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* 
This r e s e a r c h  w a s  suppor ted  by t h e  J o i n t  Program of t h e  Atomic 

Energy Commission and t h e  O f f i c e  of Naval Research. 

ABSTRACT 

An a t t empt  has  been made to  f i n d  t h e  B-decay of t h e  p ion .  

+ = ( -3  f .9)  I t  is TrS --+ e+ 
v+ -+ B+ + v 

W e  f i n d  f o r  t h e  r a t i o  

concluded t h a t  i t  is improbable t h a t  B-decay accounts  f o r  more 

than  1 i n  16,000 v decays.  

I n  an appendix 'we p r e s e n t  t h e  r e s u l t s  of some MontelCarlo 

c a l c u l a t i o n s  which were employed i n  t h e  a n a l y s i s  of t h i s  e x p e r i -  

ment. These c a l c u l a t i o n s  g i v e  t h e  r anges  of e l e c t r o n s  w i t h  energy 

nea r  t h e  c r i t i c a l  energy.  
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t h e  t r a n s i t i o n  ra te  of p ion-e lec t ron  decay i f  non-zero, is a t  any 

ra te  too s m a l l  t o  account f o r  t h e  nuc lea r  B- l i fe t imes ,  and on t h e  

! o t h e r  hand because t h e  observed p r o p e r t i e s  of B-decay r e q u i r e  Fermi 

I .  INTRODUCTION 

A .  Theore t i ca l  

Normal ly  t h e  charged pion decays i n t o  a muon and l i g h t  neu- t "  

t r a l  p a r t i c l e s ,  u s u a l l y  assumed t o  be the  neu t r ino .  The p o s s i b l e  

competing decay i n t o  e l e c t r o n  and n e u t r i n o  is  not  without  i n t e r e s t ,  

and w e  reca l l  h e r e  some t h e o r e t i c a l  p o i n t s :  
I 

a )  Connection wi th  nuc lea r  B-decay. 

Yukawa p o s t u l a t e d  t h e  meson B-decay i n  a two s t e p  theory of 

couplings'  which are n o t  a consequence of a t w o  s t e p  theory  wi th  

See f o r  i n s t a n c e ,  S. J. Wu, Proceedings of t h e  1954 Glasgow 

Conference on Nuclear and Meson Phys ics .  Pergamon P r e s s ,  1955. 

pseudosca lar  mesons. 

The argument may be r eve r sed ,  and i t  may be supposed t h a t  t h e  

pion can t ransform i n t o  an  in t e rmed ia t e  nucleon-antinucleon p a i r  

whialh a n n i h i l a t e s  w i th  normal B-decay: (1)  
I 

T+"+ P + R "+ e+ i- V .  

The pion  being pseudosca lar ,  t h i s  t r a n s i t i o n  is forb idden  except  

i n  pseudoscalar  and ax ia l  vec to r  B-coupling t h e o r i e s .  I t  may then 

be r e c a l l e d  t h a t  i t  is p o s s i b l e  t o  account f o r  t h e  bulk of B-decay 

data us ing  only  scalar  and t enso r  i n t e r a c t i o n s .  The smal lness  

of .rr-electron decay is t h e r e f o r e  n o t  i n  c o n f l i c t  w i t h  experiment.  

It is however i n  p r i n c i p l e  p o s s i b l e  to  l e a r n  about t h e  p o s s i b l e  

$: 2 3 1- 0 0 3 page t w o  
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role  of pseudoscalar  coupl ing  i n  6-theory from pion-6-decay. . a  Un- 

f o r t u n a t e l y  t h e  computation of process  1 no t  on ly  involves  d ive r -  

gen t  i n t eg ra l s ,  b u t  d i f f e r e n t  c u t o f f  procedures have l e d  t o  t r a n s i -  
t i o n  p r o b a b i l i t i e s  which d i f f e r  by s e v e r a l  o r d e r s  of magnitude. 293 

M .  Ruderman and R .  F i n k l e s t e i n ,  Phys. Rev. - 76, 1458 

J. S te inbe rge r ,  Phys. Rev. - 76, 1180 

(1949) ' 

(1949) 

b)  

I f  t h e  p ion  were coupled symmetrically t o  muon and e l e c t r o n ,  

e i t h e r  d i r e c t l y ,  or by means of an  in t e rmed ia t e  nucleon anti-nuc- 

Symmetrical coupl ing  of pion t o  muon and e l e c t r o n .  

u + e  + V de- 
n + p +  Y 

l eon  p a i r ,  then  t h e  r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t y  

pends only  on k inemat ica l  f a c t o r s  (masses), f i e l d  theoretical un- 

cer ta int ies  cancel. One than o b t a i n s  2 7  f o r  pseudoscalar  coupl ing I 

of t h e  fermions 

a - ? p +  v 
- M  e l 2  = 5.4; 

.I 2 

and for axial vec to r  coupl ing  

z M -  ? r + e + Y  r B  

The pseudoscalar  result  .is. roughly. equal: . t o  t h e  r a t i o  of phase 

space .  I t  f a v o r s . a ' +  e: decay and is w e l l  known t o  be wrong. The 

ax ia l  vec to r  coup lhg ihoveve r  d i s c r i m i n a t e s  s t r o n g l y  a g a i n s t  low 

mass p a r t i c l e s .  I . f ' i t  'could be e s t a b l i s h e d  exper imenta l ly  t h a t  t he  
\ 

page t h r e e  
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a + e  
w - C c  r a t i o  - is indeed less than l /8000,  i t  would be p o s s i b l e  t o  

rule o u t  t h e  p o s s i b i l i t y  of symmetrical  coupl ing  of t h e  pion t o  

t h e  muon and e l e c t r o n .  

B, Experimental  

I n  prev ious  a t t empt s  t o  f i n d  t h i s  decay,4 photographic  plates  

H. L .  Friedman and J. Rainwater,  Phys. Rev. - 84, 684 (1949) 

were exposed t o  w e l l  c o l l i m a t e d  meson beams c l o s e  t o  t h e  c y c l o t r o n  

target which was bombarded by high energy p ro tons .  I t  w a s  conclu- 

ded as u n l i k e l y  t h a t  the  e l e c t r o n  decay of t h e  pion should  account  

fo r  more than one i n  a thousand p,ion decays. R e c e n t l y  e x t e r n a l '  

meson beams of r easonab le  i n t e n s i t y  have made i t  p o s s i b l e  t o  use  

c o u n t e r s  as d e t e c t o r s  and o b t a i n  greater s e n s i t i v i t y .  The pion 

beam is stopped I n  abso rbe r  and t h e  decay e l e c t r o n  detected i n  a 

coun te r  t e l e s c o p e .  

The chief  exper imenta l  problem is t h a t  of d i s t i n g u i s h i n g  be- 

tween r-decay e l e c t r o n s  and p-decay e l e c t r o n s .  

by making the detector s e n s i t i v e  t o  t h e  shorter l i fe t ime and h ighe r  

T h i s  is accomplished 

energy of the  a-decay e l e c t r o n .  

I I .  EXPERIMENTAL PROCEDURE 

The exper imenta l  arrangement is shown i n  Pig. 1. The 60 Mev 

II+ beam of the  Columbia U n i v e r s i t y  Nevis Cyclo t ron  is c o l l i m a t e d  

and monitored by c o u n t e r s  #1 and # 2 .  Counter #1 is a p l a s t i c  

s c i n t i l l a t o r  4-1/2 i n c h e s  i n  diameter  and 3/8 i n c h e s  t h i c k  and 

coun te r  #2 is a s t i l b e n e  c rys t a l  2-1/2 inches  i n  diameter and 1/8 

page f o u r  
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inches  t h i c k ,  The beam is f u r t h e r  co l l ima ted  by a 2 inch  diameter 

aperture i n  a 2 inch  t h i c k  l e a d  s h i e l d  d i r e c t l y  preceding c o u n t e r  

#2 and is slowed by carbon absorbers  i n s e r t e d  between #1 arid # 2 .  

2 )  The ta rge t  is a 1/2 inch  t h i c k  p i e c e  of po lye thylene ,  ( l . T g ~ i i / e ~ u  

O f  the  order  of mounted a t  approximately 30° t o  t h e  i n c i d e n t  beam. 

500 p ions  s t o p  i n  the t a r g e t  p e r ' s e c o n d  and t h i s  r e p r e s e n t s  s o m -  

what more than  h a l f  of t h e  1-2 r a t e .  Of these roughly 1 i n  300 

w i l l  decay wi th  t h e  charged decay  product  w i t h i n  the  acceptance 

a n g l e  of the  d e t e c t o r .  T h i s  d e t e c t o r  c o n s i s t s  of f o u r  p l a s t i c  

s c i n t i l l a t o r s ,  each 4-1/2 i nches  i n  d iameter ,  t h e  f i rs t  th ree  3,'s 

inches t h i c k  and t h e  l a s t  1/4 inch  t h i c k .  The coun te r s  # 3 ,  4 ,  5, 

and 6 are ar ranged  so t h a t  i t  is p o s s i b l e  t o  i n s e r t  1 inch  t h i c k  

s h e e t s  of absorber  between each p a i r  of coun te r s  and m i  a d d i t i o n a l  

6 i nches  i n  f r o n t  of counter  #3. 

, 
I 

A block diagram of t h e  e l e c t r o n i c s  is shown i n  F ig .  2 .  Thc 

fo l lowing  e v e n t s  are recorded:  

M = Monitor co inc idences  1-2. 

D = Detector Coincidences 3,4,5,6 w i t h  a r e s o l v i n g  
t i m e  of sec. 

MDf = ' F a s t '  co inc idences  MD when D occurs  w i t h i n  
l ow7  sec a f t e r  t h e  a r r i v a l  of M .  

MDs = 'Slow' so inc idences  MD when D occurs  w i t h i n  
1 .8  x LO-' sec af te r .  t h e  a r r i v a l  01 M .  

+ Of t h e  IT mesons which s t o p  i n  t h e  t a r g e t ,  and decay w i t h  a 

mean l i f e  of 2.6 x sec,5 t h e  v a s t  m a j o r i t y  produce p-mesons. 

C .  Wiegand, Phys. Rev. - 83, 1055 (1951) 

page f i v e  



R-102 

The muons have a range of 2 mm i n  t h e  polye thylene ,  about 1/6 of 

i ts t h i c k n e s s .  Approximately 95 pe rcen t  of these p-mesons t h e r e -  

f o r e  s t o p  and decay i n  t h e  same t a r g e t  p i e c e .  

t h i s  decay is 2.2 x 10'' sec ,6  two o r d e r s  of magnitude longer  than  

The mean-life of 

W .  E. B e l l  and E. P. Hincke, Phys. Rev. - 88, 1424 (1952) 

t h e  p a r e n t  p rocess ,  and r e s u l t s  i n  a cont inuous B-spectrum wi th  
7 53 l e v  maximum energy.  

See f o r  i n s t a n c e ,  Sa rgen t ,  R i n e h a r t ,  Lederman and Rogers. I n  

Press. 
I 

With s m a l h  absorber  t h i c k n e s s e s  t h e r e f o r e  t h e  e v e n t s  D are 
-1.8/2.2 are due t o  t h e  p-e lec t rons .  Of t h e s e  56 p e r c e n t  - 1 - e 

expec ted  t o  be counted wi th  t h e  long  g a t e  of MDs. Between 4 per-  

c e n t  and 3-1/2 pe rcen t  of t h e s e  are counted i n  t h e  s h o r t  g a t e ,  MDf. 

The ra te  D may t h e r e f o r e  be uged t o  determine t h e  produce of t h e  

ra te  of s topp ing  r t s  m u l t i p l i e d  by t h e  acceptance s o l i d  ang le  of D. 

The ra t ios  MDf/D and MDs/D may be used t o  determine t h e  e f f e c t i v e  

g a t e  width of t h e s e  channels .  , 

Two sets  of o b s e r v a t i o n s  were made. I n  run  #1 ra tes  were ob- 

se rved  wi th  t h i c k n e s s e s  of po lye thylene  i n  1 inch  s t e p s  from ze ro  

absorber  t h i ckness  ( i n  a d d i t i o n  t o  t h e  c o u n t e r s  and t a r g e t )  t o  

9 i nches  of abso rbe r .  In r u n  #2 only  3 inches  and 9 inches  of 

polye thylene  were used. I n  both r u n s  d a t a  were ob ta ined  w i t h a d  

wi thout  t h e  t a r g e t ,  and t h e  bulk  of t h e  obse rva t ion  w a s  made wi th  

6391 page s i x  
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9 inches  of abso rbe r .  This  l a t t e r  t h i c k n e s s  corresponds t o  an 

energy l o s s  f o r  r e l a t i v i s t i c  p a r t i c l e s  of 55 Mev due t o  i o n i z a -  

t i o n  a lone .  p-decay e l e c t r o n s  cannot  p e n e t r a t e  t h i s  abso rbe r ;  how- 

e v e r ,  some are n e v e r t h e l e s s  d e t e c t e d  through t h e  conversion of t h e i r  

bremstrahlung.  The geometry of c o u n t e r s  and abso rbe r s  i n  D is 

chosen to  minimize t h i s  e f f e c t .  Experimental ly  w e  f i n d  1/500 of 

t h e  decay spectrum d e t e c t e d  i n  t h i s  manner. This  is a r a t e  which 

might reasonably  be expected f o r  bremstrahlung convers ion .  The p- 

decay background i n  MDf w i t h  9 inches  of polye thylene  is t h e r e f o r e  

approximately .04 x 1/500 = 8 x of the  t o t a l  p-decay ra te .  

I I I .  EXPERIMENTAL RESULTS 

The exper imenta l  r e s u l t s  were ob ta ined  i n  2 three-day r u n s  

and are p resen ted  i n  Tables  1 and 2 and i n  F i g .  3. 

I V .  ANALYSIS OF THE DATA 

, 

A) Product  K of s topped meson f l u x  and d e t e c t o r  s o l i d  ang le .  

K is ob ta ined  by e x t r a p o l a t i n g  t h e  observed ra te  D from s m a l l  

absorber  t h i c k n e s s  t o  ze ro  absorber  t h i c k n e s s ,  as d i scussed  i n  t h e  

i n t r o d u c t i o n .  

3330 k 50 pe r  10' monitor coun t s .  

observed wi th  3 i nches  of po lye thylene  by t h e  r a t i o  of coun t s  D 

e x t r a p o l a t e d  t o  ze ro  absorber  t o  coun t s  D w i th  3 i nches  of poly- 

For run  #1 t h i s  can be done us ing  F ig .  3, and K1 = 

For r u n  #2 w e  m u l t i p l y  t h e  ra te  

e t h y l e n e  as determined i n  F i g .  3: This  r a t i o  be ing  2 . 0 ,  K2 = 

2640 k 50 per  l o6  monitor coun t s .  

B) Acceptance t i m e  X f o r  t h e  d e t e c t i o n  of decay p o s i t r o n s  

i n  MDf. 

page seven crow 
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This  can be determined from t h e  count ing r a t e s  of t h e  p-decay 

p o s i t r o n s  us ing  small absorber  t h i c k n e s s :  

We f i n d  hl = 8 .6  x loe8 sec f o r  run  #1 

s e c l f o r  run  #2 
I 

A2 = 6.7  x 

C) Detec t ion  p r o b a b i l i t y  of p o s i t r o n s  from t h e  decay of 

?t+-+e+ + V .  

These p o s i t r o n s  w i l l  have an energy of 71 M e V ,  one h a l f  of 

t h e  rest energy of t h e  pion.  With 9 inches  of polye thylene ,  t h e  

average i o n i z a t i o n  lo s s  of a minimum i o n i z i n g  p a r t i c l e  is 45 Mev 

in the  21 g / c m 2  of polye thylene ,  about 7 Mev i n  t h e  f o u r  d e t e c t i o n -  

c o u n t e r s  (3.5 g/cm CH) and 2 .5  Mev i n  one h a l f  of t h e  meson s top -  2 

2 .  p ing  t a r g e t  (1.1 g / c m  CH2) f o r  a t o t a l  l o s s  of 54.5 Mev through 

i o h i z a t i o n .  In  t h e  appendix w e  c a l c u l a t e  t h e  p r o b a b i l i t y  wi th  

which e l e c t r o n s  of g iven  e n e r g i e s  w i l l  p e n e t r a t e  abso rbe r s  of given 

i o n i z a t i o n  l o s s  t a k i n g  r a d i a t i o n  and m u l t i p l e  s c a t t e r i n g  , i n t o  ac- 

count .  From F i g .  4 ,  w e  i n t e r p o l a t e  t h a t  71 Mev e l e c t r o n s  w i l l  be 

dete 'c ted w i t h  a p r o b a b i l i t y  E = 0.48  when 9 inches  of po lye thylene  

are p r e s e n t .  However, t h i s  w i l l  n o t  be quite t r u e  i n  t h e  case of 

p o s i t r o n s  f o r  t h e s e  can a n n i h i l a t e  i n  f l i g h t .  

measure balanced by a s i m i l a r  e f fect  on t h e  p o s i t r o n s  from t h e  

p-e decay which s e r v e  as c a l i b r a t i o n .  We estimate t h a t  t h i s  ef-  

Th i s  is i n  l a r g e  

fect  reduced t h e  p r o b a b i l i t y  E by about 2 t o  3 percen t  and the re -  

fo re  u s e  t h e  va lue  E = .46.  

D) Cor rec t ion  f o r  t h e  p-e decay p o s i t r o n s .  

The p-decay p o s i t r o n s  which are counted i n  MDf w i t h  9 inches  
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of absorber  through t h e  conversion of t h e  bremstrahlung r a d i a t i o n  

are d i r e c I 3 y  determined from t h e  rates D o r  I D s  which are almost 

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

Thus t h e  number which has  t o  be s u b t r a c t e d  from MDf is 

X D . 2  x 10-6) (1-e 

(1-e 1 -1.8/2.2 x 
* e (MDs) 9 i n c h e s  

(1-e -x/2.2 x 10-6) ' ,= (D) 9 inches  or  

We f i n d  6 = ( . 18  j: .025) per  l o 6  monitor counts  f o r  run  #1 

6 = (.089 S. .02) per  lo6 monitor counts  f o r  run #2 

E) Cor rec t ion  f o r  i n v e r s e  photomeson product ion  and charge  

exchange s c a t t e r i n g .  

The t a r g e t  is t r a v e r s e d  by a f l u x  of p ions  measured i n  M. 

Only one h a l f  of t h e s e  a c t u a l l y  s t o p  i n  t h e  t a r g e t ,  t h e  average 

energy i n  t h e  t a r g e t  may be approximately 25 M e V ,  and t h e  average 

t h i c k n e s s  of carbon t r a v e r s e d  is --, 1 . 5  g/cm . The meson has  a 

f i n i t e  p r o b a b i l i t y  f o r  nuc lea r  i n t e r a c t i o n  wi th  subsequent  y-emis- 

s i o n ,  e i ther  f r o m  t he  i n v e r s e  of photomeson product ion ,  or from 

charge  exchange s c a t t e r i n g .  The former process may be es t imated  

2 

, 

t o  have a c r o s s  s e c t i o n  of 2 f 1 m,b i n  t h i s  energy range ,  from ob- 

se rva t ions '  on t h e  r e a c t i o n  y + C -+ B + T , which shows a c e r t a i n  * + 

J. S t e i n b e r g e r  and A. S. Bishop, Phys. Rev. - 86, 171 (1952) 

resemblance t o  its i n v e r s e .  The y-rays e m i t t e d  are of t h e  order 

of 130 Mev and w i l l  have a d e t e c t i o n  p r o b a b i l i t y  of approximately 

page n i n e  - 
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0.35 i n  D. The count ing rate due t o  t h i s  e f f e c t  is t h e r e f o r e  ap- 

proximate ly :  

MDf/M = (2 f 1) x X c l . 5  x 6 x 1023/12] x [.049/41r] x .35 

= (2 .2  f 1 . 1 )  

The charge exchange c r o s s  s e c t i o n  i n  carbon has  n o t  been meas- 

u red ,  however, i t  appears  t o  be less than  1 mb f o r  p o s i t i v e  p ions  

under 30 Mev.' The e f f i c i e n c y  f o r  d e t e c t i n g  t h e s e  y-rays is some- 

-~ - 

J. T i n l o t ,  P r i v a t e  Communioation. 

what less, because of t h e  lower energy;  i t  is approximately 0 . 2 .  

The cor responding  ra te  should  t h e r e f o r e  be 

MDf/M 5 2 x 1 x x [1.5 x 6 x 1023/12] x [.049/4n] x 042 

= 1 .25  x 

The charge  exchange c o r r e c t i o n  is t h e r e f o r e  less than  one ha l f  of 

t h e  i n v e r s e  photo p rocess  c o r r e c t i o n ,  bu t  w i l l  n o t  be made, s i n c e  

o n l y  an upper l i m i t  for t h i s i  c o r r e c t i o n  e x i s t s .  

F) 

The n e t  count ing  ra te  MDf/M a f t e r  s u b t r a c t i o n  for p-decay 

F r a c t i o n  of T'S decaying t o  e l e c t r o n s .  

e l e c t r o n s  and i n v e r s e  photoprocess  is 

6 [(.38*.16) - ( . 1 8  f .025) - (.22 * . 1 1 ) ]  = ( - . 0 2  f .21) pe r  10 
k monitor counts  for run 11 

and [(.254 ?r . l o )  - (.OS9 f .02)  - (.23 f .11)] 5 (-.055 f .15) 
per  106 monitor coun t s  for run #2 

page  t e n  
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The f r a c t i o n  of 7c-mesons undergoing B-decay is 

(MDf '"correc t e d  x 1 / K  x 1 / E  = f 

f l  = -.13,St 1 . 3 6  x 

f2 = - .45 4 1 . 2 3  x 

f o r  r u n  #1 

f o r  run  #2 

Combining t h e s e  t w o  r e s u l t d ,  ou r  experiment y i e l d s  t h e  

r a t i o  f 

I 
The quoted error is t h e  s t anda rd  d e v i a t i o n  and inc ludes  t h e  

s t a t i s t i c a l  u n c e r t a i n t y  as w e l l  as an  estimate of t h e w r o r  i n  t h e  

s u b t r a c t i o n  f o r  t h e  i n v e r s e  photomeson product ion .  

I t  is t h e r e f o r e  n o t  l i k e l y  t h a t  t h e  a c t u a l  7r -c e decay f r a c -  

t i o n  is greater than  . 6  x lom4 o r  one i n  17,000. 

i h  approximately twenty t i m e s  more s e n s i t i v e  than previous  a t -  

tempts t o  f i n d  t h i s  decay mode, bu t  no  p o s i t i v e  evidence is ob- 

t a i n e d .  I t  seems t h e r e f o r e  improbable t h a t  t h e  pion is coupled 

The experiment 
I 

i 
synhnetrically t o  the muon. , 
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APPENDIX 

S t r a g g l i n g  of e l e c t r o n s  wi th  e n e r g i e s  of t h e  o rde r  of t h e  

c r i t i c a l  energy. 

I n  t h i s  energy range t h e  s t r a g g l i n g  is p r i m a r i l y  due t o  r a d i a -  

t i o n  and m u l t i p l e  s c a t t e r i n g .  This  problem has  n o t  been s o l v e d ,  +: 

a n a l y t i c a l l y ,  a l though t h e  p rocesses  are w e l l  understood. We have 

so lved  t h e  problem wi th  an  accuracy s u f f i c i e n t  f o r  our purposes by 

making Monte Car lo  c a l c u l a t i o n s  for t h e  r a d i a t i o n  s t r a g g l i n g  and 

combining t h e s e  wi th  s imilar  c a l c u l a t i o n s '  on the r educ t ion  i n  

range  due t o  t h e  i r r e g u l a r i t y  of t h e  t r a j e c t o r y  (mul t ip l e  scat- 

t e r i n g )  c h i e f l y  near its end. 

\ 

The r a d i a t i o n  s t r a g g l i n g  o a l c u l a t i o n s  were c a r r i e d  o u t  a t  

6 e n e r g i e s :  E = 25, 35, 50, '20, 85 and 100 M e V .  The Bethe-Heit ler  

r a d i a t i o n  loss  formula is approximated by t h e  form which c o r r e s -  

ponds t o  uniform energy loss  over t h e  spectrum: 

I 
I 

dN(E)/dx = 1/EX 

M(E) Is t h e  number of quanta  of energy E r a d i a t e d  pe'r u n i t  , 
energy i n t e r v a l  and X is t h e  r a d i a t i o n  l e n g t h ;  i n  our case of CH2 

t h i s  is 65 g/cm . The absorber  is then d iv ided  i n t o  s e c t i o n s  of 

5 Mev i o n i z a t i o n  loss. 

going  p a r t i c l e s  is 2.18 Mev/c , so  t h a t  each s e c t i o n  corresponds t o  

.0354 r a d i a t i o n  l e n g t h .  The r a d i a t i o n  l o s s  p r o b a b i l i t y  d i s t r i b u t i o n  

is then  d iv ided  i n t o  100 r e g i o n s  of equal  p k o b a b i l i t y  and two d i g i t  

random numbers are chosen f o r  each i n t e r v a l .  The c a l c u l a t i o n  pro- 

ceeds by a l lowing  a t r i a l  e l e c t r o n  t o  p e n e t r a t e  t o  t h e  c e n t e r  of 

2 

I n  CH2 t h e  i o n i z a t i o n  l o s s  of minimum out -  
2 

, 
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z 
t h e  f i r s t  s e c t i o n  by l o s i n g  2.5 Mev through i o n i z a t i o n .  I t  then 

r a d i a t e s  according t o  t h e  l o s s  picked from t h e  r a d i a t i o n  probabi l -  

i t y  d i s t r i b u t i o n  by t h e  random number of the s e c t i o n ,  loses 5 M e V  

by i o n i z a t i o n  t o  g e t  t o  t h e  c e n t e r  of s e c t i o n  t w o ,  r a d i a t e s  t o  its 

luck  i n  t h i s  s e c t i o n  and s o  on.  We c a l c u l a t e  for P O 0  t r a j e c t o r i e f i  

a t  each of t h e  s i x  e n e r g i e s .  The r e s u l t s  are t a b u l a t e d  i n  Table 3. 

I n  F i g .  4 these r e s u l t s  are p l o t t e d  a f t e r  t h e  s t a t i s t i c a l  ir- 

r e g u l a r i t i e s  are smoothed. In  t h e  same f i g u r e  w e  a lso show t h e  re- 

s u l t s  of f o l d i n g  t h e  m u l t i p l e  s c a t t e r i n g  d i s t r i b u t i o n  i n t o  t h e s e  

r e s u l t s  . The range is given i n  u n i t s  of i o n i z a t i o n  lo s s .  For t h e  

~~~ ~ _ _  

lo The m u l t i p l e  s c a t t e r i n g  a f f e c t s  t h e  t r a j e c t o r y  c h i e f l y  near  t h e  

end. W e  n e g l e c t  t h e  energy dependence of t h i s  s t r a g g l i n g ,  and 

use  t h e  c a l c u l a t i o n s  made ear l ier  f o r  t h e  m u l t i p l e  s c a t t e r i n g  

of 50 Mev e l e c t r o n s .  

J. S t e i n b e r g e r ,  Phys. Rev. - '75, 1135 (1949) 

purposes  of t h e  e x p e r i m e n t , i t  is necessary  t o  know the  d e t e c t i o n  

p r o b a b i l i t y  ( p r o b a b i l i t y  t h a t  t h e  range be i n  excess )  as a f u n c t i o n  

of energy f o r  d i f f e r e n t  absorber  t h i cknesses ,  and t h i s  is p l o t t e d  

i n  F i g .  5. The d a t a  of F i g .  5 are de r ived  from F i g .  4.  

W e  w i s h  t o  p o i n t  o u t  here t h a t  t h e  r e s u l t s  p re sen ted  i n  Table 1 

and F i g s .  1 and 2 may a l so  be used t o  p r e d i c t  t h e  behavior  i n  o t h e r  

materials, i f  t he  energy scale is conver ted  by t h e  fac tor :  

E = i/I 

where I is t h e  i o n i z a t i o n  lo s s  per  r a d i a t i o n  l e n g t h ,  i n  t h i s  case 

page t h i r t e e n  
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142 M e V .  

The computations have r e c e i v e d  some conf irmat ion by comparing 

the  observed p + e  range curve w i t h  a computation of t h i s  range 

d i s t r i b u t i o n  u s i n g  the  c a l c u l a t e d  e l e c t r o n  ranges and a spectrum 

for t h e  decay e l e c t r o n s  g i v e n  by Miche l ' s  parameter p = l / 2 . 7  

is shown i n  F i g .  3, 

This  
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FIGURE CAPTIONS 

FIGURE 

1. Arrangement of c o u n t e r s  and abso rbe r s .  

2 .  Block diagram of c i r c u i t s .  

3. Counting ra tes  MDs and MDf as a f u n c t i o n  of t h e  
absorber  t h i c k n e s s  i n  t h e  detector D, ob ta ined  
i n  run  #l. The rates MDf have been m u l t i p l i e d  
by t h e  f a c t o r  25.6~0 t h a t  t h e  t w o  curves  co in-  
c i d e  f o r  small absorber  t h i cknesses .  The s o l i d  
curve  is t h e  expected range dependence of y-de- 
c a y  e l e c t r o n s  (p = 1 /2 ) .  The d o t t e d  curve  is 
t h e  expeCrted T + e range dependence, and should  
be compared w i t h  t h e  d i f f e r e n c e  between t h e  
exper imenta l  curves  MDf and MDs. 

4 .  Smooth curve  p r e s e n t a t i o n  of t h e  r e s u l t s  of t h e  
Monte Car lo  range  c a l c u l a t i o n s :  Detec t ion  Pro- 
b a b i l i t y  v s .  Range i n  Polye thylene .  

5 .. Smooth curve  l r e s e n t a t i o n  of t h e  r e s u l t s  of t h e  
Monte Car lo  C a l c u l a t i o n s :  Detec t ion  P r o b a b i l i t y  
vs. Energy  in Polye thy lene .  The range parameter 
is given i n  u n i t s  of MEV i o n i z a t i o n  lo s s .  
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TBBLE 1 

N e t  pe r  l o 6  
Absorber Target  In  Targe t  Out Monitor Counts 

BdDf D BdDf Mx106 D mf D Thickness  of CH2 Tota l  i o n i z a t i o n  b.IxloG 
i n  inches  l o s s  i n  Mev 

0 7.5 4.26 

12.5 

17.5 

22.5 

27.5 

32.5 

37.5 

42.5 
47.5 
52.5 

4.10 

3.07 

3.07 

3.08 

3.07 

3.07 

3.07 

3.07 
29.4 

14,453 

11,964 

7,510 

5,602 

3) 878 

2,318 

1,257 

471 

122 
606 

541 

466 

274 

212 

143 

78 

45 

23 

3 

15 

1.54 

1.54 

1.54 

1.54 

1.54 
1.54 
1.54 

1.54 

1.51 

15.5 

364 

149 

94 

66 

37 

28 

29 

23 

21 
206 

1 

1 
3 

2 

4 
0 

1 

0 

1 
2 

3) 164 

2,811 

2,389 

1,787 

1,246 

1138 
392 

139 

26.1 
7.3 

123 

113 

87 

68 

44 
25.4 
14.1 

7 . 5  
.23 

,3Sf. l o  



TABLE I1 

6 N e t  per 10 
Targe t  I n  TsLrget O u t  Monitor Counts Absorber 

-10 D MDf mS XxlOd D MDS D MDf MDs 
6 Thickness of To ta l  ion iza-  

CB, i n  i n s .  t i o n  l o s s  i n  
Mev z 

3 

9 

27 0 1.38 1,957 56 1,021 '3.28 

23.6 238 6 51 11.3 97 0 

8 1,320 46 741 

13 1.4'8 .2 '54 1.4'4 
k.10 

f;" 
Q 



TABLE I11 I zi) 

R e s u l t s  of t h e  Monte Carlo c a l c u l a t i o n s  on t h e  r anges  of 
e l e c t r o n s  i n  po lye thy lene .  100 t r i a l s  are p resen ted  f o r  
each  of six e n e r g i e s .  The r anges  i n  t h e  column ' range  
i n t e r v a l '  are g iven  i n  u n i t s  of i o n i z a t i o n  l o s s  i n  M e V .  

E 
Range 

I n t e r v a l  

0-2.5 
2 .5-  . 5  
5.  -7 .5  
7.6-10 
10. -12.5 
12.5-15 
15-17.5 

-20 

-22 5 
-25 
-27.5 
-30 
-32.5 
-35 
-37.5 
-40 
-42.5 
-45 
-47.5 
-50 
-52.5 
-55 
-57.5 
-60 
-62.5 
-65 
-67.5 
-70 

, -  

25 

1 

3 
3 
6 

11 

7 

69 - 

35 

1 

2 
5 
4 
6 
3 
8 
6 

65 - 

50 

2 

2 

1 
1 
1 
1 
5 
5 
6 

5 
8 
8 
17 

38 - 

70 

2 

1 
5 
2 
3 
1 

6 
2 
4 
3 
4 
6 
4 
6 
8 
6 
6 

1 0  
1 2  - 

85 , 100 

1 
1 

2 
1 

2 
1 
1 
1 
1 
1 
3 

5 
3 
2 
3 

3 
2 
6 
3 
5 
4 
4 
6 
5 

3 

1 

1 

2 
3 
1 
1 
1 
1 
2 
2 

3 ,  
4 
3 
5 



A 

TABLE I11 (Continued) 

E 

70-72.5 

72.5-75 

-77.5 

-80 

-82.5 

-85 

-87.5 

-90 

-92.5 

-95 

25 

-97.5 

97.5-100 

35 50 70 85 

5 

5 

5 

8 

7 

7 - 

100 

7 

Y 

5 - 
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