed  i n  

Zone I. 



FIGURF: CAPTIONS - Continued 

8. Drawing of hydrogen pressure  v e s s e l .  

S,, genera t ing  rio t h a t  were used t o  c a l i b r a t e  t h e  y-ray d e t e c t o r s .  

fi- were stopped between SL and 

9 a .  Number of r(- stopping i n  H versus  H2 pres su re .  

9b.  

2 

Number of p i c t u r e s  and number of acceptable  events  due t o  JI- + p -+no -t- n 

a s  t h e  H2 pressure  i s  v a r i e d .  
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BEND I NG 

i SHIELDING WALLS-’ 
(CONCRETE) 

0 0.5 1.0 m. 
u q r  

188- 2 - A  

FIG. 2 -  BEAM LAYOUT 
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