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Chapter 1

PROPERTIES OF MUONS

1.1 DISCOVERY OF THE MUON

The muon was d iscovered  by A nderson and N edderm eyer 
[1] and by S tree t and Stevenson [2] in 1936-1938, and was 
o rig inally  called  the m eso tron . In 1947, after the d iscovery  of 
the pion and the phenomenon of a; — p decay, the m eso tron  
was re -n am ed  the muon. This was intended to em phasize 
the fact that in co n tra s t to the ‘p r im a ry ’ pions, which a re  
produced d irec tly  in nuclear in te rac tions, muons a re  of a 
secondary  orig in  and appear during the decay of pions.

The muon was the se co n d ‘elementary* p a rtic le  d iscovered  
in cosm ic rad ia tion . The existence of the f i r s t  p a rtic le  -  the 
po sitro n  -  was estab lished  by A nderson in 1932.

The discovery  of the muon was not as unexpected as the 
d iscovery  of the positron . It was the re s u lt  of two y e a r s ’ 
ca re fu l study whose aim  was to reso lv e  the various apparent 
paradoxes in the p ro p e rtie s  of cosm ic ra y s . The experim ents 
w ere c a r r ie d  out by A nderson and N edderm eyer with the 
sam e W ilson cloud cham ber which was used  in the d is 
covery of the positron . They showed that a high proportion  
of co sm ic -ray  p a r tic le s  at se a  level a re  highly penetrating . 
T hese p a r tic le s  w ere found to pass through th ick lay ers  of

1



2 Muons

heavy m a tte r , e.g. lead, and lo st th e ir  energy only through 
ionization. The aim  of the experim ents was to es tab lish  the 
natu re  of these  penetra ting , charged p a r tic le s , which at 
that tim e w ere thought to be e ith er e lec tro n s and positrons 
or p ro tons.

A ttem pts to identify these  p a r tic le s  as pro tons produced 
various d ifficu lties. F o r exam ple, th e re  w ere too many 
high-energy elec trons among the 6 ray s  produced by these 
p a r tic le s . This was in conflict with the expected e lec tron  
spectrum  due to pro tons but was in ag reem en t with the 6 -  
ray  spectrum  expected if the p a r tic le s  ejecting the e le c 
trons w ere much ligh ter than pro tons. M oreover, at sea  
level, the num ber of positively  and negatively charged p a r 
tic le s  was approxim ately the sam e, which again precluded  
th e ir  identification as p ro tons. At the sam e tim e, the p a r 
tic le s  could not be identified as positrons and e lec tro n s . 
It becam e evident as a re su lt  of the th eo re tica l work of 
Bethe, H eitler and Sauter that h igh-energy e lec tro n s should 
lose  a considerab le p roportion  of th e ir  energy by b re m - 
sstrah lung . This conclusion was confirm ed by qualita tive 
observations of co sm ic -ray  e lec tro n s. The penetra ting  p a r 
tic le s  did not exhibit such energy lo sses  but could s ti ll  be 
e lec trons if e lec trons of energy g re a te r  than about 100 MeV 
did not lose energy by b rem sstrah lu n g .

In o rd er to verify  th is hypothesis, which was in fact the 
la s t attem pt to explain the observed facts in te rm s  of known 
p a r tic le s , Anderson and N edderm eyer p laced  a p latinum  
plate in the W ilson cham ber. They found that p a r tic le s  of a 
given energy passing  through the p la te  could be divided into 
two groups: strongly  absorbed p a r tic le s  (electrons) and 
highly penetrating  p a rtic le s . This re su lt  finally excluded 
explanations of ex isting data in te rm s  of known p a r tic le s . 
It was n ecessa ry  to postu late the ex istence of positive and 
negative singly charged p a rtic le s  with a m ass in te rm ed ia te  
between the m asses  of the proton and the e lec tron . S tree t 
and Stevenson a rr iv ed  at s im ila r  conclusions.

During the decade tha t followed, muons w ere identified 
with the heavy m esons of the Yukawa theory  which w ere 
thought to be responsib le  for nuclear fo rces . The m ain dif
ficulty with th is hypothesis was quite c lea r  even then: fa s t 
muons arriv in g  in the form  of cosm ic ray s  m ust have t r a v 
e rse d  the en tire  e a r th ’s atm osphere without appreciab le 
absorption, w hilst the Yukawa m esons w ere expected to 
in te rac t strongly  with nuclei and should be rap id ly  absorbed
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in the a tm osphere. This contradiction  becam e even m ore 
acute a fte r the w ork of C onversi, Pancini and P iccioni [38], 
who showed that co sm ic -ray  muons had an exceedingly weak 
in te rac tio n  with nuclei. T his was followed by the d iscovery 
of pions by L a tte s , M uirhead, O cchialini and Powell in 1947 
[4, 5]. It becam e c le a r  that co sm ic -ray  muons w ere of s e c 
ondary o rig in  and w ere form ed as a re su lt of the decay of 
pions in the atm osphere .

F ig . 1.1 shows a typ ical n — [x— e decay reco rd ed  in a nu
c lea r  em ulsion: the muon is produced after the pion com es 
to r e s t  and then decays with the em ission  of an e lectron . 
F ig . 1.2 shows a photograph of th ree  n — p, — e decays in a 
p ropane bubble cham ber. By m easuring  the ranges of muons 
from  the n — p d ec ay s , it was found that they form ed a 
group of m onochrom atic p a r tic le s . T his can be seen from  
F ig . 1.3 which shows the range d istribu tion  in nuclear em ul
sion  for 500 muons from  rc — p decays as rep o rted  by 
Menon [6]. The m ean range is 596 ± 1 m icrons and the ob
se rv e d  sp read  in the range can be explained by fluctuations 
in ionization lo sse s .

The appearance of m onochrom atic muons from  n — \i 
decays shows tha t the pion decays into two p a rtic le s , one 
of which is n eu tra l. If the la tte r  is assum ed to be the neu
tr in o , the decay schem e for the pion becom es

it* -f- v (1*1)

The decay of kaons is another source  of m uons. About 
70% of such decays occur according to the schem e

K$2 -*• ^± + v
Since the m ass of kaons exceeds the pion m ass by a factor 
of about 3.5, the m onochrom atic muons which are  produced 
in th is p ro cess  have long ranges (approxim ately 20 cm in 
nu c lear em ulsion). Yet another source of muons is the /t^3 
decay

tffs ^ n±'+*°+v

whose probability  is about 6% of the Ku2 -decay probability . 
The muons produced in decays have a continuous sp ec 
tru m . L ong-lived  n eu tra l kaons and the leptonic decays of 
hyperons a re  also  so u rces of m uons. All these p ro cesses  
a re , how ever, of secondary  im portance as so u rces of muons 
by com parison  w ith n—p, decays.



Fig. 1.2 n - p - e  decays in a propane bubble
chamber. Positive pions enter the chamber at 
the top. The short thick tracks are due to 
positive muons
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1.2 MASSES OF PIONS AND MUONS

In th is  s e c t io n  w e  s h a l l  c o n s id e r  r e c e n t  a c c e le r a t o r  
m e a s u r e m e n t s  o f  th e  m a s s e s  o f  p io n s  and m u o n s .

1.2.1 Deflections in magnetic fields and ranges in emulsions

The m ost carefu l m easu rem en ts of th is type w ere c a rr ie d  
out by B arkas e t al. [7] on the 184-inch synchrocyclotron at 
B erkeley . This experim ent is illu s tra te d  schem atically  in 
F ig. 1.4. P ions produced at an in te rna l ta rg e t T^ by proton 
bom bardm ent w ere deflected by the field  of the acce le ra to r 
m agnet and w ere finally in tercep ted  by nuclear em ulsions in 
which they cam e to r e s t .  F rom  the known geom etry  of the 
experim ent and from  the m agnitude and topography of the 
m agnetic field, it was possib le  to deduce the m om entum  Pn 
of the pion, while m easu rem en ts in the em ulsion yielded its 
range R n . T hese two m easurem en ts a re  sufficient to e s t 
ab lish  the m ass of the pion if the range-energy  re la tio n  is 
known. To avoid e r r o r s  associa ted  with e r r o r s  in th is r e 
la tion , the sam e em ulsions w ere ca lib ra ted  using protons 
from  in e lastic  s c a tte rs  at a second in te rna l ta rg e t Tp of the

/

Fig. 1.4 Determination of the masses of light mesons (Barkas 
et a l.) . T and Tn are targets which are the sources of pro
tons and pions. Nuclear emulsions and trajectories of protons 
and pions are shown on the right on an enlarged scale. Mag
netic rigidities (Up) p and (Up) n are known for each point in 
the photographic plate and the ranges Rp and R77 can be 
measured
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ac ce le ra to r. The pion m ass obtained in th is way (in units of 
the e lec tron  m ass me) was found to be

mn. = (273.34 ±  0.33) me

The e r ro r  is determ ined  by the sp read  in the ran g es of pions 
(3.7%), the ranges of pro tons (1.5%) and by the s ta tis t ic a l 
e r r o r s  of the m easurem en ts which w ere c a rr ie d  out on 368 
positive pions and 60 pro tons.

The m ass of the negative pion determ ined  in the sam e way 
was found to be

mn- =  (272.8 +  0.45) me 

The n* to ji ' m ass ra tio  is th e re fo re  given by

—  = 1.0021 ±  0.0027
mn-

It may th e re fo re  be concluded that the m a sses  of positive  
and negative muons a re  the sam e to within the lim its  of 
experim enta l e r ro r .

The ra tio  of the m asses  of positive pions and muons was 
also m easu red  in these  experim ents and the re s u lt  was

m .
—  = 1.321 +0.003
m ix+ —

and the m ass d ifference was found to be

mn+ — = (66.41 ±  0.10) me

F rom  the above values for the positive-p ion  m a ss , we ob
tain the following re s u lt  for the m ass of the muon

=  (206.93 ±  0.35) me

The m ean m om entum  p0 of the m onochrom atic muons 
from  pion decays was also determ ined  in these  experim ents 
by com paring the ran g es of positive muons from  n — p — e 
decays in the em ulsion with the range of positive  m uons 
en tering  the em ulsion from  the ta rg e t. The m om entum  of 
the la tte r  was m easu red  by finding the cu rv a tu re  of th e ir  
tra je c to r ie s  in the m agnetic field . The value of p0 obtained 
in th is way was

Po =  (29.80 ±  0.04) MeV/c
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The muon energy corresponding to th is value of m om entum  
is

E0 = - £ ^  = (4.\9±O.O\)  MeV

1.2.2 Negative-pion mass from the reaction r  + p -> n + y

The m ass of negative pions can also  be determ ined  by 
m easu rin g  the energy of m onochrom atic y ray s produced 
when negative pions com e to r e s t  in hydrogen. The cap ture 
reac tio n  p roceeds through the following two channels:

+  y (1.2)

jt -f- p —>■ r? H— Jt° (1.3)

T his was shown by Panofsky et al. [8] who m easu red  the 
y - ra y  spectrum  due to negative pions stopping in hydro
gen. The experim ents w ere c a rr ie d  out on the 184-inch 
synchrocyclo tron  and the y ray s  w ere reco rd ed  by a sp ec 
tro m e te r  which m easu red  the energy of e lec tro n -p o sitro n  
p a irs  produced by the y ray s  in a le a d  p la te . Such m e asu re 
m ents estab lished  the p resen ce  of a m onochrom atic y - ra y  
line due to the reac tio n  (1.2) against a background of uni
form ly d is trib u ted  y ray s  produced in the decay of neu tra l 
pions from  the reac tio n  (1.3).

C arefu l m easu rem en ts of y -ra y  sp e c tra  from  reac tions 
(1.2) and (1.3) w ere c a rr ie d  out by Crowe and P h illips [9], 
who used  a y - ra y  sp ec tro m e te r with a reso lu tion  of 1.6% 
and took into account the reco il energy c a rr ie d  off by the 
neu tron , the neu tron-p ro ton  m ass  d ifference and the binding 
energy of the negative pion in the K she ll. The m ass of the 
negative pion obtained in th is  way was found to be

mn- = (272.74 ±  0.40) me

1.2.3 Masses of pions and muons deduced from mesonic X rays

M easurem ent of the en e rg ies  of c h a ra c te r is tic  X ray s  
em itted  by pionic and muonic atom s has been found to be the 
m ost accu ra te  m ethod of determ ining  the m asses  of light 
m esons. This method will be d iscu ssed  in som e detail in
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Section 4.2.5. H ere , we shall only quote the re su lts  obtained 
by Koslov et al. [10] and S tearns et al. [11], and the recen t 
w ork of Lathrop et al. [12] and Devons et al. [13]. The m ost 
accu ra te  m asses  of pions and muons which follow from  these  
experim ents a re

mn- =  (273.34 ±  0.13) me 
m^- = (206.76 ±  0.02) m

M easurem ents of the m a sse s  of charged  pions and muons 
a re  sum m arized  in Table 1.1. F or com pleteness, th is tab le 
also shows the values of the n~ - n° m ass d ifference ob
tained  by Panofsky and by Chinowsky et al.

8

1.3 MUON DECAY SCHEME

The decay of am uon leads to the appearance of an e lec tro n  
and two light neu tra l p a rtic le s  which we can ten tatively  
identify with the neutrino and the antineutrino resp ec tiv e ly :

(x± g± -f  v +  v

The th re e -p a rtic le  decay schem e for the muon was f i r s t  
confirm ed by m easurem en ts on the d ecay -e lec tro n  spectrum  
in a W ilson cloud cham ber, and by the absorption  m ethod. 
Leighton et al. [17] used a cloud cham ber exposed to cosm ic 
ray s  to determ ine the spectrum  of decay e lec tro n s . The 
e lec tron  energy d istribu tion  obtained in th is w ork is shown 
in F ig. 1.5, from  which it is c lea r  that the sp ec tru m  is con
tinuous and extends up to 50-60 MeV. The fact that the e le c 
tron  spectrum  is continuous was also confirm ed by Zhdanov 
and K haidarov [18] and by S teinberger [19] from  m e a su re 
m ents of the absorption of decay e lec trons in g raph ite . The 
average energy c a rr ie d  off by the decay e lec tro n s was 
found in these experim ents to be approxim ately 35 MeV, i.e . 
of the o rd e r of o n e-th ird  of the muon r e s t  energy. F rom

E, MeV

Fig. 1.5 Spectrum of electrons 
from cosmic-ray p - e  decays 
in a Wilson cloud chamber 
fLeighton et al. [17]). The 
number of electrons per 1Q-MeV 
energy interval is plotted as a 
function of energy in MeV



Ta
bl

e 
1.

1 
Pi

on
 a

nd
 m

uo
n 

m
as

se
s

o
m

0
0

m
mc3

S

CD O
CD 4-1

°° JS
So*
CM -hi

CM -H

g  fc-CO ^

2  ©
£ + 1

CM

co

-hi

S  O

CM o  

CM + 1

CO _  
CO ^

CM -hi

CO
CO 
l>  
CM '

§ s
CM + 1

O
+1
t -
CM
CO
t>
CM

O
-hi
CD00
CD
O
CM

CM
O
d
-hi
CD
t -
CD ^  O O 
CM CD
. .  o
0 r ,
rH
>
0
cti
0

2

CM CO CO CO CM
o  © o  © ©  ©
d  d o  d d  d
+1 1 +  1 -h 1

CD co
t - t -
CD CD CD
O O O
CM CM CM

CO
-hi
CD
d

73
oXI

0
o
0
0u
0<4-4
0
P3

0
o
CO
0S

73 ozL «i-h
§ .3 
c 3
3 1
2 s

.. . 0)
o
0
c

aJ cqOh <dB go
° 8 

a  2

s
O

00 x0 X
s  +
. S fa T

+B i 
2 * 
O £

a. -2
m -g

aJ 00 0
0a ®w 3

a
o
CO
0
S

5

a
cS

o

ao

® 2
<& a ̂ o

X  *§

tr
io
03

0
a

73
0

rX
2 °

*0
£

a
o
CO
0
a

s g
o  a

2  5
CO 03
5  ®w 4 £ 2 o
^ H
*?  o■ oCa x

&

CM

0XI
So o fcUt <4-4 _f_

CQ £  
0 ^ 
O t
o  ^  

a  +  

o  '<=

i c2 .2-+->O o © cS Oh Oco £

CD

A
ng

ul
ar

 c
or

re
la

ti
on

 o
f 

ph
ot

on
s 

fr
om

 
| 

| 
[8

.8
 ±

0.
6



10 Muons

th is it was concluded that th ree  light and weakly in te racting  
p a r tic le s  w ere produced in the decay of muons. The ex p er
iments of Hincks and Pontecorvo [20], Sard  and Althaus [21] 
and P iccioni [22] showed that the neu tra l p a r tic le s  from  
muon decays w ere not photons. It was th e re fo re  concluded 
that they w ere neutrinos which w ere known to o rig inate  in 
nuclear P decay.

We shall now consider what inform ation about the m asses  
of neu trinos produced in the p ro cesses

n (x +  v 
|x -v e +  v +  v

can be deduced from  the m easu red  pion and muon m asses  
given above. L et us begin with the f ir s t  decay. C onservation  
of energy and m om entum  leads to the following expression  
for the m ass of the n eu tra l p a rtic le  produced in a —jx decay:

mv =  (m2n +  mj—2m}tVrmJ +  p£ )2

Using the m ost accura te  values for mn, miL and p  ̂ (Table 
1.1), i.e .

mn = {273.27 ± 0 . 11) me 
trip, — (206.76 ±  0.02) me 
/V =  (29.80 ±  0.04) MeV/c

we find that the upper lim it for the m ass of the neutrino 
produced in the decay of pions is given by

mv <  9me

S im ilarly , the m axim um  energy rece iv ed  by the e lec tro n s 
in (x — e decays m ay be used to es tim a te  the m a sses  of neu
t r a l  p a r tic le s  produced in the decay of m uons. The e lec tron  
rece iv e s  m axim um  energy when both n eu tra l p a r tic le s  a re  
em itted  in the opposite d irec tio n  to the e lec tron . The m ass 
of the neutrino is  then given by

mv =  (mj -h ml— 2milEe)l/i

w here Eg is  the m axim um  energy of the e lec tro n  in jx—e 
decay. Using the m ost accu ra te  experim enta l value available 
at p re se n t (cf. C hapter 2), i .e .
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Ee =  (53.00 ±  0.32) MeV
11

and the above value of the m ass of the muon, we find that 
the upper lim it for the m ass of the neutrino is given by

mv <  5me

The hypothesis that the n eu tra l p a rtic le s  produced in it — p 
and (x — e decays a re  neu trinos may be reg a rd ed  as ex p e ri
m entally  verified  to the accuracy  indicated by the above 
fig u res .

It is also  w orth m entioning a d irec t dem onstration  of the 
fact that the charged p a rtic le  produced in the decay of the 
muon is  in fact an e lec tron . F ig. 1.6 shows a n  — jx — e de
cay reco rd ed  in a nuclear em ulsion. This photograph is 
in te re s tin g  in that it shows a ‘fo rk ’, due to a collision  b e
tween the charged product from  the decay of the positive 
muon and an em ulsion e lec tron . About ten such forks w ere

n*jr

i

•' 2

I
■v. ...I

Fig. 1.6 Scattering of a positron from a n - p - e  decay by 
an electron in a nuclear emulsion. 1 and 2 are respec
tively positron and electron tracks after scattering

observed  by M inervina and P eso tskaya [23]. Energy m eas
u rem en ts by the m u ltip le -sca tte rin g  method and kinem atic 
analysis show that these  forks a re  due to the collision of 
two p a r tic le s  of equal m ass , and that the probability  of ap
p ea ran ce  of such forks is in agreem ent with the to ta l c ro s s -  
sec tion  of p o s itro n -e lec tro n  sca tte rin g  which follows from  
fo rm ulae given by Babha.
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1.4 SPIN OF THE MUON

Muons

T here  is  considerab le evidence that the spin of the muon 
is 1 /2 . This conclusion is  based  both on in d irec t ex p e ri
m ents in which the theory has to be ca lled  upon to in te rp re t 
experim ental data, and on very  d irec t experim en ts in which 
in te rp re ta tion  of the data re q u ire s  g en era l quantum -m ech
anical p ro p ertie s  of the angular m om entum . Some of th ese  
experim ents will be d iscussed  here  and the rem a in d er w ill 
be considered  la te r .

Some evidence about the s p in o f  the muon is provided by 
its  decay schem e: p e +  v +  v. If we assum e that the two 
neu tra l p a rtic le s  in th is schem e a re  iden tical with the neu
trino  in P decay, th e re  a re  only two p o ss ib ilitie s  for the spin 
of the muon: = 1 /2  or 3 /2 .

The e a r l ie s t  evidence of the fact that the spin of the muon 
m ust be le ss  than 1 was obtained as long ago as 1941 from  
studies of electrom agnetic  in te rac tions involving the p en e
tra tin g  component of cosm ic ra y s . Studies of ‘b u r s ts ’ in 
ionization cham bers and W ilson cloud cham bers sc reen ed  
from  the soft component of cosm ic ray s  showed that such 
b u rs ts  a re  produced as a re s u lt  of a cascade m ultip lication  
of photons o r h igh-energy e lec tro n s in the w alls of the cham 
b er o r in the surrounding m edium . The photons and e lec tro n s  
a re  due to b rem sstrah lu n g  o r the form ation of fa s t 6 ray s  by 
h igh-energy muons in the m edium  surrounding  the cham ber. 
C hristy  and Kusaka [24] used the Born approxim ation to 
show that the probability  of such p ro c e sse s  for nuclei with 
la rg e  Z in c re ase s  with the sp in o f the muon. They then com 
pared  the calculated probability  of form ation  of such b u rs ts  
by the penetra ting  com ponent of cosm ic ray s  with the m e a s 
u rem en ts of Schein and Gill [25] and concluded that high 
values for the muon spin , e.g . 1 o r 3 /2 , had to be re je c te d , 
and that the m ost probable spin was 0, although a spin of 
1 /2  was also  possib le . Subsequent calcu lations u sing  m ore 
recen t data on the energy sp ec tru m  and m ass  of the co sm ic - 
ray  muons (Belen’kii [26], Hirokawa et al. [27] and o thers) 
showed tha t production c ro ss -se c tio n s  and the b u rs t-en e rg y  
sp ec tra  w ere in agreem ent with a muon spin of 1 /2 .

A m ore d irec t determ ination  of the spin of the muon is 
due to Garwin et al. [28] who found that p a rity  was not con
se rv ed  in n — |x — e decay. They m easu red  the g fac to r of 
the muon, i.e . the ra tio  of its  m agnetic m om ent in m uonic 
Bohr magnetons (eh^tn^c) to its  angular m om entum  in units
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of h. We sha ll d iscuss these  experim ents in detail when we 
deal w ith the non-conservation  of p a rity  in Jt — p, — e decays. 
H ere , we shall m ere ly  quote the re s u lt

g  =  2.00 ±  0.10

This is in agreem ent with g = 2, which is expected for 
D irac  p a r tic le s  with spin 1/2 . However, we shall d iscuss 
accu ra te  m easu rem en ts of the g fac to r of the muon in 
C hapter 5.

1.5 LIFETIME OF THE MUON

The life tim e of the muon was f i r s t  es tim ated  as long ago 
as 1938-1941 by R ossi and o thers who used the anomalous 
absorp tion  of the pene tra ting  component of cosm ic ra y s . In 
th is phenom enon muons trav e rs in g  equal amounts of m a tte r 
in a dense m edium  and in the atm osphere a re  absorbed much 
m o re  strong ly  in the la tte r . Kulenkampf[ 29] showed that this 
absorp tion  anomaly m ight be explained on the assum ption 
that the pen e tra tin g  component consisted  of unstab le 
p a r tic le s .

The f i r s t  G eiger-coun ter m easurem en ts of the lifetim e 
of the muon by the delayed-coincidence method w ere c a rr ie d  
out by R ase tti [30]. This m ethod was subsequently g reatly  
im proved by R ossi and N ereson [31]. The m ost accurate  
m easu rem en ts  of the m ean lifetim e of co sm ic -ray  muons 
appear to be those by Bell andHincks [32]. T h eir re su lt  was

Tjx =  (2.22 ±  0.02). lO"6 sec

V ery accurate  m easu rem en ts of the lifetim e of the muon 
have recen tly  been c a rr ie d  out by a num ber of groups. One 
such experim ent is that p e rfo rm ed  by R e ite r  e ta l. [33] with 
the ac ce le ra to r  at the C arnegie Institu te . The p rincip le  of 
the experim ent is  illu s tra te d  in Fig. 1.7. A beam  of p o si
tive pions with in itia l energ ies of 70 MeV was stopped by a 
carbon ta rg e t, 2.5 cm  thick. P ions coming to r e s t  w ere indi
cated  by 1234 coincidences.*  E lec trons produced from  |x — e 
decays in the g raph ite  w ere indicated by 456 coincidences. 
The m eson beam  in tensity  was high so that the cyclotron
*The symbol 4 represents an anti-coincidence; this notation will be used 
henceforth.
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Fig. 1.7 Measurement of muon life
time (Reiter et al.). The Cu-Be 
absorber was used to degrade positive 
muons which finally came to rest in 
target C

could be run at a low level, thereby reducing  the genera l 
background in the experim ental a rea . The tim e in te rv a l b e 
tween the en try  of a positive pion into the g raphite  ta rg e t 
and the exit of a decay e lec tron  was m easu red  by counting 
the num ber of pu lses from  a 10-M c/s o sc illa to r . The o sc il
la to r was sw itched on and off by the 1234 and 456 coincidence 
pu lses resp ec tiv e ly  and the num ber of o sc illa to r  pu lses was 
reco rd ed  by a fast s c a le r . The m ean life tim e of the positive 
muon obtained from  these m easu rem en ts was

V  =  (2.211 ±  0.003)-10-6 sec

D ata obtained by o ther w orkers a re  given in Table 1.2.
The m ost accurate  pion life tim es which a re  available at 

p resen t a re
Tn± = (2.56 ±  0.05) -lO’8 sec 
tn„ = (1.05 ±  0.18)-10~16 sec

1.6 INTERACTION OF NEGATIVE MUONS WITH NUCLEI

The basic  experim ental fact which fo rm s the n a tu ra l s t a r t 
ing point for studies of the in te rac tion  of slow muons with 
nuclei was obtained in the well-known w ork of C onversi,
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Table 1.2 Measurements of the lifetime of the positive muon

R eference
Mean

lifetim e,
/ is e c

Source Time
measurement

[ 3 2 ] 2.22 ± 0.02 Cosmic rays Delayed co in
c id en ces

[ 3 4 ] 2 .2 0 + 0 .0 1 5 Accelerator CRO

[ 3 5 ] 2.225 ±0 .006 Time-to-amplitude
conversion

[ 3 3 ] 2.211 ±0 .003 Counting of o s c i l 
lator p u lses

[3 6 ] 2.208 ±0 .005 »

[3 7 ] 2 .203 ±0 .004 n

[5 7 ] 2 .202 ±0 .002 n

[5 8 ] 2 .198 ±0.001 n

[5 9 ] 2 .197  ±0 .002 V

Pancini and P iccioni [38] who m easured  the lifetim e of both 
positive  and negative muons stopping in various ab so rb e rs . 
The p rin c ip le  of th is experim ent is illu s tra te d  in Fig. 1.8, 
w here F̂  and Ft a re  iron  blocks each of which consists  of 
two p a r ts  m agnetized in opposite d irec tions p a ra lle l to the 
axes of the G eiger counters A, B, C. T hese blocks act as 
len ses  focusing slow muons of e ither sign on to te lescope 
coun ters  B, depending on the d irec tion  of the m agnetic field  
in the b locks. The m agnetic lenses w ere  designed to ensu re  
com plete rem oval of muons of opposite sign whose energy 
was low enough for them  to com e to r e s t  in the ab so rb e r be
tween the coun ters B and the counter a rray  C. A delayed 
coincidence system  was used  to re c o rd  decay elec trons em it
ted  from  the ab so rb e r in the tim e in te rva l between 1 and
4.5 p sec  a fte r an ABd coincidence, which indicated that a 
muon had been stopped in the ab so rb e r. It was found that 
decay e lec tro n s w ere not produced when negative cosm ic- 
ray  muons cam e to r e s t  in an iron  ab so rb e r. This was an 
expected re su lt ,  in ag reem en t with the hypothesis that the
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Fig. 1.8 Experiment of Conversi, Pancini and 
Piccioni. F t and F2 are divided iron blocks with 
the two halves magnetized in opposite directions 
(B = 15 kgauss). They are used as magnetic len
ses for slow muons. Counters A and B are connec
ted in coincidence and pulses from counter C are 
fed into a delayed coincidence system which re
cords the decay of muons stopping in the absorber.
The layer of lead above counters D absorbs decay 
electrons

negative muons w ere cap tured  by iron  nuclei for a very sh o rt 
period  of tim e. The appearance of decay e lec tro n s w as, 
how ever, detected when negative muons w ere stopped in a 
graphite abso rber. T heir num ber was com parable with the 
num ber of decay e lec trons from  positive muons stopping in 
graphite . It followed that, at le a s t for light nuclei, the 
probability  of absorption of a negative muon by a nucleus 
is of the sam e o rd e r as the probability  of decay of a p o s i
tive muon:

Ad =  _ L « .------- ! _ -----«4.5-105 s e c '1
x + 2.2 • 1CT6 secn

This was a paradoxical r e s u lt  because in 1946 co sm ic -ray  
muons w ere the only known m esons and w ere  identified  with 
the Yukawa m esons which in tu rn  w ere thought to be re sp o n 
sib le for nuclear fo rces . T heory  showed that such  p a r tic le s  
should be absorbed  by nuclei in a tim e in te rv a l of the o rd e r  
of the ‘nuclear tim e ’ ( ~10"23 sec). Even if we allow for the 
fact that a negative muon in the K  she ll of the m esonic atom
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of carbon spends only about 1CT3 of its  life in the nucleus, 
we find that the probability  of its  in te rac tion  with the nucleus 
is of the o rd e r of

J L . io23=  io'20
1000

sec*

while the probability  of cap ture of negative muons by g raph
ite  nuclei es tim ated  from  the re su lts  of C onversi, Pancini 
and Piccioni tu rned  out to be low er by a facto r of 1014. This 
experim ent c lea rly  indicated that the muons could not be the 
p a r tic le s  in the Yukawa theory .

Following the work of C onversi et a l., the in teraction  b e
tween stopping negative muons with the nuclei of various 
d ifferen t m a te r ia ls  was subjected to intensive study. All the 
m ost im portant re su lts  obtained with both cosm ic ray s  and 
with a c ce le ra to rs  w ill be d iscussed  in C hapter 6. H ere we 
shall sim ply note that the in teraction  probability  for nega
tive muons in the K shell of a m esonic atom has been very  
carefu lly  determ ined  righ t through the period ic tab le. It 
has been estab lished  that the probability  of cap ture of a 
negative muon is very  sm all in com parison with the re c ip 
ro ca l n uclear tim e of 1023 s e c '1. E xisting experim ental data 
a re  given in F ig. 3.16. It follows from  these data that as 
Z in c re a se s  from  3 to 82, the probability  of cap ture of a 
negative muon by the nucleus in c rease s  from  approxim ately
0.3 x l 0 5 s e c M to a num ber approaching 107 s e c ’1. It is 
th e re fo re  c lea r that a muon exhibits an exceedingly weak 
in te rac tio n  with nuclear m a tte r. The nuclear P decay is an
o ther exam ple of an equally weak in teraction .

Pontecorvo [39] proposed that the in teraction  of the neg
ative muon with a nucleus can be described  by analogy with 
K cap tu re  in nuclear P decay. The cap ture of an orb ita l 
e lec tro n  by the nucleus is described  by

p +  e~ n -f- v
S im ilarly , a negative muon in the K shell of the m esonic 
atom  can be cap tured  by a nuclear proton. We th e re fo re  
have the analogous reac tio n  in which the proton is t r a n s 
form ed into a neutron and a neutrino:

p -|- [x -*• ti -f- v (1.1a)

It w ill be found la te r  that all the existing data on nuclear 
P- capture can be explained in te rm s  of th is reaction .
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The cap ture reac tio n  (1.1a) has been observed  d irec tly  
in the hydrogen bubble cham ber. N eutrons produced in th is  
reac tio n  have energ ies E&  pl/%Mn » 5 .2  MeV, w here Pv 
is the m om entum  of the neutrino and Mn is  the neutron m a ss . 
D irect observations of reac tio n  (1.1a) in liquid o r gaseous 
hydrogen m ust involve the detection of such m onochrom atic 
neutrons co rre la ted  with stopping negative m uons. This ex 
perim en t was c a rr ie d  out by H ildebrand [40]. The negative- 
muon beam  of the Chicago acce le ra to r (99% negative m uons; 
negative pion im purity  approxim ately 0.5%) was stopped in 
an 8 - litre  hydrogen bubble cham ber placed in a field of 20 
kOe. Photographs obtained in th is experim ent showed sto p 
ping muons and reco il protons appearing som e d istance 
away from  the points at which the muons cam e to r e s t .  
T hese reco il protons w ere produced in co llisions between 
neutrons from  reac tio n  (1.1a) and pro tons in the cham ber. 
An exam ple of an event of th is type is  shown in F ig . 1.9. 
The energy of the neutron may be found from  the range of 
the reco il proton and the d irection  of the line joining the

/
/
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/
/

/
/

/ .
/ •  •

Fig. 1.9 Capture of a muon by a proton in a 
liquid-hydrogen bubble chamber: the reaction 
was p~ + p->n + u. The short thick track is a 
recoil proton produced in a collision between 
a neutron from reaction (1.1a) and a proton in 
the chamber. The diagram shows a muon 
decaying at rest (left) and a stopping muon 
without visible decay, apparently correlated 
with the appearance of the recoil proton
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end of the negative-m uon tra c k  and the beginning of the p ro 
ton tra c k . The liquid-hydrogen bubble cham ber was in fact 
used  as a fa s t neutron sp e c tro m e te r. The efficiency and r e 
solving pow er of th is sp ec tro m ete r w ere m easu red  by Pyka 
[41] who used  the jt" - cap ture reac tion

Ji" +  p n +  y (1.2)
T his reac tio n  y ields m onochrom atic neutrons with energ ies 
of about 8.9 MeV. The neutron  spectrum  obtained in Pyka’s 
ca lib ra tio n  m easu rem en t is shown in F ig . 1.10a. The m ean 
energy of neutrons from  reac tion  (1.2) was found to be 
En =  8.86 + 0.05 MeV, while the Panofsky ra tio  was found 
to be R =  1.53 ± 0.10. N eutron energy sp e c tra  obtained by 
H ildebrand are  given in F ig . 1.10b (with the background sub
trac ted ) which c lea rly  shows the p resence  of a 45 -partic le  
m onochrom atic group of neutrons with energ ies of about 5 
MeV. This re s u lt  is a d irec t confirm ation of the existence 
of the e lem en tary  reac tio n  p +  p" n +  v, and can be used 
to determ ine the -cap tu re  probability  in liquid hydrogen, 
from  the ra tio  of the num ber of negative muons captured  by

/  4- 6 3 70 72 14-

Fig, 1.10 Energy spectrum of neu
trons from the reactions n~ + p-»n 
+ y (Pyka) Gnd fT + p->n + v 
(Hildebrand)
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protons to the to ta l num ber of negative muons stopping in 
the cham ber:

N
A n—  ̂ ±--~

Â stop
w here Ad«  4.5 x 105 s e c '1 is the decay probab ility  of a fre e  
muon. In o rd e r  to determ ine the num ber of negative-m uon 
cap tu res by protons it is also n ecessa ry  to know the effi
ciency of the bubble cham ber for approxim ately  5.2-M eV 
neutrons. The efficiency was found to be c lose  to 0.12. The 
capture probability  obtained by th is  method was Ap =  434 + 
100 s e c '1 . This probability  can also  be determ ined  from  the 
ra tio  of the num ber of stopping muons which a re  not accom 
panied by the appearance of a decay e lec tro n  to the to ta l 
num ber of stopping muons Natop. Owing to the p resen ce  of 
im purities  whose nuclei may cap ture  m uons, th is  second 
method yields only the upper lim it fo r the probab ility  of 
cap tu re of negative muons by protons:

Ap =  613 ±  50 s e c '1

The probability  of negative-m uon cap ture  by pro tons in 
the liquid hydrogen filling the bubble cham ber is  very  d if
ficult to re la te  d irec tly  to the probability  of cap tu re  of a 
muon by a proton, since the la tte r  m ay occur e ith e r in the 
m esonic atom (p'p) o r the m esonic m olecule (pji'p). In the 
second case the m eson can be cap tured  by e ith e r of the two 
protons and the cap ture probability  is  h igher by a fac to r of 
roughly 2 as com pared with the probability  of cap tu re  of a 
muon by a proton. However, the ^ '-c a p tu re  p robab ility  for 
a proton is very  dependent on the spin s ta te  of the two in 
te rac tin g  p a rtic le s . We shall consider these  p rob lem s in d e
ta il la te r , but for the m om ent le t us m ere ly  note that th ese  
m esom olecular com plications in the in te rp re ta tio n  of the 
H ildebrand experim ent do not affect the estim ated  p robability  
of cap tu re  of a muon by hydrogen which is  of the o rd e r  of 
103 s e c '1.

1.6.2 Capture of negative muons by He3

Zaym idoroga et al. [42] have investiga ted  the cap tu re  of 
negative muons by He3 nuclei in the reac tio n

H~ +  He3 -> H3 +  v
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Helium  does not fo rm  a m olecule, and from  the point of 
view of m esom olecu lar phenom ena th e re  a re  no difficulties 
in the in te rp re ta tio n  of th is reac tio n . The reac tio n  was ob
se rv ed  in a diffusion cham ber filled  with He3 to a p re s su re  
of 20 atm  and p laced  in a field  of 6  kOe. The purity  of the 
He3 isotope was b e tte r  than 99.999% and the tr itiu m  im purity 
did not exceed 10~15. F ig. 1.11 shows a c h a ra c te r is tic  photo
graph of the cap ture  of a negative muon in He3. The curved 
tra c k  is  due to the negative muon. A tr itiu m  nucleus and neu
trin o  a re  form ed at the point w here the negative muon cam e 
to r e s t  (the neutrino does not leave a v isib le  track  in the 
cham ber). T ritiu m  nuclei produced in th is reac tio n  should 
have en e rg ies  of approxim ately 1.90 MeV, which in th is ex
p erim en t corresponded  to a range of 2.32 m g /c m 2. Fig. 1.12 
shows the m easu red  range d istribu tion  for tr itiu m  nuclei in 
th is experim ent: m ost of the track s  form  a group with a

Fig. 1.11 Capture of a negative muon 
by H e 3 nucleus in a diffusion cloud
chamber (p~ + He3-* H3 + v [i~ is
the track of the stopping negative 
muon andT the track of the tritium
nucleus H3 ( Zaimidorogaet
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m axim um  at
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Rn 3 = 2 . 3 7  ± 0 . 0 2  mg/cm2

which is in agreem ent with the expected range of 2.32 m g / 
cm2. The fu rth e r group near 5.5 m g /c m 2 is  due to tr itiu m

Afil/AR

Fig. 1.12 Range spectrum of 
tritium nuclei from the reaction 
p + r ie '^H '  + v

nuclei produced in the rad ia tive  cap tu re  reac tio n  ±  He3 
H3 +  y (the negative-m uon im purity  of the beam  was 

2%). The probability  of cap tu re  of a negative muon by the 
He3 nucleus was found to be

AHc3 =  (1.41 ±  0.14)• 103 sec ' 1

1.7 THE UNIVERSAL FERMI INTERACTION

The un iversa l F e rm i in te rac tion  was proposed  in 1948- 
1949 by Klein [43], C lem entel and Puppi [44], Tiomno and 
W heeler [45] and Lee et al. [46]. Evidence for the validity  
of this hypothesis which was available in 1951 has been d is 
cussed  by F erm i in his book Elementary particles.

C onsider the e lem entary  phenom ena of p decay, e.g . the 
decay of the neutron or the cap ture  of an o rb ita l e lec tro n  
by the nucleus

n -+■ p +  e~ +  v
p +  e~ n + v (1.4)
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and the e lem entary  reac tio n s involving m uons, i.e . th e ir 
decay

p.± e± -f  v +  v (1.5)

and nuclear capture

\xr + p ^ n  + v (1.5)

The (3 decay (1.4) and the decay and capture reac tio n s (1.5) 
have c lea rly  much in common: each involves four ferm ions 
(spin 1 / 2  p a r tic le s ) , two of which are  neu tra l.

In F e rm i’s theory of (3 decay, which was f ir s t  p roposed  
by F e rm i in 1934, the P-decay p ro cess  is  described  by a 
point in te rac tion  between four ferm ions. The H am iltonian 
for th is in te rac tion  was w ritten  down by F e rm i by analogy 
with the Ham iltonian describ ing  the in te rac tion  of ferm ions 
with the electrom agnetic  field. Suppose that % and. ij)/ a re  
the wave functions for the in itia l and final s ta te s  of a f e r 
m ion, and that the field  is specified  by vector and sc a la r  
po ten tia ls {A, CP). In quantum electrodynam ics, the am pli
tude for the tran sitio n  ^  ->■ is given by

M = I dx{ ® — (^a% ) A }

w here the a s te r isk  indicates the conjugate function, and a 
is the D irac spin m a trix . The analogy u tilized  by F e rm i to 
obtain the tran sitio n  am plitude for the p decay n-*- p +  e~ +  v 
involved the following substitu tions:

A (t|)eO\|)v)

( D ^ - ( ^ v)

In th is form  the tran s itio n  am plitude for the reac tion  (1.4) 
is known to correspond  to a pure vector in teraction  in p -  
decay theory . F or very  approxim ate calculations of the p ro 
bability  of P decay we can confine our attention to the f ir s t  
te rm  in the H am iltonian, i.e .

gi(Vp^n)(^eA>v) (1-6)

since te rm s  involving the D irac m a trix  a are  im portan t 
only for the descrip tion  of re la tiv is tic  effects ( gx is  the
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coupling constant for nuclear p decay). By analogy with 
th is in te rac tion , reac tio n s involving the decay of the muon 
and its  cap tu re by a nucleus (1.5) may also be describ ed  by 
a s im ila r  H am iltonian with coupling constants g2 and g3 :

It has been pointed out [43-46] that g\, g2 and £ 3  a re  of 
the sam e o rd er of m agnitude. The approxim ate form ulae 
for the reac tion  p robab ilitie s  in te rm s  of the coupling con
stan ts  w ere derived by F erm i [47] on the b asis  of (1.6) and
(1.7) and a re  given in Table 1.3, together with the ex p e ri
m ental p robab ilities and coupling constants obtained for 
com parison  between theory and experim ent. The fact that 
the th ree  coupling constants w ere of the sam e o rd e r of m ag
nitude was reg ard ed  as experim ental evidence for the ex is t
ence of a un iversa l F erm i in teraction .

Sym bolically, the hypothesis of the u n iv e rsa l F erm i in 
te rac tio n  involving four ferm ions can be re p re se n ted  by the 
Puppi trian g le  (shown in Fig. 1.13) w ith one p a ir  of strong ly

Table 1.3 Orders of magnitude of the weak-interaction constants

Interaction
Neutron decay: 
n  -> p  + e ~  + v

Muon decay:
^  +  V +  V

Capture of muon 
by a proton: 

f i ~  + p  n  + v

Hamiltonian g xp * n e *  v g 2 jj,* e v * v g z n * p v p *

C alcu lated  
probability of 
interaction

1 , m \  c4 1 2 1 

T u + 1 0 0 0 7 T 3 47T

X

>•
0 -t

k

x
h 7

Experim ental
probability,
sec" 1

1 1 
t ~ 1180

1 1 

• V +  2 . 2  x  1 0 ' 6
A «io3

Coupling con 
stan t, erg.cm 3

~ 4  X 10'49 x  1 0 ~ * 9 X lO"59
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Fig. 1.13 W eak-interaction 
triangle (Puppi triangle)

(n ,P )

in te rac tin g  ferm ions (n, p) and two p a irs  of weakly in te rac tin g  
ferm ions (e, v) and (p, v) at the th ree  co rn e rs  respective ly . 
The la s t four p a r tic le s  a re  now re fe r re d  to as leptons. 
The in te rac tio n  between each of these  ferm ion  p a irs  is  c h a r
ac te riz ed  by the sam e coupling constant and should be capable 
of explaining the following w eak-in teraction  phenom ena:

1. Decay of the neutron  or the cap ture of a K electron: 
(np), (ev) side of the trian g le .

2. Decay of the muon: (ev), (pv) side of the trian g le .
3. C apture of the negative muon by a proton: (np), (pv) 

side  of the tr ian g le .
Until 1957 the un iversa l F erm i in teraction  theory , which 

was based  on the s trik in g  fact tha t the effective coupling 
constan ts w ere of the sam e o rd e r of m agnitude, did not lead 
to an ag reem en t between existing experim ental data and 
quantita tive ca lcu lations. It is now known that the reaso n  
for th is fa ilu re  was a s e r ie s  of inadequate experim ents. 
The d iscovery  of the non-conservation  of p a rity  and the 
subsequent rev iew  of all experim enta l re su lts  led to the 
developm ent of a new w eak-in teraction  theory which has 
r e s tr ic te d  all possib le  in te rac tions to the vecto r and ax ia l- 
v ec to r v a rian ts  with equal and opposite constan ts.

In the following ch ap ters  we sha ll d iscuss in detail ex p e ri
m ental data on the weak in te rac tio n s of muons and the con
clusions to which they lead , toge ther with data on nuclear 
P -decay.

1.8 ELECTRON AND MUON NEUTRINOS

C onsider the tr ian g le  in F ig. 1.13, which sym bolically  
re p re se n ts  weak in te rac tio n s. Until recen tly  th e re  w ere 
hard ly  any experim enta l data which could indicate w hether 
o r not the neu trinos at the c o rn e rs  of the trian g le  w ere dif
fe ren t p a r tic le s . If they a re  in fact d ifferen t p a r tic le s ,
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and le t us d istinguish  between the e lec tron  neu trino  ve 
and the m eson neutrino vH. The cap ture  of an e lec tro n
or a muon by a proton can then be w ritten  in the fo rm

e~ +  p - ^ n  + ve (1.8)

( a ’  - f -  p  — ti  - f -  V p ,  ( 1 . 9 )

T hese a re  in fact definitions of the e lec tro n  and m eson neu
tr in o s . When read  in the re v e rse  d irec tion  these reac tio n s 
describe  the crea tion  of e lec trons or muons in the in te ra c 
tion of a neutrino and a neutron. The prob lem  of w hether o r 
not the two neutrinos a re  identical can be reso lv ed  ex p e ri
m entally by a method put fo rw ard  by Pontecorvo [48]. If the 
neutrinos a re  identical (ve = vM) collisions between nucleons 
and neutrinos at energ ies high enough to produce muons 
(reaction  (1.9)) should re s u lt  in the c rea tio n  of both muons 
and e lec tro n s. If, on the o ther hand, m eson neu trinos p ro 
duce only muons but not e lec tro n s, th is could be reg a rd ed  
as evidence for the fact that the m eson and e lec tron  neu
trin o s a re  d ifferen t (ve =  v^).

As fa r  as the degree of difficulty is concerned, th is ex 
perim en t may be com pared with the well-known experim en t 
of Reines et al. [49] who observed  in te rac tions between fre e  
antineutrinos and m a tte r. The sou rce  of the an tineu trinos 
was a la rg e  nuclear re a c to r  and the reac tio n  studied  was

ve ~!- p u -\- e+ (1.10)

Another experim ent with free  antineutrinos from  a nuclear 
re a c to r  was c a rr ie d  out by Davis [50] who tr ie d  u n su ccess
fully to observe the reac tion

ve Cl37 -> A37 +  e~ (1.11)

This reac tio n  involves the tran sfo rm atio n  of a neutron  in 
the C l37 nucleus into a pro ton , and is th e re fo re  reac tio n
(1.8) proceeding  in the r e v e r s e  d irec tion . In o rd e r  tha t it 
could occur, it is  sufficien t tha t ve and ve should be iden t
ical p a r tic le s . The above experim ents show tha t the neu
trino  and the antineutrino a re  not iden tical, i.e . th e re  ex is t 
a neutrino ve and an antineutrino ve . Taken in conjunction 
with the absence of double (3-decay, these  experim en ts have 
been regarded  as the experim enta l foundation fo r the
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hypothesis of the conservation  of the num ber of neutrinos 
(in g en e ra l, of leptons) in weak in te rac tio n s.

The c ro s s -se c tio n  for the reac tio n  (1.10) is ex trem ely  
sm a ll, so that it is very  difficult to observe . R eines et al. 
m easu red  th is c ro s s -se c tio n  (averaged over the energy 
sp ec tru m  of an tineutrinos from  the nuclear reac to r) and 
found tha t

o (v +  p-> n +  e )  =  (1.10 ±  0.25). 10"43cm2

A c ro s s -se c tio n  of th is magnitude p rec ludes the observation  
of the in te rac tio n  of muon neutrinos with m a tte r , since the 
possib le  so u rces of such neutrinos have an in tensity  which 
is low er by many o rd e rs  of magnitude than the intensity  of 
and antineutrino beam  from  a la rge  nuclear re ac to r .

The theory  of the u n iv ersa l F erm i in teraction  provides 
a m eans of calculating  the energy dependence of the c ro s s -  
sec tion  fo r the in te rac tion  between neutrinos and antineu
tr in o s  on the one hand and protons and neutrons on the o ther. 
C onsider the reac tio n s

V +  p -► 
v -f n

n -F e+ 
p +  e~ (1.12a)

v 4- p
v +  n

n p*
P +

(1.12b)

in which e lec tro n s and muons a re  produced by high-energy 
n eu trin o s . If the neutrino energy is not too high (less than the 
pro ton  r e s t  energy Mpc2) the c ro ss -se c tio n  is given by

a « —g2p2 (1*13)
jt & '

w here p is  the m om entum  of the neutrino in the ce n tre -o f-  
m ass sy stem  of the colliding p a rtic le s  and g is  the w eak- 
in te rac tio n  constant. It is evident from  th is fo rm ula that the 
c ro s s -se c tio n  in c re a se s  rap id ly  with the energy of the n eu tri
no. However, th is  in c re a se  in the c ro ss-se c tio n w ith  energy, 
which was derived  on the assum ption of a point in te raction  
betw een the four ferm ions, cannot continue indefinitely. 
Lee and Yang [52], Yam aguchi [53], Gabibbo and Gatto [54] 
and o th e rs  have shown that if the point in te rac tion  between 
ferm ions is rep laced  by an in teraction  between p a rtic le s  
having a fin ite volum e, by the introduction of form  fac to rs
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which are  determ ined  by the tra n s fe r re d  m om entum , then 
in the u ltra - re la tiv is tic  case  when the energy of the light 
p a rtic le s  in (1.12) is much g re a te r  than the pro ton  r e s t  en
ergy, the c ro ss -se c tio n s  for these reac tio n s tend to a def
inite lim it which is approxim ately given by

cr = 0.7- 1(T38 cm2

Although th is c ro ss -se c tio n  is exceedingly sm a ll, it is s ti l l  
g rea te r  by five o rd e rs  of magnitude than the c ro ss -se c tio n  
for the in teraction  of the antineutrino from  nuclear (3-decay.

Decays of high-energy pions in flight may be used  as 
sou rces of h igh-energy muon neu trinos. Pontecorvo [48] and 
Schwarz [55] have shown that the in tensity  of neu trino , beam s 
produced in th is way with the la rg e  ac c e le ra to rs  which a re  
cu rren tly  available is sufficient or alm ost sufficient for such 
experim ents.

The tim e n ecessa ry  for an experim ent of th is  kind is only 
about two y ea rs . The experim ent has in fact been c a rr ie d  
out by Danby et al. [56] on the Brookhaven pro ton  sy n ch ro 
tron  which produces 30-GeV pro tons. M ost of the neu trinos 
used in th is experim ent w ere produced in pion decays

n* |J7 4- Vn, it -> n‘ 4- v,x

and the object was to observe reac tio n s (1.12a) and (1.12b). 
Both reac tions should be observed  if the e lec tro n  and m eson 
neutrinos a re  identical. If they a re  not iden tical, only the 
muons should appear.

The p rincip le  of th is experim ent is illu s tra te d  in F ig . 1.14 
which shows p a rt of the Brookhaven pro ton  synchro tron . A 
bery llium  ta rg e t in tercep ting  15-GeV protons was located  on 
one of the 3 -m etre  s tra ig h t segm ents of the a c c e le ra to r .

Fig. 1.14 Experiment of Danby et al.
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H igh-energy pions produced in th is ta rg e t w ere em itted  p re f
e ren tia lly  in the d irec tion  of the p rim ary  proton beam . The 
de tec to r reco rd in g  neutrino in te rac tions was located  at a 
d istance of about 34 m from  the ta rg e t and was sc reen ed  by
13.5 m of iron  from  the flux of pions and muons from  the 
ta rg e t. The n eu trin o -in te rac tio n  detecto r consisted  of ten 
iden tical sp a rk  cham bers, each of which contained approx
im ately  a ton of m a tte r . The detecto r is  illu s tra te d  sch em at
ically  in F ig . 1.15. Each of the ten sp a rk  cham bers contained 
nine alum inium  p la tes  (a rea  1.1 x 1.1 m 2, th ickness 2.5 cm) 
se p a ra te d  by a ir  gaps. The device was sc reen ed  from  the 
top, from  the fron t and from  the r e a r  by the specia l sc in til
la tion  coun ters B, C, D, a rran g ed  in an ti-co incidence. They 
cut off the reco rd in g  sy stem  when charged  co sm ic -ray  p a r 
tic le s  and random  muons which had p en e tra ted  the sc reen

Fig. 1.15 Disposition of spark 
chambers in the neutrino detector. 
Arrow shows the direction of the 
neutrino beam 30 cm

p a sse d  through the d e tec to r. The pu lse from  sc in tilla to rs  A 
between the sp a rk  cham bers was used  to contro l the appli
cation of the high voltage to the sp a rk  cham ber s . The su ccess  
of th is  experim ent was la rg e ly  due to the ingenious way in 
which the sp a rk  cham bers w ere  contro lled . The contro l s y s 
tem  used  the fine tim e s tru c tu re  of the pro ton  beam  which 
considerab ly  reduced  the co sm ic -ray  and the random  co
incidence backgrounds.

The neutrino  energy sp ec tru m  expected under the condi
tions of th is experim ent is  shown in F ig . 1.16. It fa lls  to zero  
at about 2 GeV. The figu re  a lso  shows on an en larged  sca le  
(x 10) the expected  sp ec tru m  of neu trinos from  the decay of 
kaons in the beam . The o rd in a tes  give the num ber of n e u tr i
nos p e r  1-GeV energy in te rva l p e r 1 cm 2 of the su rface  of
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Fig. 1.16 Expected energy spectrum of 
muon neutrinos in the Brookhaven experi
ment. The number of neutrinos per GeV 
per cm2 of the detector for 1011 protons 
incident upon the target is plotted against 
the neutrino energy in GeV

the detecto r for 1011 protons en tering  the ta rg e t. The to ta l 
num ber of protons which p assed  through the ta rg e t in th is 
experim ent was about 3.5 x i o 17. The muons and e lec tro n s  
produced in reac tio n s (1.12) m ust have had energ ies in ex
cess  of approxim ately 100 MeV, since the neutrino energy 
was shown by the spectrum  to be high. A ltogether 34 single 
muons with m om enta g re a te r  than 300 M eV/c and without 
accompanying h igh-energy e lec tro n s w ere observed  in the 
sp ark  cham bers. F as t e lec trons would have produced show
e rs  consisting  of a la rg e  num ber of p a r tic le s . The resp o n se  
of the spark  cham bers to e lec trons was te s ted  by exposing 
them  to 400-MeV elec tro n s.

Fig 1.17 shows two typical photographs of muon tra c k s  
orig inating  in the p la tes  of one of the sp a rk  cham bers. E x p er
im ental es tim ates  of the expected background due to cosm ic -  
ray  muons have shown that the num ber of such m esons did 
not exceed 5 out of the 34 observed  events. M oreover, the 
observed  num ber of h igh-energy muons is of the sam e o rd e r 
as the effect expected for an in te rac tion  c ro ss -se c tio n  of the 
o rd er of 10 38 cm 2. This experim ent has thus shown that the
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Fig. 1.17 Two typical cases of the 
appearance of muons in the aluminium 
plates of the spark chamber

muon neutrinos can produce muons but not e le c tro n s .l t  fo l- 
lows that the muons and e lectron  neutrinos appear to be 
d ifferen t p a r tic le s .

F u rth e r  stud ies of th is basic  problem  w ere perfo rm ed  at 
CERN. As a re su lt  of the neutrino experim ent a co n sid er
able im provem ent in the s ta tis tic s  of neutrino in teractions 
was achieved [60, 61],

L et us b riefly  review  the CERN experim ent. To begin 
with, the in tensity  of the neutrino beam  at CERN was higher 
than the Brookhaven in tensity  by a facto r of about 200. This 
was due to a num ber of rea so n s . F ir s t ,  the CERN ex p eri
m ent was p erfo rm ed  with the ex trac ted  pro ton  beam  so that 
the muons em itted  at 0° to the beam  could be used. Second, 
the CERN w orkers em ployed m agnetic focusing. F inally , the 
in tensity  of the CERN acce le ra to r was higher by a facto r of 
2-3  as com pared  with the Brookhaven in tensity  and the m ass 
of m a tte r  in the sp a rk  cham bers was 100 tons instead  of 10. 
M oreover, the CERN neutrino beam  was p assed  through a 
freon  bubble cham ber having a volume of 500 li t re s  and 
p laced  in a m agnetic fie ld  of 27 kgauss. About 500 neutrino 
in te rac tio n s w ere observed  in one cham ber. The ra te  of 
neu trino  events in th is rem ark ab le  experim ent was 12-18 
p e r hour in 1963 and up to 40 p er hour in 1964. M ore than
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95% of all these events involved a neutrino  in te rac tion .
As reg a rd s  the identity of the muon and e lec tron  neu

tr in o s , the re su lt  of th is experim ent m ay be su m m arized  as 
follows. Let be the num ber of events in which muons 
w ere c rea ted , and Ne the num ber of events in which e le c 
tro n s w ere c rea ted . If ve then the ra tio  R = N e/ Nn
should be equal to unity. The re su lt  obtained at CERN was 
R =  (1.7 ± 0.5) x 1 0 '2, which was le ss  than unity by a facto r 
of m ore than 50. The d ifference between the muon and e le c 
tron  neutrinos (see Section 2.14) may thus be reg a rd ed  as an 
experim entally  estab lished  fact.



Chapter 2

PION DECAY

2.1 NON-CONSERVATION OF PARITY IN WEAK INTERACTIONS

In th is chap ter we shall consider experim ental data on 
pion and muon decays of the form

XI — |X +  V

|x —>- e +  v +  v

and ce rta in  o ther much le ss  probable decay m odes. These 
decays occur with the partic ipation  of the neutrino and a re  
typical exam ples of weak in teractions which a re  c h a ra c te r 
ized by exceptionally sm all coupling constants (approxim ate
ly 10 49e rg .cm 3). An im portan t fea tu re  of weak in teractions 
is  the fact that they do not conserve sp a tia l parity . This 
phenomenon was p red ic ted  by Lee and Yang [1]. The ex 
p erim en ta l bas is  fo r th e ir  theory  was the so -ca lled  paradox 
of Kn. and ^0r3 decays. It is  known that all charged kaons 
have the sam e m ass and the sam e life tim e and it is th e re 
fo re  natu ra l to expect that th e re  is only one kaon but with 
a num ber of decay modes including

ry~\~ “h I 0

33

(2 . 1 )
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(2 .2)-[-n -|-n+

The in ternal parity  of the /<n2 m eson is (— l)s, w here 5 is 
its  spin. On the o ther hand, analysis of the energy sp e c tra  
and angular d istribu tions of pions orig inating  in Kns decays 
c a rr ie d  out by Dalitz [2] showed that the probable spin and 
p arity  of the Kn3 m eson is 0" o r 2" respec tive ly . A Kn2 
m eson with a spin of 0 o r 2 should, how ever, have a positive 
ra th e r  than a negative parity . This p rob lem  can be reso lved  
in two ways. It can be assum ed that the m asses  and life tim es 
of all the kaons are  equal but that the Kn2 and Kns m esons 
a re  different p a rtic le s  with d ifferent p a r itie s . The o ther 
possib ility , which was considered  by Lee and Yang, is that 
they a re  identical p a rtic le s  but that p a rity  is not conserved  
in the decays of kaons, nor, in g en era l, in in te rac tions such 
as (2.1) and (2.2).

The P decay of po larized  Co60 nuclei and n — p — e decay 
w ere the f ir s t  phenom ena in which the p red ic ted  non-con
se rva tion  of parity  was experim entally  verified . These ex
perim en ts  have in fact becom e the experim enta l foundation 
for the two-com ponent theory  of the neutrino put forw ard  by 
Lee and Yang [3], Landau [4] and Salam  [5].

2.1.1 Non-conservation of parity in decay

The f i r s t  experim ent in which the non-conservation  of 
parity  in n — p — e decay was observed was perfo rm ed  by 
Garwin, L ederm an and W einrich [6]. The experim ent is 
illu s tra ted  schem atically  in Fig. 2.1. The beam  of 85-MeV 
positive pions ex trac ted  from  the a c ce le ra to r  contained 
about 10% of positive m uons, mainly from  pions decaying 
in flight near the cyclotron ta rg e t and in the deflecting and 
collim ating system s. The separa tion  of pions and muons 
was achieved in the usual way, using  a g raphite  ab so rb er 
which stopped pions but tran sm itted  muons with the sam e 
initial momentum. The muons finally cam e to r e s t  in a 
g raphite ta rg e t. The en try  of a muon into the ta rg e t was in 
dicated by a coincidence between the sc in tilla tio n  counters 
1 and 2. The subsequent p — e decay in the g raph ite  ta rg e t 
was reco rded  by a positron  te lescope consisting  of two 
sc in tilla tion  counters (3, 4).

Coincidence pu lses from  counters 1 and 2 w ere  delayed 
by 0.75 p sec  and w ere used  to gate the sy stem  so  that it
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85-MeV 
‘pion’ beam

Fig. 2.1 Experiment of Garwin,
Lederman and Weinrich in which 
non-conservation of parity in n—p 
—e decay »as established

counted positrons leaving the graphite ta rg e t in the tim e in 
te rv a l between 0.75 and 2.00 n sec following the a rr iv a l of 
the muon at the ta rg e t. Let us suppose that the muons w ere 
p o la rized  in the d irec tion  of motion. This im plies non-con
se rv a tio n  of spa tia l p a rity  in it — p decay, and the aim  of 
the experim ent was to se a rch  for any asym m etry  in the an
gu lar d istribu tion  of the em itted  positrons re la tiv e  to the 
d irec tion  of motion. The probability  of em ission  of decay 
positrons was m easu red  at d ifferent angles ft to th is d ire c 
tion. It is plain  from  the figure that if th e re  is no m agnetic 
field  n ea r the g raphite  ta rg e t, the positron  te lescope will r e 
cord  positrons fo r which ft approached 100°. When a cu rren t 
is passed  through the loop shown in Fig. 2.1, the spin of the 
muon p re c e sse s  in the constant m agnetic field H (which is 
perpend icu lar to the plane of the drawing) with an angular 
frequency

co =  g - — —  »4 .28 ■ \ ( ? g H  sec'1 gauss'1 (2.3)
2 m^c

w here g is the gyrom agnetic ra tio  (g factor) of the muon, 
e/m^ the ra tio  of its  charge to m ass , and H the m agnetic 
field . As a re su lt of th is p recess io n , the angular d istribu tion
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of the decay positrons will ro ta te  about the d irec tion  of the 
m agnetic field together with the spin. The angular d is tr ib u 
tion can th e re fo re  be obtained fo r a constan t geom etry  of 
the experim ent by m easu ring  the 34 coincidence ra te  as a 
function of the cu rre n t in the c o il: to each value of the c u r 
ren t th e re  co rresponds a m ean angle of ro ta tion  of the spin  
of the muon. E xperim ental data co rrec ted  fo r the exponential 
decay of positive muons a re  shown in Fig. 2.2 w here N is

Fig.2.2 Non~conservation of parity in n - f i - e  de
cay (Garwin et at.)

the num ber of counted positron  pu lses and N 0 the num ber 
of pu lses counted in an equal tim e in terval but with the m ag
netic field reduced to zero . The curve re p re se n ts  the d is t r i 
bution

dN ~  [1 +  a cos (Go — tof)] dt (2.4)

w here a is the asym m etry  coefficient, a> the m eson spin 
p rece ss io n  frequency, and 0 O the in itia l phase determ ined  
by the geom etry  of the experim ent. In th is p a r tic u la r  ex 
perim en t it was found that the asym m etry  coefficient was 
very  nearly  a = - 1/3  and the p rece ss io n  frequency co was 
found to be in agreem ent with g = 2, which is the value of 
the g  fac to r for a D irac  p a rtic le .

An equally c le a r  dem onstra tion  of the non-conservation  
of spatia l parity  in n — jx — e decay was obtained from  m e a s
u rem en ts in nuclear em ulsions and bubble cham bers in which 
positive pions cam e to r e s t ,  and the com plete n — |x — e



37Pion decay

sequence could be observed. The f i r s t  m easu rem en ts of 
th is  kind w ere perfo rm ed  by F riedm an  and Telegdi [7]. 
F ig. 2.3 shows d istribu tions obtained by W eissenberg  [8], 
In th is figure the num ber of decay positrons is plotted as a 
function of the p ro jec ted  angle in the plane of the em ulsion. 
This d istribu tion  is s im ila r  to the d istribu tion  obtained in 
the experim ents of Garwin et a l., and the asym m etry  can be 
d escrib ed  by

dN — (1 +  a cos 'O’) dO1 (2.5)

which is analogous to (2.4). The asym m etry  coefficient lie s  
w ithin the range a ^  -(0 .08-0 .14), depending on the type of 
em ulsion.

Extensive m easu rem en ts of th is  kind have shown beyond 
any doubt that the angular d istribu tion  of the decay e lec tron  
is a sy m m etric  with re sp e c t to the m om entum  of the muon 
at the instan t of decay. However, the p — e decay occurs

Fig. 2.3 Angular distribution of positrons from 
the 17 +—fi+—e + decay in normal (a) and diluted 
(b) NIKFl emulsion. The number of decay posi
trons in the interval A(9 = 18° is plotted as a 
function of the angle 6 between the momentum 
of the positive muon at the point where the n-p 
decay occurred and the momentum of the electron
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afte r the muon has com e to r e s t ,  when the only specia lly  
defined d irec tion  is the d irec tion  of its spin. It follows tha t 
the d irec tion  of the muon spin is re la ted  to the d irec tion  of 
em ission  of the muon from  the decay of a pion (longitudinal 
po larization  of the muon), and that the p ro b ab ilitie s  of e m is 
sion of e lec trons in p — e decay in the d irec tion  of the spin  
of the muon and in the opposite d irec tion  a re  not equal. It 
has thus been dem onstrated  that spa tia l p arity  is not con
served  in the jt— p and p — e decays.
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2.1.2 Non-conservation of parity in the /9 decay of polarized Co60 nuclei

The decay of po larized  Co60 nuclei was the f i r s t  phenom 
enon which was found to exhibit non-conservation  of p a rity  
in weak in te rac tions. Co60 nuclei have spin 7 =  5 and positive 
parity . They a re  found to decay in accordance with the 
schem e

Co60—*N i60 +  <r +  v (2.6)

Since the N i60 nucleus has the sam e p arity  and a spin of 
1 = 4, the observed 5+ -> 4+ tran sitio n  belongs to the c la ss  
of /  -> /  — 1 tran sitio n s which occur without change of p a r 
ity and a re  known in p-decay  theory as pu re  G am ow -T eller 
tran sitio n s . The experim ent of Wu et al. [9] involved the 
com parison  of the in tensity  of P decays for two opposite 
po larizations of the in itia l Co60 nucleus. This experim ent 
was analogous to the experim ent of G arw in e ta l. considered  
above, except that in the Garwin experim ent it was the Jt — p 
decay which acted as the p o la riz e r  of positive muons while 
in the Wu experim ent the Co60 nuclei w ere po larized  by the 
R ose-G orte r method. We shall not go into the deta ils  of th is 
well-known experim ent and will confine our attention to a 
sum m ary  of the re su lts . It was found that the counter re c o rd 
ing decay elec trons em itted  approxim ately in the d irec tion  
of the m agnetic field producing the po la riza tion  showed a 
very  la rg e  change in the counting ra te  when the d irec tion  of 
the m agnetic field po lariz ing  the Co60 nucleus was rev e rse d . 
The change in the sign of the m agnetic field  corresponded  
to a ro ta tion  of the spin of the C o 60 nucleus through 180°, so 
that th is re su lt may be regarded  as evidence for co n s id e r
able asym m etry  in the angular d istribu tion  of decay e le c 
trons re la tiv e  to the d irec tion  of the nu c lear spin. This
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d istribu tion  is  of the form

dN ~  (1 +  a cos fl) dQ (2.7)

w here dQ is an elem ent of solid  angle, $ the angle between 
the sp in  d irec tion  of the Co60 nucleus and the mom entum  of 
the p p a r tic le , and a the asym m etry  coefficient. This co 
efficien t turned  out to be negative, i.e . e lec tro n s em itted  in 
the decay of po larized  Co60 nuclei a re  p re fe ren tia lly  em itted  
in the d irec tio n  opposite to that of the CoC0 spin axis.

A c h a ra c te r is tic  fea tu re  of the experim ent of Wu et al. 
was the very  la rg e  m agnitude of the observed  effect. For 
e lec tro n s with velocity p =  v/c & 0.6, the m easured  asy m 
m etry  coefficient tu rned  out to be of the o rd e r  of 0.4. Since 
the po la riza tion  of Co60 nuclei in th is experim ent was p «  0.6 
(it was determ ined  from  the anisotropy of the y ray s  em itted  
by Co00), the actual value of the asym m etry  p a ram e te r c o r 
responding to com plete po larization  of the o rig inal nucleus 
is 0 .4 /0 .6 ~ 0 .7 . Theory p red ic ts  that the observed  asym 
m etry  coefficient should be proportional to the velocity of 
the p p a r tic le s  em itted  by the n u c leu s, and th e re fo re  fo r 
re la tiv is tic  e lec tro n s one would expect an asym m etry  co 
efficien t of about 1 in th is experim ent. This corresponds to 
the m axim um  possib le  asym m etry , when th e re  a re  no decays 
in which the e lec tro n  is em itted  in the d irec tion  of the nuc
le a r  spin. This effect can be illu s tra ted  by the po lar d iagram  
of Fig. 2.4. The so lid  curve rep re se n ts  approxim ately the 
conditions in the experim ent of Wu e t al. (p ~ 0 .6 ,  p ~  0.7). 
The broken curve shows the effect expected for a com pletely 
po la rized  nucleus and re la tiv is tic  e lec tro n s ( 8 = 1 ) .

Fig. 2.4 Polar diagram showing the 
angular distribution of (3 particles 
in the experiment of Wu et al. The 
distance from the centre of the nu
cleus to the curve is proportional 
to 1 + a cos 6. The broken curve 
shows the situation expected for a 
completely polarized Co60 nuclei.
The solid curve corresponds to the 
experiment ofWu et al. The change 
in the spin of the nucleus is Al =
—1; the electron and the antineutrino 
are emitted in opposite directions, 
showing that the two particles have 
opposite helicities
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Subsequent experim ents perfo rm ed  in many la b o ra to rie s  
have extended and im proved the data d iscu ssed  above. All 
the m ost im portant re su lts  on Jt — p — e decay and som e of 
the basic  data on P decay will be d iscu ssed  la te r . H ere , we 
shall give a qualita tive explanation of the above experim ents 
in te rm s  of a model in which the neutrino is reg ard ed  as a 
p a rtic le  with spin p a ra lle l to mom entum . This model is a 
consequence of the tw o-com ponent theory  of the neutrino put 
fo rw ard  by Landau [4], L ee and Yang [3] and Salam  [5]. The 
equations which fo rm  the basis of th is theory  w ere  put fo r 
w ard by Weyl as fa r  back as 1929. Pauli [10] then pointed 
out that these  equations d escribed  a p a r tic le  with spin p a r 
allel to its  m om entum , and re jec ted  them  because th is was 
in conflict with the conservation  of spa tia l p arity .

In co n tras t to the usual D irac  theory , in which the neutrino  
is described  by four-com ponent wave functions, the new 
theory  d escrib es  the neutrino by tw o-com ponent functions 
form ing a solution of the D irac  equation for p a r tic le s  of ze ro  
r e s t  m ass:

P^v =  +  (<*p) (2.8)

w here p  is the mom entum  and o the Pauli spin m atrix  fo r 
the neutrino. The eigenvalues of th is equation a re  (op) — q: p 
and correspond  to wave functions for sp ins p a ra lle l o r an ti-

p a ra lle l to m om entum  (^ £ )  =  l  o r -1 respective ly ).
P

The quantity

=  (2.9,

is defined in the tw o-com ponent theory  of the neutrino  as 
the helicity  of the p a rtic le . The neutrino is reg a rd ed  in th is 
theory  as ro ta ting  like a righ t-handed  o r left-handed  sc re w  
(positive o r negative helicity).

Physically , Equation (2.8) shows tha t fo r a given m om en
tum  the p a rtic le  may be found in one of the two p o ssib le  
s ta te s  with equal and opposite en e rg ies . T hese two s ta te s  
co rrespond  to the p a r tic le  and the an tip a rtic le , with spin  
and momentum lying in opposite d irec tio n s . We shall ca ll 
the p a rtic le  with negative helicity  the n eu trin o , and that w ith 
positive helicity  the antineutrino.
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Such tw o-com ponent neutrinos have the following p ro p e r
tie s :

1. The neutrino is not invarian t under space reflec tion  
P of coordinates in which the m omentum p changes sign 
but the spin d irec tion  is conserved. This m eans that space 
re flec tio n  tran sfo rm s the neutrino into a p a rtic le  in a non
ex isten t s ta te  (Fig. 2.5a).

2. The neutrino is also  non-invarian t under charge con
jugation C. This tran sfo rm atio n  converts the left-handed

Left-handed
neutrino

v

Right-handed 
neutrino (this state 
does not exist)

(<*)
Space reflection (P)

A

Left-handed
neutrino

v

Left-handed anti neutrino 
(this state does 
not exist)

(b)
Charge conjugation (C)

A

Left-handed
neutrino

Ao
Right-handed 
antineutrino

(c)
Combined inversion (CP)

Fig, 2.5 Space reflection, charge con
jugation and ‘combined inversion' in 
the two-component theory of the 
neutrino
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neutrino into a left-handed antineutrino. In the tw o-com ponent 
theory , the antineutrino m ust be a righ t-handed  p a rtic le  
and th e re fo re  charge conjugation w ill again tran sfo rm  the 
neutrino into a p a rtic le  in a non-ex isten t s ta te  (Fig. 2.5b).

3. The two-com ponent neutrino is in varian t, how ever, 
under successively  applied operations of charge conjugation 
C and space reflec tion  P : th ese  operations (Fig. 2.5c) t r a n s 
form  the p a rtic le  into the an tip a rtic le , e.g. a neutrino into 
an antineutrino. The ex istence of th is invariance in the tw o- 
component theory was pointed out by Landau [4], who re fe r re d  
to it as the conservation of combined p arity .

Let us consider now the xi — p — e decay sequence (Fig. 
2.6). We shall assum e for sim plic ity  that m eson and e lec tro n  
neutrinos a re  identical.

Since the spin of the pion is ze ro , while the spin of the 
neutrino is an tipara lle l to its m om entum , it follows from  the 
law of conservation  of spin that the muon and the neu trino , 
which a re  em itted  in opposite d irec tio n s , should have the 
sam e h e lic itie s , i.e . =  Hv =  1 o r = Hv =  -1. The two 
p o ssib ilities  a re  indicated in the upper p a r t of Fig. 2.6.

In the decay of the muon
(a —>■ e +  v -j- v

we shall consider only the lim iting  case  w here the e lec tro n  
rece iv es its m axim um  energy. This occurs when the neutrino 
and the antineutrino have equal m om enta which a re  opposite 
to the m om entum  of the e lectron . The to ta l angular m om en
tum  ca rr ie d  off by the neutrino and the antineutrino  em itted

Fig. 2.6 Helicity of particles in 
n—p—e decay on the two-component 
theory of the neutrino. This scheme 
shows that it the electrons emitted 
in the p —e decay emerge pre
ferentially in the direction opposite 
to that of the muon spin, then the 
helicities of the muon and of the 
electron are opposite. Comparison 
of the left- and right-hand parts of 
the diagram show that experiments 
in which the asymmetry of n—p—e 
decay is  investigated cannot dis
tinguish the two possibilities 
n-*p + u andn-*p + u, i.e. they can
not establish the helicity of the 
neutrino

JU+ v

i o=~7 + i 
H 1 7

v

/i+—e++v+v 
l~-7—1+1-1
H 1 -7 1-1

v

l 0- 1-7 
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77 ~7 7 7-7
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in the sam e d irec tion  is ze ro  (the neutrino and the antineut
rino  have opposite h e lic ities) so that the en tire  spin of the 
muon becom es available fo r the e lec tron . If we assum e that 
the e lec tro n  is longitudinally p o la rized , i.e . it has definite 
h e lic ity , then the d irec tio n  in which it is  em itted  can only be 
p a ra lle l to the d irec tion  in which the muon is em itted  in the 
ft — p decay. The two d irec tions will be the sam e if the h e l
ic ity  of the muon and of the e lec tron  is the sam e, o r they 
w ill be opposite if the helicity  of the e lec tro n  is opposite to 
that of the muon. Since the second possib ility  is indicated by 
experim en t, we may conclude that the muon and its decay 
e lec tro n  have opposite h e lic itie s . However, studies of the 
asym m etry  in n — p — e decay cannot yield the absolute 
h e lic itie s  of both p a r tic le s , i.e . one cannot d istinguish in 
th is way between the r ig h t-  and left-hand sides of Fig. 2.6. 
The experim ent of Wu et al. may be explained in a s im ila r  
way (cf. Fig. 2.4). The 5+—4+ tran sitio n  occurs during the 
decay of Co60 and the total m om entum  c a rr ie d  off by the an ti
neu trino  and the e lec tro n  should be equal to 1. C onsider an 
e lec tro n  em itted  in the d irec tion  of spin of the Co60 nucleus, 
and suppose that its  energy approaches the m axim um  energy. 
Since in th is case  the reco il mom entum  of the nucleus is 
neglig ible, the e lec tro n  and the antineutrino a re  em itted  in 
opposite d irec tio n s. Suppose now that the m om entum  of the 
an tineu trino  is p a ra lle l to its spin. In th is case , if the total 
tr a n s fe r re d  m om entum  is to be 1, the e lec tro n  should be 
em itted  in the backw ard d irec tion  and its spin should be op
p osite  to its m om entum . It follows that the rep resen ta tio n  in 
which the antineutrino  has a spin p a ra lle l to its momentum 
explains the observed  asym m etry  in the angular d istribu tion  
of the decay e lec tro n s and th e ir  longitudinal po larization .

2.1.4 Non-conservation of parity in K/j.2 decay

The longitudinal po lariza tion  of the muon at the instant of 
jt — p decay is  due to the fact that the neutrino em itted  in 
the decay of the sp in less  pion is longitudinally po larized . 
T his situa tion  is also  found to occur in the decay of th£ 
m eson whose sp in  is also  ze ro :

/C ^ -^ p  +  v (2.10)

It follows that if the sam e type of neutrino  is produced in 
both decays, the muons from  the n — p and K — p decays
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should have the sam e po lariza tions. The conservation  of le p 
tons and the longitudinal po larization  of the neu trino  can thus 
be investigated by m easuring  the po la riza tio n  of the muon 
from  K»n decay.

We shall now consider the experim ent of Combes et al.
[11] who succeeded in m easu rin g th is  po lariza tion . The p r in 
ciple of th is experim ent is illu s tra ted  in Fig. 2.7. A beam  
of positive kaons with m om enta of about 480 MeV/c was

Positive-kaon beam
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E 3  a i

EXS] Cu

w  A B C ___ Z? E

H+fH
F

H

Magnetizing 
coil

V / / S / 7 / t y i y / S / 7 ? i
/
9/ / / / / / / 7 / / / / / / / /

' / / / / / / / * / / / / / / / / . c
D

r '  r f / /  <$* * / s ' J

W 7 ///A 7 /////A
/-J

/ / / / / / / / / / / / / / / / 9r
/ / / / / / S S f / S S / S / S  'u

6

Fig. 2.7 Measurement of the polarization of muons pro
duced in K-+p + v decay (Coombes et al.)

stopped in a po lystyrene ta rg e t S. M onochrom atic positive  
muons from  decays in this ta rg e t lo s t th e ir  energy in 
the abso rb ers  and finally cam e to r e s t  in ta rg e t P , which 
was placed in a solenoid producing a horizontal m agnetic 
field. Under these conditions the spin of the positive muon 
will p rece ss  in the plane of the drawing. The w ate r-f illed  
Cerenkov counter W stopped protons having the sam e in c i
dent momentum as the positive k ao n s, and was connected in 
an anti-coincidence system  thus ensu ring  tha t pions which 
w ere p re sen t in la rg e  num bers in the positive kaon beam  
w ere elim inated. The a r r iv a l of a positive kaon in the t a r 
get S and of a muon from  K + decay in the alum inium  ta rg e t 
P was indicated by WABCDEFGH co in c id en ces, w tnlst the 
appearance of decay e lec trons was indicated by 3214G (or 
4563G) coincidences. A specia l e lec tro n ic  c irc u it was used  
to determ ine the tim e in te rva l between these  coincidence 
pu lses. A definite angle of ro ta tion  of the muon spin in the 
constant m agnetic field of the solenoid co rresponded  to each
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such tim e  in te rv a l, and the decay curve determ ined  in th is 
way was expected to  be m odulated in accordance with the law 
1 4-ncos (O0— (ot), w here a is  the asym m etry  coefficient fo r 
the /Cus decay and co the muon spin p rece ss io n  frequency. 
Fig. 2.8 shows the re su lts  obtained in th is  experim ent with

Fig. 2.8 Decay curve for positrons 
from K-+P + V decays; the decay expon
ential exp(—t/r) is  modulated by the 
sinusoid

with a field  of 50 gauss. The num ber of |x — e decays p e r 
unit in te rv a l of tim e is  plotted as a function of the spin p re 
cessio n  tim e (equal to the lifetim e). It is evident that the 
exponential decay cu rve was in fact m odulated by a sinusoid 
with a period  determ ined  by the muon spin p recessio n  f r e 
quency a) (cf. Equations (2.3) and (2.4)):

N (^) 6 [1 ~f~ COS (Oo Cl»0 3

The asym m etry  coefficient was found to be

a — — 0.31 +  0.04

which is in ag reem en t with the re su lt

cl — — 0.305 dr 0.033

obtained by Coffin e t al. [12] who m easured  the asym m etry  
in jt — (x — e decays when muons cam e to r e s t  in an alum in
ium ta rg e t under approxim ately  the sam e e lec tro n  detection 
conditions (in both cases  the range of reco rd ed  elec trons was 
in excess of 9 .3 g /c m 2). This experim ent th e re fo re  showed
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that muons produced in the decay of pions and K n2 m esons,
i.e .

Jt p +  v and /Cp. p +  v

have the sam e longitudinal po la riza tions. It follows that the 
h e lic ities  of both neutrinos a re  the sam e, and th e re fo re  the 
neutrinos which appear toge ther with the muons have the 
sam e p ro p erties  in both decays. The identity of the two neu t
rinos is also n ecessa ry  for the validity of the law of c o n se r
vation of leptons.

2.2 ELEMENTS OF jr-p -e  DECAY THEORY

Before we proceed to the basic  experim enta l facts about 
jt — p — e decay, le t us consider the elem ents of p — e d e 
cay theory. In accordance with the hypothesis of a u n iv ersa l 
F erm i in te rac tion , th is theory  is construc ted  by analogy 
with the theory of nuclear p decay. C onsider the b asic  p ro 
cess of nuclear p decay, i.e . the decay of the neutron

n - y  p +  e~ +  v (2.11)

The Ham iltonian fo r this p ro cess  will also  d esc rib e  all 
p ro cesses  which a re  obtained from  (2.11) by transposing  one 
of the p a rtic le s  in the equation and changing it into the an ti-  
p a rtic le , e.g. the cap ture of an o rb ita l e lec tro n

p +  e~ n +  v (2.11a)

o r the inverse  p decay

p +  v ^ ? z  +  e+ (2.11b)
The m ost general fo rm  of th is Ham iltonian [1], which takes 

into account the non-conservation  of sp a tia l, charge and te m 
poral p a rity , is

/ /=  (2 .1 2 )i
+ H erm itian  conjugates

This expression  consists  of two p a rts  c h a ra c te riz ed  by the 
coupling constants gt and g\ . The constan ts g\ de term ine  
effects which occur with non-conservation  of p arity . Each of 
the o p era to rs  ^  co rresponds to the c rea tio n  of a p a r tic le ,
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indicated  by the su b sc rip t k, o r the annihilation of the an ti
p a r tic le , while the o p e ra to r corresponds to the annihil
ation of a p a rtic le  k (or the c rea tion  of the an tipartic le). 
The o p era to rs  ^ a re  four-com ponent D irac  sp inors and each 
p a ir  of such sp ino rs is sep ara ted  by the o p era to r F* o r the 
o p e ra to r r*Y5 in those te rm s  of the Ham iltonian which a re  
responsib le  fo r the non-conservation  of parity . The re q u ire 
m ent of re la tiv is tic  invariance of the in te rac tio n  leads to the 
fact that the H am iltonian may in the m ost general case con
s is t  of the sum  of five te rm s  corresponding to the sc a la r  
(S), p seu d o sca la r (P), te n so r (T), v ec to r (V) and ax ia l-v ec to r 
(4) p a r ts  of the in te raction . The o p era to rs  F* which c o r r e s 
pond to the five types of in te rac tion  a re

r s =  i , r P= — tv5

(Fy)p =  Yp> (Fa)p=  t'YpYs
. (2.13)

(rrV v = ----- (YnYv—YvYn)
2~V 2

w here yt a re  the usual D irac y m a trices  and Y5 — Y1Y2Y3Y4 . 
By analogy with nu c lear p decay, the decay of the muon

|J± _> g± -f- v 4- v 

is d escrib ed  by the Ham iltonian

H = Xgi (tvFf^v) + gi ( ^ r t%) (tvFiYstv) (2.14)
i

in which the o p era to rs  T* a re  defined as above, is the 
e lec tro n  crea tion  o p e ra to r, and 4’v a re  the antineutrino 
and the neutrino c rea tio n  opera to rs  respec tive ly , a n d i s  
the muon annihilation opera to r. L arsen  e t al. [13], Okun’ et 
a l. [14, 16], K inoshita and S irlin  [15], Sharp and Bach [17] 
and o thers have d iscussed  the various consequences which 
follow from  the non-conservation  of p a rity  in p — e decay. 
In p a r tic u la r , the above Ham iltonian leads to the following 
ex p ressio n  fo r the decay probability  of the free  muon (in 
sec"1) in the p ro cess  +  v 4 - v :

dN (x, fl) =
1 3 (1 — x) +  2q I -g- x 1

JIT

rp gcosi!!

(2.15)
(1 — x) -f- 26 J — x 1 x2dxdQ
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(This fo rm ula is obtained if one neglects the r e s t  energy of 
the e lec tron  in com parison  with its  k inetic energy.) In th is 
expression , dN (x, ft) is the num ber of decay e lec tro n s with 
energ ies between x and x dx, which a re  em itted  in the 
solid elem ent dQ at an angle ft to the d irec tio n  of the muon 
spin at the instan t of the it -  n decay. The signs - and + in 
front of the te rm  including cos 0, which a r is e  as a re su lt  
of non-conservation of p a rity , re fe r  to negative and positive 
muons respective ly . The e lec tron  energy x in th is fo rm ula 
is given as a fraction  of the m axim um  energy which the 
e lec tron  can rece ive in the decay p ro cess  ( x— E /Emax; 
£ max «  52.8 MeV). T herefo re

The p a ram ete r t in (2.15) rep re se n ts  the m ean life tim e of 
the muon which is equal to the rec ip ro ca l of the to ta l decay 
probability:

It is evident from  the above form ula that the shape of the 
energy spectrum  of decay electrons and th e ir  angular d is 
tribution  are  determ ined by the th ree  p a ra m e te rs  q , £ and 
6. The f ir s t  of these is  usually  called the Michel p a ra m e te r  
[18] and ch a rac te rize s  the form  of the iso tro p ic  p a rt of the 
e lec tron  spectrum . The second p a ram e te r § determ ines the 
form  of the te rm  in (2.15) which is asy m m etric  in ft, and is 
analogous to the Michel p a ram e te r q in the iso trop ic  p a r t 
of the spectrum . It is c le a r  that the p a ra m e te r  |  rep re se n ts  
the asym m etry  in the angular d istribu tion  averaged over the 
en tire  spectrum . In fac t, on in tegrating  Equation (2.15) with 
re sp ec t to the e lec tron  energy between 0 and 1, we find that 
the angular d istribu tion  of the e lectrons is of the form

In th is expression , | / 3  =  a is  called  the asym m etry  coeffi
cient of the angular d istribu tion ; the p a ra m e te r  |  de te rm in es 
the degree of longitudinal po larization  of the muon at the in 
stan t of n — p decay.

The th ree  p a ram e te rs  q, 6 and toge ther with the m ean 
lifetim e of the muon, t , depend on the five p a irs  of w eak-

0 <  A' <  1

jj <tN(X,ft) =  ±

(2.15a)
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in te rac tio n  constants g t in the H am iltonian H  (Equation 
(2.14)). We shall not rep roduce this dependence here  and 
will only note that the four p a ram e te rs  t, q, I and <5 can be 
m easu red  experim entally . They re p re se n t only four re la tio n 
ships between the ten  com plex (twenty rea l) constan ts. It is 
evident that an experim enta l determ ination  of t, q, g and 6 
is insufficient to fix the in te rac tio n  constan ts. The situation  
is not much im proved even by the introduction of m ore com 
p licated  experim en ts , e.g. stud ies of the po lariza tion  of e le c 
tro n s from  p — e d ecay s .

The H am iltonian is considerab ly  sim plified  by the fact 
that weak in te rac tions a re  invarian t under tim e re v e rsa l. 
The s tro n g es t experim ental evidence for th is is the decay of 
p o la rized  neutrons for which th e re  is an experim ental c o r 
re la tio n  between the plane of em ission  of the e lec tron  and 
the an tineutrino , and the spin of the proton. The invariance 
of weak in te rac tions under tim e re v e rsa l is a consequence 
of the conservation  of com bined p arity  and the so -ca lled  
C P T -th eo rem  of Pauli and L uders. Invariance under tim e 
re v e rs a l  en su res  that the constants g and g' in the H am il
tonian (2.14) a re  re a l , and th e re fo re  instead  of twenty rea l 
constan ts th e re  a re  only ten

Studies of non-conservation  of parity  in the |3 decay of 
Co60, and in jt — p — e decay which we described  above, show 
that th e re  is a m axim um  degree of non-conservation  of 
p a rity  in these  phenomena. This m eans that the coupling 
constants g t and g\ in the in te rac tion  H am iltonian, which 
co rrespond  to te rm s  conserving  and not conserving  p a rity , 
a re  approxim ately  equal. This is m ost easily  seen , for 
exam ple, in the experim ent of Wu et al. which involved a 
pure  G am ow -T eller tran sitio n  determ ined  by the ax ial- 
vec to r in te raction . Theory [1] shows that the asym m etry  of 
the em itted  decay e lec trons is

dN (-O') — (1 -f A$p cos ft) dQ

w here p =  vie is the e lec tro n  velocity , p the degree of p o la r
ization  of the Co60 nuclei, ft the angle between the d irection  
of the sp in  of the o rig inal nucleus and the mom entum  of the 
decay e lec tro n , and A a coefficient describ ing  the degree of 
asym m etry  which is given by (in the absence of a ten so r 
te rm  in the Hamiltonian)

A q- t — +
£a +  £a
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E xperim ent y ields A = 1 ± 0.05 from  which it follows that 
the two ax ia l-v ec to r constants a re  equal. If th is re su lt  is 
extended to all the rem ain ing  constan ts , th e ir  num ber is r e 
duced by a fac to r of 2 and the exp ression  fo r the in te rac tio n  
H am iltonian in nuclear P decay (Equation (2.12)) and in muon 
decay (Equation (2.14)) can be d escribed  by five re a l con
stan ts  :

//p =  2gfi(^ Pr ^ n)(ij)er i (i+Y5)^v) (2.16)
i

Hn = S g ifa J ^ K 'M M l+ Y s H v )  (2.16a)
i

The form  of the  in te rac tio n  H am iltonian is sim plified  s ti l l  
fu rth e r in the tw o-com ponent theory of the neu trino , with 
the re su lt that out of five constants only two rem ain .

In th is theory  the neutrino  wave function (we a re  assum ing 
that the neutrino has negative helicity) sa tis f ie s  the t r a n s 
form ation

Yŝ v =  —

It is read ily  seen that if we introduce th is neu trino  into the 
Ham iltonian (2.16a), which d escrib es  the decay of the muon, 
the te rm s  in the Ham iltonian co rrespond ing  to S, T and P 
in te rac tions will vanish and the only rem ain ing  te rm s  will be 
those corresponding to v ec to r and ax ia l-v ec to r in te rac tio n s:

2 ^ ( ^ r ^ ) ( ^ vr , ( l+ Y 5)^v) (2.17)
i =  V, A

w here
(^v)p =  Yp. ( .̂/Op =  f'YpYs

S im ilarly , the H am iltonian fo r the (5 -decay in te rac tio n  in 
volving this neutrino will be of the fo rm

He= % ^ ( ^ r ^ p)(^vr e( l + Y5)^ e) (2.17a)
V , A

If the helicity  of the neutrino is positive , then

Yŝ v =  4’v

The vecto r and ax ia l-v ec to r in te rac tions a re  thus rem oved 
and the S, P and T in te rac tio n s rem ain .

In the tw o-com ponent theory , the four p a ra m e te rs  of
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jt — p — e decay (see Equation (2.15)) a re  given by

1 =  ^  
x 3 X 2 V (A gv)

t  _  g v g A  +  gAgv
» I 12 I I 12

| g A  I + | g V |

3
4

(2.18)

M oreover, the energy sp ec tru m  of the decay e lec trons and 
th e ir  angular d istribu tion  in the tw o-com ponent theory  a s 
sum e the form

dN ~ 2 x2[(3— 2x)-\~ |cos'd(l —2x)]dx dQ (2.19)

F u rth e r sim plifica tion  of the in te rac tio n  H am iltonian is 
introduced in the V — A theory  (Sudarshan and M arshak 
[20], Feynm an and Gell-M ann [21], Sakurai [19]) in which 
it is assum ed that the vec to r and ax ia l-v ec to r in te rac tion  
constants a re  equal and opposite, i.e .

gV =  ~gA =  g

It can read ily  be shown that in th is case  the H am iltonian for 
the p —e decay (2.17) is  of the form

g (%Yp 0  +Ys) A>v) OI>vYP (1 +  Ys) %) (2 .20 )

while the H am iltonian for (5 decay is

g ONYp (1 +  Ys) 1>p) (tvYp (1 +  Yb) (2 . 20a)

The jit — e decay p a ra m e te rs  given by (2.18) a re  then
i 5 21 _  rn^g 
x 3 X 26 X it3

1 = 1 .  6 =  6 =  4

(2 . 21)

E xperim ental data on — e decay will be d iscu ssed  in d e
ta il below. We shall com pare them  with the p red ic tions r e 
su lting  from  the adopted form  of the H am iltonian and will 
see  tha t none of the experim ents which have been perfo rm ed  
so  fa r  a re  in good ag reem en t with the p red ic tions which 
follow from  the V — A in te rac tion  H am iltonian (2.20). We 
sha ll then briefly  consider (3 -decay data in o rd e r  to e s ta b 
lish  an ag reem en t, if any , with the H am iltonian (2.20a).
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If the p decay of the neutron and the decay of the muon 
a re  described  by the sam e coupling constan t, then the coup
ling constant determ ined  fro m  nuclear P decay should, a fte r  
substitu tion  into the exp ression  fo r the life tim e of the muon 
(Equation (2.21)), yield the c o rre c t value fo r th is p a ra m e te r. 
We can use fo r th is purpose the value of the coupling con
s tan t obtained from  the (3 decay of O14:

O14 N14* +  e~ +  v (2.22)

This decay involves the pure Ferm i tran s itio n  0+ 0+which
is described  by a H am iltonian with a unique v ec to r coupling 
constant. Experim ental stud ies of the e lec tro n  sp ec tru m  and 
of the life tim e in th is decay have been c a rr ie d  out by B ardin  
et al. [23] who obtained the following re su lt :

ft =  (3060 ±  13) sec
w here t is the mean lifetim e of the P -active O14 nucleus 
and f the usual d im ension less quantity in the theory  of p 
decay, rep resen tin g  an in teg ra l over the P -p a r tic le  sp e c 
trum . In th is ca se , the theory of p decay y ie lds the following 
exp ression  for the v ec to r constant [24]

gv?.= 2x’ ' £ l (  ± - Y - 1
M p \m ecJ (ft)0 u

mPc (2.23)

w here is the m atrix  elem ent fo r the decay of O 14. Since 
th is m a trix  elem ent can be computed exactly  and is equal to 
2, it follows from  (2.23) that

gv = (1.416 ±  0.003) • 10 49 erg cm 

o r , in the sy stem  of un its in which % = c =  1
(2.24)

gv = (1.014 ±  0.002)-10"5 M~2-

w here M is the proton m ass. Using th is value fo r the con
s tan t g,  we obtain from  Equation (2.21)

t  =  (2.25 ±  0.01)- lO'6 sec

This value for the life tim e which is p red ic ted  by the 
V A theory may be com pared with the m ost accu ra te  
m easurem en ts of the life tim e of the positive  muon given in
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Table 2 (Section 1.5). The weighted m ean of the four recen t 
m ost accu ra te  values in th is tab le  y ie lds t  =  (2.2000 ±
0.0015) x io  6 sec.

The d iscrepancy  betw een the p red ic ted  and m easured  v a l
ues of the life tim e of the positive muon does not exceed 2%. 
This is the m ost sa tis fac to ry  evidence at p re sen t fo r the 
fact that the vec to r in te rac tio n  constants in nuclear (3 decay 
and in p — e decay a re  equal. F rom  the point of view of the 
theory  of weak in te rac tio n s , how ever, th is  good agreem ent 
between the vec to r in te rac tion  constants is a so u rce  of w orry  
ra th e r  than sa tisfac tion . The point is that the decay of the 
muon d iffers from  |3 decay in that the la t te r  involves the 
p artic ip a tio n  of strong ly  in te rac tin g  p a rtic le s  which a re  not 
p re se n t in the p ro cess  p e 4- v -f- v . It will be shown la te r  
that th is leads to a m odification of the ax ia l-v ec to r in te r 
action constant in (3 decay. N evertheless the problem  a r ise s  
as to why stro n g  in te rac tions do not affect the vecto r in te r 
action constant.

An attem pt to re so lv e  th is problem  was m ade by Feynman 
and G ell-M ann [21], who introduced the hypothesis of ‘con
se rv ed  v ec to r c u r re n t’ . This hypothesis was based  on an 
idea of G ershteyn and Zel’dovich [25] who pointed out the 
analogy between elec trom agnetic  in te rac tions which con
se rv e  e le c tr ic  charge and the vecto r in te rac tion  in |3 decay.

The above agreem ent d e te rio ra te s  som ewhat afte r the 
in troduction  of rad ia tiv e  co rrec tio n s into the value of fx fo r 
O 14 (these co rrec tio n s change the vecto r in te rac tion  constant 
fo r (3 decay by approxim ately 0.8%) and into the th eo re tica l 
value of the muon decay probability . T hese co rrec tio n s w ere 
ca lcu lated  by B erm an [87] and K inoshita and S irlin  [96]. 
The co rrec ted  value of the life tim e of the f re e  muon is then

t =  (2.30 ±  0.05)-10'6 sec

and the d iscrepancy  with experim ent in c rease s  to 4%.
Owing to u n ce rta in ties  in the calculated  rad ia tive  c o r re c 

tions, th is d iscrepancy  can hardly  be reg ard ed  as significant 
at the p re se n t tim e.

2.4 ENERGY SPECTRUM OF ELECTRONS FROM p - e DECAY. 
MEASUREMENT OF THE MICHEL PARAMETER p

It is im portan t to rem em b er that the only p a ram e te r  d e 
pending on the in te rac tio n  constants which can be deduced
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from  studies of the energy spectrum  of decay e lec tro n s is 
the M ichel p a ram e te r  q. The fam ily of cu rv es  shown in Fig.
2.9 re p re se n ts  the spectrum  of decay p o sitro n s fo r d ifferen t 
values of q . All th ese  curves p ass  through the point a: =  0.75 
and lead to a m ean e lec tro n  energy x in the range x —
0.6-0.7. As can be seen  from  Fig. 2.9, the M ichel p a ra m e te r  
q ch a ra c te riz e s  the ‘h a rd n ess ’ of the sp ec tru m : the p ro 
portion  of slow  e lec tro n s in the sp ec tru m  in c re a se s  with 
dec reasin g  q. The m agnitude of the Michel p a ra m e te r  q 
may be determ ined  by com paring experim enta l and th e o re t
ical sp ec tra . We have seen , how ever, that th is  p a ra m e te r

Fig. 2.9 Spectrum of positrons from p—e decays for 
different values of the Michel parameter p

rep re se n ts  only one re la tionsh ip  between the ten  unknown 
in te rac tio n  constants describ ing  jj, — e decay , and th e re fo re  
the magnitude of q provides very  little  inform ation  about 
the coupling constan ts. Thus, fo r exam ple, in the genera l 
ca se , if the decay |.i— e +  v -f- v involves all five p a r ts  of 
the in te rac tion , the m agnitude of q lie s  betw een 0 and 1, and 
if two identical neutrinos a re  em itted , q may lie  between 0 
and 3/4.

The situation  is considerab ly  s im p le r  in the tw o-com pon
ent theory  of the neu trino , w here, in the ca se  of the e -f 
v +  v decay, these  ten  p a ram e te rs  reduce to  the two p a r a 
m e te rs  gv and gA. In th is theory  the Michel p a ra m e te r  q 
should be equal to 3 /4  if the neutrino and an tineu trino  ex is t, 
or 0 if these  two p a rtic le s  a re  ind istingu ishab le , i.e . if 
fi e +  2v or ^ e +  2v.

This d ifference in the form  of the sp ec tru m  in the decays
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(2.25)

[A —> 6 -f- v -f- v (2.26)

has a sim ple explanation from  the point of view of P au li’s 
p rinc ip le . At the end of the sp ec tru m , w here the e lec tron  
energy is a m axim um , both neutrinos a re  em itted  in the 
opposite d irec tion  to the e lec tron . In the case  of (2.25), the 
em issio n  of two longitudinally po larized  neutrinos is fo r 
bidden by the Pauli p rincip le  and the spectrum  of (2.25) 
fa lls  to 0 as 1. In the case  of (2.26), on the o ther hand, 
th is  decay mode is possib le  since the neutrino and an ti
neutrino  a re  d ifferen t p a rtic le s . It follows that the shape of 
the sp ec tru m  provides crucia l inform ation for the tw o- 
com ponent theo ry : if the neutrino is a tw o-com ponent p a r t
ic le  it is n ecessa ry  that q  =  0 (v =  v) o r 3 /4  (v ^  v).

The shape of the spectrum  of decay positrons has been 
investiga ted  by many w orkers . However, m ost of the ea rly  
work suffered  from  poor energy reso lu tion  and low s ta tis tic a l 
accuracy . T here  was also  a considerab le sy stem atic  e r r o r  
in the m agnitude of q  deduced from  the shape of the sp ec 
tru m  because the m ass of the muon, and hence the upper 
lim it of the sp ec tru m , w ere not known accurate ly  enough at 
the tim e. We shall consider only the m ost accura te  recen t 
m easu rem en ts of e lec tro n  sp ec tra . The c la ss ica l in strum en t 
for such m easurem en ts is the Wilson cloud cham ber o r the 
bubble cham ber. We have already  seen  in Chapter 1 that one 
of the f i r s t  sp e c tra  of decay e lectrons was obtained by 
Leighton et al. By placing a cham ber of th is kind in a m ag
netic field of a few kilogauss and se lec ting  fo r m easurem ents 
tra c k s  of decay e lec tro n s having a to tal length of a few cen ti
m e tre s , it is possib le  to achieve a p rec isio n  of 3-5% in the 
m easu red  mom entum . Rosenson [26] has described  an ex 
p erim en t of this kind.

Plano [27] has investigated  the sp ec tru m  of decay e le c 
tro n s using  a 30-cm  liquid-hydrogen bubble cham ber in a 
m agnetic field of 8800 gauss. The e lec tro n  m om enta w ere 
m easu red  to within 1.5% and the spectrum  obtained from  
9213 n — [i — e decays is indicated by the h istog ram  in Fig. 
2.10. The th ree  solid  curves re p re se n t the calculated sp e c 
t r a  fo r Q =  0.85, 0.75 and 0.65. The ‘best* value of q  d e
duced from  these  data is

q =  Q.780 +  0.025
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Fig. 2.10 Spectra of positrons from p* ~ e + decays 
(Plano et al., upper figure) and of electrons from 
p~ — e~ decays (lower figure). The solid and broken 
curves represent calculated spectra for p = 0.65, 0.75 
and 0.85

S im ilar m easurem ents on the e lec tro n  sp ec tru m  from  ^ 
decays w ere perfo rm ed  by Block et al. [132] u sing  a helium  
bubble cham ber in a field of 14 000 gauss. The resu ltin g  
sp ec tru m  is shown in Fig. 2.10, toge ther with the positron  
sp ec tru m  obtained by Plano et al. As can be seen , the two 
sp e c tra  a re  identical in shape. The Michel p a ra m e te r  found 
from  the e lectron  sp ec tru m  was

e =  0.751 ±  0.034 

The m agnitudes of q fo r the e lec tron  and po sitro n  sp e c tra
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m ust be equal if the positive and negative muons form  a 
p a r tic le -a n tip a r tic le  p a ir .

V ery accu ra te  m easurem en ts of the shape of the spec trum , 
the M ichel p a ram e te r  q and the end-point energy w ere c a r 
r ied  out by Anderson et al. [28] with the Chicago synchro 
cyclo tron  by investigating  the decay of positive pions into 
e lec tro n s and neu trinos. E lec trons from  p — e o r n — e d e 
cays w ere  reco rd ed  by a double-focusing m agnetic sp e c tro 
m e te r  (Fig. 2.11). The 62.9-MeV positive-p ion  beam  was 
absorbed  in sc in tilla to r  3 afte r passing  through counters 2 
and 1. This sc in tilla to r  se rved  as the source  of the decay 
e lec tro n s . A fter passing  through the sp ec tro m e te r channels, 
th ese  e lec tro n s w ere focused on counters 4a, 4b, 4c, which 
defined th ree  adjacent energy ranges. The in ternal sp e c tro 
m e te r  channels a re  illu s tra te d  in g re a te r  detail in Fig. 2.12 
which shows the e lec tro n  counters 5 ,4a, 4b, 4c and the coun
te r  so u rce  3 in which the positive pions cam e to re s t . The 
tra n sm iss io n  of the sp ec tro m e te r was about 1.3% for each 
of the channels 4a, 4b, and 4c, and the to tal line width at 
ha lf-heigh t m easured  fo r a p a rtic le s  from  a Pu239 sou rce  
was 3.4%. We shall not d iscuss here  the e lec tron ic  devices 
which w ere em ployed in conjunction with this ap p a ra tu s , 
and sha ll consider only the energy sp ec tru m  of e lectrons

Fig. 2.11 The spectrometer of Anderson et al.
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Fig. 2.12 Arrangement of internal channels in the 
Anderson spectrometer

Fig. 2.13 Magnetic spectrometer of Bardon et at. [i33] 
for determination of the positron spectrum from p - e  de
cays. The broken curve shows positron trajectories for 
momenta of 35 and 52.5 MeV/c
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Fig. 2.14 Positron spectrum measured with the Bardon spectro
meter. The solid curve corresponds to p = 0.75 (with corrections) 

from  — e decays obtained with this instrum ent. The sp ec 
tru m  from  channel 4c is shown in Fig. 2.36, in which the 
num ber of e lec tro n s p e r  106 coincidences between counters 
2 and 3 is plotted as a function of the e lec tro n  energy in MeV.

The values of the Michel p a ram e te r  q and the maxim um  
e lec tro n  energy £ max obtained in the th ree  channels 4a, 4b, 
4c a re  given below.

Channel

a
b
c

Q E max,M eV

0.76 i '0 .01  5 3 .0 0 + 0 .3 2
0.77 i  0.01 52.99 ± 0.32
0.77±'0.01 53.02 ± 0.32

The m ost accu ra te  m easurem en ts of the shape of the sp ec 
tru m  and of the M ichel p a ram e te r  q appear to  have been 
p erfo rm ed  by Bardon e t al. [133], using  a m agnetic sp e c tro 
m e te r  in conjunction with a sp a rk  cham ber. This experim ent
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Table 2.1 Summary of data on the measured values of the Michel parameter p

Reference Method Value of p P artic le

[2 6 ] Diffusion chamber in 
magnetic field

0.67 ± 0 .05

[2 7 ] Hydrogen bubble chamber 
in magnetic field

0 .7 8 0 + 0 .0 2 5

[132] Helium bubble chamber 
in magnetic field

0.751 ±0 .034

[2 8 ] Magnetic spectrometer 0.77 ±0.01 M +
[3 0 ] 0.74 ± 0 .02
[ 3 l ] 0.68 ± 0 .02 M +
[ l 3 3 ] Magnetic spectrometer  

and spark chamber
0.747 ±0 .005

is illu s tra ted  in Fig. 2.13. The sp e c tro m e te r vacuum  cham 
b er was placed in a m agnetic field (5.35 or 6.62 kgauss) and 
four sp a rk  gaps w ere used to estab lish  the p a r tic le  t r a je c 
tory . The coordinates of the sp a rk  in each of these  gaps 
w ere determ ined with the aid of four m icrophones located  
at appropriate  points. The m icrophone signals w ere fed 
d irec tly  into a com puter. The spectrum  obtained in th is way 
is shown in Fig. 2.14. Analysis of th is sp ec tru m  yielded the 
following values fo r the Michel p a ra m e te r  and the lim iting  
energy: q =  0.747 + 0.005; £ max =  52.81 ± 0.02 MeV.

The spectrum  of e lec tro n s from  p — e decays has also  
been determ ined from  the m ultiple sc a tte rin g  of decay e le c 
trons in nuclear em ulsions. T hese re su lts  [29, 32, 33] a re  
in agreem ent with the re su lts  obtained with m agnetic sp e c tro 
m eters  but th e ir  accuracy  is considerably  low er. The values 
of the Michel p a ram e te r deduced from  the m ost accu ra te  
m easurem ents a re  sum m arized  in Table 2.1. It is c le a r  fro m  
this data that the m agnitude of q determ ined  experim en ta lly  
is very  close to the value q =  3 /4 , which is p red ic ted  by the 
two-com ponent theory  of the neutrino fo r the decay of the 
muon into an e lec tro n , a neutrino and an an tineu trino , in 
accordance with the schem e p e +  v +  v.

2.5 MEASUREMENTS OF ASYMMETRY IN THE ELECTRON 
ANGULAR DISTRIBUTION

We have seen  (cf. Equation (2.15)) that the angular 
d istribu tion  of decay e lec trons averaged over all energ ies
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dN± ~  (1 ±  a cos ft) dQ (2.27)

w here  the asym m etry  coefficient a = 1/3.  |  is the degree 
of longitudinal po lariza tion  of the muons at the instan t of 
decay and ft is the angle between the spin of the muon and 
the e lec tro n  m om entum . According to the two-com ponent 
theo ry ,

gvgA+gAgv
i*vi2+ i ^ r

(2.28)

w hilst according  to V — A theory , w here gv =  gA = g, the 
longitudinal po lariza tion  of the muon is unity , and

It follows that the p red iction  of the V — A theory of the 
F erm i in te rac tio n , which dem ands that

I i |  =  3 | a \ =  1

can be v erified  by m easu ring  the asym m etry  coefficient.
In the f i r s t  experim ent of Garwin e t a l . , it was found that 

|i| was close to unity fo r muons stopping in the graphite 
ta rg e t. Subsequent experim ents w ere perfo rm ed  with the 
aim  of es tab lish ing  w hether j£] could in fact be assum ed 
equal to unity. Since the positive muon is p a rtia lly  depo lar
ized p r io r  to decay, the m easured  asym m etry  coefficient 
may be appreciably  le ss  than 1. In the case of d epo lariza
tion, Equation (2.27) m ust be rep laced  by

dN ~  (1 +  ax cos ft) dQ

w here x is a coefficient rep resen tin g  the depolarization  of 
the muon. The natu re  of the depolarizing  in te rac tion  will be 
d iscu ssed  in detail in C hapter 6. F or the m om ent we shall 
m ere ly  note that th e re  a re  two main types of depolarization 
of positive  muons. The f i r s t  of these  is the kinem atic de
po la riza tion . Suppose that the positive muons produced at 
the in stan t of decay a re  com pletely po larized  in the pion’s 
sy stem . The positive muons which com e to r e s t  in, fo r ex
am ple, the g raphite  ta rg e t in the experim ent of Garwin e t 
a l., o rig inate  in jt — \i decays in flight, and consist of fo r 
w ard and backw ard em itted  m esons in the pion’s system .
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Since the Lorentz transfo rm ation  does not affect the d ir e c 
tion of spin, it follows that the spin of muons o rig inating  in 
‘backw ard’ decays is opposite to that of muons o rig inating  
in ‘fo rw ard ’ decays. This is the reaso n  fo r the k inem atic 
depolarization. Calculations given in C hapter 6 show that 
kinem atic depolarization  produced under conditions ex isting  
in acce le ra to rs  may reduce the po lariza tion  in the pion’s 
system  by 10-20%.

K inem atic depolarization  does not occur in the decay of 
pions coming to r e s t  in em ulsions o r ch a m b e rs , and if th e re  
w ere no other reasons fo r changes in spin d irec tion , the 
muon would at the end of its 600-m icron range have the 
sam e polarization  as at the beginning. In re a lity , th e re  is 
one fu rth e r depolarization  m echanism . At the end of its 
range the positive muon is slow and capable of cap tu ring  an 
e lectron , form ing a hydrogen-like atom known as muonium. 
It will be shown in Chapter 6 that the in te rac tion  between the 
m agnetic moments of the positive muon and the o rb ita l e le c 
tron  in the muonium atom is the m ost effective m echanism  
for the depolarization of positive muons a fte r slowing down 
in m atte r.

Having made these  p re lim in ary  re m a rk s , we will now 
consider experim ents in which the asym m etry  coefficient 
of the angular d istribu tion  of e lec trons was m easured  under 
conditions for which the depolarization effects d iscussed  
above w ere reduced to a m inim um . In the experim ent of 
Bardon et al. [133], the lim iting  value of the asym m etry  co 
efficient was determ ined using  positive muons em itted  in 
flight at the m axim um  possib le  angle (threshold  angle). The 
muons orig inated from  a 60-MeV positive-p ion  beam . It is 
evident that the m axim um  angle of em ission  to the pion beam  
corresponds to the em ission  of a muon at rig h t angles to the 
beam  d irection  in the r e s t  sy stem  of the pion. F or 60-MeV 
pions the th reshold  angle is 16.5°. It can read ily  be seen  
that positive muons em itted  at this angle a re  tra n sv e rse ly  
polarized . The experim ent is illu s tra ted  schem atica lly  in 
Fig. 2.15. Counters 2 and 3 (the la t te r  was placed in fro n t 
of the ta rge t) identify positive muons em itted  at angles within 
the range 16.5° ± 0.75° to the pion beam . The c irc le  ind icates 
the position of Helmholtz coils which w ere used  to com pen
sa te  the fringing m agnetic field of the cyclo tron . The ro ta 
tion of the spin of the muon was achieved with the aid of a 
solenoid wound d irec tly  on to the brom oform  ta rg e t in which 
the muons w ere brought to re s t . Scintillation counters w ere
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used  to re c o rd  decay e lec tro n s em itted  in the backw ard (365) 
and fo rw ard  (456) d irec tions between 1.5 and 4.5 p sec  afte r 
a positive  muon had been stopped in the brom oform  ta rg e t. 
The pu lse produced by a muon stopping in the ta rg e t (1235 
coincidence) was used  to produce a m agnetic field in the 
solenoid fo r 1 p se c , and th is ro ta ted  the spin of the muon

Fig. 2.15 The experiment of Bardon et at. (1 — 6 are scintilla
tion counters)

through ± 90° so that the spin pointed tow ards one of the 
e lec tro n  te lescopes.

A fter in troducing co rrec tio n s for the sm all k inem atic- 
depo lariza tion  produced by the fin ite ap e rtu re  of the te le 
scope reco rd in g  the positive m uons, and fo r the angular 
reso lu tio n s and effic iencies of the two e lec tron  te lescopes, 
Bardon et al. obtained the following value for the asym m etry  
p a ra m e te r:

a >  —0.325 ±  0.015

This ag rees to within experim ental e r r o r  with the lim iting  
value a = - l / 3  p red ic ted  by the V — A theory.

L et us consider now the re su lts  of experim ents in which 
the depo lariza tion  due to the form ation of muonium atoms 
was elim inated . This can be achieved by placing the ta rg e t 
in which the ji+ — p+ decays occur in a s tro n g  m agnetic field. 
In fac t, the fie ld , H0, produced by the positive muon at the 
e lec tro n  o rb it of the m uonium 'atom  is about 1500 gauss. By 
placing the ta rg e t in a field H >  H0 one can decouple the 
m agnetic m om ents of the nucleus (positive muon) and of the 
e lec tro n , and p re s e rv e  the po larization  of the muon (Paschen- 
Back effect).

The e lec tro n  asym m etry  in p — e decays from  positive 
pions stopping in a hydrogen bubble cham ber placed in a field 
of 8800 gauss was investigated  by Plano in the experim ents
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d e s c r ib e d  e a r l i e r .  T h e  r e s u l t  w a s

a -= — 0.31 +  0.03

It is  c le a r  th a t th e  r e s u l t s  o b ta in ed  in  a l l  o f  t h e s e  e x p e r i 
m en ts  a r e  v e r y  c lo s e  to  th e  v a lu e  a =  - l / 3 .

2.6 ENERGY DEPENDENCE OF ASYMMETRY IN THE 
ELECTRON ANGULAR DISTRIBUTION

It i s  e v id e n t f r o m  (2 .1 5 ) th a t, in  a d d itio n  to  th e  M ic h e l  
p a r a m e te r  q w h ich  d e te r m in e s  th e  fo r m  o f  th e  i s o t r o p ic  p a r t  
o f th e  s p e c tr u m , th e  sh a p e  o f th e  s p e c tr u m  i s  a ls o  c h a r a c t e r 
iz e d  by th e  a s y m m e tr y  p a r a m e te r  <5. T h e  la t t e r  p a r a m e te r  
d e te r m in e s  th e  d e p e n d e n c e  o f th e  a s y m m e tr y  on e n e r g y :  if  
th e  a s y m m e tr y  i s  in d ep en d en t o f th e  e le c t r o n  e n e r g y ,  th en  
6 =  0. In th e  tw o -c o m p o n e n t  n e u tr in o  th e o r y  6 =  3 / 4 ,  w h ic h  
c o r r e s p o n d s  to  m a x im u m  a s y m m e tr y  x  =  1 ,  a t th e  en d  o f  
th e  s p e c tr u m .

M o r e o v e r , it  is  e v id e n t fr o m  (2 .1 5 ) th a t th e  a n g u la r  d i s 
tr ib u tio n  o f d e c a y  e le c t r o n s  is

I(p)dQ~  (1 ±  acosftydQ , _ J — 2x  a1 1 ------- cosu
3 — 2x

dQ

It fo l lo w s  fr o m  th is  e x p r e s s io n  th at th e  a s y m m e tr y  sh o u ld  
b e  v e r y  d ep en d en t on e n e r g y :  it  sh o u ld  b e  z e r o  at th e  m id 
p o in t o f th e  s p e c tr u m  [(1 —2* ) / ( 3 —2 x ) =  0 w h en  x =  1 /2 ]  
and m a x im u m  at th e  end  o f th e  s p e c tr u m  [( 1 — 2x ) / ( 3 —2x  ) =  
- 1  w hen  x =  l ] ,  A t e n e r g ie s  s m a l le r  th an  x = l / 2 t h e  a s y m 
m e tr y  sh o u ld  h a v e  a d if fe r e n t  s ig n  and sh o u ld  in c r e a s e  w ith  
d e c r e a s in g  e n e r g y . At th e  b e g in n in g  o f th e  s p e c t r u m  th e  
m o d u lu s  o f th e  a s y m m e tr y  c o e f f ic ie n t  i s  eq u a l to  o n e - t h ir d  
o f i t s  v a lu e  a t th e  en d . T h e  d e p e n d e n c e  o f  th e  a s y m m e tr y  on  
e n e r g y , w h ich  i s  p r e d ic te d  by th e  tw o -c o m p o n e n t  n e u tr in o  
th e o r y , i s  in d ic a te d  by th e  s o l id  c u r v e  in  F ig . 2 .2 1 .

W e s h a ll  n ow  c o n s id e r  e x p e r im e n ts  in  w h ic h  th e  e n e r g y  
d e p e n d en ce  o f th e  a s y m m e tr y  and th e  m a g n itu d e  o f  th e  a s y m 
m e tr y  p a r a m e te r  6 w e r e  m e a s u r e d .

In th e  n u c le a r - e m u ls io n  m eth o d , th e  d e te r m in a t io n  o f  6 
r e q u ir e s  a k n o w led g e  o f both  th e  e n e r g y  o f d e c a y  e le c t r o n s
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and th e ir  angular d istribu tion  re la tiv e  to the d irection  of 
em issio n  of positive muons at the tim e of pion decay. It is 
evident from  Equation (2.15) that the d ifference in the energy 
sp ec tru m  of forw ard  and backw ard em itted  p a rtic le s  is 
independent of q and is determ ined exclusively  by 6. Fig.
2.16 shows the re su lts  of such m easurem en ts obtained by 
W eissenberg  et al. [29]. The d ifference in the num ber of 
p a r tic le s  em itted  in the backw ard and forw ard  d irec tions fo r

Fig. 2.16 Asymmetry spectrum for e + decays
in nuclear emulsions. The ditterence between the 
number of particles emitted in the backward and for
ward directions is  indicated by the histogram. The 
solid curves show the expected asymmetry spectra for 
different values of the asymmetry parameter 8

a m om entum  in te rva l corresponding to Ax =  0.05 is plotted 
as a function of the energy of the decay e lec tro n s. The curves 
indicate the expected d ifference sp e c tra  fo r 6 =  0.50, 0.65 
and 0.80. The ‘b e s t’ value of 6 deduced from  these  data is

6 =  0.63 ±  0.12

w here the uncerta in ty  includes both the s ta tis tic a l and s y s 
tem atic  experim ental e r r o r s .  The e lec tron  asym m etry  in
p, e decays in n uclear em ulsions has also  been m easured
by Babayan e t al. [37], Castagnoli et al. [38] and Besson et 
al. [33]. T hese w orkers confirm ed the rap id  in c rease  in the 
asym m etry  with the e lec tro n  energy p red ic ted  by the tw o- 
com ponent neutrino theory.
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B ubble-cham ber m easurem ents of the asym m etry  in the 
angular d istribu tion  of e lec trons from  jt — ^ — e decays 
have been ca rr ie d  out by B arm in  et al. [39], Alikhanyan et 
al. [40], Balandin et al. [41], P less et al. [42] and Alston et 
al. [43]. All these m easurem en ts have shown that the o b se r
ved asym m etry  and its dependence on the e lec tro n  energy 
a re  in agreem ent with the pred ictions of the tw o-com ponent 
neutrino theory , which req u ire s  a rap id  in c rease  with in 
c reasin g  energy of the decay elec trons.

The m ost accurate  m easurem en ts of the energy depen
dence of the asym m etry  appear to have been c a rr ie d  out by 
Plano with the liquid-hydrogen bubble cham ber placed in a 
m agnetic field. We have already  d iscussed  this experim ent 
in connection with the determ ination  of the Michel p a ram e te r  
q ; the e lec tron  spectrum  obtained in th is w ork is shown in 
Fig. 2.10.

Fig. 2.17 shows the asym m etry  spectrum  obtained by 
Plano, i.e. the spectrum  of the forw ard-backw ard  d ifference.

Fig. 2.17 Asymmetry spectrum for n+—p—e decays 
in a hydrogen bubble chamber (Plano). The solid 
curve is theoretical and is  corrected lor instrumental 
resolution = 1, S = p = 3/4)

It is s im ila r  to the corresponding sp ec tru m  obtained with 
nuclear em ulsions (Fig. 2.16). The h igher p rec is io n  in the 
m easurem ent of e lec tro n  energy and the sm all s ta tis tic a l 
e r ro r s  revealed  the p resen ce  of details in the spec trum  
which are  p red ic ted  by the tw o-com ponent theory , including 
the change in the sign of the asym m etry  in the low -energy 
region 0.5. The magnitude of the asym m etry  p a ram e te r
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6 =  0.78 ±  0.05

We shall now consider counter m easurem en ts of the de
pendence of the asym m etry  on energy. The f i r s t  experim ent 
of Garwin et al. [6] did not confirm  the rap id  in c rease  in the 
asym m etry  coefficient with energy , which was pred icted  by 
the theory . They placed ab so rb e rs  between the counters of 
the e lec tro n  te lescope 3, 4 (Fig. 2.4) with a th ickness of 
8 g /c m 2 ( Ee > 2 5  MeV) and 16 g /c m 2 ( Ee > 3 5  MeV), and 
found that th e re  was p rac tica lly  no in c rease  in the m axim um - 
to -m in im um  ra tio . In the f ir s t  case , the ra tio  was equal to 
1.86 ± 0.20, and in the second 1.92 ± 0.19, instead  o fthe  ex 
pected  2.5. This very  sm all in c rease  in the asym m etry  co
efficien t was due to the em ission  of y rays by electrons 
tra v e rs in g  the ab so rb e r. The y rays w ere reco rded  by the 
counters through secondary  phenom ena, mainly Compton 
sc a tte rin g , and produced an apparent in c re a se  in the range 
of slow e le c tro n s , thus m asking the in c rease  in the asym 
m etry  coefficient. In the second paper by the Columbia group 
[44], specia l p recau tions w ere taken to p reven t the detection 
of e lec tro n s via th e ir  b rem sstrah lu n g ; the num ber of sc in 
tilla tion  counters in the e lec tro n  te lescope was inc reased  
to th ree  (cf. Fig. 2.1) and the graphite ab so rb e r was divided 
into two p a r ts . In the apparatus of Mukhin et al. [45] the 
e lec tro n  te lescope consisted  of five a rray s  of sc in tilla tion  
counters with four lay ers  of polyethylene ab so rb e r between 
them . T heir re su lts  a re  shown in F igs. 2.18 and 2.19 in 
which the m easured  asym m etry  is plotted as a function of 
ab so rb e r th ickness in g /c m 2 and the corresponding  m inim um  
e lec tron  energ ies.

The so lid  curves re p re se n t the varia tion  o fthe asym m etry  
with energy p red ic ted  by the two-com ponent neutrino theory , 
co rre c te d  for the energy and angular efficiency of the d e tec
tion system . The experim ental data a re  c lea rly  in agreem ent 
with the tw o-com ponent theory . A s im ila r  conclusion was 
draw n by C asse ls  et al. [46] who determ ined  the e lec tron  
energy with a la rg e  sodium -iodide c ry s ta l (d iam eter 15 cm , 
length 12.5 cm) which absorbed the e lec tro n s and alm ost all 
of th e ir  secondary  em ission .

K ruger and Crowe [47] have used  m agnetic sp ec tro m ete rs  
to de term ine  the dependence of the asym m etry  coefficient 
on the e lec tro n  energy. T heir experim ent is illu s tra ted  
schem atica lly  in Fig. 2.20. A beam  of positive m uons, from
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Range in graphite, g/cm

Fig. 2.18 Asymmetry spec
trum for tt *—/i—e decays 
(Weinrich)

Fig. 2.19 Asymmetry spectrum for the 
77*—p—e decay (Mukhin et at.)
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Fig. 2.20 The magnetic spectrometer of Kruger and Crowe
which the pion im purity  was rem oved by an ab so rb e r, was 
stopped in a ta rg e t surrounded  by a m agnetic sc reen . In the 
absence of a cu rren t in the Helm holtz co ils , the muons r e 
tained th e ir  po larization  and elec trons en terin g  the m agnetic 
sp e c tro m e te r w ere the forw ard  e le c tro n s , having an in ten 
sity  /  (0). When the Helm holtz coils w ere energ ized  they p ro 
duced a field  of 55 gauss which caused the muons to p rece ss
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at a constant frequency, and th e re fo re  the average in tensity  
of decay p o sitro n s, / (//), in the p resen ce  of the field H was 
e ssen tia lly  equal to the unpolarized  yield, i.e . the sym m etric  
te rm  in (2.19). Knowing I (0) and / (H), and the angular and 
energy  reso lu tion  of the in strum en t, it was possib le  to ca l
cu late the asym m etry  coefficient at a p a r tic u la r  energy r e 
corded by the sp e c tro m e te r. The energy dependence of the 
asym m etry  coefficient a {x) which was obtained in th is w ork 
is shown in Fig. 2.21. It is in good agreem ent with the tw o- 
com ponent neutrino theory .

It may thus be concluded tha t all the above m easurem en ts 
of k inem atic  p a ram e te rs  ch a rac te riz in g  n — u — e decay a re

Fig. 2.21 Asymmetry spectrum obtain
ed with the magnetic spectrometer of 
Kruger and Crowe. The asymmetry 
coefficient (in %) is plotted as a 
function of the positron energy. The 
solid curve shows the asymmetry 
expected from the two-component 
theory of the neutrino for £ = 0.89 
(11%) depolarization
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with the p red ictions of thein good quantitative agreem ent 
w eak -in te rac tion  theory  of the two-com ponent neu trino , with 
equal and opposite coupling constants for the vec to r and 
ax ia l-v ec to r p a rt of the in teraction . As experim ental accu
racy  in c re a se s , the degree of agreem ent appears to im prove.

2.7 HELICITY OF THE ELECTRON NEUTRINO

Let us proceed  now to the helicity  of the p a rtic le s  p a r 
tic ipa ting  in jt — n — e decay. The experim en ts which we 
d iscu ssed  in C hapter 1, suggest that th e re  a re  two types 
of neutrino . If we assum e the law of conservation  of neu
tr in o s  of both types, the decay of pions and muons m ust
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Jt+ (X+ +  \ y
+  Vp,,

It follows that both types 
decay of the muon.

We shall begin our review  of experim en ta l data  with m e a s 
u rem en ts of the helicity  of the e lec tro n  neutrino . The m ost 
d irec t determ ination  of the helicity  of the e lec tro n  neutrino  
was c a rr ie d  out by Goldhaber et al. [48]. This is one of the 
basic  experim ents which enables one to d istinguish  between 
the possib le  varian ts of p decay. The helic ity  of the neutrino  
was determ ined by studying K  cap ture in europium :

Eu152 +  Sm152 -f- ve (2.30)

e* +  ve (2.29)p" e +  ve +  

of neutrino a re  produced in the

The isotope Eu152 has a m etastab le  s ta te  with ze ro  spin and 
negative parity  (0”). The cap ture of a K  e lec tro n  leads to 
the form ation of the Sm152* isotope in the excited  s ta te  1” ; 
the em ission  of a y ray  from  th is s ta te  b rings Sm 152 to its  
ground s ta te  (cf. Fig. 2.22). The life tim e of the in te rm ed ia te  
s ta te  is sh o rt enough (approxim ately 1(T14 sec) to en su re  
that reco il nuclei in the solid  Eu152 so u rce  do not lo se  th e ir  
m om enta before y -ra y  em ission  takes p lace. R esonance 
sc a tte rin g  of the em itted  y rays is then possib le  because of 
the Doppler effect: it occurs when the m oving nucleus em its  
a photon in the d irec tion  of its  motion. It is evident that the 
momentum of the neutrino is then opposite to the d irec tion

Fig. 2.22 Transition scheme for Euls2->SmlS2. The sketch on the right 
shows the helicities in the case of the emission of a left-handed neutrino 
in the reaction Euls2m + e~-*Sml52 + u and the subsequent emission of a 
y ray
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of em ission  of the y ray s . Since o rb ita l e lec tro n s  cap tured  
by the nucleus a re  S e le c tro n s , the su b -s ta te s  of the in te r 
m ediate  nucleus Sm152* will be describ ed  by the following 
quantum n u m b e rs :

— 1 
m= +  l 

0

if the neutrino em itted  in the z d irection  has a sp in  p a ra lle l 
to its  m om entum  (the antineutrino is em itted), and

+ 1
m — — 1 

0

if the neutrino  is em itted .
The helicity  d iag ram  corresponding  to the second of these  

p o ss ib ilitie s  is shown in Fig. 2.22. In both cases  the y ray s  
(em itted  in the + z  d irection) a re  c ircu la rly  po larized . In the 
f i r s t  c a se , th e ir  po larization  is righ t-handed , w hilst in the 
second case  it is left-handed. The experim ent was designed 
to investiga te  the passag e  of th ese  y rays through m agnetized 
iron . Since the Compton c ro ss -se c tio n  is d ifferen t fo r le ft-  
handed and righ t-handed  photons, the num ber of photons 
tran sm itte d  through the m agnetized iron ab so rb e r will be 
d ifferen t in the two cases .

The experim ent is illu s tra te d  schem atica lly  in Fig. 2.23. 
The Eu152 so u rce  was placed im m ediately in front of the 
m agnetized iron  blocks. The y - ra y  d e tec to r was shielded 
from  the d irec t y - ra y  beam  by a lead ab so rb e r and was s u r 
rounded by a c irc u la r  s c a t te re r  consisting  ofSm 20 3. y ray s 
from  the so u rce  passed  through the m agnetized iro n ,u n d e r
went resonance  sc a tte rin g  in the c irc u la r  Sm20 3 s c a t te re r  
and then en tered  the detec to r. The experim ent consisted  of 
m easu rin g  the d ifference in the y - ra y  counting ra te  of the 
d e tec to r fo r opposite d irec tions of m agnetic field  in the iron  
ab so rb e r.

The re su lts  of th is experim ent show that the helicity  of 
the y ray s undergoing resonance  sc a tte rin g  is negative. 
It follows that the neu tra l p a rtic le  em itted  in the K -c a p 
tu re  reac tio n  (2.30) is po larized  in the d irec tion  opposite 
to the d irec tion  of its mom entum . The neutrino th e re fo re  
has negative helicity .

We re c a ll that the tw o-com ponent neutrino theory p red ic ts



two possib ilities  for nuclear p decay:
1. Both V and A in te rac tions a re  p resen t in p decay and 

the neutrino has negative helicity .
2. The neutrino has positive helicity  and only S, P and T 

in teractions occur.
It follows from  the above experim ent and from  the e le c 

tron -n eu trin o  angular co rre la tio n  m easurem en ts that the 
f i r s t  of these two p o ssib ilities  occurs in p decay.
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2.8 THE HELICITY OF ELECTRONS FROM (i-e  DECAY

We shall now consider the experim ental determ inations 
of the helicity  of e lec trons from  muon decays. T hese ex p e r
im ents a re  based on the p rincip le  that the b rem sstrah lu n g  
em itted  by longitudinally polarized  e lec tro n s re ta in s  the 
helicity  of the e le c tro n s , i.e . is c irc u la r ly  po larized , the 
d irec tion  of po larization  being unam biguously re la ted  to the 
helicity  of the e lec tro n s. The d irec tion  of the c irc u la r  po l
ariza tion  of the b rem sstrah lu n g  can be determ ined  from  
Compton sca tte rin g  in m agnetized iron  ju st as in the ex p e r
im ent of Goldhaber et al. d iscussed  in Section 2.7.

The degree of longitudinal po larization  of e lec trons from  
p — e decays has been calculated by many w o rk ers . We

r ir152mtU source

Fig. 2.23 Determination of the helicity 
of the neutrino (Goldhaber et al.)
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sh a ll use the re su lt obtained by U berall [49] from  the two- 
com ponent neutrino theory:

i_

p =  {[I (3 -  2x) +  (1 -  2,v) cos 'O’]2 (1 I2) sin2#}*
3 — 2x +  £ (1 — 2x) cos •& (2.31)

w here £ is the longitudinal po larization  of the muon and ft 
the angle between the spin of the muon and the d irection  of 
em ission  of the e lectron . It follows from  this form ula that 
if £ =  1, the e lec trons a re  100%polarized  and the p o la riza 
tion  is independent of O'. Fully po larized  muons th e re fo re  
give r is e  to fully po larized  e lec trons.

The helicity  of e lec tro n s from  p — e decays has been m eas
u red  by Culligan et al. [50] on the Liverpool a cce le ra to r and 
by Macq et al. [51] at B erkeley . Fig. 2.24 illu s tra te s  the ex
p erim en t of Culligan e t al. The decay took place
in the carbon ta rg e t C. E lectrons leaving the ta rg e t w ere ab
so rbed  in the lead plate and the po larization  of the resu lting  
b rem sstrah lu n g  was investigated with an ana lyser co n s is t
ing of a block of iron  m agnetized by a specia l coil and an 
Nal(Tl) sc in tilla tion  counter which m easured  the t r a n s 
m ission  of the iron  ab so rb e r with the m agnetization para lle l 
and an tipara lle l to the d irec tion  of propagation of the y ray s . 
One of the m ain d ifficu lties in this experim ent was the sh ie ld 
ing of the sc in tilla tion  counters from  the m agnetic field. To 
achieve th is , all the photom ultip liers w ere carefu lly  s c re e n 
ed with soft iron  and m u-m eta l, and the fringing field of the

Lead

cm

Fig. 2.24 Measurement of the helicity of electrons from p - e  
decay (Liverpool experiment)
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magnet near the b rem sstrah lu n g  counters was com pensated 
by the specia l coils indicated in Fig. 2.24. Special checks 
showed that the effect of the resid u a l field  on the operation  
of the photom ultip liers could be neglected.

The system  was ca lib ra ted  with b rem ss trah lu n g  from  Y 90 
P p a rtic le s  which a re  known to be highly po larized . The 
carbon ta rg e t was rep laced  by a 1 5 0 -pC  Y90 capsu le , and 
the pulse-heigh t spectrum  of the Nal(Tl) counter was m e as
u red  for the two d irec tions of the m agnetic field. The re s u lt  
is shown in Fig. 2.25 in which the d ifference in the counting 
ra te s  fo r the two opposite d irec tions of the m agnetic field  
is plotted as a function of energy in MeV. The curve shows 
c lea rly  the expected in c rease  in analysing pow er with e n e r 
gy. E xperim ental re su lts  fo r positive and negative muons 
are  shown in Fig. 2.26 in which the sam e quantities a re  p lo t
ted along the two axes as in Fig. 2.25. It is evident that th e re  
is an effect due to the m agnetic field , and tha t it is opposite 
in sign for positive and negative muons. The in teg ra l effect

OJ
t/lOa

Fig. 2.25 Calibration of the 
helicity analyser using brem
sstrahlung photons due to 
rays from a Y90 source

fo r y ray s with energ ies in excess of 12 MeV is +4.7 ± 1.2% 
and -5 .6  ± 2.3% fo r positive and negative m uons, re sp e c tiv e 
ly. F o r v rays with en erg ies g re a te r  than 8 MeV the re su lts  
w ere +6.1 + 0.7% and -4 .9  ± 1.5%, re sp ec tiv e ly , which is in 
agreem ent with the th eo re tica lly  expected value fo r  100%- 
po larized  e lec tro n s. The tran sm iss io n  of the m agnet fo r Y 
rays from  positive muons was g re a te r  when its north  pole 
faced the y - ra y  sou rce . Since the Compton c ro ss -se c tio n  
is a m inim um  when the photon and e lec tro n  sp ins a re  p a ra l
le l, th is m eans that the photons, and th e re fo re  the o rig inal
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Fig. 2.26 Experimental 
data on helicity

e le c tro n s , had positive helicity . Consequently, e lec trons 
from  p-decays have negative helicity .

It is im portan t to note that the above experim ents provide 
d ire c t evidence fo r the fact that both sp a tia l and charge p a r 
ity is not conserved  in these  decays. C o n sid e r,fo r exam ple, 
the sequence of events in the above experim ents . It begins 
with a m eson and ends with b rem sstrah lu n g  photons: 
n + 4- v e+ -f- v -f v righ t-handed  photons
n" +  v -v e~ +  v -j- v left-handed photons.
T ran sitio n  from  the f ir s t  line to the second corresponds to 
charge conjugation since the charge of all the p a rtic le s  is 
changed. Charge conjugation th e re fo re  re su lts  in a change 
in the po la riza tion  of the em itted  photons, w hereas in the 
case  of charge invariance the po larization  should rem ain  
constant.

2.9 HELICITY OF MUONS

2.9A Helicity of muons from b-ray showers in magnetized iron

Alikhanov e t al. [52] have m easured  the helicity  of muons 
d irec tly  by observ ing  6 - ra y  show ers produced by fast co s
m ic -ra y  muons in m agnetized iron. Alikhanov and Lyubimov
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pointed out that the c ro ss -se c tio n  fo r the production of 6 
ray s by positive muons should include both an iso tro p ic  
te rm  Oo and a te rm  og depending on the m utual o rien ta tion  
of the muon and elec tron  p o la riza tio n s , P  ̂ and P e. This 
effect was exam ined by B ere s te tsk ii who obtained the follow 
ing fo rm ula for the c ro ss -se c tio n :

a {EyP'Pv) dE = (do -f Pe • P ^ g )  dE

Oo =
a  2 22 nremec

do =  —

(2.32)

w here E is the k inetic energy of a 6 ray . £ m is the m ax
im um  energy which may be tra n s fe r re d  to the e lec tro n  and 
is given by

Em
F~LL

2 2 c
2m7

E^ is the to tal energy of the muon.
When the energy of such 6 rays is high enough, they can 

give r is e  to electron-photon show ers in the m a te r ia l in which 
they a re  produced. When the energy of the 6 ray  approaches 
E m , the ra tio  asA70->l and the effect of the non-conservation  
of parity  in 6 -ra y  production by muons in te rac tin g  with po l
arized  e lec trons is very  high. However, in r e a l i ty , th is effect 
is ‘diluted’ by the p resen ce  of a la rg e  num ber of unpo larized  
e lec trons in the m agnetized iro n , by 6 ray s  with le ss  than 
the m axim um  energy and, in the case of co sm ic -ray  m uons, 
by considerab le depolarization  of the m uons.

The experim ent of Alikhanov et al. is illu s tra te d  in Fig. 
2.27, where I, II, III a re  counter hodoscopes which could be 
used to reco n s tru c t the muon tra je c to ry  and to determ ine 
its  sign from  the d irec tion  of its  deflection in the m agnetic 
induction (104 gauss) inside the iro n  co re  of the perm anen t 
m agnet A. The 6 -ray  show ers w ere produced in the iron  
co re  B of the closed e lectrom agnet with tr ia n g u la r  c ro s s -  
section  in which the m agnetic induction was 14 400 gauss. 
Counter row S reco rded  show ers orig inating  in the la te ra l
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sides of the trian g le . The d irec tion  of the m agnetic field 
in the tr ian g le  was re v e rse d  after each reco rded  shower. 
Events w ere indicated by a coincidence between I ,I I ,  and III, 
and at le a s t th ree  counters in row S. The num ber of m esons 
passin g  through the apparatus was about 500 p er m inute, of 
which between one and two generated  show ers with m ore 
than two 6 ray s; the energ ies of muons producing these 
show ers lay in the range 3-6.5 GeV.

The final r e s u l t s , ex p ressed  in te rm s  of the difference in 
the num ber of show ers reco rded  with forw ard  and rev e rse  
fie ld s , w ere as follow s:

S+ =  —0.37 d= 0.41 (positive muons)

S_ =  +0.82 +  0.42 (negative muons).

It follows that the effect has a sign corresponding  to negative 
helic ity  of the positive muon.-The average value of S is

S ± = 0.58 ±  0.29

while the expected re su lt assum ing about 30% polarization  
of the co sm ic -ray  muons was approxim ately 0.3.

A s im ila r  experim en t was perfo rm ed  on the CERNproton 
synchro tron  by B ackenstoss e ta l. [54] using  an 8-GeV neg
ative-m uon beam  (Fig. 2.28). Negative pions with m om enta
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P -  circulating -  proton beam; A -  synchrotron magnets;  
s -  Pb collimator; Q -  quadrupoles; M -  d ispersing  magnet;
F — graphite filter embedded in concrete; C — counters; D — 
detector

Fig. 2.28 Experimental arrangement

of 12.1 ± 0.3 GeV/c leaving the in te rna l ta rg e t T w ere 
focused by the m agnet Ai on to a 2 -cm -w ide slo t in an 80- 
cm -long lead co llim ator. The beam  contained about 8  x 10° 
p a rtic le s  p e r pulse and was focused by the quadrupoles 
and Q2. Muons with m om enta of 1 1  GeV/c, which orig inated  
from  forw ard pion decays in the 45-m  decay path, w ere 
focused by the second p a ir  of quadrupoles Q3 » Q 4 through a 
760-cm graphite f ilte r  F which absorbed about 3 GeV of the 
m eson energy. On leaving the f il te r  the negative-m uon beam  
had an energy of 8  GeV with a sp read  of about 15%. Counters 
Ci and C2 ( 7  x 7  cm 2) reco rded  a muon flux of 2000 p a r tic le s  
p e r pulse. The pion im purity  passing  through Ci and C2 was 
about 3 x l 0 ' 8of the muon flux. The figure also  shows the 
e lec tron -show er detec to r D which was in the fo rm  of a to tal 
absorption counter consisting  of twenty in te rleaved  la y e rs  
of iron and p lastic  sc in tilla to r  sheets ( 1  x 30 x 40 cm 3). 
Each of the p lastic  sc in tilla to rs  was viewed by a photo
m ultip lier. The induction in the iron  was 20 000 gauss. The 
shower detec to r D was ca lib ra ted  against e lec tro n s with 
energ ies between 1  and 10 GeV, and was found to be lin e a r  
with a resu ltion  AEIE varying between 30 and 12% in th is  
energy range. The re su lts  obtained are  shown in Fig. 2.29 
in which the difference in the num ber of 6 -ra y  show ers 
produced for the two opposite d irec tions of the m agnetic 
field , i.e . the quantity

( N a - N p) l (Na + Np)

is plotted as a function of the show er energy. About 1.2 x 1 0 7 
muons with a longitudinal po larization  of about 85% w ere 
reco rded  in 12.5 hours.

The solid  curve gives the expected effect fo r negative
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Fig. 2.29 Measurement of the helicity of the nega
tive muon { Backenstoss et a t.) . The relative differ
ence in the number of showers for the two opposite 
directions of the field is  plotted as a function of the 
shower energy

muons with positive helicity . The helicity  of the negative 
muon obtained in th is experim ent was

//  (n) =  + 1 .1 7 + 0 .3 2

and is in agreem ent with the p red iction

H pi- -  +1

2.9.2 Helicity of muons from the azimuthal asymmetry 
in Mott scattering

Another im portan t method of determ in ing  the helicity  of 
the muon is the determ ination  of the le ft-r ig h t asym m etry  
in Coulomb sc a tte rin g  of tran sv e rse ly  po larized  muons by 
nuclei. This asym m etry  was p red ic ted  for e lec trons and 
p o sitro n s by Mott and is due to the in te rac tion  between the 
m agnetic m oment of the sc a tte re d  p a rtic le  and the m agnetic 
m om ent due to its m otion around the sca tte rin g  n u c leu s, i.e .
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the sp in -o rb it in teraction . The Mott sc a tte rin g  c ro ss -se c tio n  
may be w ritten  in the fo rm

w here ft is the angle of sca tte rin g , pi  and p 2 a re  unit v ec 
to rs  in the d irec tion  of the mom entum  of the p a rtic le  before 
and afte r sca tte rin g , resp ec tiv e ly , a is the d irec tion  of the 
spin of the sca tte red  p a rtic le  and 5 (ft) is  a p a ram e te r r e 
p resen ting  the asym m etry  in Mott sca tte rin g . Suppose that 
the ta rg e t nucleus (Fig. 2.30) is at the o rig in  of coo rd ina tes, 
and le t a tran sv e rse ly  po larized  muon with spin p a ra lle l to

the y axis be incident upon it along the x axis. Suppose 
fu rth e r that the c irc le  shown in the draw ing re p re se n ts  the 
locus of the possible end points of p 2 fo r sc a tte rin g  at an 
angle ft.

The azim uthal angle qp will be m easured  from  the y axis. 
It is evident from  the form ula shown above fo r the d iffe ren 
tia l c ro ss-sec tio n  that the num ber of s c a tte rs  to the rig h t 
(qp =  jt /2) is then given by

1 +  S (ft)]
and the num ber of s c a tte rs  to  the left (qp =  — n/2) is

1 — 5 (ft)]
It follows that 5 (ft) de term ines the ra tio  of the difference 
in the num ber of p a rtic le s  sc a tte re d  to the rig h t and to the 
left to the total num ber of sc a tte re d  p a r tic le s :

(2.33)

Fig. 2.30 Left-right asymmetry in Mott 
scattering. The scattering centre is at 
the origin and the particle approaches 
along the x axis with spin parallel to 
the y axis. The cross-section for scat-
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Table 2.2

Energy,
Scattering angle 0 °

MeV
15 60 105 150

2.1 8 barn 
100 S(0)

6200
0.3

38
0.2

2.8
-5

0.64
-1 7

9.6 8 barn 
100 S(0) 340

0.2

1.1
- 2

0.032
-8

0.0065
-2 2

T heoretica l calculations of the asym m etry  in the sca tte rin g  
of po larized  muons by nuclei, s im ila r  to those perfo rm ed  by 
Sherm an fo r po larized  e lec tro n s , have been c a rr ie d  out by 
B incer [55], Moroz [56], F rolov [57], R aw itscher [58] and 
F rank lin  e t al. [59].

As an exam ple illu s tra tin g  the magnitude of the expected 
effect, consider the calculated  magnitude of 5 (^)for a ta rg e t 
nucleus with Z =  80 [59] and negative muons with energ ies 
of 2.1 MeV {vie «  0.2) and 9.6 MeV {vie =  0.4). These ca l
culations w ere perfo rm ed  for an extended nucleus in the 
fo rm  of a uniform ly charged sphere of rad iu s R = 1.2 A 1/* 
x 1 0 '13 cm .

M easurem ents of the asym m etry  in Mott sca tte rin g  have 
been c a rr ie d  out fo r muons by B ardonet al. who used  t r a n s 
v e rse ly  po larized  negative muons from  negative-pion decays 
in flight at the th resho ld  angle (as in the experim ents on the 
determ ination  of the po larization  of m uons, cf. Section 2.4).

The experim ent is  illu s tra ted  in Fig. 2.31. A beam  of 
43-MeV pions was passed  through a system  of quadrupole 
len ses  and focused on to a 7 .5-cm  thick lithium  degrader. 
P ions lo s t a proportion  of th e ir  energy in th is degrader and 
en te red  the region of useful decays with an angular d iv e r
gence of ± 2° and an energy of 28 ± 2.5 MeV. Muons se lec ted  
by the decay angle had a m ean tra n sv e rse  po larization  of 
90% in the plane of decay {py =  0.9) and a uniform  energy 
d istribu tion  in the range 9-33 MeV, which was chosen as a 
qqjj^Promise between the m axim um  back—sc a tte re d  in tensity  
and the m agnitude of asym m etry .

The muons w ere sc a tte re d  by lead sh ee ts , 3 having an a re a l
density  of 2 g /c m 2, which w ere placed on p las tic  sc in tilla to rs  
(Fig. 2.31). The counters 4 w ere placed to the left and rig h t 
of each lead p late and detected muons sc a tte re d  in the lead
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/
Quadrupoles

4

Fig. 2.31 Determination of the helicity of muons from Mott 
scattering (Bardon et al.)

plate through angles between 105° and 165°. The en tire  d e
vice was repeated  cyclically  ten tim es , form ing a ring  
with the pion beam  passing  through its  cen tre . The en try  of 
a muon into a s c a tte re r  was indicated by 123 coincidences 
(counter 2 was in_the form  of a ring) and sc a tte rin g  events 
w ere detected by 1234 coincidences, followed within 3 ^ sec  
by a second count in 4 produced by the decay e lec tro n  from  
the sca tte red  muon. This p rocedure  enabled the background 
of muonic X ray s from  muons stopping in the lead to be 
considerably  reduced.

The experim ent was ca rr ie d  out fo r about 100 hours and 
approxim ately 3 x 1 0 8 muons tra n s its  through the s c a t te re r s  
w ere recorded . The to tal num ber of left and righ t s c a tte rs  
was 515 and 618, resp ec tiv e ly , y ielding

L — R 
L +  R

— 0.090+0.031

The expected asym m etry  fo r py = ± 1 was

L — R
L + R

±0.09

and the experim ent dem onstra tes c lea rly  that the negative 
muon produced in the decay

|+ +  v„

has positive helicity  (right-handed po larization).
The experim ental data on the helicity  of p a r tic le s  involved 

in nuclear (5 decay and n — jx —e decay which have been con
sid e red  above are  sum m arized  in Table 2.3. This tab le  gives 
the m easured  h e lic ities  of the following p a r t ic le s : e lec tro n  
neu trinos, e lec trons and positrons produced in p decay, and
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Table 2.3

83

Measurement Conclusion from conser
vation of leptons

Partic le

i+*31̂303 V u  v e

H elic ity ”“1 —1 +1 +1 -1 -1  +1 +1

negative muons. The helicity  of the rem ain ing  p a r t ic le s , in 
cluding the muon neutrino , can be determ ined  by assum ing 
conservation  of leptons. F or exam ple, consider

7l~ |A~ +
Since the spin of the negative pion is z e ro , and the negative 
muon and the muon antineutrino are  em itted  in opposite 
d ire c tio n s , the helicity  of the muon antineutrino should be 
the sam e as the helicity  of the negative muon, i.e . positive. 
Consequently, muon neutrinos should have negative helicity . 
It follows that the m eson and e lec tron  neu trinos (antineu
trin o s) have the sam e helicity . We have seen that such neu
tr in o s  with negative helicity  a re  n ecessa ry  fo r the validity 
of the V and A in te rac tions in nuclear (5 decay and in m eson 
decays. We may th e re fo re  conclude that the above m e asu re 
m ents of the h e lic itie s  of leptons confirm  the u n iversa l 
natu re  of weak in te rac tio n s.

2.10 COMPARISON OF EXPERIMENTAL DATA ON
WEAK-INTERACTION CONSTANTS IN /3 AND (i-e DECAY

It was shown that all experim ental data on the decay of the 
muon a re  in agreem ent with the p red ic tions of the V — A 
theo ry  of \i — e decay with re a l , equal and opposite coupling 
co n s tan ts :

gv =  ~ g A  = g
The hypothesis of the u n iv e rsa l F erm i in te rac tion  req u ire s  
tha t all p -decay phenom ena should be explicable by th is 
in te rac tion . In th is section  we shall consider to what extent 
experim enta l data on p decay do in fact sa tisfy  th is re q u ire 
m ent.

Studies of the angular co rre la tio n  between e lec tro n s and 
neutrinos in allowed P decays have been an im portant source 
of inform ation about the possib le  in te rac tions governing
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nuclear P decay, p-decay theory  p red ic ts  that th is  co rre la tio n  
should be of the form

1 aP*cos # (2.35)

w here p is the velocity  of the e lec tro n , ft the angle between 
the d irec tion  of em issio n  of the e lec tro n  and the neutrino  
resp ec tiv e ly , and a a co rre la tio n  coefficient which depends 
on the ra tio  r between the F erm i and G am ow -T eller con
stan ts  g F and gG-T :

r _  g lM l  (2.36)
g^MF^r g 2G-rM-G-T

w here Mp and Mg- t a re  the squares of the corresponding  
m a trix  elem ents. F o r a pure  F erm i in te rac tio n  (0-»-0 
tran s itio n  without p a rity  change), the co rre la tio n  coefficient 
is determ ined  exclusively  by the v ec to r and sc a la r  in te r 
action constants:

2 i ' 2  2 ' 2
a gv +  gv — g s — gs (2.37)

F  2 I ' 2  | 2 | ' 2  '  'g v -rg v  +  gs +  gs

and when gs — gs =  0 we have aF = 1 .
F or a pure G am ow -T eller tran s itio n  the co rre la tio n  

coefficient depends only on the ax ia l-v ec to r and te n so r  con
stan ts :

_  1 
« G -T  g-

2 , '2 2 '2gT~r gT  g A  gA
12 | I ' 12 | I 12 1 I 'gT\ + | g r |  + | g A |  "T | g A

(2.38)

If the decay is governed exclusively  by the ax ia l-v ec to r 
constant (g T =  g'T = 0) then ac-r =  - l / 3 .  In in te rm ed ia te  
ca ses  the co rre la tio n  coefficient is given by

a. — aFr -f- q-g—t if — 1)

R esults of recen t experim ents a re  shown in Fig. 2.32 
w here the e lec tro n -n eu trin o  co rre la tio n  coefficient a is 
plotted as a function of r. The s tra ig h t line in th is f ig u re  
re p re se n ts  the expected co rre la tio n  coefficient when only 
V and A in teraction  constants are  involved. The rec tan g les  
re p re se n t experim ental data; th e ir  width gives the e r r o r s  
in r and th e ir  height e r r o r s  in the co rre la tio n  coefficient a .
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The decay

He6 -> Li6 +  e~ +  v

is a pure  G am ow -T eller tran sitio n . The expected co rre la tio n  
coefficient fo r th is  case  is a =  - l / 3 ,  while the experim ental 
re s u lt  obtained by H errm annsfeld t e t al. [61] is  a = -0 .3 9  
+  0 . 2 .

In the case of

we have a pu re  F erm i tran sitio n  fo r which the expected 
co rre la tio n  coefficient is a — 1. The experim ental values 
obtained by Allen et al. [62] and H errm annsfeld t et al. [63] 
resp ec tiv e ly  a re

T hese data  imply th e re fo re  that only ax ia l-vec to r and 
v ec to r in te rac tions p artic ip a te  in nuclear p decay. This 
conclusion is  also  confirm ed by the o ther re su lts  shown in 
the graph , i.e . the decay of L i8 (Lauterjung et al. [64]), N e19 
(Alford and Hamilton [65], Maxson et al. [66], Good and 
L auer [67]), N e23 (Ridley [68]) and by the data of Burgov and 
Terekhov [69] who investigated  the angular co rre la tio n  
of cascade y ray s  in the decay of Na24. In th is ca se , the

Ar35 -*■ Cl35 +  e* +  v

a =  +0.85 +  0.12 
a =  +0.93 +  0.14

He

Pure V
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contribution of the F erm i in te rac tion  was sm all and the c o r 
re la tion  coefficient was expected to be - l / 3 .  By placing  a 
resonance abso rb er in the path of the y r a y s , these  w o rk ers 
observed Doppler broadening of the angular d istribu tion  of 
the y ray s  due to the m otion of reco il nuclei. The re s u lt  
obtained by Burgov and Terekhov was a =  -0 .15 + 0.22.

Let us consider now the experim en ta l data  on the angular 
d istribu tion  of e lec tro n s from  the decay of po larized  neu t
rons. This experim ent was c a rr ie d  out by Burgy e t al.[70] 
who used a po larized  neutron beam  produced by re flec tin g  
neutrons from  a m agnetized cobalt m ir ro r  [71].

The theory  of P decay y ields the following ex p ressio n  fo r 
the angular d istribu tion  of e lec tro n s from  the decay of po l
arized  neutrons:

dN — (1 -(-/iPpcos O') dQ (2.39)

w here p is the po larization  of the neutron beam , p =  vie is  
the velocity of the decay e lec tro n s and A is  given by

a _ _ 2(R2^ R )
3R2 +  1

w here
R = ^A 

gv

For g A = — gv the asym m etry  coefficient should be ze ro , 
and hence A =  0. The experim ent of Burgy e t al. yielded 
A =  -0.11 + 0.02. If we assum e the V — A in te rac tio n , and 
that the neutrino has negative helic ity , we have

R = MAl = — 1.25±0.03 
gv

The square  of the ra tio  of these constants can also  be 
obtained from  data on the energy spectrum  and lifetim e of 
neutrons and ce rta in  nuclei undergoing 0+ 0+ tran s itio n s .
The m ost accurate  determ ination  of the lifetim e of the neu t
ron is due to Sosnovskii et al. [72] who found tha t

t  =  11.7 ±  0.3 min

The quantity R 2 deduced from  these m easu rem en ts  is 1.42 
± 0.08. The m ean value of R 2 is th e re fo re  1.49 + 0.06, which
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R = =  — 1.22 d= 0.03 (2.40)
Sv

g
It follows from  these  experim en ts that the ra tio  — is not

gv
equal to -1 as p red ic ted  by the V — A theory . This in c re a se  
of approxim ately 20% in g A in nuclear P decay is  explained 
in the theory  by the ren o rm aliza tio n  of the ax ia l-v ec to r 
constant which is  due to the fact tha t strong ly  in te rac tin g  
p a r tic le s  p artic ip a te  in nu c lear p decay. This re n o rm a liz a 
tion of g A does not occur in p — e decay

p e +  v +  v
which involves only weakly in te rac ting  p a r tic le s . We have 
already  seen  in our d iscussion  of the muon life tim e data tha t 
the v ec to r in te rac tion  constant gv is unaffected by s tro n g  
in te rac tions. In view of the above re s u lts ,  the H am iltonian 
for P decay (see Equation (2.20)) should be w ritten  in the fo rm

H =  fiMnYpO - R y s )  t P) HvVpO +  Ys)^) (2.41)

with R «  -1.22.

2.11 DECAY OF THE PION INTO AN ELECTRON 
AND A NEUTRINO

It follows from  the ex istence of the u n iv e rsa l F erm i in te r 
action that in addition to the usual decay of the pion into a 
muon and a neu trino , one should also  be able to observe the 
decay of the pion into an e lec tro n  and a neutrino:

?t-> e + v

T heore tica l e s tim a tes  of the re la tiv e  probability  of th is 
decay mode have been based on the assum ption that the pion 
may be reg ard ed  as an in term ed ia te  s ta te  of a v irtu a l p a ir  
of p a rtic le s  consisting  of a nucleon and an antinucleon. Thus, 
fo r exam ple, the positive pion has been reg a rd ed  as a s ta te  
of the p ro ton-an tineu tron  p a ir  (ph), the negative pion as a 
s ta te  of the neu tron-an tip ro ton  p a ir  (tip), and soon . The d e
cay of the pion is then d escrib ed  as the annihilation of th is 
p a ir  into a muon and a neutrino , which o ccu rs v ia  the weak
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in terac tion

Muons

n N N p +  v

The u n iv e rsa l nature of the weak in te rac tio n  also  m eans tha t 
the pion can decay into an e lec tron  and neutrino:

n - + N - { - N - * e - \ - v
Fig. 2.33 shows the Feynman d iagram  fo r such p ro ce sse s .

No inform ation is available at p resen t about the absolute 
probability  of these p ro ce sse s . It is p o ssib le , how ever, to 
p red ic t the probability  ra tio  fo r muon and P -decay modes 
of the pion. In p a r tic u la r , since the pion is a p seu d o sca lar 
p a rtic le , this tran sitio n  is only possib le in we ak -in te r  action 
theory with pseudoscalar o r ax ia l-v ec to r coupling. C alcu la
tions of th is kind w ere c a rr ie d  out as long ago as 1949 by 
Ruderm an and F inkelstein  [73] and S teinberger [74] who 
showed that fo r pseudosca lar coupling, the decay probability  
ra tio  for the n -*-e -f- v and n ->■ p +  v decay m odes is

R = w(n-*e+v)  _  M l — Ml  
ay(n->p+v) ~ M l  — Ml

(2.42)

i.e . the case of pseudosca lar coupling may be re jec ted . F or 
the ax ia l-vec to r in te rac tion

«  =  ^ 4 4 « ^ - M 4 . ^  =  1.36.10
^ (rt-^p + v ) M n— AfJ AfJ (2.43)

This re su lt becam e p a rticu la rly  im portan t a fte r the d iscov
ery  of the non-conservation  of p a rity  which led to  a V — A 
theory re s tr ic tin g  all possib le  in te rac tions in p decay to the 
v ec to r and ax ia l-vec to r v a rian ts . P rac tica lly  all ex p erim en 
ta l data on p decay w ere eventually found to be in agreem ent

Fig. 2.33 Feynman diagram for the process 
n-+p + v or e + u when the pion is regarded 
as an intermediate state of a nucleon- 
antinucleon pair
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with th is theo ry , and only the absence of n -> e  +  v decay 
could becom e c r itic a l fo r the theory .

The sea rch  fo r the e lec tro n  decay of the pion was a d if
ficu lt experim en ta l p roblem . The ea rly  w ork by F riedm an 
and Rainw ater [75], Lokanathan and S teinberger [76] and 
Anderson and L attes  [77] did not lead to the d iscovery of 
th is decay mode , since the sensitiv ity  and re liab ility  of the 
experim en ta l m ethods w ere e ith e r inadequate o r only just 
w ithin the n ecessa ry  range. It was not until 1958 that the 
ex istence  of th is decay mode was dem onstrated  with adequate 
re liab ility .

E xperim entally , the problem  was to iso la te  a m onochro
m atic P line with energy of about 70 MeV orig inating  in it e 
decays against a background of a much la rg e r  num ber of 
betas from  p — e decays having a continuous energy sp ec 
tru m  with a cut off at about 53 MeV. In the experim ent of 
Lokanathan and S teinberger [76], the separa tion  of mono
ch rom atic  e lec tro n s from  at e decays from  elec trons be
longing to the continuous \x-+e spectrum  was c a rr ie d  out by 
the absorption  method with appropriate  f ilte rs  in the e lec tron  
te lescope. An additional c r ite rio n  was the tim e d istribu tion  
of the e lec tro n  p u lses: since the it e decay occurs with the 
life tim e of the pion, events due to it e decays should be 
reco rd ed  m ainly in ‘fa s t’ coincidences, while the slow coin
cidences should be m ainly due to e lec tro n s.

No it e decays w ere reco rd ed  in th is experim ent, and 
a fte r an analysis of the sensitiv ity  of the appara tus, Lokan
athan and S teinberger concluded tha t the probability  of the 
it e decay was not m ore than 1 in 17 000. In view of the 
fact that many of the e s tim a te s  in th e ir  experim ents w ere 
very  approxim ate, in p a r tic u la r , the es tim a ted  efficiency of 
the e lec tro n  te lescope may have been too high, it may be 
concluded that th e ir  re su lt is not in sharp  conflict with the 
theory  which req u ire s  the ra tio  to be 1:9000.

Fazzin i et al. [78] and Ashkin, Fazzini e ta l .  [79] used  the 
sam e basic  p rincip le  as Lokanathan and S teinberger. How
e v e r , they im proved the method with the re su lt that the ap
p ara tu s  becam e m ore sensitive  to i t e  decays. The main 
im provem ent was a considerab le in c rease  in the efficiency 
of the e lec tro n  te lesco p e , and the im provem ent in the tim e 
reso lu tion  of pu lses from  it ->■ \i e and it ->■ e decays. The 
experim ent is illu s tra te d  in Fig. 2.34. The electron  te le 
scope consisted  of eight sc in tilla tion  counters (5.12) sep 
a ra ted  by seven graphite ab so rb e rs . Coincidences 1234
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(counter 3 served  as the ta rg e t in which the pion cam e to 
re s t)  signalled pions stopping in counter 3. Coincidences 
5-12 indicated decay e lec tro n s . A fast coincidence c ircu it 
reco rded  all coincidences between coun ters 1, 2, 3, 4 and 
counters 5-12 in the tim e in te rva l between 60 and 160 nsec 
a fte r the a rr iv a l of a pion (1234). In the p resen ce  of such 
coincidences, pu lses from  counters 3 and 12 w ere fed into 
a ‘fa s t’ oscilloscope and the w ave-form  was photographed. 
The pulse from  the large Nal counter at the end of the 
e lec tron  telescope was also  displayed on th is osc illoscope.

A typical oscilloscope tra c e  for the usual n n -+ e decay 
is shown in Fig. 2.34 (top left). The Jt and p pu lses o r ig 
inated in counter 3 as a re su lt of the a r r iv a l of a pion and 
its decay into a muon. Pulse e (3) from  counter 3 is p ro 
duced by a decay e lec tron . The sam e e lec tro n  produced 
coincidences 5-12 and the pulse from  counter 12, which can 
also be seen on the trace .

The second tra c e  from  which the muon pulse is absent 
may have been due to the Jt e mode, but it may also  have 
been due to the usual ji — |x e decay in which the muon 
pulse was not reso lved  by the sc in tilla tion  coun ter, o r  a 
random  coincidence between pu lses (1234) and (5-12). To 
sep a ra te  tru e  ji —>e decays from  the background of u n re so l
ved Jt p — e decays and random  coincidences, Fazzini e t 
al. investigated the num ber of jt |x e and ji -> e decays 
as a function of the th ickness of the ab so rb e r in the e lec tro n
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2.34 The search for n — e decay mode (Fazzini 
et al.)
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te lesco p e , and the d istribu tion  of these decays in tim e. Total 
absorp tion  of e lec tro n s from  \i-> e decays req u ire s  3 0 g /cm 2 
of carbon. F orty  it e decays w ere observed at th icknesses 
of about 30, 31, 32 and 34 g /c m 2 in which pulses from  the 
pion and e lec tro n  w ere sep ara ted  by m ore than 8.3 nsec. The 
tim e d istribu tion  of these forty  decays was in agreem ent 
with the life tim e of the positive pion (tjt+= (22 ± 4) nsec). 
T hese data th e re fo re  provide a very  definite indication of 
the ex istence of the decay mode.

Ashkin, Fazzini et al. es tim ated  the probability  of the 
it — e +  v decay m ode, using  the efficiency of the e lec tron  
te lescope calcu lated  by the Monte Carlo method. The re su lt 
was

^ = a ^ + v )  =  (122±030) i0_,
W  ( l t - >  J-l +  v )

The e lec tro n  decay of the pion has also  been detected in 
bubble-cham ber photographs by Im pedugliaet al. at Columbia 
U niversity  [80]. A liquid-hydrogen bubble cham ber of d iam 
e te r  30 cm and depth 15 cm was placed in a field of 8800 
gauss and was exposed to a beam  of slow positive pions. On 
the av erag e , the cham ber reco rded  about ten stopping pions 
p e r  p ic tu re . In m ost cases  the observed  decay e lectrons 
w ere  due to the decay of muons orig inating from  pion decays, 
and the com plete sequence was c learly  seen on
the photographs. In approxim ately one case out of fo rty , the 
in te rm ed ia te  slow muon was not observed. Such elec trons 
o rig inated  e ith e r  from  the decay of stopping muons produced 
in the decay of pions in flight, o r (this is le s s  likely) as a 
re su lt  of ji e +  v decays. To iso la te  the exceedingly ra r e  
ca se s  of +  v from  \i-+ e decays, the m omentum of the
decay e lec tro n s was determ ined  from  th e ir  deflection in the 
m agnetic field  (the m axim um  mom entum  of e lec trons from  
\i e decays is 53 M eV /c, while n-*~e decays yield  mono
ch ro m atic  e lec tro n s with momentum of about 70 MeV/c).

Out of a to ta l num ber of 65 000 n p. -> e decays, th e re  
w ere  1766 events in which the slow in te rm ed ia te  muon could 
not be seen. M oreover, the positron  spectrum  for 2983 it 

e decays was carefu lly  determ ined and it was seen that 
in none of these  cases  did the energy of the e lec tro n s exceed 
62 MeV, while in the sp ec tru m  of the \i~+ e decays shown in 
Fig. 2.35 th e re  a re  six values of energy n ea r 70 MeV. They 
th e re fo re  had to be asc rib ed  to it e decays. The mean
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Fig. 2.35 The spectrum of positrons from p^e decays 
obtained with a hydrogen bubble chamber. Histogram — 
experimental data, solid curve — expected spectrum 
for p = 0.75. The spectrum of p — e decays cuts off at 
about 55 MeV. The six particles from n — e decays have 
energies of about 70 MeV

energy for these six  cases was 72.9 ± 1.5 MeV, which is 
h igher than the expected value of 69.8 MeV. The d iscrepancy  
may be due to sy stem atic  ca lib ration  e r r o r s .

Let us consider now the experim ents of Anderson and 
L attes [77] and Anderson et al. [81], the la t te r  being a con
tinuation of the fo rm er. In these ex p erim en ts , the group of 
m onochrom atic 70-MeV elec tro n s from  n~+e  decays was 
separa ted  from  elec tro n s due to p e decays by m eans of 
the m agnetic sp e c tro m e te r described  in Section 2.4. In the 
f ir s t  experim ent [77], the e lec tro n  decay mode was not d e 
tected , and it was deduced from  the es tim a ted  sensitiv ity  of 
the apparatus that the re la tiv e  probability  of jt — e decays 
could not be g re a te r  than 2 x 10~5. A fter the e lec tro n  decay 
was detected in the experim ents d escribed  above, Anderson 
et al. [81] repeated  the experim ent with im proved e lec tro n ic  
equipm ent. The m agnetic sp ec tro m e te r which they em ployed 
has already been d iscussed  (cf. F igs. 2.15 and 2.16). Instead  
of the single detec to r of decay e lec tro n s used  in [77], the 
new instrum ent incorporated  the th ree  sc in tilla to rs  4a, b, c 
at the exit of the sp ec tro m e te r which reco rd ed  e lec tro n s in 
th ree  adjacent energy in te rv a ls . We shall not d iscuss here  
the re la tive ly  com plicated e lec tron ic  equipm ent em ployed 
in th is experim en t, and will m ere ly  note that the n-*-e
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decays w ere  indicated on the sc reen  of an oscilloscope by a 
la rg e  positive pulse produced by a pion stopping in counter 3, 
a s m a lle r  positive pulse produced by the e lec tro n  leaving 
counter 3 and a negative pulse produced by the e lec tron  
en terin g  counter 5. The tim e in terval between the f ir s t  two 
positive pu lses was equal to the lifetim e of the pion in the 
ta rg e t counter 3. As a control experim ent, the m ean lifetim e 
of the positive pion was estim ated  from  the distance between 
pu lses from  counters 2 and 3. The re su lt was

xn =  (25.6 ±  0.8)-10“° sec

E lec tro n  energy sp e c tra  from  jt — p — e decays obtained 
with th is sp ec tro m e te r have been d iscussed  e a r l ie r  in con
nection with the Michel p a ram e te r q.

Fig. 2. 36 shows sp e c tra  of e lec trons from  n — p — e and 
jt — e decays obtained with this instrum ent. The num ber of 
(x — e and jt — e coincidences per 107 coincidences between 
coun ters 2 and 3 is plotted as a function of e lec tron  energy 
in MeV. It should be noted that the sca le  for the Jt — p — e 
decay is  g re a te r  by a fac to r of 200.

The re la tiv e  probability  of Jt — e decay
w j n ^ e + v )
aj(jt->[x +  v)

was found to be R = (1.21 ± 0.07) x 10~4 . T heory, including 
rad ia tiv e  co rrec tio n s to Jt — e decay, y ields 1.23 x iO " 4 .

Fig. 2.36 The spectrum of electrons from n -e  and p - e  
decays (Anderson et al.)
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It may th e re fo re  be concluded that the ex istence of the 
jt -v e +  v decay mode and the ag reem en t of the m easu red  
decay probability  with the theory of the u n iv e rsa l F erm i 
in teraction  with vecto r and ax ia l-v ec to r v a rian ts  have now 
been dem onstrated.

2.12 ft DECAY OF THE PION

In th is section we shall consider experim enta l data on 
the decay of charged pions into e le c tro n s , neu tra l pions and 
neutrinos in accordance with the schem e

By analogy with the p decay of nucleons, th is  decay mode 
may be re fe rre d  to as the p decay of the charged pion. 
Z el’dovich [82] has estim ated  the probability  of th is p ro cess  
by analogy with the F erm i P tran sitio n  /  =  0 -W  =  0 .  He 
showed that the probability  of the p decay of charged pions 
should be of the o rd e r of 10~8 of the probability  of the n o r
mal Jt — p +  v decay mode. The decay mode indicated by
(2.44) is of in te re s t in connection with the su ccess  of the 
un iversa l F erm i in teraction  theory which p red ic ts  that the 
vecto r constant in weak in te rac tions is unaffected by the 
p resence  of strong  in te rac tions. We have a lready  indicated 
that th is prediction is a consequence of the hypothesis in 
volving the conservation  of the vecto r cu rren t.

If th is hypothesis is valid , then the probability  of p ro cess
(2.44) will be

w here g is the vecto r w eak-in teraction  constant given by 
(cf. Equation (2.24)) g «  1.00 x 10"5 AT2, M the proton m ass 
and A the m ass difference of charged and n eu tra l p io n s , 
which is equal to 8.8 ± 0.6 e lec tron  m asses  (Table 1, Chap
te r  1). Using Equation (2.45) and the known m ean lifetim e of 
charged pions ( t  = 2 .56  x 10~8 sec), it can easily  be v erified  
that the re la tiv e  probability  of the p decay of charged pions 
should be

jt± e± +  Jt° +  v (2.44)

(2.45)
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Several th eo re tica l calculations have been perfo rm ed  to 
obtain a m ore accu ra te  re su lt  fo r (2.46). The m ost rigo rous 
deriva tion  of the possib le  co rrec tio n s to (2.45) was c a rr ie d  
out by T e ren t’ev, who found that R =  (1.03 ±0.03) xlCT8. 
The e r r o r  indicated in th is re su lt includes theo re tica l 
u n ce rta in tie s  and u n ce rta in ties  connected with e r ro r s  in 
the values of the constants.

We thus see tha t a determ ination  of the probability  of the 
|3 decay of charged pions should, at leas t in p rinc ip le , lead 
to the verifica tion  of the conservation of vecto r cu rren t.

Fig. 2.37 illu s tra te s  an experim ent in which the probability  
of (5 decay of charged pions was m easured  by Dunaitsev et 
al. [83, 135] using  the synchrocyclo tron  at the Joint Institute 
fo r N uclear R esea rch  in the USSR. Coincidences due to the 
two y ray s  produced in the decay of the neu tra l pion in

1, 2, 3 — sc in t i l la t ion  counters  
identifying the positive  pion 
beam; 4 — counter in which p o s i 
tive pions came to rest; 5 , 6  — 
Cerenkov spectrom eters for y 
rays from neutral-pion decays;  
CH2 — P olyethylene absorber, M— 
magnetic lens

Fig. 2.37 Detection of /3 decay 
of pions (/r + -»77'°+e + + ̂ )

(2.44) w ere reco rded . The positive pions w ere stopped in 
the sc in tilla to r  of counter 4 and y ray s  from  neutra l-p ion
decays w ere reco rd ed  by total absorption Cerenkov counters.
The m ost im portan t source of background in th is difficult
experim en t was charge exchange of positive pions in the
sc in tilla to r . This gave r is e  to neu tra l pions whose decay
sim ula ted  the req u ired  effect.

S im ilar studies have been ca rr ie d  out by D epom m ieret al.
[84], B acstrow  [85] and B artle tt et al. [137] who reco rded
both the y ray s  from  decaying neu tra l pions, and decay
positrons with en e rg ies  of about 4 MeV. In addition, the
annihilation rad ia tion  due to positronium  produced afte r the
d ece le ra tion  of the positron  in the sc in tilla to r  was recorded .
Decay probability  data obtained in these experim ents are
su m m arized  in Table 2.4.

It follows from  th is table that the probability  of the p
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Table2.4 Measured decay probability for the 7T+-*7f + e ++ v
decay mode

Reference Number of
7 7 +  77° + 6  ++ V

d ecays

R elative  decay  
probability R

[ 135] 43 (1.1 ± 0 .2 )  x 10'8
[ 136] 38 (1.0 ±0 .2 )  x 10'8
[S5] 10 (2.0 ±0 .6 )  x 10"8

[137] 36 (0.97 ±0 .2 )  X 10'8

decay of the pion does in fact approach the th eo re tica l r e 
sult. This means that the ‘weak vecto r ch a rg e ’ of pions is 
the sam e as the ‘weak vecto r ch a rg es’ of nucleons and le p 
tons to within 20%.

2.13 RADIATIVE CORRECTIONS TO n -p -e  DECAY

2.13.1 Radiative corrections to the energy spectrum and 
asymmetry in p -e  decay

The predictions of the fo u r-fe rm ion  in te rac tio n  theo ry , 
d iscussed  e a r l ie r  in connection with the p a ra m e te rs  c h a ra c 
te riz in g  jt — p — e decays, w ere obtained without taking into 
account the in te rac tion  between the four ferm ions p a r tic ip a t
ing in the decay p -> e +  v +  v and the e lec tro m ag n etic  field . 
Radiative co rrec tions to p — e decay have been calcu lated  
by Behrends [86], B erm an [87], K inoshita and S irlin  [88], 
Kuznetsov [89] , Gatto and Luders [91], T zoar and Klein [92], 
P ra tt [93], F ronsdal and U berall [94] and o th e rs . These c o r 
rec tions are  p roportional in f ir s t -o rd e r  pertu rb a tio n  theory  
to the product of the square of the w eak -in terac tion  constant 
and the square  of the charge of the e lec tro n , i.e . p roportional 
to G2a w here a =  e2/ h c  is the f in e -s tru c tu re  constant.

To find the c o rre c t energy sp ec tru m  and decay p ro b ab ility , 
the in teraction  H am iltonian / / 'o f  the tw o-com ponent neutrino  
theory m ust be rep laced  by

// =  // ' +  H"

w here

H " =  e 'M p 'M p +
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re p re se n ts  the in te rac tion  with the electrom agnetic  field A p. 
R estric tio n  to f i r s t -o rd e r  pertu rbation  theory  corresponds 
to Feynm an d iagram s 2-6 in Fig. 2.38.

D iagram s 2-4 rep re se n t v irtua l p ro cesses  in which the 
em itted  photons a re  absorbed by one of the four p a r t ic le s , 
while the la s t two d iag ram s rep re se n t the em ission  of rea l 
photons in the fo rm  of in te rna l b rem sstrah lu n g  from  the 
p — e decay:

This phenomenon is called  the rad ia tive  decay of the muon. 
R adiative co rrec tio n s soften the spectrum  by rem oving high- 
energy elec trons and tra n s fe rr in g  them  to the low -energy 
p a rt of the spectrum . Since the in tensity  of the decay e lec 
tro n s  fa lls  off very  rapidly  at low en e rg ies , sm all rad ia tive

Fig. 2.38 Feynman diagrams for radiative corrections to p—e 
decay

co rrec tio n s  w ill a l te r  the shape of the low -energy end of the 
spectrum  considerably . The magnitude of th is effect is i l lu s 
tra te d  in Fig. 2.39, which shows the e lec tro n  spectrum  p re 
dicted by the two-com ponent theory  ( q =  3/4) and the 
c o rrec ted  spectrum . The co rrec tio n s reduce the Michel 
p a ra m e te r  q by approxim ately 6%. In the experim ental 
determ inations of q d iscussed  above, the spectrum  was 
com pared with the th eo re tica l spectrum  co rrec ted  fo r 
rad ia tiv e  effects, and th e re fo re  Table 2.1 gives the ‘tru e ’ 
value of q.

Another consequence of the rad ia tive  co rrec tio n s is  a 
m odification of the asym m etry  in the e lec tron  spectrum  at 
low en e rg ies . This effect has been d iscussed  by Kinoshita 
and S irlin  [96] and Kuznetsov [89], who have shown that the 
change in the asym m etry  coefficient is quite substan tia l fo r 
e lec tro n  energ ies below 5-10 MeV (10-20%). It has no effect 
on the accuracy  of the m easured  asym m etry  p a ram ete r q , 
how ever, because the num ber of such e lec tro n s is  sm all. 
The effect of rad ia tiv e  co rrec tio n s on the m agnitude of the 
asym m etry  coefficient averaged over the en tire  spectrum

p -> e -f v -]- v -f y (2.47)
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N (x )

Fig. 2.39 The spectrum of elec
trons from p —e decays with and 
without radiative corrections 
(broken and solid curves respec
tively)

is th e re fo re  also very  sm all. The co rrec tio n s  reduce the 
absolute magnitude of th is coefficient by le ss  than l% , m ak
ing it equal to -0.330 instead  of -1 /3  as p red ic ted  by the 
V — A theory. Radiative co rrec tio n s will also  affect the to tal 
decay probability  fo r m uons, in c reasin g  it by approxim ately
0.5% (cf. Section 2.3).

2.13.2 Internal bremsstrahlung in p-e decay

p — e decay re su lts  in the appearance of a fa s t charged 
p a rtic le . We have a lready  indicated that the appearance of 
the charge is accom panied by the em ission  of photons which 
a re  usually  re fe rre d  to as in ternal b rem sstrah lu n g , while 
the decay itse lf  (cf. Equation (2.47)) is called  rad ia tiv e  decay. 
The probability  of rad ia tive  decay, in accordance with the 
schem e given by (2.47), and the energy sp ec tru m  of the r e 
su lting  photons have been calculated by many w orkers b e 
ginning with L enard  [98]. He obtained the sp ec tru m  and the 
angular d istribu tion  of photons from  p — e decays, which he 
describ ed  by the sum  of s c a la r , vec to r and te n so r  in te r 
actions. It should be noted that if the fo rm  of the H am iltonian 
fo r the p — e decay is  known then the rad ia tiv e  decay is 
unam biguously determ ined. However, the fo rm  of the photon 
sp ec tru m  is determ ined mainly by the e lec trom agnetic  natu re  
of the p ro cess  and is  not very  sensitive  to the p re c ise  fo rm  
of the weak in teraction .

In the f i r s t  approxim ation the photon sp ec tru m  produced 
in the rad ia tive  decay is proportional to
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i.e . it has the form  of the b rem sstrah lu n g  sp ec tru m , d iv erg 
ing in the in fra red .

The photon spectrum  in teg ra ted  over the e lectron  spectrum  
and angles of em ission  has been calculated by K inoshita and 
S irlin  [96] fo r the tw o-com ponent neu trino , neglecting the 
e lec tro n  m ass in com parison  with its  energy. The re su lt is

aR(y)dy= ~ ( {  — y) dy\
OJl

X
7 - 2 ( 1 - , ) ’

2 In —  — +  In (1 — y)
tne 6

- ^ ■ ( 1 - 4 0 ( 2 2 - 1 3 , )

(2.48)
dy

w here Rdy is the ra tio  of the rad ia tive  decay probability  of 
the muon to the to ta l probability  of its  decay in accordance

2Ewith the schem e p -*-<? +  v 4- v ; y = — ? is  the ra tio  of the

photon energy to the m aximum energy of the decay e lec trons. 
A s im ila r  exp ression  fo r th is spectrum  has been repo rted  
by E ckstein  and P ra tt  [95]. The energy spectrum  of the in 
te rn a l b rem sstrah lu n g  is shown in Fig. 2.40, w here R (y) is  
plotted as a function of the photon energy y. It can read ily  
be shown by in teg ra ting  th is spectrum  that about 4.9% of all 
(x — e decays a re  accom panied by the em ission  of photons 
with en e rg ies  g re a te r  than 2 me, which co rresponds to the 
th resh o ld  fo r the form ation  of e lec tro n -p o sitro n  p a irs . Even 
when the photon energy is g re a te r  than 20 me «  10 M eV,the 
num ber of such decays is s till  1.2%. We thus see  that in te rna l 
b rem sstrah lu n g  is a very  appreciable effect. It may be noted 
that the magnitude of th is effect is independent of the re la tiv e  
m agnitude of the V and A in teraction  constants.

D irec t observation  of rad ia tive  decays in p a r tic le - tra c k  
detecting  devices is not possib le  because photons do not

i I i I i 1 i I —
0 02 0.4 0.6 0.3 7.0

0

Fig. 2.40 Internal bremsstrahlung 
spectrum (Eckstein and Pratt). 
Radiative decay probability is 
plotted as a function of photon 
energy y



100 Muons

produce track s . However, in te rna l conversion of photons into 
e lec tro n -p o sitro n  p a irs  at the tim e of decay can be noted 
from  the appearance of the c h a ra c te r is tic  th re e -p a r tic le  de
cay, in which th ree  e lec tro n s a re  found to o rig inate  at the 
point at which the muon com es to re s t:

p -v e +  v +  v -(- (e* +  e~)

Eckstein and P ra tt  have shown that the probability  of th is 
phenomenon is low er by approxim ately th ree  o rd e rs  of m ag
nitude than the p ro cess

H ->■ r f  v +  v - f  y

Fig. 2.41 shows an exam ple of a th re e -e le c tro n  decay of a 
positive muon reco rded  in a nuclear em ulsion of G urevich 
et al. [99].

A sea rch  fo r such decays was also  conducted by Lee and 
Samios [100], who looked at 2.2 x lo 5 n — p — e decays

o

Fig. 2.41 Decay of the pion in accordance with the 
scheme p^ e+ v+ v+ e*+  e~. The electron-positron pair 
(ei>ei) occurs at the point of decay of the muon (Gurevich 
et al.)

obtained with a hydrogen bubble cham ber in a field  of 8800 
gauss. They detected th ree  decays into th ree  e lec tro n s s im i
la r  to those found by G urevich et al. The rad ia tive  decay 
of the muon has also  been investigated  with a 5-inch freon  
bubble cham ber by C rittenden et al. [101], who looked at 
approxim ately 3.3 x 105 stopping positive muons. They d e
tected  about ten muon decays with the em ission  of th ree  
e lec trons. F rom  these data, and from  the known scanning 
effic iency , the re la tiv e  probability  of th is  decay mode has
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D ay(|j,+ -^ e+ -|-v +  v + ( c + -'-e ))
A ----------------T-----T--------n-------

w([i +v-j-v)
(2.2 ±  1.5) -10~5

which is in qualita tive agreem ent with the th eo re tica l e s t i 
m ates of E ckstein  and P ra tt.

In the sam e p ap er, C rittenden et al. [101]rep o rted  m e as
u rem en ts  of _the probability  of the rad ia tive  decay p ro cess  
p e +  v -f-v  +  Y and of the photon spectrum  produced in 
th is  decay. The basic  idea was to lookfor e lec tro n -p o sitro n  
p a irs  which w ere  spa tia lly  co rre la ted  with the point at which 
the muon decayed. Fig. 2.42 shows the photon spectrum  de
te rm in ed  from  the range and sca tte rin g  of e lec tro n -p o sitro n

Fig. 2.42 The spectrum of internal 
bremsstrahlung obtained from mea
surements of the energy of con
version pairs in a bubble chamber. 
The number of pairs in a 10-MeV 
interval is plotted as a function 
of the pair energy EP in MeV 
(histogram); the solid curve is the 
expected spectrum based on 
Equation (2.48)

p a irs . It is based  on 313 such decays. The so lid  curve shows 
the expected sp ec tru m  (Equation (2.48)). It is c lea r  that the 
ag reem en t is  excellen t. Theory shows that the probability  of 
decay accom panied by photons with energ ies in excess of 
10 MeV (y >  0.2) is

R (>  0.2) =  ” (M--*e +  v + v_+y> =  l .3 . 10" 2

a^p-ve+ v)

w hilst the experim ental re su lt was R (>  0.2) = (1.4 ± 0.4) 
x 1 0 '2.

One of the f i r s t  attem pts to observe rad ia tiv e  p — e decay 
using  counter techniques was rep o rted  by Ashkin et al. [102]. 
A m ore detailed  experim enta l study was c a rr ie d  out by Kim 
et al. [103], who reco rd ed  the photons with a la rg e  Nal(Tl) 
c ry s ta l used  as a to tal absorption sp ec tro m ete r (Fig. 2.43). 
The positive-p ion  beam  was brought to r e s t  in a g raphite 
ta rg e t which was viewed by a te lescope consistingof annular
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Incident pi on beam
T

Lead shield

Axis of 
symmetry

Nal crystal

Lead collimator

Fig. 2.43 Determination of the 
spectrum of internal bremsstrahlung 
in fi — e decay (Kim et al.)

sc in tilla to rs  1 , 2 , 3 ,  an anti-co incidence counter 4 and a 
la rg e  Nal c ry s ta l surrounded  by a lead co n v erte r. U npolar
ized muons w ere produced as a re su lt of jt — p decays in the 
g raph ite  ta rg e t and the rad ia tiv e  decay of th ese  muons was 
signalled  by coincidences between decay e lec tro n s  in the 
th ree  annular counters 1 ,2 ,3  and photons in the Nal counter. 
The coincidence pulse was used  as a gating pu lse , allowing 
the pulse from  the Nal counter to en te r a 50-channel p u lse -  
height analyser. The am plitude of the pulse from  the Nal 
counter^ was a m easu re  of the photon energy in the |x -*• e 
+  v +  v -f- y decay.

The experim ental data a re  com pared with the th eo re tica l 
p red ic tions in Fig. 2,44, in which y' is  the energy of photons 
reco rded  by the Nal counter, and R (y ') Ay' the ra tio  of the

Fig. 2.44 The experimental spec
trum of internal bremsstrahlung 
from fi — e decay (Kim etal.). The 
histogram represents the expected 
spectrum in accordance with 
Equation (2.48)
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probability  of rad ia tiv e  decay to the to ta l p robability  of the 
usual n e +  v v decay mode. The h is to g ram  shows theo 
re tic a l values of R (y ') dy' calculated on the basis of V — A 
theory  with a tw o-com ponent neutrino (q =  3 /4), co rrec ted  
fo r the reso lu tion  of the apparatus. The experim ental data 
a re  indicated by the points.

The above review  of experim ental data on the in te rn a l 
b rem sstrah lu n g  from  |x — e decays shows that they a re  in 
good agreem ent with p red ic tions based on the assum ption 
that the muon in te rac ts  with the electrom agnetic  field in a 
way which is analogous to the in teraction  of an e lectron  
with th is field.

2.13.3 Internal bremsstrahlung from pion decays (n—p+v+y)

decays re su lt in the appearance of m onochrom atic 
m uons, and the d istribu tion  of secondary-m uon ranges shown 
in Fig. 1.3 (Chapter 1) can be accounted for by fluctuations 
in ionization lo sses . T here a re , how ever, r a r e  cases in 
which muons with anom alously la rg e  and anom alously sm all 
ranges a re  observed. These are  due to two causes. Some of 
the -v jj, decays occur in flight, mainly n ea r the end of the 
pion range, and these  a re  so u rces of muons with both anom 
alously la rg e  and anom alously sm all ran g es , depending on 
the angle between the d irec tions of motion of the muon and of 
the pion at the instant of decay. Another source of anomalous 
ranges is the rad ia tive  decay of the pion. This effect is 
ch a ra c te riz ed  by the appearance of a photon at the instan t 
of decay and is analogous to the in te rn a l b rem sstrah lu n g  in 
^ -> e decay (cf. Secti n 2.13.2). In th is p ro c e ss , the decay 
is accom panied by the appearance of a photon in accordance 
with the schem e

n -> y +  v +  y

and the energy of the muon is reduced accordingly. Since 
rad ia tiv e  decays can lead only to a reduction in the muon 
ran g e , they can easily  be sep ara ted  from  decays in flight if 
the muon is em itted  in the forw ard  d irection . A muon em itted  
in the forw ard  d irec tion  with an anom alously sh o rt range can 
only have been produced in the rad ia tive  decay of a pion.

An in te re s tin g  exam ple of the rad ia tive  decay of a pion has 
been published by F ry  et al. [104] and is shown in Fig. 2.45. 
A muon and an e lec tro n -p o sitro n  p a ir  o rig inate  at the point
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Fig. 2.45 Radiative de
cay tT-*[i + v + (e + + e~)

at which the pion decays. The p a ir  was produced as a re su lt 
of in ternal conversion of the photon at the tim e of decay 
according to the schem e

n (x +  v +  (e+ +  e )

A s im ila r  conversion p ro cess  was d iscussed  prev iously  in 
connection with rad ia tiv e  p — e decay (Fig. 2.41).

F ry  [105] found six decays in flight and an equal num ber 
of rad ia tive  decays among 11 841 it — p decays in photo
graphic em ulsions. He used  th is re su lt to ca lcu la te  the ra tio  
of the probability  of rad ia tive  decay to the probability  of the 
usual decay mode. The re su lt was

=  +  (3.3 ±1.3) .  10"4
®(n->p +  v)

D etailed studies of rad ia tiv e  pion decay w ere c a r r ie d  out 
by Castagnoli and Muchnik [106] in photographic em ulsions. 
T hese w orkers used  Ilford  G-5 em ulsions andfound87 muon 
tra c k s  with anom alously sh o rt ranges (less than 500 m icrons)
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am ong 93 045 jc— \i decays. Analysis of the possib le  d is trib u 
tion of ranges shows tha t, with these  s ta tis t ic s , fluctuations 
in ionization  lo sses  could not have led to the appearance of 
sh o r t- ra n g e  muons with ranges le ss  than 475 m icrons. After 
excluding a sm all num ber of decays in fligh t and a few doubt
ful sh o rt track s  fo r which the jt— decay point could not be 
unam biguously determ ined , o r for which ionization and 
m u ltip le -sca tte rin g  m easurem en ts gave contrad ictory  r e 
su lts , th e re  was a resid u e  of 25 ranges between 340 and 475 
m icrons. The experim ental data a re  com pared with th e o re t
ica l p red ic tions in Fig. 2.46. The probability  F ( R ) of e m is 
sion of a muon with a range le ss  than a given value R was

Fig. 2.46 Radiative decay of the pion 
(Castagnoli andMuchnik). The solid 
curve represents the theoretical de
cay probability given by Equation 
(2.49)

obtained by in teg ra ting  the d ifferen tia l photon spectrum  
from  n p +  v +  y decays, calculated  by Ioffe and Rudik 
[107] and by Fialho and Tiomno [108], who showed that

0  700 200 300 400 500
R range of muon, microns

5?   in ^  +  P̂ M— ^ ] d E  (2.49)
p (E — p)M — |a2(.E — p)M— |x'

l
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w here R dE is the ra tio  of the probability  of rad ia tiv e  decay 
(n -v  p+v +  v) to the usual decay ( jt-v  p+v ) mode, E and 
p a re  the energy and mom entum  of the muon, and E0 and p0 
a re  the m axim um  values of these  p a ra m e te rs  corresponding
to the norm al decay.

The figure also shows F ry ’s re su lts ; the indicated un
ce rta in tie s  are  the s ta tis tic a l e r ro r s .  F o r ranges r <  435 
m icro n s , these data a re  in agreem ent with the theory  which 
yields R( r <  435 m icrons) = 0.79 x 10 L The experim en
ta lly  observed probability  of rad ia tive  decay with the muon 
energy in the range 1.85-3.35 MeV is

R  =  ^(jt-^p +  v +  Y) =  (1.24 ±  0.25) • 10'4
aj(ji-vp +  v)

It is evident from  Fig. 2.46 that the agreem ent between 
experim ent and theory d e te rio ra te s  as R in c re a se s , but 
th is d iscrepancy need not be reg ard ed  as decisive because 
it may be due to un d eres tim ates of s trag g lin g , inadequate 
geom etrical co rrec tio n s , and so on.

Binnie et al. [109], working on the L iverpool synch ro 
cyclotron, reco rded  photons from  rad ia tiv e  pion decays 
using counter techniques. A fter sub trac ting  a substan tia l 
background, th e re  w ere twenty resid u a l ca ses  of rad ia tiv e  
decay. The num ber expected under the conditions of the ex 
perim en t was twelve. The re su lts  of th is  w ork a re  th e re fo re  
in qualitative agreem ent with (2.49) and with the re su lts  ob
tained with nuclear em ulsions.

T heore tica l aspects of rad ia tive  jt — (i decay have been 
considered  by a num ber of w orkers . Ioffe and Rudik and 
Fialho and Tiomno assum ed that it — p decay can be de
sc ribed  by gradient o r non-grad ien t point in te rac tion . The 
rad ia tive  decay probability  has also been es tim ated  by Huang 
and Low [110], who postulated that the pion decays into a v i r 
tual proton-antinucleon p a ir  which then undergoes annihil
ation. Assum ing that

G y  . G  p me--- ^  ------------------
G A G a  M

w here me and M a re  the m asses  of the e lec tro n  and of the 
nucleon respec tive ly , they found that the re la tiv e  probability  
of the rad ia tive  mode was

^min
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w here comax and o)min a re  the m axim um  and m inim um  e n e r
gies of the reco rded  photons respective ly . By record ing  all 
photons between 1 MeV and the m axim um  possib le energy 
of 28 MeV, we obtain R — 3.7 x 10 ~4, which is in agreem ent 
with the experim ental values of R given above.

2.14 SEARCHES FOR RARE MUON DECAY MODES 

2.14.1 The /j.->e+y mode

The decay of the muon into an e lec tron  and a photon has 
a ttra c te d  considerab le attention and has been investigated 
with gradually  in c reas in g  sensitiv ity . This decay mode is a 
n ecessa ry  consequence of theo ries  requ iring  the existence 
of an in te rm ed ia te  p a rtic le  responsib le  for the weak in te r 
action. Feynman and Gell-M ann [21] proposed that the in te r 
action of four ferm ions occurs non-locally  and hence the two 
c u rre n ts  form ing the fo u r-fe rm ion  in te rac tion  (e.g. pv and 
ev) exchange a p a r tic le  between them . This p a rtic le  should 
be charged and its  spin should be 1 (charged vecto r boson) in 
o rd e r  to ensu re  that vecto r and ax ia l-v ec to r fo rm s of the 
weak in te rac tion  a re  possib le . M oreover, in o rd e r  to explain 
the absence of the p ro cess

the m ass of the in te rm ed ia te  boson IFshouldbe g re a te r  than 
the m ass of the kaon. The ex istence of th is boson leads to a 
num ber of consequences fo r p — e decay. F or exam ple ,L ee 
and Yang have shown that the Michel p a ram e te r q which 
de term ines the shape of the spectrum  of e lectrons from  
muon decays ( p->- e +  v +  v ), in c rease s  from  q =  3/4  in 
the tw o-com ponent neu trino  theory to

while the life tim e of the muon d ec reases  in the ra tio

as com pared  with the value p red ic ted  by V — A w eak -in te r- 
action theory. T h u s , if the m ass of the in te rm ed ia te  boson 
is equal to the m ass of the kaon, the m agnitude of q should

W +  y
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in c re a se  to approxim ately  0.76, w hilst the life tim e should 
d ec re a se  by 2-3%. However, we saw  at the beginning of th is  
chap ter that the Michel p a ra m e te r  q cannot be m easured  at 
p re se n t to an accuracy  which would allow us to d istinguish  
between 0.75 and 0.76, and the u n ce rta in tie s  in the life tim e 
of the muon asso c ia ted  with rad ia tiv e  co rrec tio n s  a re  also  
of the o rd e r of a few p e r  cent. T here  is ,  how ever, another 
consequence of the ex istence of the in te rm ed ia te  boson which 
can be te s ted  experim en ta lly , nam ely, the muon can decay 
into an e lec tro n  and a y ray :

p -► e -f v

If the in te rm ed ia te  boson W ex is ts , th is  is  a seco n d -o rd e r 
p ro cess  in which the y ray  is produced as a re su lt  of the 
following v irtu a l in te rac tio n s.

1. T ransfo rm ation  of the muon into an in te rm ed ia te  boson 
and a neutrino

[ x ^ r  +  v (2.50)

2. E m ission  of a photon by the in te rm ed ia te  boson:

W - * y + W  (2*51)

3. Conversion of the in te rm ed ia te  boson into an e lec tron  
through the absorption of a neutrino:

W + v - > e  (2 -52)

T hese p ro cesses  can be described  by the Feynm an d ia 
g ram  shown in Fig. 2.47. The net re su lt of th ese  p ro cesses  
is  the c rea tion  of an e lec tron  and a photon:

p e +  y

This effect req u ires  that the neutrino em itted  in (2.50) should 
be absorbed in the p ro cess  describ ed  by (2.52).

The f i r s t  of these  neutrinos is  connected with the muon in 
the muon w eak-in teraction  c u rre n t, and the second with the

7

Fig. 2.47 Feynman diagram for 
the (x -* e + y decay with an inter
mediate vector boson
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e lec tron  in the e lec tron  cu rren t. Hence in o rd e r that the 
reac tio n s (2.51)-(2.53) should be possib le , it is necessary  
that muon and elec tron  neutrinos be identical ).

The probability  of the above th ree  p ro cesses  should be of 
the o rd e r of the product of the weak- and e lectrom agnetic- 
in te rac tio n  constants G'2a,i.e . it should be la rge  enough for 
an experim enta l te s t. Gell-M ann et al. [117] have estim ated  
the re la tiv e  probability  of p -> +  y a n d  p -*■ +  v +  v
decays as

This form ula is  valid for A »  w here //% is the m ass of 
the in te rm ed ia te  vecto r boson A the cut-off p a ram ete r. For 
reasonab le  values of this p a ram e te r, ~  10~3-10‘4 .

Let us consider now the various experim ental searches 
fo r th is decay mode.

a. B ubble-cham ber experim ents.
The detection of p -> e +  ydecays in the bubble cham ber 

reduces to a sea rch  for p — e decays accom panied by the 
appearance at som e distance from  the decay point of an 
e lec tro n -p o sitro n  p a ir  due to conversion of the y ray. The 
p a ir  energy should approach 53 MeV and the y r a y  should 
be em itted  in the opposite d irection  to the electron . K rest-  
nikov et al. [118] have looked for such decays in a freon- 
filled  bubble cham ber. They analysed 91 000 stopping positive 
muons in the cham ber and with a y -ray  reco rd ing  efficiency 
of about 25% at 53 MeV they did not find a single decay 
which could be re liab ly  identified as the p e +  y decay. 
It follows that the probability  of this decay, R ,  is  le ss  than 
4 x 1 0 ' 5. C rittenden et al. [101] used a s im ila r  method and 
w ere also  unable to find a single p - > e + y  decay among 
220 000 p+ decays and hence estim ated  that R  < . 2.5 x 10 '5.

b. Counter experim en ts .
In these  experim ents the ta rg e t in which the positive pions 

a re  brought to r e s t  and the p — e decay can occur is s u r 
rounded by positron  and y - ra y  counters capable of re co rd 
ing p a rtic le s  with energ ies of about 55 MeV. The efficiency 
and reso lu tion  of the y -ra y  and electron  counters have 
gradually  been in c reased , and backgrounds due to random  
coincidences and to rad ia tive  decays ( p - ^ e  +  v +  v +  y)
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have been reduced. Another im provem ent has been the d e
velopm ent of fa s te r  o scilloscopes fo r reco rd in g  the events. 
The f i r s t  experim ents of th is kind w ere c a rr ie d  out by 
Lokanathan and S teinberger [119], who did not detect the 
p e +  Y mode and concluded that R c  2 x 1 0 ‘5.

Davis et al. [120] reco rded  y rays and e lec tro n s with 
two te lescopes consisting  of sc in tilla tion  and w a te r-f illed  
Cerenkov counters and concluded that R <  10 5.

As an exam ple of such ex p e rim en ts , le t us consider the 
work of F rankel et al. [121] (Fig. 2.48). A beam  of 250- 
Me V / c  positive muons was brought to r e s t  in a lucite  ta rg e t.

Fig. 2.48 Search for the p->e + y 
decay mode (Frankel et al.)

Ci and C2 w ere p la s tic  sc in til la to rs , and C 3 and C4 la rg e  
Nal(Tl) c ry s ta ls  (1 2 .5 -cm d iam ete r, 15-cm long). M onochro
m atic positrons and y rays produced in possib le  p->e-j-Y  
decays would have been re liab ly  observed in these  c ry s ta ls . 
Counters Ci and C2 w e re u se d in  an an ti-co incidence sy stem : 
the absence of pulses from  them  indicated that the_operation 
of C3 and C 4 was due to y ray s . C3 C 4C 1C 2 o r C3 C4 CJC 2 co in
cidences signalled  the req u ired  decays when the to ta l energy 
d issipated  in C a and C 4 was about 53 MeV.

In a fortn ight’s run , about 9 x l o 6 p ->• e +  v +  v decays 
w ere reco rded , in which the positron  energy was about 
53 MeV, but the num ber of coincidences between th ese  
positrons and pu lses due to y ray s of equal energy did not 
exceed the expected random  coincidence ra te . A nalysis of 
these data leads to the conclusion that R <  1.2 x 1 0 ‘ 6 with 
a 90% confidence level. The absence of p ->■ e +  y decays 
has also  been confirm ed by O’Keefe et al. [122], using  the 
L iverpool a c c e le ra to r , by B erley  et al. [123], and by Ashkin 
et al. [102], working with the CERN synchrocyclo tron .



I l lPi on decay

In all these  p apers the upper lim it fo r the re la tiv e  p rob 
ability  of th is  decay mode was repo rted  to lie  in the range 
R = (1.5-6.0) x i O '9. T hese re su lts  a re  sum m arized  in 
T able 2.5. A fu rth e r  in c re a se  in the sensitiv ity  of such m eas
u rem en ts  was achieved by placing sp a rk  cham bers in front 
of the  positron  and y - ra y  counters. This p rocedure has led 
to a considerab le  in c re a se  in the angular reso lu tion  of the 
ap p ara tu s , and to an in c re a se  in the efficiency and re liab ility  
of the experim ents.

Fig. 2.49 shows the apparatus used  by Alikhanov et al. 
[123a]. In th is  f igu re , O is  a cy lindrical counter ta rg e t in 
which the positive pions w ere brought to r e s t  (2300 per sec).

B — s ix - layer  cylindrical spark chamber; M — sing le-layer  plane spark 
chamber; K - l ,  K - 2  — cameras; S — mirror used to obtain stereoscop ic  
image; I, II, A, 1 -12 -  sc in t i l la t ion  counters

Fig. 2.49 The experiment of Alikhanov et al.
C oincidences in counters O, A (4,5,6) o r (7,8,9) o r (1,2,3) o r 
(10,11,12) fix the num ber o fji — e decays in the counter t a r 
get O. F ast 0 ,4 ,5 ,7 ,8 ,6 ,9 ,A and 0 ,1 ,2 ,10 ,11 ,3 ,12 ,A coinci
dences w ere used  to produce a pulse which operated the 
sp a rk  cham bers. The track s  left by charged p a rtic le s  in the 
gaps between the sp a rk -ch am b er e lec tro d es w ere photo
graphed in two d irec tions by cam eras K -l and K-2. A th ird  
ca m era  photographed the sc reen  of an osc illoscope, which 
w as used  to m easu re  the tim e between the 1,11,0 and 0 ,4 ,5 ,7 , 
8 ,6 ,9 ,A o r 0 ,1 ,2 ,10 ,11 ,3 ,12 ,A 'coincidence signals.

The s ix - la y e r , cy lindrical sp a rk  cham ber, which was co
axial with the counter ta rg e t O , was designed for the detection 
of the e lec tro n  and y ray  in the muon decay. One of the cylin
d e rs  was made of lead and the o thers of alum inium . In this 
way, e lec tro n -p o sitro n  p a irs  produced by V ray s w ere r e 
corded in the la s t two gaps of the cham ber, while e lectrons 
w ere  reco rd ed  in all six  gaps.
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The plane, sing le-gap  sp a rk  cham ber M was used  to de
te rm in e  the coordinates of the point of en try  of positive pions 
into the counter O in the plane perp en d icu la r to  the  beam . 
The following se lection  c r i te r ia  w ere used  to sep a ra te  p o s
sib le  p e +  Y decays from  the background of norm al p — e 
decay modes accom panied by the detection of y rays in the 
cy lindrical sp ark  cham ber.

1. The tim e between the a r r iv a l of a positive pion and the 
e, y, event m easured  on the osc illoscope m ust lie  in the 
range 0 <  t <  5 p sec.

2. T here m ust be no o ther track s  in the cy lind rica l sp a rk  
cham ber apart from  the e lectron  tra c k  and the track s  
of the e lectron  p a irs  produced by the y.

3. The point of en try  of the positive pion, m easured  with 
the aid of the sp a rk  cham ber M, m ust be within 2 cm of 
the extension of the e lec tron  tra c k  into the cy lind rica l 
sp a rk  cham ber.

4. The angle between the electron  and the y ray  m ust be 
within the range 180 ± 6° in the plane p erpend icu la r to 
the beam , and in the range 180 ± 4 0 °  in the o ther p ro 
jection.

In 66 hours of operation , 5.5 x 108 stopping positive pions 
w ere reco rded  in counter O, and th e re  w ere six events fo r 
which the angles between the e lec tron  and y ray  lay in the 
range 174-144° in the f ir s t  projection. T hese w ere m ost 
probably p ^ - e  +  v +  v +  y decays. C alculations p red ic ted  
six rad ia tive  decays in the range 180-144°. This experim ent 
yielded the following upper lim it fo r the probability  of p — 
e +  y decays with a 90% confidence level:

# < 5 -1 0 “7
A fu rth e r  reduction in the upper lim it of the experim enta l 
value fo r the p e -f y decay probability  has been obtained 
with sp a rk  cham bers by Frankel et al. [124, 126] and 
B artle tt et al. [125,126]. In both cases  la rg e  sp a rk  cham bers 
w ere placed before e lec tron  and y—ray  coun ters. D espite the 
g rea tly  inc reased  sen sitiv ity , no p e +  y decays w ere  d e
tected , and the upper lim its  fo r the re la tiv e  decay probability  
w ere found to be

# < 1 .9 - 10'7, #  < 6  - 10~8

with a 90% confidence level. A com plete sum m ary  of the 
various experim ental data is given in Table 2.5.

It is c le a r  that experim ents with p ro g re ss iv e ly  in c reased
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Table 2.5

Reference
Method of recording of 
the electron and photon 

from f j . - + e + y  decays

e  +  y )
iC

Cc)( 6+ V-\~ l / )

[118 ] Freon bubble chamber <4 x 10'5

[ 119] Scintilla tion  counters <2  x 10'5

[ 101] Freon bubble chamber < 2 .5  x 10*5

[ 120] Cerenkov counters < 1 0 '5

[123] Scintillation counters <2  x 10'6

[ l 2 l ] Large crysta ls  for e  and y  

counting
< 1 .2  x 10*6

[ l 2 2 ] N al(T l)  crystal for e lectrons  
and te le sco p e  with lead  
converter for y ' s

< 6 x 1 O'6

[102 ] Range te le sco p e  for e lectrons  
and large N al(Tl) crystal for 
y ' s

< 1 0 '6

[ l 2 3 ] Spark chambers and 
sc in t i l la t ion  counters

<5 x 10'7

[ 138] Spark chambers and large 
crysta ls  for e ' s  and y ’ s <4 x 10'8

[ 125] Spark chambers and 
sc in t i l la t ion  counters

<6  x 10'8

[139] » < 1 0 '8

sen sitiv ity  and re liab ility  have not succeeded in detecting 
the expected p —>■ 6 -j- \ decay mode, and tha t the re la tiv e  
p robab ility  of th is mode is le ss  than 10 7 -10 8. It is  thus 
considerab ly  low er than the probability  R ~  1(T3-10~4 p re 
dicted by V — A theory , assum ing the p resen ce  of the in te r 
m ediate  vec to r boson.

2.14.2 The fx->3e mode

The F erm i in te rac tio n  theory  involving a p a ir  of charged 
and a p a ir  of neu tra l p a r tic le s  forbids the p ro cess
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(2.53)
However, if the decay

p - > e  +  y (2.54)
e x is ts , then the decay of the muon into th ree  e lec tro n s could 
occur as a re su lt of the in ternal conversion  of the y ray . 
The probability  fo r th is p ro cess  would be low er by two o r  
th ree  o rd e rs  of magnitude than the probability  of (2.54).

The decay mode (2.53) should be accom panied by the ap
p earance  at the decay point of th ree  cop lanar re la tiv is tic  
e lec tron  track s . T hese events can be reco rd ed  in nuclear 
em ulsions and bubble cham bers with alm ost 100%effic ien cy , 
but have not been observed so fa r. Table 2.6 shows the r e 
su lt of sea rch es for the p -> 3e decay mode using  bubble 
cham bers and nuclear em ulsions.

The total num ber of n p — e decays which have been 
observed in various lab o ra to rie s  is  now considerab ly  g re a te r  
than 106 and it may th e re fo re  be concluded tha t the re la tiv e  
probability  of p 3e decays m ust be le s s  than 10 6, i.e .

R = w(t= * e± e+ _e ) ^ - .  
w(p ^ e  +  v +  v)

A sea rch  fo r the p+ 3e decay mode has been c a rr ie d  out 
using  counter techniques by P a rk e r  and Penm an [127] and 
by Babaev et al. [128, 140]. The fo rm e r experim ent is i l 
lu s tra ted  in Fig. 2.50, which shows the sc in tilla tio n -co u n te r 
ta rg e t in which the positive-p ion  beam  cam e to r e s t  (the 
beam  is incident at righ t angles to the plane of the figu re ), 
and th ree  identical e lec tron  te lescopes fo r de tecting the th ree  
decay elec trons from  p+ e+ +  e“ +  e+ decays. Each elec tron

Table 2.6 Search for the /~i->3e mode

Reference
Number of 

7T-> f i  -  e  

decays
Method

[ ioo] 2.2 x 10s Hydrogen bubble chamber

[ 101] 3.3 x 10s Freon bubble chamber

[ 126] 4 .0  x 10s Nuclear emulsion

[99] 2.0 x 10s
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Fig. 2.50 Search for the p + -*3e mode (Parker and 
Penman). The cylindrical target (scintillation 
counter) is surrounded by three identical electron 
telescopes (Av Av AJ, (Bv B2, B3) and(Cv Cv C3)

te lescope  consists  of two sc in tilla tion  counters with graphite 
ab so rb e rs  between them  and a la rg e  anti-coincidence coun
te r .  About 109 m esons w ere  brought to r e s t  in the cylindrical 
coun ter ta rg e t. When the efficiency of the en tire  apparatus 
fo r the sim ultaneous detection of the th ree  e lec tro n s is taken 
into account, the num ber of stopping pions is calculated to 
be 1.7 x 107. A ltogether five cases w ere found of the s im u l
taneous appearance of th ree  e lec trons which w ere tim e- 
c o rre la te d  with the ji+ — (i decay. It was estim ated  that all 
five cases  could be explained by the decay schem e

(j," - > -  c' e e *  +  v  +  v

i.e . a rad ia tiv e  decay in which, instead  of the photon, an 
e lec tro n -p o s itro n  p a ir  is produced.

The upper lim it fo r the th re e -e le c tro n  decay probability

^  w Qx-> e -f  g +  g)
uy(|i->e +  v + v )

was estim ated  to be 5 x 10 7, which is le ss  than the re su lt ob
tained  with bubble cham bers and nuclear em ulsions. Babaev 
et al. [128] have used  sp a rk  cham bers in conjunction with
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sc in tilla tion  counters in an apparatus s im ila r  to that em 
ployed by Alikhanov e t al. Again, the th re e -e le c tro n  decay 
of the muon was not detected  and the upper lim it of the r e l 
ative decay probability  was found to be R <  2.6 x 10"7.

F rankel e t al. have found that / ? <  1.5 x 1 0 ‘7.

2.14.3 The neutrino-less conversion of a muon into an electron

The n eu trin o -le ss  conversion  of a muon into an e lec tron  
re fe rs  to the tran sfo rm atio n  occu rrin g  in the Coulomb field  
of the nucleus jV  of a m esonic atom. This p ro cess  can be 
described  by the schem e

\x~ +  N N* +  e~ (2.55)

w here N is an u c leo n o r nucleus. In th is p ro c e s s , the nucleus 
reco ils  and the e lec tro n  energy is approxim ately  equal to

electron without the emission of a neutrino (Sard, Crowe and Kruger). 
The meson beam is horizontal and the particles leaving the meson target 
at right-angles to the muon beam enter the magnetic spectrometer. The 
energy of these particles is measured with a long scintillator at the 
spectrometer exit
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the muon r e s t  energy m^c2 =  100 MeV o r a little  le ss  if the 
nucleus is  left in an excited  s ta te . The possib ility  of th is  
p ro ce ss  is  also  connected with the p -> e +  y decay mode. 
The negative muon absorbs a v irtual photon in the nuclear 
Coulomb fie ld , tran sfo rm in g  into an e lec tro n , while the 
nucleus N* abso rbs the excess m omentum of the in teraction .

Until recen tly , the only sea rch  fo r th is  reac tio n  was the 
w ork by S te inberger et al. [129], who looked fo r p—-g con
v ers io n  by reco rd in g  p a r tic le s  with ranges g re a te r  than
24.5 g /c m 2 of polyethylene, leaving a 3 .2-m m  copper p late 
in which negative muons cam e to re s t. The n eu trin o -le ss  
reac tio n  in th is  case  is

p- +  Cu->Cu +  *r (2.56)

The re su lt was negative and it was estim ated  that the ra tio  
R of the probability  of the reac tions described  by (2.56) to 
the probability  of absorption of the negative muon by the 
copper nucleus was

R = a>0*~ +  Cu->g~ +  Cu) _8 
w (p +  Cu ->-v -j~ Fe)

Sard et al. [130] used  a m agnetic sp ec tro m e te r to se lec t 
e lec tro n s  with en e rg ies  of approxim ately 95 MeV, as shown 
in Fig. 2.51. This led to a considerab le reduction in the 
background and to an im provem ent in reso lu tion . These 
w o rk e rs  found an upper lim it for R of (412) x 10“6.

C onversi et al. [131] have studied the decay mode (2.55) 
in a s e r ie s  of experim ents of p ro g ress iv e ly  increasing  
sen sitiv ity . The la s t experim ent of th is  group is  illu s tra ted  
in Fig. 2.52. Negative muons w ere brought to r e s t  in the 
copper p la tes of a sp a rk  cham ber so that it was possib le to 
observe the tra je c to r ie s  of e lec trons whose energy was 
m easured  by a la rg e  Nal sc in tilla to r  counter. The u se  of 
the sp a rk  cham ber toge ther with the oscilloscope technique 
fo r d isplaying counter pu lses led to a considerab le im prove
m ent in reso lu tion . Among 2 x 10° m esons com ing to r e s t  in 
the copper p la tes  of the sp a rk  cham ber, four e lec trons with 
en e rg ies  between 95 and 100 MeV w ere reco rd ed , but they 
could have been due to the background. Conversi concluded 
from  th is that the re la tiv e  probability  of the n eu trin o -le ss  
conversion  of the negative muon into an e lectron  is not 
m ore  than 2 x 10~T.
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SC — spark chamber in whose  
copper plates the negative muons 
were observed; Nal — totally  ab
sorbing crysta l  recording e l e c 
trons with energy of ~ 100 MeV; 
1 , 2 — sc in tilla tor  counters for 
recording the negative  muon 
beam; 3, 4, 5, Nal form an e l e c 
tron te le sc o p e

Fig. 2.52 Experiment of Conversi 
et al.

It may be concluded tha t m easurem en ts to date  do not show 
the ex istence of the n eu trin o -le ss  conversion  of the negative 
muon into an e lec tron . However, as the sen sitiv ity  of the 
m ethods in c re ase s  and the background is  reduced , the upper 
lim it of the probability  R continues to fa ll. The various pub
lished  experim ental re su lts  a re  sum m arized  in Table 2.7.

2.14.4 Discussion of data on rare decay schemes

The data review ed above indicate that none of the following 
decay modes have so fa r  been observed:

p 3e (2.53)

p e +  y (2.54)

p T" jV —>■ N -)- 6 (2.55)

This may be reg ard ed  as s tro n g  evidence against the e x is 
tence of the in te rm ed ia te  vec to r boson if the analysis is  
confined to the sin g le-n eu trin o  theory . C onsider, fo r ex
am ple, the decay p -v e +  y. If the boson resp o n sib le  fo r 
weak in te rac tions e x is ts , and if the two neu trinos a re  iden
tic a l, th is  decay should occur with a re la tiv e  probability  of 
about 10~3- 1 0 '4, w hereas experim ent y ie lds R <  10“7-1 0 -8.

The s im p lest hypothesis which would explain the absence 
of these  reac tio n s is that th e re  ex ist two types of neu trino ,
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i.e . the muon neutrino  orig inating  in jt — [x decay:

i t  —>- (X +

and the e lec tron  neutrino  which appears, fo r exam ple, in (3 
decay:

If these  neu trinos a re  d ifferen t, then reac tions (2.53)-(2.55) 
a re  forbidden absolutely by the law of conservation  of lep - 
tonic charge , since the righ t and left sides of these  reactions 
contain d ifferen t leptons.

In C hapter 1 we considered  the neutrino experim ents p e r 
form ed at Brookhaven and CERN. These experim ents showed 
that the neutrinos produced in n — jx +  v decays can produce 
muons in accordance with the schem es

Vn +  p -> n +  |x+
"V +  n -*■ p +  |x~

but do not produce e lec trons and p o sitro n s, i.e .

Vjx +  p -/*■ tl +  6*
Vn +  n p +  e~

One would expect that such e lectrons would be produced 
if ve =  Vn. R esu lts of such experim ents thus indicate why 
the se a rch  for the r a r e  decay schem es has been u n su ccess
ful.

It m ust also  be noted that th e re  a re  as yet no d irec t ex 
p erim en ta l data indicating the ex istence of the in te rm ed ia te

Table 2.7

Reference
Method of recording 

of e lectrons with 
e n e r g ie s ^  100 MeV

Range in 
polyethylene

[ 129] Magnetic spectrometer < 1 0 '3

[ 13 0 ] Differential range spectrum
+ 3 -6 

<(4  ) x 10 
- 2

[ 131] Spark chamber < 5 .9  X 10“

[ 131 ] T otally  absorbing Nal 
crystal

<2 X 10'7
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boson responsib le  for weak in te rac tions. E xperim ents with 
h igh-energy neutrinos which w ere considered  in C hapter 1 
did not provide any evidence fo r the ex istence of such a 
p a rtic le . Analysis of these  experim ents leads to the conclu
sion that if such a p a rtic le  does ex is t, its  m ass m ust be 
very  la rg e  2 GeV with a 99% confidence level).



Chapter 3

NEGATIVE-MUON CAPTURE

3.1 N E U T R O N S FROM N U C L E A R  p  C A P T U R E

In C hapter 1 we sum m arized  the re su lts  of experim ental 
stud ies of the in te rac tion  of muons with the s im p lest nuclei,
i.e . protons and He3. It was shown that the in teraction  of 
the negative muon with nuclear m a tte r can be explained by 
postu lating  the reac tio n

+  p - +  n  +  v (3.1)

in which the proton cap tu res the negative muon and is t r a n s 
form ed into a neutron and a neutrino. P rac tic a lly  the en tire  
energy lib e ra ted  in th is p ro ce ss , which is c lose  to the r e s t  
energy of the negative muon, is c a rr ie d  off by the neutrino. 
A detailed  analysis was given in C hapter 1 of the ex p e ri
m ental data on the in te rac tio n  of negative muons with nuclei, 
together with a d iscussion  of the conclusions which may be 
drawn from  these data  re la tin g  to the nature of the F erm i 
in te rac tio n  (3.1).

The secondary  p a rtic le s  produced in th is reac tio n  a re  the 
neutron and the neutrino . We will begin our review  of phe
nom ena which occur during the cap ture of negative muons 
by nuclei, with experim ents in which the neutrons em itted
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in th is p ro cess  have been observed. It follows from  the e le 
m entary  reac tion  (3.1) that the cap ture of a negative muon 
by a proton reduces the nuclear charge by 1:

p- +  ZA -+ { Z — 1)A +  v (3.2)

If the muon is cap tured  by a proton at r e s t ,  the energy of 
the neutron in reac tion  (3.1) is approxim ately 5.2 MeV. 
Since, however, the nucleons in the nucleus a re  in constant 
m otion, the neutron energy is found to be appreciab ly  
g re a te r , and may reach  a few tens of MeV. The fast neutron 
e ither leaves the nucleus, o r e jects a p a r tic le  through a d i r 
ect in teraction , o r tra n s fe rs  its energy to o ther nucleons, 
thus ‘exciting’ the nucleus. In the ‘evaporation’ which fol
lows th is excitation, the em ission  of protons and o ther 
charged p a rtic le s  is im peded by the Coulomb b a r r ie r ,  and 
th e re fo re  the p a rtic le s  em itted  during th is p ro ce ss  a re  
mainly neutrons and y ray s .

The f irs t  experim ents with neu trons from  n u clear p ' 
capture w ere those of Sard e t a l. [1] and G roetzinger 
[2], who estab lished  the ex istence of a co rre la tio n  b e 
tween the absorption of a negative muon and the em ission  
of a neutron, and estim ated  the m ean num ber of neutrons 
p e r p ' cap ture (the so -ca lled  ‘m ultip lic ity ’ n ) .  In som e 
experim ents perfo rm ed  a fte r 1952-1953, it was possib le  
to in c rease  the neutron detection efficiency, and th is led 
to a considerable im provem ent in the s ta tis tic a l accuracy  
(Widgoff [3], Jones [4], Kaplan [5]). E xperim ents c a rr ie d  
out p r io r  to 1953 have been review ed by Sard and Crouch [6],

The f i r s t  apparatus for the detection of neutrons from  nu
c lea r p" cap ture was built by Sard at W ashington U niversity  
(Fig. 3.1). Coincidences between two row s of G eiger count
e rs ,  A and B, which w ere not accom panied by counts in the 
row  C, i.e . events of the type ABC, identified co sm ic -ray  
m esons which passed  through 12.7 cm of lead  and cam e to 
r e s t  in the 7 -cm -th ick  lead ta rg e t. N eutrons em itted  by the 
lead nuclei w ere detected by the th e rm al neutron  counters 
N located in a la rg e  block of paraffin  which slowed them  
down to the rm al en e rg ies . The neutron coun ters w ere p ro 
portional counters filled  with Blu-en rich ed  boron tr if lu o rid e . 
N eutrons em itted  in p cap ture  w ere identified by delayed 
coincidences in N, using  the fact that the m oderation  
of fast neutrons to the rm al energ ies occurs in a tim e  of 
the o rd e r of 1 p s e c ,  w hereas the d rift of tim e befo re  B10
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Fig. 3.1 Detection of neutrons re
sulting from the capture of slow 
cosmic-ray negative muons in lead 
(Sard et al.)
cap tu re  is of the o rd e r  of IO-IOOju sec. A fter each ABC event, 
the c irc u it produced an 80-jusec gating pulse which was de
layed by 4 jusec re la tiv e  to the ABC pulse. This delay was 
n ec e ssa ry  to reduce the background due to prom pt counts in 
N. ABCN coincidences se lec ted  neutrons which w ere tim e - 
c o rre la te d  with the cap ture of negative muons in the lead 
ab so rb e r. F o r contro l pu rposes, the neutron counters w ere 
covered  by a cadm ium  shield . The efficiency of the appara
tus and the significance of the final re su lts  may be judged 
from  the following figures^. In 181 hours of operation at se a  
level, th e re  w ere  61 ABCN coincidences, w hilst the e s t i
m ated  num ber of random  coincidences was 0.2. When the 
boron coun ters w ere  placed  behind the cadm ium  shield  th e re  
w ere  no ABCN coincidences in 51 hours of operation. In add
ition  to showing the co rre la tio n  between stopping negative 
muons and the em ission  of neutrons, the experim ent was 
also  the f i r s t  d irec t dem onstration  of the fact that negative 
muons cap tured  by nuclei w ere capable of producing nuclear 
d is in teg ra tio n s.

An in te re s tin g  m odification of this method was rep o rted  
by A lthaus [7], who com bined a m ultip late W ilson cloud 
cham ber with boron neutron  counters sunk in a paraffin  
block. This m ethod was used to obtain photographs of muons 
stopping in the lead p la tes of the cloud cham ber accom pa
nied by counts in the boron coun ters.

S im ilar m ethods of reco rd in g  neutrons with boron count
e r s  su rrounded  by paraffin  w ere used by G roetzinger et al. 
[2, 8], who deflected negative muons on to an abso rber with 
a m agnetic field. The num ber of neutrons p er muon capture 
in the lead  ab so rb e r was es tim ated  from  these  experim ents 
to be n = 1.96 ± 0.72.

®  ®  ®  ®  ®  

Paraffin
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Q uantitative experim ents of the kind describ ed  above a re  
very difficult because of the absolute neutron detection effi
ciency and the num ber of muon cap tu res m ust be d e te r 
m ined. M oreover, the effect of p a r tic le s  which can also  
genera te  neu trons, e.g. pro tons and pions m ust be e lim i
nated. This was achieved by perfo rm ing  som e of the m e a s 
urem ents underground (a re a l  density of the ab so rb e r up to 
2000 g /cm 2).

The neutron detection efficiency in the above experim ents 
was quite sm all. F or exam ple, even in the experim ents of 
Widgoff [3], who achieved the highest efficiency, it only 
am ounted to about 7%.

In the experim ents of Kaplan [5], how ever, the neutrons 
w ere detected with an efficiency approaching 60% by a 
liquid sc in tilla to r containing cadm ium  (Fig. 3.2). The vol
ume of the detector was so la rg e  that the efficiency was 
p rac tica lly  independent of the neutron energy. The neutron  
counter was in the form  of a cy linder (75-cm  long, 75-cm  
diam eter) with re flec tin g  w alls , and filled  with a toluene 
solution of terphenyl. Of the neutrons slowed down in th is 
m edium 95% w ere captured  by the cadm ium  in the solution, 
giving r is e  to y - ra y  cascades with to ta l en erg ies of 9.2 MeV. 
The rem ain ing  5% of neutrons w ere  cap tured  by pro tons 
with the appearance of 2.2-MeV y ra y s . M ost of th ese  w ere 
converted into e lec trons producing sc in tilla tio n s in the 
counter. The sc in tilla to r was viewed by 44 pho tom ultip liers 
in two independent groups. P u lses from  the neutron  counter 
and from  counters I, II, III, IV, which defined the nega tive- 
muon beam  w ere fed into two oscilloscopes whose sc re en s  
w ere photographed on the sam e fram e.

The following neutron m ultip lic ities  w ere obtained:
1. s ilv e r n ~  1.55 ± 0.06;
2. iodine n ~  1.49 ± 0 .0 6 ;
3. gold n -  1.63 ±  0.06;
4. lead n =  1.64 ± 0.07.

Table 3.1 gives the neutron d istribu tions obtained in these  
experim ents ( f (n) re p re se n ts  the probability  of em issio n  
of n neutrons).

It is evident from  Table 3.1. that the probab ility  of e m is 
sion of no neutrons at all in the cap ture of negative muons 
by heavy nuclei is com paratively  high: it approaches 0.4 
and is nearly  equal to the probability  of em issio n  of a 
single neutron. The data a re  not accu ra te  enough to e s tab 
lish  the existence of em ission  of four or m ore neu trons.
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Photomult i pi ier

Lead 
absorber

W\ P la s t ic
scintillator
Target

5?] Cadmium-loaded 
liquid scintillator

Neutron-counter 
y  photomultiplier

Target 
(Pb or Ag)

Fig. 3.2 Detection of neutrons from negative-muon 
capture in lead, iodine, gold, and silver (Kaplan et al.)

T able 3.2 su m m arizes  m ost of the available data on the 
m ean num ber of neutrons produced in nuclear p,~ capture.

A nalyses of the em ission  of neutrons in jj,' capture 
based  upon evaporation  theory  have been c a rr ie d  out by 
Tiom no and W heeler [11], Rosenbluth [12], Lubkin [15], 
Kaplan [5] and Singer [16]. The problem  was to find the nu
c le a r  excita tion  function from  a postulated m odel, and 
hence, to use the evaporation theory to determ ine p a ra 
m e te rs  such as the m ean num ber of neutrons p er cap tu re , 
the num ber d istribu tion  of em itted  neutrons and the neutron 
energy sp ec tru m . Some of the re su lts  of such es tim ates  a re



Table 3.1 Distribution of neutrons from negative-muon captures
in Ag, I, Au and Pb

Element / ( 0 ) / ( I ) / ( 2 )

Ag 0.383 +0.025 0.455 +0.025 0.124 +0.015
I 0.393 +0.026 0.463 +0.026 0.107 +0.014

Au 0.368 +0.022 0.447 +0.023 0.144 +0.014
Pb 0.376 +0.027 0.446 +0.028 0.121 +0.016

Element / (3 ) / (4 ) / ( >  4)

Ag 0.033 ±0 .007 0.002 +0.003 0.002 +0.002
I 0.029 +0.007 0.007 +0.004 0.000 +0.002

Au 0.027 +0.006 0.011 +0.003 0.002 +0 .002
Pb 0.049 +0.010 0.007 +0.004 0.002 +0.002

Table 3.2 Mean number n of neutrons (multiplicity) in nuclear negative•
muon capture

Nucleus Z n Method R eference

Na 11 1.0 + 0.4 Boron counters for s low [ 4 ]

Mg 12 0.6 +0.2

neutrons, magnetic deter
mination of the sign  of the 
sign  of the muons 
Boron counters for s low [ 9 ]

Al 13 0.95 +0.17
neutrons
Boron counters for s low [ 4 ]

Ca 20 0 .4 0 + 0 .4
neutrons

[ 9 ]
Ag 47 1.55 +0.06 Liquid sc in ti lla tor  with Cd for [ 5 ]

Sn 50 1 .54  +0.12
neutron counting  
Boron counters for s low [ 3 ]

I 57 1.7 ±0.4
neutrons
Radiochem ical method: search [ 10]

Pb 82
1.49 ±0.06  
2.14 ±0.13

for T e iso to p e s ,  accelerator

[ 5 ]
[ 3 ]

Au 79

1.64 ± 0 .0 7  
1.70 ±0 .30

1.50 ± 0 .40  
1.96 ±0.72

2.32 ±0 .17  
1.63 ±0.06

Boron counters for s low  
neutrons

Boron counters for s low  
neutrons

1

l

[6]

: 4 ]
[8]

[3]
: 5 ]
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given by Kaplan [5], who used  two n uclear m odels, nam ely, 
the F erm i gas model with two values of the reduced 
nucleon m ass ( M r = M and M r =  M /2) ,  and the a -p a rtic le  
m odel in which negative muons a re  assum ed to be absorbed 
by an a p a rtic le  in a nucleus. Both m odels a re  capable of 
accounting for the experim ental data on neutron m ulti
p lic itie s  fo r lead and s ilv e r  in te rm s  of the e lem entary  
reac tion

p +  p -> n +  v

A m ore sensitive  verifica tion  of evaporation theory would be 
achieved by studying the neutron energy spectrum  and by 
im proving the accuracy of data on the probability  of em ission  
of se v e ra l neu trons, but experim ents of th is kind have not 
been p erfo rm ed  to date.

3 .2  EMISSION OF CHARGED P A R T IC L E S  IN 
N U C L E A R  p ~ C A P T U R E

F o r tw elve y e a rs  following the d iscovery of the muon in 
1936, no experim ental evidence was forthcom ing for the 
ex istence of specifica lly  nuclear in teractions in nuclear p" 
cap tu re . One of the f i r s t  experim ents indicating the p r e s 
ence of such in te rac tions was perfo rm ed  by C am erini [17], 
who exposed nuclear em ulsions at mountain altitudes. The 
em ulsions w ere surrounded  by a la te ra l lead sc reen  but 
w ere exposed at the top and bottom to cosm ic rad iation . By 
following m eson track s  in the em ulsion from  the capture of 
o s ta r s  back to the points of en try  into the photographic 
p la te , C am erin i showed that m ulti-p rong  o s ta r s  w ere p ro 
duced as a r e s u lt  of the cap ture of m esons leaving the lead 
sc re e n , w hilst m esons producing sing le-prong  s ta r s  usually 
en tered  em ulsions from  above, i.e . from  a ir . Such s ta rs  
w ere due m ainly to negative muons produced at m oderate 
altitudes by p rim ary  cosm ic rad ia tion .

G eorge and Evans [18], exposed nuclear em ulsions under 
a depth equivalent to 40 m of w ater. The em ulsions w ere 
p re p a re d  and developed underground to reduce the back
ground, and a to ta l of about 30 a s ta r s  due to negative muons 
was observed .

A detailed  study of s ta r s  produced as a re su lt of nu
c le a r  p~ cap ture becam e possib le when pure  negative-m uon 
beam s produced by a c c e le ra to rs  becam e available. The
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experim ents have now been c a rr ie d  out both with nuc lear 
em ulsions and with bubble cham bers. A c h a ra c te r is tic  fea
tu re  of negative m uons stopping in em ulsions o r  bubble 
cham bers is that m ost of the stopping tra c k s  a re  not accom 
panied by the appearance of secondary charged  p a r tic le s  in 
the detecting m edium . We have seen above tha t about 40% of 
|x~ cap tu res by heavy nuclei a re  not accom panied even by the 
em ission  of neutrons. It is evident that the em issio n  of 
charged p a rtic le s  is im peded to an even g re a te r  extent by 
the p resen ce  of the Coulomb b a r r ie r .  A ccording to [18, 19], 
97.6% of negative muons stopping in the em ulsion do not 
form  v isib le  s ta r s ,  2.2% give r is e  to sing le-p rong  s ta r s  
and only about 0.2% are  accom panied by s ta r s  with two or 
m ore prongs.

T hese data a re  sum m arized  in Table 3.3, toge ther with 
the corresponding prong d istribu tion  for s ta r s  produced by 
stopping negative pions in nuclear em ulsions (Menon et al. 
[23]). L ess  than 3% of stopping negative muons produce v is 
ible s ta r s ,  com pared with 72% of stopping negative pions.

A s im ila r  re su lt  was obtained by S tanard [20], who s tu d 
ied the probability  of |A~ cap ture in carbon, using a propane 
bubble cham ber. He found only th ree  one-prong s ta r s  among 
190 negative muons stopping in the cham ber. The energy of 
the secondary p a rtic le s  in these s ta r s  was found to be le ss  
than 15 MeV when they w ere assum ed to be p ro tons.

Secondary charged p a rtic le s  em itted  as a re s u lt  of |x" 
cap ture by the em ulsion nuclei have sh o rt ran g es which 
only in r a r e  cases  exceed 2-3 mm . The singly charged  p a r 
tic le s  (protons, deuterons and tritons) have not th e re fo re  
been individually identified so fa r , but the identification of 
a p a rtic le s  is  re la tive ly  easy . If it is  assum ed that all 
singly charged p a r tic le s  in s ta r s  a re  p ro tons, then it fo l
lows from  the data of M orinaga and F ry  [19] that the num ber 
of such ‘protons* p er cap ture in em ulsion nuclei is 2.2%,

Table 3.3 Track-number distribution (in %) for ct̂  and oy stars in nuclear
emulsions

Number of 
x.tracks 0

(muon stopping

Stars Nsv
without v is ib le  

secondary track)
1 2 3 4 5 6

°77
97.6
28

2.2
23

''-'0.2
23

15 8 2 1
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w hilst the num ber of a p a rtic le s  is 0.5%. The energy sp ec 
t r a  of these  ‘p ro to n s’ and a p a rtic le s  for sing le-prong  
s ta r s  in em ulsions a re  shown in F igs. 3.3 and 3.4, in which 
the num ber of p a r tic le s  p er 1-MeV energy range is plotted 
as a function of th e ir  energy in MeV. It is evident from

Fig. 3.3 Spectrum of protons emitted in o^- stars in nu
clear emulsions. The histogram is based on the data of 
Fry. Curves I, II, and III are calculated from models I, 
II, III (see text)

Fig. 3.4 Spectrum of a particles emitted in o stars in 
emulsions. The histogram is based on the data of Fry. 
Curves I, II, and III are calculated from models I, II, III 
(see text)
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these  d istribu tions that the energy of charged p a r tic le s  in 
ct(1 s ta r s  does not exceed about 25 MeV.

The introduction of the liqu id -n itrogen  bubble cham ber 
and of the diffusion cham ber has opened up new p o ssib ilitie s  
for the investigation of a ;i s ta r s .  A lvarez e ta l .  (cf. C hapter 
5), who d iscovered  the muon ca ta ly sis  of the fusion of a p ro 
ton and a deuteron into the Hea nucleus, showed that the 
tra n s fe r  of the negative muon o ccu rred  very  efficiently  b e 
tween the proton and the deuteron. As a re su lt  of co llisions 
between the m esonic atom (p~p) and deuterium  nuclei, the 
negative muon leaves the m esonic atom (p~p) and form s 
(p“h). This p ro cess  reach es  sa tu ra tio n  when the deu terium  
concentration is about 1%. Schiff [21] and Dzhelepov et al. 
[22] have shown that the negative muons in (fi~p) and (\i~d) 
m esonic atom s have a high probability  of tra n s fe r  to im p u r
ity nuclei introduced a rtific ia lly  into the cham ber.

Schiff introduced neon in re la tiv e  am ounts of 15 x 10 '6 
and 260 x 10'6 into a liquid-hydrogen bubble cham ber (cf. 
C hapter 5) and observed the tra n s fe r  reac tio n s

((-i~p) +  Ne -* (p~ Ne) +  p 
(lx~d) -{- Ne —> (|x Ne) -f- d

As a re su lt of these reac tio n s , the negative muon is captured  
by the neon atom w here it e ither decays or is cap tured  by 
the nucleus.

F ig 3.5 shows an unusual photograph obtained by Schiff 
in th is experim ent. The p rim ary  negative muon en te rs  at 
left, form ing a v isib le track . N ear the point of in te rac tion  
a ‘re juvenated ’ negative muon track  is produced showing 
the c h a ra c te r is tic  X gap.

The energy of the ‘re juvenated ’ muon is about 5.4 MeV so 
tha t the usual sequence ((.i~p) +  d -> (p~h) -f- p and +  p

He:i +  n' m ust have taken p lace. An unusual fea tu re  of 
this photograph is that the ‘re juvenated ’ negative muon is 
slowed down in hydrogen, fo rm s the m esonic atom  (n"p) and 
is again captured  by a deuteron, which is indicated by the 
second X gap at the end of its  range. F inally  it is  t r a n s 
fe rre d  from  the deuteron to a neon nucleus and its  cap tu re 
re su lts  in the appearance of a sin g le-p ro n g  s ta r  at the end 
of the sequence.

Schiff observed 136 cr̂  s ta r s  produced as a re s u lt  of neg- 
ative-m uon cap ture by neon nuclei. F ig. 3.6 shows the range 
spectrum  of charged p a r tic le s  em itted  in these s ta r s .  Only
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Rejuvenated9 negative muon
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Fig. 3.5 Unusual photograph of a negative muon 
stopping in a liquid-hydrogen bubble chamber contain
ing deuterium and neon impurities

Energy (assuming protons) , MeV
5 5 5  70 72 75 20 ■ 25

Track length, mm

Fig. 3.6 Spectrum of protons from ofM- stars produced 
as a result of negative-muon capture by neon

those secondary  p a r tic le s  whose ranges w ere g re a te r  than 
2 mm w ere se lec ted . This cu t-off explains the absence from  
the h istog ram  of sh o rt-ra n g e  p a r tic le s . The energy of the 
secondary  p a r tic le s  determ ined  from  the range-energy  r e 
la tion  on the assum ption  that all the p a r tic le s  w ere protons
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is indicated along the upper sca le . As can be seen , the m ax
imum proton energy does not exceed 25 M eV. In one case  
(not indicated in the h istog ram ), a proton from  a s in g le 
prong s ta r  had an energy of 29 MeV. M ost of these  s ta r s  
have a single secondary charged p a rtic le  and only five s ta r s  
out of the 136 observed  had two prongs. Schiff e s tim a ted  
that the probability  that a negative muon cap tured  by a neon 
nucleus would produce a v isib le  s ta r  was 3.2 i. 0.5%. All 
these data a re  in agreem ent with the re su lts  obtained from  
the study of a (l s ta r s  in nuclear em ulsions.

Analysis of F ry ’s data on the natu re  and spectrum  of p a r 
tic le s  in cFp, s ta r s  in em ulsions, in te rm s  of various possib le  
nuclear m odels, has been perform ed by Ish ii [24], who ca lcu 
lated the spectrum  of a p a r tic le s  and pro tons evaporated  as 
a re su lt  of |V cap ture in AgBr em ulsion c ry s ta ls . In o rd e r 
to obtain the nuclear excitation function, it is n ec e ssa ry  to 
know the mom entum  spectrum  of nucleons in the nucleus. 
Ishii used the following m odels: F erm i gas m odel with kT  =  
0 and kT — 9 MeV, and the Chew-Goldberg d istribu tion

F(P) =
A

(B+ p2)2’

w here A and B a re  constan ts. C om parisons of these  e s t i 
m ates with theory a re  given in Table 3.4.

It is evident that none of these  m odels is capable of ex
plaining the predom inance of protons among secondary  
p a rtic le s  in cr̂  s ta r s .  It may be noted that the num ber of 
a p a rtic le s  obtained from  the F erm i gas model with kT  =  
9 MeV is in good agreem ent with experim ent. Fig. 3.4 
shows the spectrum  of a p a rtic le s  calculated  by Ish ii. It 
is  evident that the spectrum  obtained using  the F erm i gas 
model with kT = 9 MeV (curve III) is  in good ag reem en t

Table 3.4

Nucleon momentum distribution  
in the nucleus

Number of emitted p art ic les ,  %

a partic les Protons

Chew-Goldberger 7.9 2.3
Fermi gas ( k T  =  0) ~ 0 .1 ~ 0 .0 2
Fermi gas ( k T  -  9 MeV) 0.45 0.23
Experiment 0.5 2.2
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with the experim en ta l a -p a r tic le  sp ec tru m , but th e re  is  a 
considerab le  d iscrepancy  in the case  of the pro ton  spectrum . 
Singer [25] has attem pted to explain the experim ental data 
on the num ber of protons in s ta r s  by postu lating  the 
ex istence of nucleon c lu s te rs  on the nuclear su rface .

3 .3  N U C L E A R  y  RAYS FROM p '  C A P T U R E

T h ere  is  a lack of experim enta l data  on y ray s  from  neg
ative-m uon cap tu re . They appear to have been observed  for 
the f i r s t  tim e by Chang [26], who studied co sm ic -ray  neg
ative muons stopping in thin lead p la tes p laced  in a W ilson 
cloud cham ber. He showed that about th ree  y ray s  with en
e rg ie s  between 1 and 3 MeV w ere em itted  p e r negative- 
muon cap tu re  in lead. P a r t  of th is  rad ia tion  was due to X 
ra y s  produced as a re s u lt  of cascade p tran sitio n s  in the 
m esonic lead  atom , but the rem a in d er was due to the r e 
laxation  of the excited  nucleus a fte r p~ cap tu re . The sam e 
conclusion was reach ed  by H a rr is  and Shanley [27], who 
p erfo rm ed  a s im ila r  experim ent using a W ilson cloud cham 
b e r  containing th in  lead  foils situa ted  in a m agnetic field . 
Sens [28] sep ara ted  the m eson ic-atom  em ission  of lead 
from  nuclear y ra y s  by m easuring  th e ir  tim e d istribu tion : 
m eson ic-a tom  X ray s  a re  produced im m ediately  a fte r  p ' 
cap tu re , w hereas y ra y s  from  the excited nucleus exhibit 
an exponential d istribu tion  which is determ ined  by the p~- 
cap tu re  p robability  in lead  nuclei. Sens obtained the d is trib u 
tion in F ig. 3.7, which c lea rly  shows the ‘p rom pt’ em ission  
of the m esonic atom  and the n uclear y -ra y  em ission  for 
which the m ean life tim e was found to be x = 72 ± 10 nsec. 
T h is r e s u l t  is in ag reem en t to within the experim ental e r r o r  
w ith data on decay e lec tro n s from  stopping negative muons 
in lead . Sens’ data  show that the y ray s  constitu te about 50% 
of the m esonic X ra y s . T here  a re  6-7 m esonic photons with 
en e rg ies  g re a te r  than o r approxim ately equal to 350 keV p e r  
p~ -cap tu re  in lead , and th is es tim a te  th e re fo re  y ields about 
th ree  y ray s  of th is  energy p er p -c a p tu re  in lead.

We note tha t y ra y s  and neutrons em itted  by nuclei ex
c ited  as a re s u lt  of p ' cap ture may be used  as ind icato rs 
of the d isappearance of negative m uons. This method is 
p a r tic u la r ly  convenient for heavy elem ents w here the p~- 
cap tu re  p robability  is  m uch g re a te r  than the p '-decay  p ro 
bability  (see Section 3.6).
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3.4 THEORETICAL CONCLUSIONS

3.4.1 Hamiltonian for the four-fermion process // + p->n + v

In the preced ing  sections of th is chap ter we have rev iew ed  
data on the natu re  of nuclear reac tio n s  o ccu rrin g  as a r e 
su lt of p" cap tu re . T hese data w ere  found to be in qualita tive 
agreem ent with the hypothesis that the p r im a ry  in te rac tio n  
of the negative muon with nuclear m a tte r  is

-f  p n +  v
In the succeeding sections we shall be concerned with many 
phenom ena resu ltin g  from  nuclear n" cap tu re . It is im p o rt
ant, however, to note that cu rren tly  available data on j F  
cap ture  by protons and com plex nuclei a re  insufficient to 
enable the Ham iltonian for the basic  p ro cess  (3.1) to be de
duced from  them . The reaso n  for th is is that the phenom ena 
occu rring  within the nucleus are  very  com plicated. It is , 
how ever, possib le  to c a rry  out a m ore  m odest p rogram m e: 
s ta rtin g  with the u n iv e rsa l F e rm i in te rac tion , we can w rite

Delay (in feet of the delay cable)

Fig. 3.7 Integral decay curve (Sens) . 
The number of photons is plotted as 
a function of the delay between the 
stoppage of the negative muon in 
in the absorber and the appearance 
of the photons
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down the H am iltonian for th is p ro cess  by analogy with the 
H am iltonian for nuclear P decay, and then consider all the 
possib le  consequences of th is H am iltonian. C om parison 
with experim enta l data can then be used  to verify  the a s 
sum ed in te rac tion .

It was shown in the chapter on muon decay that the decay 
p ro ce ss  could be describ ed  by the H am iltonian

H =  g 0  +  Ys) ^v) Ĉ vYp (1 +  Ys) tye) (3.3)

which is a m ix tu re  of the vecto r and ax ia l-v ec to r in te ra c 
tions with equal and opposite re a l coupling constan ts (gv — 
— Sa =  g). The sam e in te rac tion  was found to be capable 
of describ ing  all the experim ental data on nuclear P decay 
for which the prototype is  the decay of the neutron

n -*■ p +  e~ +  v (3.4)
or the /("-capture p ro cess

p +  e~ -a- n +  v (3.4a)

The H am iltonian for these  in te rac tions is

// =  g (TnYp (1 — %) ■ (TvYp (1 +  Ys) te)

w here x =  gA /gv is  the ra tio  of the coupling constan ts. In 
the ca se  of the Ham iltonian for p — e decay w ritten  above 
th is  ra tio  is  x=  - 1 . N uclear P decay involves a com plica
tion connected with the fact that only the vector coupling 
constant re ta in s  the value which it had in the muon decay, 
w hilst the effective ax ia l-v ec to r constant is g re a te r  so that 
gA =  xgv, w here x «  -  1.21.

T his change in the ax ia l-v ec to r coupling constant is con
nected  with the ren o rm aliza tio n  of the weak in te rac tion  (3.4), 
which is  due to the fact that strongly  in te rac ting  p a r tic le s  
p a rtic ip a te  in nuclear P decay. T his is d istinc t from  muon 
decay, in which strongly  in te rac ting  p a r tic le s  do not p a r t i
c ipate , and th e re  a re  no effects connected with strong  
in te rac tio n s .

If the fo u r-fe rm io n  in te rac tion  is in fact u n iv ersa l, then 
negative-m uon cap tu re  by a proton should be d escrib ed  by 
the sam e H am iltonian as (3.4a), except that the wave func
tion for the e lec tro n  should be rep laced  by the muon wave 
function. We then have

H = g (̂ nYp (1 — *Ys) 'M  6KYp (1 +  Y&) *Pn) (3.5)
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The energy re le a se d  in nuclear P decay is of the o rd e r  of 
1 MeV. F o r exam ple, the energy lib e ra ted  in the decay of 
the neutron

n —̂ p +  e~ +  v

is only 0.79 MeV, w hilst the m axim um  energy re le a se d  in 
nuclear P decay does not exceed 10-11 MeV. The energy 
lib e ra ted  in n" cap ture by a proton is about 100 MeV. In 
these  c ircu m stan ces , s tro n g -in te rac tio n  effects such as 
v irtu a l-p io n  exchange between proton and neutron in the 
reac tio n  (3.1) becom e im portant. T hese effects have been 
estim ated  by H arris  and Shanley [27] and by W olfenstein 
[30]. They showed that when v irtua l-p ion  exchange is taken 
into account, the change in the vector and ax ia l-v ec to r coup
ling constants in the reac tio n  fx~+ p n +  v, is sm all by 
com parison  with (3 decay and may be neglected. However, 
v irtu a l-p io n  exchange leads to the appearance of a la rg e  
pseudosca lar in te rac tion  constant which is  given by

g P ^ S g A  (3 *6)

The Ham iltonian is fu rth e r com plicated by the hypothesis 
of the conservation  of vecto r c u rre n t suggested  by G ersh te in  
and Z el’dovich [31] and by Feynm an et al. [32], G ell-M ann 
has shown that th is hypothesis gives r is e  to the appearance 
of an additional ‘w eak-m agnetism ’ constant which is p ro 
portional to the d ifference between the anom alous m agnetic 
m om ents of the pro ton  and the deuteron  (|xp— pn =  3.7 
nuclear magnetons):

gM =  gv ( P p  —  M-n) ( 3 -7 )

The appearance of these  additional constan ts m eans that 
the H am iltonian for the reac tio n  n ' -f  p ->■ n -f v is  d e te r 
m ined by the following effective coupling constants: 

effective vecto r constant

Gy ~  g y  (1 -p V/2M) 

effective p seu d o sca lar constant

2 M
effective p seu d esca la r constant

Gp ~lgp  — gA—gv (1 +  P p — Pn)]  —

(3.8)
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w here v is  the energy c a rr ie d  off by the neutrino and M 
the nucleon m ass . The effective coupling constant d e te rm in 
ing the p robab ility  of the F e rm i (0 0) tran sitio n  is given
by

G2F= Gy (3.9)

F inally , the effective G am ow -T eller constant determ ining 
the p robab ility  of | A/ J =  + 1 o r  0 tran sitio n s  (but not (0 0)
tran sitio n s) is given by

Gq- t = G“a -f- -g- Gp— g GP Ga (3.10)

3.4.2 Probability of capture by a proton

L et us now consider P rim akoff’s calculations [33] of the 
probab ility  of p~ cap ture  by a proton in the reaction  p~ +  p 
-> ti -f v using  a Ham iltonian with the above coupling con
s ta n ts , and then com pare th ese  re su lts  with experim ent. In 
the p~ -cap tu re  reac tio n , the proton with spin 1 /2  is  t r a n s 
form ed into a neutron  with the sam e sp in , and we have an 
in stance of the tran s itio n  | A /| =  0, which is a m ixed F erm i 
and G am ov-T eller tran sitio n . Its analogue in nuclear 6 decay 
is  e lec tro n  cap tu re  (p e~ n -\- x )  and neutron decay ( n p 
+  e~ — v ). The probab ility  of the la tte r  p ro c e sse s  is d e te r
m ined by the effective w eak-in teraction  constant for the 
m ixed F e rm i and G am ow -T eller tran sitio n s  in P decay: 
g2 = gv +  3 ^ .

P rim akoff obtained the following expression  for the 
probab ility  of negative-m uon cap ture  from  the K shell of a 
m esonic atom:

A(H}) = A(l.l)v2 ( l +  — ) (3-n )
V m p J

w here /n„ and mv a re  the m asses  of the negative muon and 
p ro ton  resp ec tiv e ly , and v =  0.94 is the m om entum  com 
m unicated to the neutrino in the reac tio n  p~ +  p n +  v in 
un its  of m^c . The coefficient of A (1,1) is  th e re fo re

v2 1 +  —  
trip

- 4

=  0.58 (3.12)
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The quantity A (1,1) itse lf  was shown by P rim akoff to be 
given by

A ( U )  = 2n

5 2 4
^ J _ C  R

2 137V
(3.13)

w here g1 is the effective w eak-in teraction  coupling constant 
for the reac tion  n->-p +  e ' + v  as given above, and R the 
ra tio  of the effective coupling constant for the reac tio n  (.r -f-
p n +  v, i.e . G2 =  G2F +  3Gb-r» to g2:

n _  V  +  3Gr;-r  (3 .14)
gv +

The ra tio  P determ ines the co rrec tio n  due to the re p la c e 
ment of the ord inary  w eak-in terac tion  constants obtained 
from  neutron-decay data by the m eson w eak -in te rac tion  
constants (3,8). This co rrec tio n  does not exceed 10%. F or 
exam ple, if \i~ +  p n +  v is describ ed  by all the coupling 
constants in (3.8), then R =  1.06. If te rm s  co rresponding  
to ‘weak m agnetism ’ a re  absen t, then R =  0.9, w hilst in 
the absence of both additional te rm s  R =  1.

T hese th ree  hypotheses which we have denoted by A, B, 
and C yield the following values for A (HJ):

Table 3.5

Hamiltonian (cf. Equation (3 .8 ) ) s e c -1

A ‘weak magnetism’ + pseudo
scalar constant 169

B ‘weak magnetism’ absent 141
C ‘weak magnetism’ and pseudo

sca lar  constant absent 158

3.4.3 Spin dependence of the V-A interaction

A c h a ra c te r is tic  fea tu re  of the V — A in te rac tio n  is the 
fact that it is very dependent on the m utual o rien ta tion  of 
the spins of the in te rac ting  p a r tic le s . C onsider, for exam ple, 
(x' capture by the proton in the hydrogen me sonic atom . This 
can occur from  the two h y p e rfin e -s tru c tu re  s ta te s  of the m e - 
sonic atom  corresponding  to the sing let and tr ip le t spin 
s ta te s  in which the proton and muon spins S p and a re
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e ith e r an tip ara lle l o r p a ra lle l. In the fo rm er case , the r e 
su ltan t spin is zero  and in the la tte r  it is one. In the V — A 
theo ry , w here gv = — gA, the capture probability  in the t r i 
p le t s ta te  for which S p +  5^ =  1 is zero  (A+ — 0 ), but the 
cap tu re  probability  in the singlet s ta te  is fin ite . When the 
additional te rm s  in the in te rac tion  H am iltonian (3.8) a re  
taken into account, the cap ture probability  from  the tr ip le t 
s ta te  is found to be finite but is s till  much le ss  than A_. 
T hus, P rim akoff’s calculations yield

A+ =  13 sec*1, A _~636 sec*1 (3.15)

i.e . fo r hypothesis A in Table 3.5, the cap ture probability  
from  the sing let s ta te  is approxim ately 50 tim es g rea te r  
than tha t from  the tr ip le t s ta te . We note that the quantity 
A (H[) , which is  the p~-capture probability  for a pro ton , 
is  equal to the weighted m ean of A+ and A_:

A(Hl) =  ^ A _  +  — A + =  169 sec*1

3.5 p' CAPTURE IN HYDROGEN

In the experim ent considered  in C hapter 1, H ildebrand 
found the following value for the p '-c a p tu re  probability  in 
hydrogen

A =  434 ±  100 sec*1

A s im ila r  experim ent has been c a rr ie d  out by B erto lin i et 
al. [34]. at CERN. They found that

A =  420 dr 75 sec*1

If we com bine these  two re su lts  which a re  c lea rly  in good 
agreem en t, we obtain

A =  425zt60 s e c '1

Another method of studying p~ capture in liquid hydrogen 
has been used  by B lese r et al. [35], who em ployed counter 
techniques and detected  neutrons em itted  m ore than 1 p sec 
a fte r the muon cam e to r e s t .  This experim ent w ill be d is 
cussed  in detail in C hapter 5. With th is method of m e asu re 
m ent, neu trons a re  reco rded  from  p~ cap tures occu rring
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m ainly in the m esonic m olecule (ppp). The probability  of 
th is cap tu re  was found to be

A =  (515 ±  85) sec -1

D irect com parison  of experim enta l re su lts  on |x* cap tu re  
in liquid hydrogen with th eo re tica l p red ic tions is difficult 
because the negative muon may ex ist following cap tu re  in 
hydrogen e ith e r in the form  of the (pp) m esonic atom  o r in 
the form  of the (ppp) m olecule. The p -cap tu re  p robability  
for the m esonic atom is quite d ifferen t from  that for the 
m esonic m olecule, since in the m esonic atom the negative 
muon may be captured by only one pro ton  w hereas in the 
m esonic m olecule it may be cap tured  by e ith er of the two 
protons. In both cases , the cap ture  p robability  is very  de
pendent on the spin s ta te s  of the in te rac ting  p a r tic le s . The 
re su lts  described  above can only be in te rp re ted  if the fo l
lowing inform ation is available:

1. The re la tiv e  proportion  of tim e which the muon sto p 
ping in liquid hydrogen spends in the m esonic atom  
(pp) and in the m esonic m olecule (ppp).

2. The population of the d ifferen t spin o rien ta tions of the
muon and the proton (S = +  S p =  0 o r 1) in the
m esonic atom and the m esonic m olecule.

3. The probability  of finding the negative muon at the point 
occupied by a proton in the two sy stem s under 
consideration .

T hese problem s have been sub jected  to detailed  th e o re t
ical analysis by Z el’dovich and G ersh te in  [36], G ersh te in  
[37], W einberg [38], Cohen et al. [39], Skyrm e [40], Jackson 
[41] and o th e rs , and th e ir  re su lts  may be sum m arized  
briefly  as follows. The negative muon in the m esonic atom 
(p“p) can ex is t in two h y p erfin e -s tru c tu re  s ta te s  (S =  S -f 
=  0 o r 1) which differ in energy by 0.04 eV. H owever, owing 
to the G ersh te in -Z ePdovich  m echanism , the tr ip le t s ta te , 
in which the p“ -cap tu re  probability  is sm a ll w ill convert 
rap id ly  to the sing let s ta te  in which the p robability  is high. 
The reaso n  for th is conversion is that a n eu tra l (p“p) atom 
in the tr ip le t s ta te  may exchange its pro ton  for another with 
opposite spin d irec tion  as a re s u lt  of co llisions with hydro
gen atom s and m olecu les, and may thus find its e lf  in a 
low er energy s ta te . The probability  of th is conversion  de
pends on the concentration  of protons p artic ip a tin g  in these  
co llisions. In liquid hydrogen, the h a lf-life  of the tr ip le t
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s ta te  does not exceed approxim ately 0.01% of the negative- 
muon h a lf-life  and, owing to th is conversion , p rac tica lly  all 
(p~p) atom s produced in p~ cap ture a re  found to be in the 
s ing le t s ta te . The ra tio  of the num ber o fm eson ic m olecules 
to the num ber of m esonic atom s has been considered  by 
Cohen et al. [39], who showed that

w (ppp).  j
N(pp)

which is explained by the fact that the reac tio n

(pp) +  (pep) -*■ (ppp) -I- e

in which the lib e ra ted  energy is about 124 eV, occurs with 
high p robab ility . F o r exam ple, in chem ically  and iso top ic- 
ally p u re  liquid hydrogen, about 95% of the cap tured  muons 
a re  in the (ppp) m olecule [39]. This m olecule can ex ist 
e ith e r  in the o r th o -s ta te , in which the proton spins a re  all 
p a ra l le l ,  o r  in the p a ra - s ta te , in which they a re  an tip ara lle l. 
C alcu lations show that, as a re su lt  of co llisions, the p a ra -  
m esonic m olecules a re  converted into o rtho -m olecu les in a 
tim e of about one-ten th  of the muon ha lf-life . Owing to this 
rap id  p a ra -o r th o  conversion , it is the o r th o -s ta te  which is 
im portan t for the u ltim ate  fate of the negative muon captured  
in liquid hydrogen. We thus see  that the sing le t s ta te  (Sp +  S(l 
=  0) is  im portan t in the m esonic atom, w hilst in the m esonic 
m olecule the im portan t s ta te  is the o rth o -s ta te  of the two 
pro tons (Spl +  Sp2 =  1). The p -cap tu re  probability  in these 
two s ta te s  of the m esonic atom and m esonic m olecule does 
not d iffer by m ore  than a facto r of 2, and since the re la tiv e  
num ber of m esonic atom s is sm all, the num ber of (pp) atom s 
may not be of g rea t p rac tic a l im portance.

In the o rtho -m eson ic  m olecule in which the spins of the 
two pro tons a re  p a ra lle l, the negative muon can be e ither in 
the S = 1 -  1 /2  =  1 /2  s ta te  o r the S =  1 + 1 /2  -  3/2 s ta te , 
and it is n ecessa ry  to know the p~ -cap tu re  probability  for 
both of these  s ta te s . P rim akoff has shown that in the 5 =  
1/2  s ta te  the cap tu re  probability  is

(3.16)
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w hilst in the S =  3 /2  s ta te  it is

, \ ( 1 )  =  2Yoa + (3.17)

w here A_ and A+ a re  the p" -cap tu re  p ro b ab ilitie s  in the 
singlet and tr ip le t s ta te s  of the m esonic atom  resp ec tiv e ly , 
and yo is the ra tio  of the p robab ilitie s  of finding the neg
ative muon at the point occupied by the pro ton  of the o rth o -  
m esonic m olecule and the m esonic atom .

In the p ara-m eso n ic  m olecule

A pp“ ;  =  2 v , ( | a _  +  1 a +) (3.18)

w here yp is defined as above, except that h e re  it r e fe r s  to 
the para-m o lecu le . W einberg’s calculations [38] yield

y0 =  1.165, yr =  1,308

If we neglect the probability  of finding the negative muon in 
the para-m o lecu le , we find that the to ta l p "-cap tu re  p ro b 
ability is

A «  A°«h/ =  |A  (A )  +  (1 - ! )  A (3.19)

w here i  determ ines the probability  of finding the negative 
muon in the S =  1/2 s ta te , w hilst (1 — £) d e te rm in es the 
probability  of finding it in the 5 =  3 /2  s ta te . Since A+ <  A_ 
we have

A « 2 | - A _ y (3.20)

The p a ram ete r 1 is determ ined by the populations of the 
various p~ spin s ta te s  in the m esonic m olecule. W einberg 
has shown that it m ust lie  within the range 1 /2  <  £ <  1, 
so that, subject to the above sim p lifica tions, the expected 
value of the p -cap tu re  probability  in liquid hydrogen lie s  
within the range 3 /4  A_y <  A <  2 x 3 /4  A_y. When th is  is 
re fe r re d  to a single pro ton  it is found that the p~-capture 
probability  lies w ithin the range A =  (300-600) s e c '1. The 
above experim ental data for the p"-cap tu re  probab ility  in 
liquid hydrogen a re  in agreem ent with th is e s tim a te . M eso- 
m olecu lar phenom ena a re  too com plex to enable us, at
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p re se n t, to ex trac t from  experim ental data all the inform 
ation about the in te rac tio n  between the negative muon and 
the p ro ton  which they contain. It may be expected that with 
in c reas in g  experim ental accuracy  it w ill be possib le  to de
te rm in e  the effective F erm i w eak-in teraction  constant for 
the cap tu re  reac tio n  (jT+p --»■«+v d irec tly  from  experim ent.

3 .6  TRANSITIO N OF N U C L E I TO D E F IN IT E  
S T A T E S ON p -  C A P T U R E

In the p '-c a p tu re  reac tio n

p' N N* -f v

the final nucleus N* may be in one of a la rg e  num ber of 
excited  s ta te s , and in o rd e r to com pare experim ental data 
and theory it is n ecessa ry  to know the m a trix  elem ents for 
tran s itio n s  from  the ground s ta te  of the o rig inal nucleus N 
to all the energe tica lly  accessib le  s ta te s  of the nucleus A'*. 
T his problem  can only be solved for a p a rtic u la r  nuclear 
m odel. T h erefo re  cap ture reac tio n s in which the nucleus 
N* is  found in a definite s ta te , from  which it then re tu rn s  
to the ground s ta te  through |3 decay, a re  of p a rtic u la r  in
te re s t .  The m a trix  elem ent for the p tran sitio n  is  usually 
known and, when th is  is so, the experim ental problem  of 
com paring  the in te rac tion  constants in muon cap ture and in 
p decay can be reduced to the com parison of the d irec t and 
r e v e r s e  tran s itio n  p robab ilitie s . This situation  o ccu rs , for 
exam ple, in p ' cap tu re  by He3, L i6 and C12 nuclei, leading 
to  the form ation  of H3, HeG and B12 re sp ec tiv e ly , in the 
ground s ta te . T hese nuclei re tu rn  to the ground s ta te s  of 
the o rig inal nuclei through p decay. T hese reac tio n s a re  
su m m arized  in Table 3.6.

All these  tran s itio n s  occur without change of parity  and 
the la s t  two a re  pure  G am ow -T eller tran s itio n s . The He3 
and H3 nuclei do not have excited s ta te s . The n u c lea r-lev e l 
schem es fo r the L i6^ H e 6 and C12^ B 12 tran sitio n s  a re  
shown in F igs. 3.8 and 3.9, from  which it is evident that 
the f i r s t  excited  s ta te s  of He0 and B12 lie  at a considerable 
d istance from  the ground s ta te  (1.7 MeV and 0.95 MeV in 
He6 and B12 resp ec tiv e ly ). Since the excitation energy r e 
ceived by the nucleus in muon cap ture is sm all and of the 
o rd e r of 5 MeV, the probability  of^fV cap ture  to the ground
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Table 3.6

Negative-muon /3-decay reaction

Spin
and

parity
A j

Trans
ition

capture reaction

N N *

u ~  +  He’ -* H j + V -+ + v >/2 % 0 Mixed
+ L ij^ H ej  4- v H e*-»L i$+ «  +  v 1 + 0+ - 1 Gamow-

Teller
+  e ~  +  v 0+ 1 + 1 Gamow-

T eller

sta te  of the product nucleus is appreciably  g re a te r  than the 
probability  of cap ture to excited s ta te s .

The f ir s t  calculations of the tran sitio n  probability  of jx~ 
cap ture from  the ground s ta te  of C12 to the ground s ta te  of 
B12 w ere c a rr ie d  out by Godfrey [42]. Fujii and P rim akoff 
[43] found that the ra tio  of the tran sitio n  probability  from  
the s ta te  N(a) to the s ta te  N*(b) in p." cap tu re

N (a) -»• N*(b) +  v

to the probability  of the re v e rs e  tran s itio n  in f) decay.

N*(b) N (a) +  e +  v
is given by

V 1 (a-+ b)
Ap (b-*-a)

iTA1̂ n u c l

ft Olka)
Z

037)7,,,
2 / 1, -f-1 
2In 4-  1

ME nucl

MP' (b-+- oM"
(3.21)

In th is form ula «  vba/mu is the ra tio  of the energy of the 
neutrino from  the -cap tu re  reac tio n  to the r e s t  energy of 
the negative muon, Z is  the nuclear charge of a, Ia and I b 
a re  the spins of nuclei a and b, and the function f hn is 
defined by

Viax
ha =  J Fba (Z, Ee) (Ee max _  Eef Ee (£* -  1)‘/2 dEe

1

w here Ee is the to tal energy of the decay e lec tro n  in the 
b a tran sitio n  and Fba is the F erm i function for th is tr a n 
sition . The quantities denoted by ME in Equation (3.21) a re
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Fig. 3.9 Nuclear levels of Bi2 and C12
the m a trix  elem ents for nuclear tran s itio n s . The m a trix  
elem ent

!M'£uci(a-> b) |2

is p roportional to the square  of the effective muon w eak- 
in te rac tio n  constant Ĝ  for the a —> b tran sitio n , w hilst the
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m atrix  elem ent for the re v e rs e  tran sitio n  in P decay

| MP(b —>a)\2

is  p roportional to the square  of the effective P-decay w eak- 
in te rac tio n  constant g%. C om parison of these  constan ts can 
be m ade by com paring the d irec t and re v e rs e  tran sitio n  
p robab ilitie s  A ^(a —>b) and AP (b—>a).

3.7 MEASUREMENTS OF THE EFFECTIVE CONSTANT FOR 
THE MIXED TRANSITION C/2+ -  W  IN yT CAPTURE

The reac tion  (cf. Table 3.6)

p’ -f-He3—> H®-f v

involves a m ixed tran sitio n  whose probability  is determ ined  
by the sum  of sq u ares of the F erm i and G am ow -T eller con
stan ts

G2 =  G  ̂+  3Gg- t (3*22)

In C hapter 1 we considered  the experim ent of Zaim idoroga 
et al. [42], who m easu red  the p "-cap tu re  probability  for He3 
nuclei. He found that the cap ture  probability  was

A =  (1.41 ±  0.14)-103 sec"1

This experim ent is of p a rtic u la r  in te re s t for two reaso n s . 
F irs tly , th e re  is no am biguity in the in te rp re ta tio n  of the 
re su lts  since all cap tu res occur from  the two hyperfine- 
s tru c tu re  s ta te s  of the helium  m esonic atom. Secondly, the 
cap ture  probability  can in th is case  be ca lcu lated  accu ra te ly  
if the coupling constants a re  known. The accuracy  of these  
calculations appears to be in the region  of 5%. They have 
been perfo rm ed  by Fujii and P rim akoff [43], W erntz [44] 
and Fujii [45]. T heir re su lts  a re  su m m arized  in T able 3.7, 
from  which it is evident that the p~ -cap tu re  probability  in 
He3 is  a function of the nuclear rad iu s R .  The experim ents 
of H offstadter et al. have shown that the la rg e s t of the th ree  
nuclear rad ii is the m ostp ro b ab le . It follows that the ex p e ri
m ental data a re  in good agreem ent with the expected cap ture 
probability  given in Table 3.7. It may th e re fo re  be concluded 
that experim ent confirm s the m agnitude of the sq u are  of the
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effective coupling constant

G - = Gp +3 G2q—t

obtained from  the assum ed in teraction  Ham iltonian (3.8) to 
w ithin 10%. This experim ent does not, of co u rse , y ield  sep 
ara te ly  the values of the sq u ares  of the two coupling con
s tan ts  G% and G'g- t .

3.8 DETERMINATION OF THE EFFECTIVE CONSTANT FOR 
THE GAMOW-TELLER TRANSITION IN CAPTURE

The la s t two tran s itio n s  in Table 3.6, in which the spin 
changes by 1 and th e re  is no change of p a rity , a re  pure 
G am ow -T eller tran s itio n s , whose probability  is determ ined 
by the effective coupling constant

T his p robability  is independent, to within te rm s  of o rd er 
( v/m ) 2, of the ax ia l-v ec to r coupling constant and a com par
ison of the probability  of these  tran sitio n s  with the probab
ilitie s  of the r e v e rs e  p tran sitio n s enables us to com pare 
the ax ia l-v ec to r coupling constants in muon cap ture and p 
decay. An experim ent with L i6 has not been perfo rm ed  as 
yet because of considerab le  experim ental d ifficu lties. Neg
ative-m uon cap ture  by C 12 nuclei was f ir s t  investigated by

(3.23)

Table 3.7

Reference

Assumed
nuclear

radius

Muon
absorption
probability

X 1013 cm

[ 4 5 ]
[4 4 ]
[ 4 3 ]

1.5
1.56
1.78

1.66 x 103 s e c ' 1 
1.56 x 1013 s e c ' 1 
1.46 x 103 s e c ' 1

Godfrey [42]. cap tu re  by C12 (cf. Fig. 3.9) leads to the 
form ation  of a B12 nucleus in e ith er the ground or an ex
cited  s ta te  in accordance with the schem es
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jjt- +  C12~> B12*-f- V 

B12* —> B12 +  y

(x ‘ -f- C12 —> B11 4- ti -f- v 

I r +  C12 - »  B10 +  2n +  v

and so on. C aptures to the ground o r excited  s ta te s  of B 12 
can be identified experim entally  by the subsequent decay of 
B 12 to the ground s ta te  of C12:

B12 ->  C12 +  e +  \T

In Godfrey’s experim ent, slow  co sm ic -ray  negative muons 
w ere brought to r e s t  in an organic liquid sc in tilla to r  having 
a volume of about 1.3 l i t r e s ,  and an oscilloscope was used  
to display two types of pu lses following the a r r iv a l of s to p 
ping negative muons: pu lses from  e lec tro n s o rig inating  in 
p — e decays ch a rac te rized  by a m ean life  of 2 p se c , and 
pu lses from  the P decay of B12 whose half-life  is about 39 
p se c . This experim ent has been rep ea ted  by a num ber of 
groups using counter techniques with muon beam s from  
ac ce le ra to rs  (Burgman et al. [46], Love et al. [47], Bloch 
[48] and M aier et al. [49]). Fetkovich et al. [50] have d e te r 
m ined the probability  of the reac tio n  p~ +  C12 —> B12 +  v 
using a propane bubble cham ber. The experim ent was 
im proved and repea ted  by Argo et al. [51] using cosm ic 
rad ia tion  as a source of slow  negative m uons.

Argo et al. also estim ated  the num ber of negative-m uon 
cap tures leading to the form ation of B12 by m easu rin g  the 
num ber of y ray s  with energ ies g re a te r  than 0.5 MeV which 
accom panied p~ cap tu re . It was found that only about 10% 
of all in teractions led to the form ation of an excited B 12 
nucleus (arrow  2 in Fig. 3.9).

Among acce le ra to r experim en ts , we shall consider the 
m easurem en ts of M aier et al. [49]. The apparatus is i l lu s 
tra te d  in Fig. 3.10. The 45-MeV negative-m uon beam , which 
had a pion contam ination of about 1/3%, was brought to r e s t  
in the sc in tilla tion  counter 5 (10 x 10 x 5 cm 3). The num ber 
of negative muons decaying in 5 was determ ined  by counting 
the num ber of decay e le c tro n s , and the num ber of p” cap
tu re s  in carbon leading to the form ation  of excited  B 12 nuclei 
was found by detecting  the p-decay e lec tro n s from  these  
nuclei (also in counter 5). C ounters 3 and 4 which com pletely 
surrounded  counter 5 w ere used as a co sm ic -ray  sh ie ld  and
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Fig. 3.10 The experiment of 
Wafer [49]. Stopping negative 
muons are indicated by 1,2,5,4 
coincidences, electrons from 
p - e  decays by counter 5, elec
trons from B12 decays by 5,3,4 
coincidences; counters 3 and 4 
surround counter 5 in which the 
negative muons come to rest and 
B12 nuclei are formed

w ere connected in an ti-co incidence with counter 5. The iron  
sc re e n  around counter 5 was 7-m m  thick and shielded the 
anti-co incidence counters 3, 4 from  elec trons orig inating  
in counter 5 from  p decays of B 12. The p rincipa l aim  of 
th is experim ent was to determ ine the decay curves — e 
decay and the P decay of B12, and to verify  experim entally  
the absence of o ther p activity  induced by the m eson beam . 
The tran s itio n  p robability  A (C12 -> B12) was found to be

A =  (7.01 ±  0.27)-103 sec’1

A fter the introduction of a 10% co rrec tio n  to allow for the 
fact that som e of the tran sitio n s  o ccu rred  to excited s ta tes  
of B 12, the final tran s itio n  probability  was found to be

A (C12 -*■ B12) =  (6.31 ±  0.24)-103 sec ' 1

It is  also  in te re s tin g  to consider the experim ents of 
Fetkovich et al. [50], in which the reac tio n  jx"+ C1 2 —>B12-'h v 
and the subsequent decay of B 12 nuclei w ere reco rd ed  by an 
ingenious method involving tim e-delayed  photography of 
tra c k s  in a propane bubble cham ber exposed to a negative- 
muon beam . The sensitive  tim e of the cham ber was about 
2 0  m sec and the p re s s u re  was re le a se d  im m ediately after 
the a c c e le ra to r  pu lse . The bubble cham ber was photographed 
twice: im m ediately  afte r the pu lse in o rd er to determ ine 
w hether or not the negative muon stopping in the cham ber 
decayed, and again a fte r 15 m sec in o rd e r to re co rd  the 
slow e lec tro n  from  the decay of B12. The volume was d is
placed  sligh tly  during the 15-m sec in terval so that in the 
case  of the decay of B12 the photographs showed two iden ti
cal and p a ra lle l negative-m uon track s  and the tra c k  of the



Muons150
decay e lec tron  between the ends of these  tra c k s . The num 
b e rs  of p 'a n d B 12 decays w ere counted sim ultaneously . In all, 
46 B 12 decays w ere observed  and the tran sitio n  p robab ility  
A (Cl2-> B12) was calcu lated  to be (7.6 ± 1.2) x 10 3 s e c -1.

The p robab ilities A (C12 -> B12) obtained by d ifferen t w ork
e rs  a re  sum m arized  in Table 3.8.

The cap ture  p robab ilitie s  given in Table 3.8 have been 
reduced  by 1 0 % in o rd e r to c o rre c t for tran s itio n s  to the 
excited  s ta te s  of B12. It is  evident that the re su lts  of B u rg - 
man et al. and Argo et al. a re  much higher than the o ther 
data, and may have been sub ject to som e sy stem atic  e r r o r .  
T his is quite possib le  in view of d ifficu lties asso c ia ted  with 
absolute m easurem en ts of th is kind, especia lly  when they 
a re  c a rr ie d  out with cosm ic ray s . The o ther re su lts  a re  in 
good agreem ent with each o ther.

L et us now consider the th eo re tica l e s tim a tes  of the p ro 
bability  of the reaction  p’ +  C12 -> B12 4- v which have been 
perfo rm ed  by W olfenstein [52], M orita  and F u jii [53] and 
Fujii and P rim akoff [54]. All of th ese  calcu lations w ere  
based  on the in te raction  H am iltonian considered  above, i.e . 
it was assum ed that the Ham iltonian consisted  of th ree  
p a r ts  -  the f ir s t  rep resen tin g  the V — A in te rac tion , the 
second the induced pseudosca lar in te rac tion  and the th ird  
the in teraction  due to the ‘weak m agnetism ’ of G ell-M ann 
and Feynm an. The re su lts  of these  calcu lations a re  su m 
m arized  in Table 3.9. The shell m odel with /  — /  coupling 
was assum ed to obtain the m a trix  elem ents for the B12 -> C12 
tran sitio n s .

W olfenstein has estim ated  that the u n ce rta in ties  in these  
calculations are  about 2 0 %, and the es tim a tes  given in the 
table a re  v irtua lly  indistinguishable to within th is accu racy .

It is  evident from  the tran sitio n  p ro b ab ilitie s  estim ated  
above that it is im possib le to decide experim enta lly  between

Table 3.8

Reference A x 103 s e c ' 1 Source of m esons

[ 4 2 ] 5.9 ±1.5 Cosmic rays
[46] 9.18 ±0.5 Accelerator
[42] 9.05 ± 0 .95 Cosmic rays
[47] 6.8 ±1 .5 Accelerator
[50] 6.8 ±1.1
[49] 6.31 ± 0 .24
[48] 5.8 ±1.3
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Table 3.9

Assumed
interaction

Hamiltonian

Calculated probability 
for the C12 + B l2+ v  

transition (A x 103 s e c " 1)

c  P/ c A ‘Weak
magnetism’ 1 11 h i

A 8 Present 7.4 ± 1.6 7.12 7.86
B 8 Absent 5.9 ± 1.2 5.68 6.34
C 0 Absent 7.3 ± 1.5 7.0 -

I _  Wolfenstein [52] — including re la t iv is t ic  corrections for the 
neutrino wave function, d wave included; II — Morita and Fujii 
[53 ]  — including re la tiv is tic  corrections; III — Fujii and Prima- 
koff [54 ]  — without re la t iv is t ic  terms in the Hamiltonian

hypotheses A and C, since the calcu lated  tran sitio n  p ro b a
b ilitie s  for these  two v arian ts  do not d iffer by m ore than 
1.5%. We shall th e re fo re  confine our attention to the com 
p ariso n  of the m ost accu ra te  experim ental re su lt

A =  (6.31 ±  0.24)-103 sec ' 1 

with the expected probability  for hypothesis A

A -  (7.4 ±  1.6)• 103 se c ' 1

As can be seen , these  data ag ree  to within the estim ated  
e r r o r s .  It may th e re fo re  be considered  that the above ex
p erim en ts  confirm  the equality of the effective ax ia l-vec to r 
in te rac tio n  constants for (3 decay and negative-m uon cap
tu re , i.e .

I /-'Ll 12 I & 12
I Gg-TI  — |gA]

but only to within 20%. The accuracy of th eo re tica l and 
experim enta l e s tim a tes  of cap ture p robab ilities is insuffi
cient to indicate the influence of the additional in teraction  
constan ts .

Knowing the constant G2 =  G\ +  3G'g- t from  p capture 
in H e3, and the constant G2G- t  from  fx cap ture in C 12, it is 
p ossib le  to es tim a te  the m agnitude of the F e rm i constant, 
Gf , in negative-m uon cap tu re . Using M aier’s data fo r the 
jx -cap tu re  probability  in C12 (Table 3.8), it is found that 
| Gf  I «  0.8lo'.81 Gg-t\- The two coupling constants a re  th e re 
fo re  equal, as p red ic ted  by the Ham iltonian (3.8), but the 
experim en ta l accuracy  is not high.
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3.9 MEASUREMENTS OF THE TOTAL /z'-CAPTURE PROBABILITY

3.9.1 Capture time for negative muons

The p rincipal method of determ in ing  the -cap tu re  p ro 
bability for stopping muons is to com pare the m ean life tim es 
of negative and positive m uons. A negative muon in the K  
shell of a m esonic atom can e ith e r decay o r be cap tured  by 
the nucleus, and the to tal probability  that it w ill d isappear 
as a re su lt  of the two p ro ce sse s  is equal to the sum  of the 
decay and cap ture  p ro b ab ilitie s , Ad and Ac:

A =  Ad +  Ac (3.24)

If t  is the m ean negative-m uon life tim e in the K  shell and 
A d is  the m uon-decay probability  we have

— =  Ad + A c (3.25)

and the determ ination  of the to tal cap tu re  probability  Ac 
from  the K shell reduces to the m easu rem en t of negative- 
muon lifetim e x in th is shell and the decay p robability  A d. 
It is usually assum ed that the decay probability  for a muon 
in the K  shell of the m esonic atom  is the sam e as the decay

probability  for a fre e  positive muon, i.e . A d = —, w here t 0
To

is the lifetim e of a f re e  muon. In re a lity  the decay p ro b a
b ilitie s  a re  not equal (cf. Section 3.11), but the d ifference is 
sm all and has very  little  effect on Ac:

which is obtained on the assum ption tha t A d (Z) = — .
T°To identify 1 / t  w ith the to ta l probability  for the d isap 

pearance  of the muon through decay and cap tu re  p ro c e s se s , 
it is n ecessa ry  that the tim e spent by the negative muon in 
cascade tran sitio n s  from  d istan t o rb its  to the K o rb it of the 
m esonic atom  should be sm all in com parison  with t ,  which 
lies  between approxim ately 2  /usee (light m esonic atom s) 
and 0.08 p sec  (heavy m esonic atom s). A calcu lation  of the 
tim e n ecessa ry  for the negative muon to approach the nu
cleus was f ir s t  perfo rm ed  by F erm i and T e lle r  [5 5 ] in 
connection with the experim ents of C onversi, Pancin i and
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P icc ion i. T his calculation  shows that the to ta l tim e for the 
muon to be slowed down from  a velocity of the o rd e r of 
the velocity valence e lec tro n s (muon energy — 2 keV) until 
it reach es  the m esonic K shell is 9  x 1 0 ~14 sec  for carbon 
and 6  x 10~14 sec  for iron . The negative muon th ere fo re  
spends m ost of its  lifetim e in the K shell of the m esonic 
atom , and th e re fo re  the (P-capture probability  from  the K 
she ll can be accurate ly  identified with the rec ip ro ca l of the 
muon life tim e.

C alculations such as these  have been verified  for negative 
p ions, and th e re  a re  no reaso n s to suppose that the re su lt 
w ill be substan tia lly  d ifferent for negative m uons. For ex
am ple, F ry  and White [56] and F ields et al. [57] observed 
ft" — |P decays in flight in an em ulsion and a liquid-hydrogen 
bubble cham ber resp ec tiv e ly . Since the tim e of in teraction  
between a nucleus and a negative pion in the K shell of the 
m esonic atom  is sm a lle r  by many o rd e rs  of m agnitude than 
the m ean life tim e of the free  pion, all the jt~— decays 
occur in flight during the slowing-down p ro cess , and the 
ra tio  of the num ber of such decays to the to ta l num ber of 
observed  stopping track s  is determ ined by the ra tio  of the 
slowing-down tim e to the m ean negative-pion lifetim e. The 
velocity of the pion at the instant of decay is determ ined by 
the k inem atics of the decay: the angle between the muon and 
the pion tra c k s , and the \i~ range. The re su lts  obtained by 
F ie ld s et al. [57] may be sum m arized  by saying that a 175- 
keV negative pion, which is being slowed down in liquid 
hydrogen is captured  by a nucleus within 3 x 10 ~12 sec . This 
re s u lt  confirm s the above conclusion that in all experim ents 
in which the negative-m uon lifetim e has been m easured , the 
tim e taken in cascade tran sitio n s  to th e /(  shell is negligible.

3.9 .2  Methods of measuring the negative-muon lifetime

F ir s t  le t us consider the experim ental m ethods used with 
cosm ic ra y s . H ere, the slow -m uon flux consists  of p a rtic le s  
of both signs, and th e re fo re  the m easu red  negative-m uon 
life tim e is sub ject to a ‘background’ due to positive-m uon d e
cays. This background is p a rticu la rly  im portan t in the d e te r 
m ination of the lifetim e of negative muons captured in light 
a tom s, when it is  com parable to the positive-m uon life tim e.

A num ber of m ethods have been devised to elim inate th is 
effect. Negative and positive muons can be roughly sep ara ted
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with the aid of m agnetized iron  blocks, by determ in ing  the 
sign of the charge with a counter hodoscope system  in a m ag
netic field, o r by reco rd ing  the in te rac tions of negative muons 
not by m eans of decay e lec tro n s but by m eans of neu trons and 
y ray s  em itted by excited nuclei on [x~ cap tu re .

a. Separation of negative muons by m agnetic
analysis.
This method has been used by the Rome group [58, 59]. 

In the f irs t  experim ents the muons w ere roughly sep a ra ted  
by m agnetized iron  blocks as in the experim ents of C onversi 
et al. In la te r  experim ents [60] the sign of the muons was 
determ ined  with a counter hodoscope system  (Fig. 3.11). 
Decay elec trons from  the ta rg e t w ere reco rd ed  by sc in til
lation counters S 2, S3 and specia l e lec tron ic  c irc u its  w ere 
used to determ ine, with the aid of an osc illo scope, the tim e 
in terval between the pu lses from  counters Si and S2 o r S 2 
and S 3, which indicated the stopping of a muon and the 
appearance of of a decay e lec tron . A pparatus of th is kind, 
incorporating  iron  blocks of to tal weight 13 kg, reco rd ed  
about 1 . 3  decays p er hour with a signal-to -background  
ra tio  of 4.

b. Separation of negative muons using y ray s
and neutrons from  excited nuclei.
The nuclear |x“ -cap tu re  probab ility  in c re a se s  rap id ly  

with the nuclear charge Z, and for Z — H  it is approxi
m ately equal to the |x~-decay probability , i.e . it  approaches
4.5 x 105 s e c ' 1 . As Z in c rease s  fu r th e r , the probab ility  is  
found to be proportional to Z4. For exam ple, when Z =- 15 
the negative-m uon lifetim e is approxim ately th ree  tim es 
sm a lle r  than the positive-m uon life tim e , w hilst fo r Z =  20 
the facto r is approxim ately 7. It follows that even for m od
e ra te  values of Z th e re  is a la rg e  reduction  in the e lec tro n  
yield, and it is experim entally  m ore convenient to re c o rd  
the ra te  of in teraction  of negative muons by reco rd in g  y 
ray s  and neutrons em itted  by nuclei on |x" cap tu re . This 
method com pletely avoids the background due to p o s itiv e - 
muon decays, since positively  charged  p a r tic le s  cannot be 
absorbed by the nuclei. F i r s t  m easu rem en ts of the neg
ative-m uon lifetim e by th is  method w ere c a r r ie d  out by the 
P rinceton  group (Keuffel et al. [61], M eier andK euffel [62]).

T hese w orkers m easu red  the lifetim e for eight e lem ents 
with atom ic num bers between 29 and 82. F ig . 3.12 il lu s tra te s
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M, \ 1 x — magnetized iron blocks;  
G j, G2, G3 — rows of hodoscopic  
geiger  counters; G4 — two rows 
of anti-co incidence counters

Fig. 3.11 One of the experiments 
of Alberigi-Quaranta et al.

T a rg e t  < S2

70 zr

the experim ent of M eyer and Keuffel [62]. The background of 
c o rre la te d  p a r tic le s , which had a considerab le effect on the 
ea rly  m easu rem en ts  rep o rted  in [61], was substan tia lly  r e 
duced by m eans of the counter hodoscope sy stem s G;; and 
G 3. In F ig. 3.12, Si and S2 a re  liquid sc in tilla tion  coun ters. 
Singly charged  p a r tic le s  s to p p in g jn  the ta rg e t w ere d etec t
ed by G1 S1 G4 coincidences and S2G4 coincidences w ere p ro 
duced by n eu tra l p a r tic le s  (neutrons o r Y rays) which gave 
r i s e  to re co il protons o r e lec tro n s in the sc in tilla to r S 2. 
The tim e in te rva l between the pu lses in Si and S2 was m eas
u red  with the aid of a chronotron s im ila r  to that described  
by N edderm eyer e t al. [63].

In the experim ents by the Leeds group (Hillas et al. [64], 
Gilboy and Tennent [65]) the negative-m uon life tim e was also 
determ ined  by reco rd in g  neutrons and Y ray s  from  excited 
nuclei. To reduce  the background of co rre la ted  p a r tic le s , 
which is p a rtic u la r ly  high in the in itia l channels of the tim e
m easu rin g  sy stem , these  m easu rem en ts w ere perfo rm ed  
10 7 sec  a fte r the f i r s t  pu lse . In th is way it was possib le  to 
avoid the use of counter hodoscopes above the apparatus* 
and the th ick lead  f ilte r  em ployed by the P rinceton  group. 
The experim ent of H illas et al. [64] is shown in Fig. 3.13
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Fig. 3.12 The experiment of Meyer and Keutiel.
St and S2 are liquid scintillators. The broken line 
indicates the position of lead scintillators in the 
second version of the experiment

The pulse from  the sc in tilla to r Si was used  to produce a 
gating pu lse , w hilst the pulse from  S2 was used  to cut it 
off. The length of the gating pu lse was determ ined  by using 
the leading edge to tu rn  on, and the tra ilin g  edge to tu rn  off 
a stab ilized  o sc illa to r of known frequency connected to a 
sc a le r . The lifetim e was m easu red  to within 5-6% for e le 
m ents with Z between 24 and 30 (chrom ium  to zinc). This 
apparatus reco rded  about 25 negative-m uon cap tu res p e r  
hour with a s ig n a l-to -n o ise  ra tio  of 5 and a th ree -w eek  run  
was n ecessa ry  to obtain a s ta tis tic a l e r r o r  of 5%.

It is also worth reca llin g  the recen t experim ents of B a rre t t  
et al. [66] in which the in teraction  of negative muons was de
tected  by reco rd ing  y ray s or neutrons from  excited  nuclei. 
This apparatus reco rd ed  about seven p -cap tu re s  p e r hour. 
B a rre tt  et al. m easu red  the negative-m uon life tim e and de
cay probability  in iron  (see Section 3.11). It is in te re s tin g  to 
note that a to ta l of 500-hours running tim e was req u ired  in 
th is experim ent to m easu re  the life tim e of the negative muon 
with an accuracy  of 4% ( x— (196 ± 8) nsec). H o lm strom and  
Keuffel [67] developed s im ila r  apparatus with a considerab ly  
g re a te r  re la tiv e  ap e rtu re , and determ ined  the ra tio  of the 
decay probability  in copper and iron . In th is apparatus a 6% 
accuracy  in the m ean life tim e was achieved in 85 ho u rs, a 
rem arkab ly  sh o rt tim e for co sm ic -ray  m easu rem en ts .
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c. A cce le ra to r m easu rem en ts of negative-m uon 
life tim e .
The m ost accu ra te  m easu rem en ts of the negative-m uon 

life tim e throughout the period ic tab le w ere c a rr ie d  out by 
Sens [68], Sens et al. [69], Yovanovitch et al. [70], Lundy et 
a l. [71], L athrop et al. [72] (Chicago group) and A stbury et 
al. [73, 74] (Liverpool group).

F ig . 3.14 illu s tra te s  som e experim ents of the Chicago 
group. The negative-m uon beam  had an in itia l m om entum  of 
145 M eV /c, and the com position of the beam  as it left the 
synchrocyclo tron  was: 70% negative pions, 10% negative 
muons and 20% e lec tro n s. The m uon-to-pion ra tio  was la te r

r m n  x x x x r x r r r % r x m

Sf

Sx — plastic  sc in ti lla tor;  S2 — 
liquid sc in t i lla tor  containing a 
cadmium compound and view ed  
by three photomultipliers in 
coinc idence

Fig. 3.13 The experiment of Hillas 
et al.

im proved from  1:7 to 7:1, i.e . by a facto r of nearly  50. The 
negative pions s ti l l  rem ain ing  in the beam  w ere attenuated 
in 28.2 g /c m 2of copper. Fig. 3.15 shows the d ifferen tia l range 
sp ec tru m  fo r negative pions and muons in the beam . The 
negative-m uon beam  p rep a red  in th is way was brought to 
r e s t  in a ta rg e t of the substance under_ investigation. 
Stopping negative muons w ere  indicated by 1234 coincidences, 
and the escape of a decay e lec tron  from  the ta rg e t by 345 
co incidences. A tim e-to -am p litu d e  converte r was used to 
dete rm in e  the tim e in te rv a l between the 1234 and 345 pu lses. 
This produced an output pu lse whose am plitude w asp ro p o r-

TE JT
Target

oaTTmona \
G2

f/}~.
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Beam intensity (J, 2) 
Stopped muon (1234) 
Decay electron (T45)

Beam I  II----1 ~
7 Z

1 — 5 sc in t i lla t ion  counters

Fig. 3.14 Measurement of the lifetime of negative 
muons (Sens et al.)

tional to the tim e in terval between the s ta r t  and stop p u lses . 
The output-pulse am plitudes w ere m easu red  by a 100- 
channel pu lse-heigh t an a ly se r. A s im ila r  sy stem  was used  
by the L iverpool group.

Tor get
Cu / ch2

3 A 5

3.9.3 Main experimental data

Table 3.10 sum m arizes recen t ac ce le ra to r  data on nega
tive-m uon life tim es, and is  p artly  based on T ennent’s rev iew . 
The table also includes the m ost accu ra te  re s u lts  obtained 
with cosm ic ray s . The f i r s t  colum ns give the atom ic num ber 
Z of the ta rg e t in which the negative muons cam e to r e s t ,  the

m ass num ber A and the isotopic excess 4 ^ .  Column 9 gives
the m easured  lifetim e in nanoseconds, column 7 gives the

Fig. 3.15 Differential range spec
trum for pions and muons in the 
negative-muon beam used by the 
Chicago group
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-cap tu re  probability  Ac (Z) ca lcu lated  from  

A (Z) =  Ad (Z) +  Ac (Z)

w here the |x~-decay probability  was assum ed to be

A„(2) =  -L
T o

w here t 0 is the m ean positive-m uon lifetim e. In calculations 
of Ac (Z) i t  was assum ed that Ad (Z) =  (4.52 ± 0.03) x 105 
se c " 1, co rrespond ing  to t 0 =  2.22 ± 0.02 p sec  as rep o rted  
by Bell and Hinks (see C hapter 1).

Fig. 3.16 shows som e of the re su lts  of Table 3.10 w here 
the -cap tu re  probability  AC(Z) is plotted as a function

Fig. 3.16 Probability of capture of negative muons by 
different nuclei. Curve 1 shows AC(Z)~Z4 and curve 2 
shows AC(Z) ~Ze . Open circles represent experimental 
data for which the error was less than the diameter of 
the circles
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tion of Z on a double logarithm ic sca le . AC(Z) was taken from  
Table 3.10, and w henever th e re  w ere a num ber of values of 
Ac (Z) m easu red  with com parab le accuracy , the final Ac (Z) 

was taken to be the w eighted m ean of th ese  values.

3.9.4 n -Meson capture probability in carbon

F o r elem ents with low atom ic num bers, the nuclear |x"- 
cap tu re  probability  is  m uch sm a lle r  than the decay p ro b a
b ility , and the negative-m uon lifetim e tp,- is very  nearly  
equal to the lifetim e of a fre e  positive muon. The cap tu re  
probability  Ac is then given by the d ifference of two n early  
equal num bers:

1 ---------
T p _  T o

and hence it is  difficult to m easu re  accu ra te ly . In such cases  
one can use a method involving counting the num ber of s to p 
ping negative muons which a re  not accom panied by the ap
pearance  of decay e lec tro n s as in the w ork of H ildebrand, 
who m easu red  the fJA-capture probability  in hydrogen and 
tritiu m  (see C hapter 1). S tenard  has c a r r ie d  out such m e a s 
urem ents for carbon, using a propane cham ber. A m ong2334 

— e~ decays he found (after co rrec tin g  for the n" im purity) 
185 stopping negative muons which w ere  not accom panied 
by decay e lec tro n s. This re s u lt  yields

Ac Nj
Ncfld

185
2334-2.22-10"6

=  (0.36+0.04)-105 s e c '1

which is in good agreem ent with the m ost accu ra te  m e a su re 
m ent of Ac from  the negative-m uon life tim e which was 
perfo rm ed  by R e ite r et al. [75] who found Ac =  (0.373 ±  
0.011) x 105 sec"1 for carbon.

S im ilar m easu rem en ts  based  on an analysis of 1000 s to p 
ping negative muons in a propane bubble cham ber was 
p erfo rm ed  by F ields et al. [78]. They found tha t Ac = 0 .4 5  x 
1 0 5 sec*1, which ag rees  with the ^"-cap tu re  p ro b ab ilitie s  
for carbon given in Table 3.10 to within the lim its  of the 
experim ental e r ro r .
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It is evident from  Table 3.10 and Fig. 3.16 that near 
Z =  11-12 the cap ture probability  is  approxim ately  equal 
to the decay probability  for a fre e  muon:

Ac ( Z ~  11) «  Ad

M oreover, fo r low Z, the cap ture p robability  is approx i
m ately p roportional to Z4 and d ec reases  very  rapidly  (indi
cated  by the s tra ig h t line in F ig. 3.16) As Z in c re a se s , the 
m easu red  cap ture  probability  departs  from  th is sim ple law, 
and fo r heavy nuclei with Z > 4 0 , the capture probability  
reac h es  sa tu ra tio n  with a value of about (110-120) x 10s 
sec  ~4.
The ZJ law , which is  approxim ately valid fo r low Z, is a 
consequence of the fact that the cap ture probability  is  p ro 
portional to the num ber of protons in the nucleus and to the 
density  of the negative-m uon wave function in the volume 
occupied by the nucleus which is p roportional to Z3.

We shall now consider P rim akoff’s calculations of the 
[x '-capture probability  fo r d ifferent nuclei. P rim akoff used  
the H am iltonian based  on the V — A in teraction  with the add
itional constants due to v irtua l-p ion  exchange and ‘weak 
m agnetism ’ given in (3.8), and assum ed a homogeneous nu
c le a r  m a tte r consisting  of Z protons and A — Z neutrons. 
The analysis was based upon the following approxim ation. 
The cap tu re  reac tio n  involving a nucleus consisting  of Z p ro 
tons and A — Z neutrons, i.e .

„ - j _  JZ protons \  , J Z — 1 protons ( 3 . 2 7 )
^ 1 \ A —Z neutrons J > v ■ \ A - Z - )-1 neutrons '

leads  to som e final s ta te  of the nucleus (Z — 1 , A — Z +  1) 
and the to ta l in te rac tion  probability  Ac is obtained by adding 
the sq u a re s  of the m a trix  elem ents of all the energetically  
po ssib le  final s ta te s . By rep lacing  th is sum m ation by a sum 
m ation over all final s ta te s  without re s tr ic tio n , P rim akoff 
obtained the following form ula which is valid  provided Z is 
not too low:

AC(Z )= Z 4.„  ■A(H!)-y ( i - 6A = ^ )) (3.28)

T his re s u lt  re la te s  the nuclear ^"-capture probability  Ac (Z)
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and the p" -cap tu re  probability  A (HJ) of a proton. The quan
tity Zen is the effective nuclear charge and the p a ram e te r  
Y is defined by (see Equation (3.12))

y =  <H>Ll
y 0.58

w here (ti)z.a is the mom entum  of the neu trino  (in units of 
ImpC) produced in the nuclear cap tu re , averaged  over all 
the possib le s ta te s  of the final nucleus. The p a ram e te r  ,y r e 
p re se n ts  the change in phase space for the neutrino in p" cap 
tu re  by a com plex nucleus in com parison  with the phase 
space accessib le  in p" capture by a pro ton . This reduction  in 
phase space is m ainly due to the p resen ce  of bound s ta te s  
which a re  occupied by neutrons afte r the negative-m uon 
cap tu re , and to a le s s e r  extent by the effect of nuclear r e 
coil. P rim akoff has estim ated  that (ii)z ,a^  0.75. The quantity 
(1 — 6 (A—Z)/2A) is p roportional to the neutron excess A — Z 
and re p re se n ts  the reduction  in the to tal m uon-cap ture p ro 
bability  by the Pauli p rincip le : the p resen ce  of final s ta te s  
occupied by neutrons reduces the probability  of the reac tion  
(3.27). The physical significance of the co rre la tio n  coeffi
cien t 6 is that it re p re se n ts  the ra te  of d ec rease  of the p ro 
bability  of finding two nucleons with p a ra lle l spins n ea r each 
o ther as they approach. The calcu lated  value of 6 is  not 
very  d ifferen t from  3, and th e re fo re  P au li’s p rin c ip le  has an 
appreciab le effect: for nuclei with A — 2Z it red u ces the cap 
tu re  c ro ss -se c tio n  by a facto r of approxim ately 4, and the 
effect is even g re a te r  for heav ier nuclei.

The ^“-cap tu re  probability  A(H11) is an average over the 
spin s ta te s  and its dependence on the w eak -in terac tion  con
stan ts  was d iscussed  in detail in 3.4.2, w here it was shown 
that

A (H1) — (Gl- 4- 3G2g~t)

w here
Gf = Gy

and

Gg- t —G^-^ — Gp — g GPGA

The rem ain ing  point which we m ust consider is the p h y si
cal m eaning of Zett , the effective charge of the nucleus. 
This p a ram e te r was f i r s t  introduced by W heeler [79] who
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estim ated  the n u c lea r (x '-capture probability  by analogy 
with K cap tu re . The appearance of Zef£ is  connected with the 
fin ite  lin e a r  dim ensions of the nucleus. As the nuclear 
charge in c re a s e s , the K  shell of the m esonic atom  becom es 
c lo se r  to the nucleus, and from  Z ~  30 onw ards, the m eson 
spends an in c reas in g  amount of its  tim e actually inside the 
nucleus. It is then no longer possib le  to re p re se n t the 
nucleus as a point charge . Even fo r re la tive ly  low values 
of the ch a rg e , the lin ea r dim ensions of the nucleus, as 
well as the charge d istribu tion  within it, m ust be taken into 
account in calcu lating  the cap ture  probability . This leads to 
the appearance of the  effective charge

C Q O') | %  (x)\2d3x
Z ef{ = J ta J - L —--------------- =Jtao(Q) (3.29)

\ I i W  ?d3x
w here a^ is the Bohr rad iu s of the muon o rb it, (hVm^e1 ),q(x) 
the n u c lear charge density , 'Iv the muon wave function and 
(q) re p re se n ts  the m ean density of proton charge within the 
volum e bounded by the /( shell of the m esonic atom . T hese 
calcu lations can only be c a rr ie d  out on the basis of a defin
ite  m odel. It is c le a r , how ever, that for low Z, w here the 
lin ea r dim ensions of the nucleus a re  sm a lle r  than the rad iu s 
of the K sh e ll, we have Zeff Z, w hilst fo r heavy nuclei, 
w here the en tire  muon o rb it lies  inside the nucleus, the la tte r  
tends to behave as an infinite m edium , and an in c rease  in Z 
should not lead  to a fu rth e r in c rease  in the cap ture p roba
b ility . It follows that for high nuclear charges, the effective 
charge Z e{{ should tend to a constant lim it. W heeler took the 
harm onic o sc illa to r  functions for "iJv and assum ed that the 
n u c lea r rad iu s  was R =  ( es/ 2 mec2) A 1/* and =  210me. 
A ssum ing m odern values for the muon m ass and the ‘e le c tro 
m agnetic1 values fo r the nuclear r a d iu s , as was done by 
H illas [80], the exp ression  for Z ett becom es

Z eff (3.30)

i.e . fo r low Z , Z eff~ Z  and for high Z , Zeff 42.
The values of Ze« calcu lated  from  th is fo rm ula a re  given 

in colum n 5 of Table 3.10. They w ere im proved som ewhat by 
Sens [68] who used  e le c tro n -sc a tte rin g  data and 2P — IS  t r a n 
sition  en e rg ies  in muonic atom s to determ ine  nuclear rad ii 
and n u c lea r-ch a rg e  d is trib u tio n s. Sens’ data for the effect-
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ive charge a re  given in b racke ts  in column 5 of Table 3.10. 
They a re  not very d ifferen t from  those obtained from  H illa s’ 
form ula.

We thus see  that the effective charge Zeff in P rim ak o ff’s 
form ula (3.28) re p re se n ts  the dependence of the cap tu re  p ro 
bability on the atom ic p ro p e rtie s  of the m esonic atom ; the 
coefficients (ti) and 6 re p re se n t the dependence on the nu
c lea r  p ro p e rtie s , w hilst A (HJ) is determ ined  by the n a tu re  
of the weak in te rac tion  itse lf.

C om parison of experim ental data on ^ '-c a p tu re  p ro b ab 
ilitie s  in d ifferent nuclei with P rim akoff’s fo rm ula has been 
c a rr ie d  out by Sens [68] and Telegdi [81]. The fo rm er based  
his analysis on his own m easu rem en ts for 29 e lem en ts, 
w hilst Telegdi perfo rm ed  a s im ila r  analysis but included 
m ore accu ra te  recen t data on cap ture p ro b ab ilitie s . F ig . 3.17 
shows a com parison of P rim akoff’s fo rm ula with ex p e ri
m ental data; the quantity AcI(q) is  plotted  as a function of the 
neutron excess ( A—Z ) / 2 A ,  w here Ac is  the experim enta l

Fig. 3.17 Negative-muon capture probability as a func
tion of neutron excess (Sens’ diagram). The straight 
line was found by the method of least squares

value of the cap ture  probability  and (q) is given by (3.29). We 
see  that with a few exceptions, the experim enta l points lie  on 
the s tra ig h t line. The slope of th is line y ields the c o rre la tio n  
coefficient 6 in P rim akoff’s fo rm ula, and the value of Ac 
ex trapolated  to A = Z =  1 gives yA (HJ). Sens’ ana ly sis  
yielded

6 =  3.15, yA (H[) =  188 s e c '1 (3.31)
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w hilst Telegdi found that

6 =  3.13, yA  (Hi) =  183 se c '1 (3.31a)

T h ese  two re su lts  a re  p rac tica lly  identical and, since acco r
ding to P rim ak o ff’s es tim a te  (see above) y ^  0.752/0 .58  x 1, 
it follows that

A (Hi) ^  188 s e c '1

Since the th eo re tica lly  calcu lated  y was only determ ined  to 
w ithin 20-30%, the r e s u lt  obtained for A (HJ) is not inconsis
ten t with the th ree  values of th is quantity given in Table 3.5, 
obtained for the th ree  d ifferen t assum ptions about the form  
of the H am iltonian. T hese experim ental data cannot th e re 
fo re  be used to d istinguish  between hypotheses A, B and C, 
but they do confirm  the p resen ce  of the F erm i constant in the 
in te rac tio n  H am iltonian. T his follows, fo r exam ple, from  the 
ana lysis given by T elegdi.

3.11 '-DECAY PROBABILITY IN A BOUND STATE

It is usually  assum ed in the determ ination  of the nuclear 
{P-capture probability  from  m easu rem en ts of the m ean neg
ative-m uon life tim e that the decay probability  in the/C shell 
of the m esonic atom is equal to the decay probability  for a 
fre e  muon, i.e . the positive muon in m a tte r.

In re a lity  th e re  is a d ifference between the cap ture probab
ility  for a fre e  muon and a muon in the K  shell of a m esonic 
atom . F irs tly , the to ta l energy of the bound negative muon is 
le s s  than the to ta l energy of the fre e  positive muon by the 
binding energy of the negative muon in the K  shell of the m e
sonic atom . Consequently, the phase space accessib le  to the 
decay p a r tic le s  is reduced , and hence the to ta l decay p ro b a
b ility  is d ecreased . Secondly, the m otion of the negative muon 
in the K  o rb it gives r i s e  to a re la tiv is tic  change in the tim e 
sc a le , so  that its  life tim e in the labo ra to ry  system  indheases 
(decay probability  d ec rease s) , ju st as for a fast co sm ic-ray  
muon whose life tim e is  m easu red  by an o b se rv e r at r e s t .  
F inally , the effect of the nuclear Coulomb field  on the decay 
e lec tro n  may influence the decay probability .

The above facts modify not only the total decay p robab il
ity but also  the form  of the e lec tron  energy spectrum  p ro 
duced in |iT — e~ decays. F o r exam ple, the o rb ita l m otion of
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the muon in the K shell of the m esonic atom leads to a Dopp
le r  shift in the sp ec tru m  of decay e lec tro n s . The sp ec tru m  
th e re fo re  contains e lec tron  energ ies in excess of the lim it
ing energy, which in the decay of the fre e  positive  muon is  
equal to 52.8 MeV. The nuclear Coulomb field  also  has an 
effect on the form  of the sp ec tru m  and im pedes the em issio n  
of e lec trons a t very  low en e rg ies .

Changes in the decay probability  and in the shape of the 
e lec tron  energy sp ec tru m  in jit — er decay have been ca lcu 
lated  by P o rte r  and P rim akoff [82], and in g re a te r  deta il by 
Muto [83], Following the d iscovery  of non-conservation  p a r 
ity , such calculations w ere c a rr ie d  out for the V — A in te r 
action by Gilinsky and Mathews [84], U berall [85], T e ren t’ev 
[8 6 ], Huff [87], K rueger et al. [8 8 ] and o th e rs .

The reduction in the decay probability  due to the change in 
phase space can be read ily  estim ated  because the free-m uon  
decay probability  is  p roportional to the fifth pow er of the 
muon r e s t  energy (cf. C hapter 2):

A d (0) — (m^c2) 5 =  El (3.32)

F or a bound negative muon th is exp ression  m aybe rep laced
by

Ad (Z) ~  (Eo — \B | ) 5 (3 . 3 3 )

w here B =  m^c2 (Za)2/2  is the binding energy  of the negative 
muon in the K she ll. F o r sm all Z we have, on expanding and 
re ta in ing  the f i r s t  power of B/E0,

Ad(Z)
Ad(0)

(3.34)

w here (3 =  2.5. When tim e d ilatation  is  taken into account, (3 
in c rease s  to about 3 .

M ore accu ra te  es tim a tes  of the reduction  in the decay p ro b 
ability  led to the sam e re su lt:  the ra tio  R fa lls  off m onoton- 
ically  with increasing  Z and contains only a te rm  of o rd e r  
Z 2. Fig. 3.18 shows the fo rm  of R (Z) obtained by the w o rk e rs  
m entioned above.

F rom  the experim ental point of view, the determ ination  of 
the decay probability  for a negative muon in the K  she ll r e 
qu ires the sep ara tio n  of the second com ponent A d (Z) from  
the to ta l p robability  A (Z) =  Ac (Z) +  A d (Z). This can be done
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if we know the ra tio

f(Z) =
Ad(Z)
A(Z)

which is  equal to the ra tio  of the num ber of p~— c decays and 
the to ta l num ber of negative muons stopping in the ta rg e t Z. 
To obtain f  (Z) one m ust m easu re  the num ber of decay e lec 
tro n s  Ne leaving the ta rg e t, the num ber of negative muons 

stopping in the ta rg e t and the detection efficiency e for 
decay e lec tro n s:

i i 7) _ A d(Z) _  (3.35)
A (Z) Af-s

The efficiency e can be determ ined  by the ‘ ca lib ra ted  ef
fic iency’ m ethod used  by L ederm an and W einrich [89J and 
Yovanovitch [70]. They used the sam e ta rg e t Z to stop neg
a tiv e - and positive-m uon beam s with the sam e range sp ec 
tru m , and determ ined  the e lec tro n  detection efficiency 
from  the p o sitro n  yield  in p+ — c decays in the ta rg e t, assu m 
ing tha t the detection efficiency was the sam e for e lectrons 
and p o sitro n s . In th is case e =AC/A^ > and substitu ting  into 
(3.35) we have

Ad (Z) — A (Z) ^ J — T (3.36)
Nt/N+

In re a lity , the e lec tro n  and positron  sp e c tra  from  p — e de
cays a re  d ifferen t, and th e re fo re  the above assum ption that 
the detection efficiency is the sam e for positrons and e lec 
tro n s  is not re a lly  valid. However, the e r ro r  introduced by 
th is is not m ore than a few per cent, provided the nuclei a re  
not too heavy. Yovanovitch used th is method to determ ine 
A d (Z) fo r Z =  6, 20, 22, 23, 26, 27, 28, 30, 53 and 82, and 
L ederm an  and W einrich used  it to de term ine  Ad (Z) fo r Z =  
4, 8, 13, 20, 22, 26, 29, 42, and 48.

A nother m ethod of determ in ing  Ad (Z) is to use a m ultilayer 
ta rg e t consisting  of a la rg e  num ber of a lternating  thin p la tes 
with atom ic num bers Zi and Z2 resp ec tiv e ly , w here Zx is a 
m a te r ia l of low atom ic num ber, e.g. carbon, polyethylene 
o r alum inium . When the num ber of thin p la tes is  sufficiently 
high, the e lec tro n  detection efficiency is the sam e for both 
high and low Z p la te s , and

Ad (Z2)  Ne (Z2) N  ̂(Z|) A (Z2)
Ad(Zi) _  Ae(Zj) 'A M,(Z2) A (Z,)

(3.37)
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The ra tio  R =  Ad(Z2)/Ad(Zi), which is not very  d ifferen t from  
R =  Ad(Z2)/A d(0), can be determ ined  if the ra tio  of stopping 
muons in the two ta rg e t m a te r ia ls , Nil(Z2) /N il (Zi), and the 
ra tio  of decays, Ne (.Z2) / N e (Zi), a re  known. The fo rm e r can 
be determ ined  e ith e r from  the ran g e-en e rg y  re la tio n  [74], 
o r  by d irec t m easurem ent [70]. The ra tio  Ne (Z2) /Ne (Zt) may 
be found by extrapolation  to t =  0 of the in teg ra l decay 
cu rv es , which consist of two tim e com ponents and a re  given 
by

f (t) -- Ne (Zi) exp [—A t (Zi) t ] -j~ Ne (Z2) exp [—Â  (Z2)t] -j- B

w here B is the constant background. The m ost accu ra te  
re su lts  obtained for R by the above m ethods a re  shown in 
F ig. 3.18.

C om parison of experim ental data with the ca lcu lated  values 
of R (Fig. 3.18) shows that instead  of the m onotonic d e c re a se  
in the decay probability  fo r the bound negative muon with

A — s e m i-c la s s ic a l  ca lcu lations  taking into account the 
change in the phase volume and time dilatation for an e x 
ponential meson wave function; B -  same for G aussian  
wave function; C — ca lcu lations  allowing only for time d i
latation with an exponential meson wave function; D —c a l 
culation of Gil insky and Mathews; E -  Huff’s  ca lcu la t ion s

Fig. 3.18 A plot of the ratio of the decay probability for a 
bound negative muon and a free muon as a function of the 
nuclear charge Z
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in c reas in g  Z , which follows from  (3.34), th e re  is in fact a 
m axim um  n ea r Z" = 2 6  (iron).

P o ss ib le  reaso n s  for th is anomaly have recen tly  been d is 
cussed  by Keuffel [90] and Chilton [91], who proposed that it 
is  connected with the em ission  of y ray s  as a re su lt  of the 
nu c lear excitation  during negative-m uon cap tu re . If the ex
citation  energy is  g re a te r  than the neutron binding energy, 
the em ission  of a neutron  is m ore probable than the em ission  
of y ray s . Analysis shows that the em ission  of y ray s with 
en e rg ies  in excess of 10 M eVhas a very  low probability , but 
at low er excitation  en e rg ies , when the em ission  of a neutron 
is not p ossib le , y -ray  em ission  predom inates and sev era l 
y ray s  may b e e m it te d p e rc a p tu re .l t  is  very  difficult to c a l
cu late  the spectrum  of y ray s  produced after negative-m uon 
cap tu re , but approxim ate re su lts  may be obtained by consid
e rin g  the spectrum  of y ray s  from  the nuclear cap ture of 
th e rm a l neu trons. The m ean num ber of y ra y s  p er therm al -  
neutron  cap ture  is  2 .5 -4  fo r nuclei with in te rm ed ia te  atom ic 
w eight. This m ay be reg ard ed  as the low er lim it for the m ean 
num ber of y ray s  p e r  negative-m uon cap ture. It may th e re fo re  
be supposed that the observed anom aly n ea r Z =  26 may be 
explained by the detection of y ray s from  excited nuclei 
in stead  of decay e lec tro n s. Yovanovitch used a thick ta rg e t 
and an e lec tro n  te lescope consisting  of th ree  p la stic  sc in 
t il la to rs  sep ara ted  by two alum inium  p la tes . The m inim um  
e lec tro n  energy detected by th is te lescope was 4 MeV. A 
s im ila r  arrangem en t was used by L ederm an and W einrich. 
Y  ray s  with energ ies of 5-10 MeV producing Compton e lec 
tro n s  o r p a irs  e ither in the ta rg e t o r in the f ir s t  abso rber 
could be reco rd ed  as e lec tro n s, with an overall detection 
probab ility  of about 1%. Allaby et a l . - [92], working on the 
L iverpool synchrocyclo tron , used a la rg e  Nal c ry sta l to de
te rm in e  the Y"r a Y spectrum  and yield  from  negative muons 
stopping in iron  and zinc ta rg e ts . They found that to within 
the s ta tis t ic a l e r r o r ,  the y -ray  sp e c tra  and yields from  the 
two ta rg e ts  w ere identical: 0.320 ±  0.005 for Fe and 0.285 £  
0.010 for Zn (per negative-m uon capture). T hese re su lts  a re  
inconsisten t with Chilton’s assum ption. However, Culligan et 
al. [93] and Ignatenko [94] have recen tly  perfo rm ed  new 
m easu rem en ts  of R for iron  with specia l p recau tions to r e 
duce the y -ra y  background. The experim ents of Culligan et 
al. a re  illu s tra te d  in F ig. 3.19a. The counter te lescope 5,6 
was used to detect e lec tro n s from  n — e decays in the iron  
ta rg e t located  in a field  of 10 000 gauss. A sodium -iodide
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Fig. 3.19a Determination of the decay probability for neg
ative muons stopping in iron and of the spectrum of decay 
electrons (Culligan et al.)

sc in tilla tion  sp ec tro m ete r p laced behind the e lec tro n  te le 
scope was used to m easu re  the energy of the decay e le c 
tro n s. The d istance between counters l a n d 2 was about 7 m , 
so that negative muons stopping in the ta rg e t could be iden t
ified from  the tim e of flight m easu red  with the aid of the 
telescope 1,2,3. Fig. 3.19b shows the energy sp ec tru m  of de
cay e lec trons obtained with th is appara tu s. The broken 
curve indicates the spectrum  expected for p+ — e* decays with 
a M ichel p a ram ete r q =  3 /4 .

C learly , the e lectron  spectrum  is substan tia lly  d ifferent 
from  the expected positron  spectrum . The reaso n s  for the 
difference have been d iscussed  above. The so lid  curve which 
is a m oderately  good rep resen ta tio n  of the experim enta l 
points was calculated by U berall for — e~ decays in iron .

Fig. 1.19b Spectrum of decay 
electrons from negative muons 
stopping in iron. The solid curve 
gives the theoretical spectrum 
(Uberall) showing the experimental 
‘spread*, while the broken curve 
gives the electron spectrum from 
the decay of tree muons (p = 3/4), 
again subject to experimental 
spread
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The ra tio  R obtained in th is experim ent was

R = 0.972 ±  0.042

A s im ila r  re s u lt  has been rep o rted  by Ignatenko et al.
It th e re fo re  seem s probable that the anom aly at Z= 26 is  

pu re ly  experim ental and is  connected with the detection of 
Y ray s  from  excited  iron  nuclei.

3.12 ISOTOPIC EFFECT IN NUCLEAR p CAPTURE

P rim akoff’s fo rm ula for the [x -cap ture probability  by 
com plex nuclei (3.25) p red ic ts  a considerab le isotopic e f
fect. F o r exam ple, it  p red ic ts  that for the chlorine isotopes

Ac (Cl37) 
Ac (Cl35)

=  0.78 for 6= 3 .1 5

P hysica lly , th is is due to the fact that each ex tra  neutron r e 
duces the num ber of negative-m uon s ta te s  which are  a c ce s
sib le  a fte r cap tu re , and th e re fo re  that an in c rease  in the 
num ber of neutrons should reduce the ^ -c a p tu re  probability . 
A se a rc h  for the isotopic effect was m ade by B e rtram  et al. 
[76] who used s ilv e r  ch loride . N atural ch lorine is a m ix ture 
of C l35 (75.43%) and C l37 (24.57%). B e rtra m  et al. used  two 
ta rg e ts ,  one enriched  with C l35 (96.8%) and the o ther en
riched  with C l37 (76%). The experim ent is  shown in Fig. 3.20.

Fig. 3.20 Measurement of the isotope effect in the 
negative-muon capture probability m chlorine
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The beam  of 43-MeV negative muons was brought to r e s t  in 
the AgCl ta rg e t. Stopping negative muons w ere indicated  by 
123 coincidences^ and the em ission  of decay e lec tro n s from  
the ta rg e t by 345 coincidences. The Helm holtz co ils w ere 
used to com pensate the ex ternal m agnetic field of the cyclo
tron  in the vicinity of the appara tus, thus e lim inating  the 
sinusoidal modulation of the decay curve due to p rece ss io n  
of the muon spin. The tim e d istribu tions w ere analysed  by 
perfo rm ing  a le a s t-sq u a re s  analysis of the experim enta l 
data to the form ula

IJr

+  S (a35e ~nAt (35)+ % r ' lAf (3,)H  Ce~nAtic) + D

w here yT is the num ber of counts in the r-th  channel of the 
system  used to m easure  the life tim e , A,B,C,D a re  con
s ta n ts , A t is  the probability  of d isappearance  of a negative 
muon and the la s t te rm s re p re se n t the background due to de
cays in sc in tilla to r  3 (carbon) and random  coincidences. 
A; (C) was taken to be (4.899 ± 0.007) x 105 sec  the re s u lt  

obtained by R e ite r. The values obtained for At by th is m ethod 
w ere (cf. Table 3.10)

At (35) =  (22.54 ±  0.52)-105 sec*1

At (37) =  (17.03 ±  0.49)-105 s e c '1

If the decay probability  for the fre e  muon is assum ed to be 
A =  4.52 x 10’’ s e c -1 , we obtain the following p '-cap tu re  p ro 
bab ilities for the chlorine isotopes:

Ac (35) =  (18.02 ±  0.49)-105 se c '1 

Ac (37) =  (12.51 ±  0.52). 105 sec ’1

S im ilar m easurem en ts for Ca44 and Ca40 have been rep o rted  
by C ram er et al. [77], and for U233 and U235 by Diaz et al. 
[95]. The re su lts  of all th ree  determ inations a re  sum m arized  
in Table 3.11, which gives the ra tio  of the muon—capture  p ro 
bab ilities in the heavy and light iso topes.

It is evident tha t the experim en ta l data confirm  the 
ex istence of a considerab le isotopic effect whose m ag
nitude is in qualita tive agreem ent with the p red ic tions 
of P rim akoff’s th eo re tica l fo rm ula (3.28).
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3.13 EFFECT OF THE HYPERFINE STRUCTURE OF THE 
MESONIC ATOM ON NUCLEAR CAPTURE

It has been pointed out that when a negative muon is cap
tu red  by the pro ton  in the hydrogen m esonic atom (^ 'p ), the 
cap tu re  probab ility  depends on the m utual o rien ta tion  of the 
sp ins of the two p a rtic le s : in the tr ip le t s ta te  of the m esonic 
atom , w here the spins a re  p a ra lle l, we have A+ =  0, w hilst 
in the sing le t s ta te , w here the spins a re  an tip ara lle l and the 
to ta l spin of the sy stem  is  ze ro , A- =  600 sec"1. L et us now 
con sid er the ca lcu lated  |x"-capture probability  for a proton 
in the m ost genera l case , w here the Ham iltonian includes 
te rm s  ch a ra c te riz ed  by the G am ow -T eller and F erm i in te r 
action constan ts. F or a ‘p u re ’ V — A in te rac tion  we have

G q _x  ~  =  — G y  and X  —  — 1

G g - T  w here ------ —x.
G p

The ^"-cap ture  probability  for a proton in the sing let and 
tr ip le t s ta te s  of the m esonic atom(p"p) respective ly  is  given 
by

A_ ^  (1 — 3x)\  A+ — (1 +  x)2 (3.38)

and the cap tu re  probability  averaged over the two spin s ta te s  
is

A =  /'i.j- A- f -  ti—A_ = ------ [(/ -f~ 1) A ,̂ -4~ /A..]
21 | 1

w here n+ and n.  a re  the populations of the two s ta te s  and a re  
resp ec tiv e ly  equal to ( /  +  1 )/(2 / +  1) and / / (2 /  4- 1), w here I is

Table 3.11 The isotope effect
Muon capture probability

Iso topes Measured Calcu
lated

C137/C 13S 0.69 ± 0 .03 0.78 C alculations based on 
the assumption that the 
correlation coe ff ic ien t  in

C a 44/C a 40 0.71 ± 0 .02 0.66 PrimakofPs formula was  
equal to 3.15

u 238/ u 23S 0.88 ± 0 .0 7 0.81
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the spin of the proton. It is  assum ed that the population is 
d istribu ted  s ta tis tic a lly , i.e . re laxation  effects a re  absent. 
The re la tiv e  d ifference in the cap ture  p ro b ab ilitie s  for the 
two s ta te s  is th e re fo re  given by

A_ —A+ AA _ 8 x (x — 1) 
A A 1 +  3v2

(3.39)

T his p a ram e te r is  very sensitive  to the m agnitude and sign 
of the ra tio  x of the G am ow -T eller and F e rm i constan ts . 
F o r exam ple, 6P =  0 for x =  1 (V +  A in teraction) and 6P = 
4 fo r x = -1 (V — A in teraction). The stro n g  spin-dependence 
of the elem entary  p ro cess  -f- p n +  v leads to the fact 
that nuclear p" cap ture is very  dependent on the spin s ta te s  
of the negative muon and nucleus.

If the nuclear spin /  in the m esonic atom produced as a 
re s u lt  of negative-m uon cap tu re  is not ze ro , the muon can 
be cap tured  from  e ith er of two /("-shell s ta te s  ch a ra c te riz ed  
by the following com ponents of the following com ponents of 
the to ta l angular m om entum

F+ = / + y  and F ~ ==/—T
B ern ste in  et al. [96] have pointed out that the cap tu re  p ro b 
ability  should be d ifferen t for these  two s ta te s . They ca lcu 
la ted  th is effect for a model consisting  of a sp in less  co re  
and an ex ternal proton, and showed that

A A _ 1 S  < / S p > 2 /  +  1-- U n -----------------
A Z /( /  + 1) 2

(3.40)

w here A A =  AF+ — AF_ is  the d ifference in the cap tu re  
probability  for two h y p erfin e -s tru c tu re  s ta te s , A the cap 
tu re  probability  averaged over the two s ta te s , Z the nuc lear 
charge , Sp the spin of the ex ternal proton and (ISP) the 
expectation value of the sc a la r  product of the two sp in s .

U berall [97] c a rr ie d  out m ore accu ra te  calcu lations for 
Al27 and P 31 using a sim ple shell model and the sum  ru le . 
He found that for Al27

AA _  A (F =3) — A (F = 2)
A 7/12A. (F =3) + 5/ 12A (F —2) (3.41)
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AA _  A (F =1) — A (F =0)
A 3/4A (f  =  l) +  74A (F = 0)

(3.42)

Ih is evident th a t the d ifference in the [x~-capture p rob 
ab ilities  for the two h y p e rf in e -s tru c tu re  s ta te s  constitu tes 
a la rg e  effect even for nuclei. The f i r s t  experim enta l attem pt 
to detect th is  phenomenon was based  on the fact tha t the |x“— e 
cu rve  f (t) ,  m easu red  for stopping negative muons in e le 
m ents such  as Mg, A1 and P , should co n sis t of two exponen
tia ls  correspond ing  to the two angular m om enta F+ and F_. 
It can easily  be shown that two such exponentials give r is e  
to a decay curve with positive cu rvatu re

K = 2  " 3/2n + AA -n_
A

AA
X (3.43)

T elegdi [98] showed that the p resen ce  of conversion t r a n s 
itions between the s ta te s  F+ and F- w ill modify th is ex p res
sion  to

K=K(AA,R)  = - 2
\ A

(R—n.AA) 
A

(3.44)

w here R is the probability  of conversion of the m esonic atom 
from  s ta te  F+ to s ta te  F- (assum ing that the m agnetic m om 
ent of the nucleus is positive). Telegdi suggested as a p os
sib le  p ro ce ss  for th is conversion  the m agnetic in te rac tion  
between the ‘nucleus’ of the m esonic atom (nucleus plus 
negative muon) and ex ternal 5 e lec trons in the atom ic shell 
of the m esonic atom . If the probability  of th is  conversion is 
such that R > n_  A A, then the sign of the cu rv a tu re  of the de
cay cu rve changes from  positive for R <  n_AA to negative 
e lsew here . W inston and Telegdi [99] estim ated  that in light 
nuclei the conversion  probability  is g re a te r  by one o r two 
o rd e rs  of m agnitude than the cap tu re  probability  A A. T able 
3.12 gives som e calcu lated  values of R and A A.

Table 3.12

N ucleus R , s e c -1 AA, s e c  1 N ucleus R,  sec"1 AA, s e c  1

B11 1.7 x 105 5 x 103 C13S 7.5 x 106 2.3 x 10s

F19 2.9 x 106 1.1 x 10s Y89 4.1 x 107 2.8 x 10s
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The f i r s t  experim ents w ere c a r r ie d  out by the Chicago 
group [98] and consisted  of the determ ination  of the decay 
curve for negative muons stopping in alum inium  and phos
phorous. At f i r s t  the re su lts  did indeed ind icate  tha t the 
cu rv a tu re  was negative, but subsequent m o re  ca re fu l m e a s 
urem en ts by d ifferen t m ethods did not confirm  the ex istence 
of such cu rv a tu re . The final r e s u lt  was [72]

K  =  +  (1.1 ±  1)-10-3 for Mg
and

K  =  +(2.4 ±  1.7). KT3 for A1

The Mg nucleus has zero  spin and th e re  a re  no hyperfine- 
s tru c tu re  effects. M easurem ents of the decay curve for Mg 
can th e re fo re  be reg ard ed  as control m easu rem en ts  of the 
decay curve with zero  cu rv a tu re . A fin ite cu rv a tu re  w as, 
how ever, detected when neutrons and y ray s  em itted  by 
the nucleus a fte r decay w ere reco rd ed  instead  of decay 
e lec tro n s .

By w riting  down the kinetic equations fo r the negative 
muons stopping in the ta rg e t, including conversion  from  the 
F+ to F_ s ta te s , i t  is  quite easy to d eriv e  the ex p ressio n s 
which follow for the num ber of negative-m uon decays and 
c a p tu re s :

Nd (t ) d t ~  e~A~ *{ 1 -  Ae-™) dt 
Nc( t ) d t ~ e - A- < ( \ -A 'e -Rt)dt  (3*45)

w here A and A' determ ine the cu rv a tu re  of the decay curve. 
When the decay e lec trons a re  reco rd ed

A -  n+ (°)AA (3.46)
R

and when neutrons and y ray s  em itted  by the nucleus a re  
reco rd ed

A l +  /z+(0)AA/A <3‘47)
In these  ex p ressio n s the quantity n+ (0) re p re se n ts  the 

population of the F+ level at t — 0. C om parison of th ese  
form ulae shows that if R ^  A A which, as we have seen  
(Table 3.11), is  in fact the c a se , it  is  m o re  convenient to 
determ ine the cu rv a tu re  of the decay curve by reco rd in g  
neutrons and y ray s  in stead  of the decay e lec tro n s .
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T his m ethod was used by Culligan et al. [100], who m e as
u red  the tim e d istribu tion  of the neutrons and y ray s  em it
ted by F f after negative-m uon cap tu re . An L iF  ta rg e t was 
em ployed and a control run was c a rr ie d  out with LiOH (spin
le s s  nucleus). Since the p~-capture probability  is  approxi
m ately  p roportional to Z4, cap ture by fluorine and oxygen is 
im portan t in both ca ses .

The experim ent is illu s tra te d  in F ig. 3.21. The ta rg e t T 
was surrounded  by four sc in tilla tion  counters 5 , 6 , 7  and 8, 
and four o ther sc in tilla tion  counters 1, 2, 4 and 9 w ere 
p laced  in the d irec t beam . The lucite Cerenkov counter 3 was 
connected in anti-coincidence, and used to elim inate the 
e lec tro n  im purity  in the negative-m uon beam . The liquid 
sc in tilla tio n  counter 9 used pu lse-shape d iscrim ina tion  to 
d istinguish  between light and heavy ch a rg e d p a rtic le s . It was

1, 2, 3, 5, 8 — scin tilla tors;  6, 7 — scin tilla tors
sh ield ing  the target 8; 9 — cylindrical liquid s c in 
tillator counter for neutrons and y rays (12.5 X 12.5 cm)

Fig. 3.21 Measurements of the spin dependence of 
the negative-muon capture probability in Fj9

used to detect neutrons (by th e ir  knock-on protons) and y 
ray s  (detected by observing Compton and p a ir  e lec trons). 
C ounters 5, 6, 7 ,8  w ere connected in anti-coincidence and 
w ere used to reduce the background of random  coincidences 
and b rem sstrah lu n g  due to decay electrons_. A_negative muon 
stopping in the ta rg e t was indicated by 2345678 coincidences, 
w hilst a n eu tra l decay product (neutj?on__or y ray) from  
negative-m uon cap ture was indicated by 156789 coincidences.
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Fig. 3.22 The number of secondary neutral particles 
(neutrons and y rays) plotted as a function of time. 
Data corrected for exponential decay

Fig. 3.22 shows the decay curves obtained with th is appa
ra tu s  for L iF  and LiOH ta rg e ts . The num ber of reco rd ed  
neutrons and y ray s  co rrec ted  for exponential decay, i.e . 
Nny (t) exp (+  A-0> is  plotted as a function of tim e in n sec . 
It is evident from  th is figure that cap tu re  by the sp in less  nu
cleus O16 yields a pu re  exponential (the experim enta l points 
lie  on a s tra ig h t line p a ra lle l to the tim e axis), w hilst for 
negative-m uon cap ture by F 19, the decay curve (a) has a neg
ative cu rva tu re . If the experim ental data (a) a re  fitted  by
(3.45), the p a ra m e te rs  A' and R a re  found to be

A' =  0.31 ±  0.02 
R =  (5.9 ±  0.8) 10® se c ’1

T hese re su lts  indicate a very  appreciab le hyperfine-stru .c- 
tu re  effect in negative-m uon cap ture by F . The p resen ce  
of th is effect confirm s that the value of the p a ra m e te r  x in 
(3.39), which is equal to the ra tio  of the G am ow -T eller and 
F e rm i in te rac tion  constan ts, is not very  d ifferen t from  -1 . 
In fac t, for x = -1 .25 , the expected value of A' lie s  in the
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ran g e  0 .25-0.37, w hilst for x — +125 the range is 0.04-0.07.
It m ay th e re fo re  be concluded that th is experim ent has 

shown that the sign of the ra tio  x = Gg~t /Gf is negative and 
that its  m agnitude is in agreem ent with the V — A hypothesis.

3.14  NON-CO NSER VATION OF P A R IT Y  IN 
N U C L E A R  p -  C A P T U R E

3.14.1 Basic theoretical predictions

The non-conservation  of p a rity  in negative-m uon capture 
is m anifested  in the asym m etry  of the angular d istribu tion  
of re c o il nuclei and neutrons em itted  as a re s u lt  of the cap
tu re , and also in the longitudinal po lariza tion  of the em itted  
n eu trons. The f i r s t  of these  effects has been observed by 
a num ber of w orkers , but experim ents on the longitudinal 
po la riza tio n  of neutrons a re  very  difficult and have not been 
p erfo rm ed  to date.

L et us suppose that a com pletely po larized  muon is cap
tu red  by a proton in accordance with the schem e p" +  p -*■ 
n -f- v. Huang, Yang and L ee [101] showed that if spa tia l or 
charge p a rity  is not conserved, the angular d istribu tion  of 
the neutrons re la tiv e  to the spin of the muon is given by

dN ~  (1 +  a cos ft ) dQ (3.48)

w here ft is the angle between the neutron m om entum  and the 
spin of the muon, and a a p a ram e te r which depends on the 
constan ts of the fo u r-fe rm io n  in teraction . The tw o-com po
nent neutrino theory  gives an expression  for the asym m etry  
coefficient a as a function of the effective F e rm i and Gamow- 
T e lle r  constan ts . If the negative muon is fully po larized , but 
the pro tons a re  not, then

a = Gf —Gq-T  
Gf A~ 3Gg-t

(3.49)

If a neutrino is produced in negative-m uon cap ture by a 
p ro ton  (p~ -f p -> n +  v), and

a _ G2g- t —G2f (3.50)
G2f +3Gg-7'

If an antineutrino is produced (p +  p - v n  +  v). In these 
ex p ressio n s GF =  Gs +  Gv , Gq- t — Gt +  GA .
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It follows from  the above form ulae that for a pu re  V —  A 
in te raction  with constants

Gy =  —G a
Gg =  Gj  =  Gp =  0

the angular d istribu tion  of neutrons from  the cap tu re  r e a c 
tions +  p n +  v is iso trop ic  (a  =  0). This w ill becom e 
understandable if we re c a ll that the ^ '-c a p tu re  probability  
for a proton in the tr ip le t s ta te  is zero  for pu re  V —  A in te r 
action. Since it is  only in the tr ip le t s ta te  that the m esonic 
atom  (|x~p) has a definite total spin o rien ta tion  and the sing le t 
s ta te  is spherically  sy m m etric , the absence of cap tu re  from  
the tr ip le t s ta te  w ill explain the iso trop ic  neutron angular 
d istribu tion .

The asym m etry  in th is d istribu tion  is due to the fact tha t, 
owing to the strong  in te rac tion  between pro tons and neu
tro n s , the vec to r and the ax ia l-v ec to r constan ts a re  not 
exactly  equal, However, th is  asym m etry  is  sm all and it 
follows from  the above form ulae that if GA = -1.21Gv,  the 
asym m etry  coefficient is a =  0.09.

The p resen ce  of a pseudosca lar te rm  in the in te rac tio n  
H am iltonian leads to the following m odification of the e x p re s 
sion (3.49) for the asym m etry  coefficient:

a =
\Gf \* -2 \G G- t 

| Gp |2 +  2 I Gg _ t

!2+ G<>~T- m Gp\

!+ Ga-G - T - P Gp \2 M

(3.51)

w here v is the neutrino  energy and GP the p seu d o sca la r con
stan t due to v irtua l-p ion  exchange (GP = xGA). It is  evident 
from  the above fo rm ula  that for the V —  A in te rac tion , the 
sign of the asym m etry  coefficient depends on the sign of the 
ra tio  GP/GA .

Table 3.13 gives the values of the asym m etry  coefficient 
calculated  under d ifferen t assum ptions about the additional 
in te raction  constan ts [102]. It is evident from  th is  tab le  tha t 
the asym m etry  coefficient reach es  the value a =  -0.45 when 
all the additional te rm s  a re  included in the H am iltonian.

It is w orth noting that the longitudinal po la riza tion  of the 
neutron from  the reac tio n  jx' +  p n +  v is  p rac tica lly  com 
plete  and is independent of the p a r tic u la r  fo rm  of the in te r -  
action. This is a sim ple k inem atic consequence of the to ta l 
longitudinal po lariza tion  of the neu trino  in the tw o-com pon-
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Table 3.13

187

‘Weak magnetism’ 
constant

G  p

G A
a

‘Weak magnetism’ 
constant k 

"0 a

A bsent 0 - 0 .0 9 Absent 8 - 0 .3 3

P resen t 8 - 0 .4 5 Present 0 - 0 .2 3

ent theory . In fact, s ince cap ture occurs m ainly from  the 
s ta te  with zero  to tal spin, and a longitudinally po larized  neu
trin o  c a r r ie s  off spin 1 /2 , the neutron should be longitudin
ally p o la rized  in o rd e r to ensu re  that the to ta l spin of the 
sy stem  is 0.

When a negative muon is captured by a nucleus, the asym 
m etry  in the neutron d istribu tion  is  reduced  because of the 
in te rn a l m otion and sc a tte rin g  of nucleons in the nucleus. 
T his k inem atic  depolarization  of neutrons in sp in less nuclei 
has been es tim ated  by Shapiro e t al. [102], U berall [103], 
Akimova e t al. [104], Dolinskii and Blokhintsev [105], 
B lokhintzev [106], Lubkin [15] and o th e rs .

The depolarizing  effect of the nucleus can the re fo re  be 
expected to modify the asym m etry  for fully po larized  neg
ative muons so that it m ust be described  by two p a ra m e te rs , 
i .e .

dN ~  (1 +  ax cos O') dQ (3.52)

w here a is the asym m etry  coefficient for the orig inal p" +  p
n +  v reac tio n , and x re p re se n ts  the reduction in the 

asym m etry  due to the in te rac tion  between neutrons and in
te rn a l nucleons. Akimova, B lokhintsev and Dolinskii [104] 
have ca lcu lated  the reduction  in the neutron asym m etry  for 
the sh e ll m odel with j — / coupling and a sq u are -w ell poten
tia l with rad iu s  R = r0 A1/3 w here r0 = 10"13 cm . The in te r 
action of the neutron  with the nucleus was rep re sen ted  by a 
com plex potential. Table 3.14 gives the values of x for v a r i
ous ligh t nuclei obtained from  this calculation in the form  of 
and average over the energy spectrum  of d irec t neu trons. 
T hese data w ere obtained for th ree  d ifferen t values of the 
ra tio  of the r e a l  and im aginary  p a r ts  of the potential, i.e . 
% =  0, 0.10 and 0.15.

S im ila r she ll-m o d el calculations w ere perfo rm ed  by Lub
kin [15], who calcu lated  x for d irec tly  in te rac ting  neutrons 
with energ ies g re a te r  than a given energy e in the case  of
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Table 3.14

£
0 0.10 0.15

£
0 0.10 0.15

Nucleus-^ N u c le u sv

C 12 0.174 0.416 0.500 S i28 0.045 0.366 0.441
N e 20 0.388 0.578 0.641 S32 0.273 0.515 0.590

the sp in less nuclei O16, Si28 and Co10. The re su lts  a re  given 
in Table 3.15 w here e is  in MeV„

C alculations in which the in te rna l pro tons and neutrons in 
the nucleus w ere described  by the F e rm i gas m odel have 
been rep o rted  by U berall [103] andLubkin[15]. In the fo rm er 
paper it was found that x =  0.773 fo r nuclei with an equal 
num ber of neutrons and pro tons. The re s u lts  obtained in the 
second paper for d irec tly  in te rac ting  neutrons from  P b208 and 
Ca40 with energ ies g re a te r  than e a re  given in Table 3.16.

The calculations d iscussed  above showed that the red u c 
tion in asym m etry  due to the effect of the nucleus lie s  in the 
range 0 .1-0 .8 , depending on the nuclear m odel adopted and 
the neutron energy, but the sign of the asym m etry  rem a in s  
the sam e (x > 0 ) .  It m ust also  be noted that values obtained 
for x from  the F erm i gas model a re  much g re a te r  than 
those for the shell m odel. This is due to the d ifferen t ra tio  
of the num ber of d irec tly  in te rac ting  neutrons and evapo r
ation neutrons in the two m odels.

C alculations of the neutron asym m etry  m ust also take 
into account the fact tha t, as a re su lt of depo lariza tion  of 
negative muons in cascade tran sitio n s  in the m esonic atom , 
the po larization  of the negative muon at the in te rac tio n  is 
not m ore than about 15% (see C hapter 6). It follows that the 
final asym m etry  m ust be describ ed  by

1 axP cos 'O' (3.53)

w here P is  the degree of longitudinal po lariza tion  of n eg a
tive muons in the K  she ll. The observed  asym m etry  coeffi
cient ax P is  then found to lie in the range 0.01-0.04.

Such low asy m m etries  a re  very  d ifficu lt to de tec t. The 
situation  is com plicated by the fact that neu trons of su ffi
ciently  high energy m ust be reco rd ed  in o rd e r  to reduce  the 
background due to evaporation neu trons which a re  d is t r i 
buted iso trop ica lly  in space, and the y -ray  background due 
to excited  nuclei. Some idea about the p ossib le  ra tio  of
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Table 3.15

189

o 16 1.15 2.30 9.21 20.72
0.22 0.27 0.73 0.33

S i28 0.79 1.58 6.34 14.27
0.10 0.18 0.28 0.07

Ca40 0.63 1.25 5.00 11.30
0.01 0.10 0.27 0.31

Table 3.16

P b 208 Ca40 P b 208 Ca40

e, MeV e, MeV e, MeV e, MeV

1 0.68 1 0.62 4 0.79 4 0.65
2 0.73 2 0.65 8 0.80

d irec tly  in te rac tin g  to evaporation neutrons is given by Fig. 
3.23, which shows neutron sp e c tra  calculated  by Lubkin 
[15] for Ca40 and Pb208 using the F erm i gas m odel. C learly  
the num ber of d irec tly  in te rac ting  neutrons constitu tes a 
sm a ll frac tio n  of evaporation neutrons. It is only at the end 
of the energy sp ec tru m  that th is num ber becom es re la tive ly  
high, and since the energy reso lu tion  of neutron detec to rs  
is not b e tte r  than 15-25%, re liab le  separation  of d irec t neu
tro n s  from  evaporation neutrons dem ands the detection of 
h igh-energy  neutrons only, which in tu rn  leads to lo sses  in 
in tensity .

3,14.2 Experimental data on neutron asymmetry

B aker and Rubbia [107], who studied the neutron angular 
d istrib u tio n  from  negative-m uon capture in M g an d S ,d id  not 
succeed  in detecting the asym m etry . They obtained apositive  
value for the asym m etry  coefficient but th is  differed from  
zero  by only one s tandard  deviation. It is possib le , however, 
tha t th is re s u lt  is connected with the p a rtic u la r  method used 
to detect the neu trons. In o rd e r to reduce the y -ray  back
ground, the neutron counter which they em ployed consisted  
of 15 thin sc in til la to rs . The reso lu tion  of th is counter was no 
b e tte r  than 30% with a neutron energy th resho ld  of 5 MeV. 
Under these  conditions it is very probable that th e re  was an
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] _ Evaporation neutrons X JO 
2 — Evaporation neutrons

Fig. 3.23 Spectrum of direct and 
evaporation neutrons in negative- 
muon capture by Ca40 and Pb20i 
(Lubkin)

iso trop ic im purity  of evaporation neutrons which m asked 
asym m etry , due to d irec tly  in te rac ting  neu trons.

A stbury et al. [108] appear to have been the f i r s t  to detect 
the neutron asym m etry  and thus confirm  the n o n -co n se rv a
tion of parity  in th is phenomenon. The experim ent was p e r 
form ed on the L iverpool synchrocyclo tron  and is illu s tra te d  
in F ig. 3.24. The negative-m uon beam  with in itia l m om entum  
of 190 MeV/c was brought to r e s t  in an_S32 ta rg e t. A stopping 
negative muon was indicated by 234 coincidences (gating 
pulse), w hilst the entry  of a neutron into the neutron counter 
was indicated by 1345 coincidences (stopping pulse). The 
neutron detector was a liquid sc in tilla to r  and p u lse -sh ap e  
d iscrim ination  was used to sep a ra te  neutrons from  y -ray  
and e lectron  background. The tim e in te rv a l between the 
gating and stopping pu lses was m easu red  in the usual way by 
tim e-to -am plitude  conversion. A m agnetic field  p erp en d ic
u la r to the cen tres of counters 2, 3 and 5 produced a p r e 
cession  of the negative-m uon spin in the plane defined by 
these cen tre s . If sp a tia l p a rity  is conserved , the neutron 
in tensity  should depend exponentially on tim e. If on the o ther 
hand, p a rity  is not conserved, the curve should be sinuso id 
ally m odulated as in the experim ent of G arwin et al. w ith
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Slowing-down material Sulphur target

Fig. 3.24 Determination of the asymmetry in the 
angular distribution of neutrons from negative- 
muon capture S32 (Astbury et at.)

decay e lec tro n s . It follows that the neutron tim e distribution  
should be of the form

_  t
F(i)=Noe T [1 -jacpPcos(©/+$)] +  £ (3.54)

w here x is . th e  life tim e of negative muons in sulphur (t —- 
(540 ± 20) x 10'9 sec; Table 3.10) and P the po larization  of 
the negative muon at the instan t of cap ture by the nucleus. 
The po la riza tion  P was determ ined from  the angular asym 
m etry  of decay e lec trons em itted  from  the sulphur ta rg e t 
and was found to be 15 ± 4%. The quantity cp in the above 
ex p ressio n  re p re se n ts  the angular reso lu tion  of the ex p eri
m ent, the k inem atic depolarization of neutrons in the S32 
nucleus and the reduction  in the asym m etry  due to the p re 
sence of evaporation neutrons among the reco rd ed  neutrons 
and (o is the p rece ss io n  frequency of negative muons in the 
m agnetic field. Since the nucleus S32 has zero  spin, © m ust 
be equal to the p rece ss io n  frequency of a free  negative muon,

i.e , © =  F inally , B is  the background.
^  Fi t ) ___ B

Fig . 3.25 shows a plot of the quantity q =  - _ t/x ■ as a func

tion of channel num ber in the pu lse-heigh t ana lyser. As can 
be seen , the curve describ ing  the neutron tim e d istribu tion  
is  sinusoidally  m odulated at the angular frequency ©. A 
le a s t- sq u a re s  analysis yields the following value for the 
asym m etry  coefficient in (3.54)

at71) =  aq~>P =  —0.045 +  0.015
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This experim ent was recen tly  rep ea ted  [109] using an 
im proved method and the new re su lt  was

a<p P =  —0.027 +  0.007

S im ilar, although m ore accura te , experim en ts have been 
c a rr ie d  out by the Chicago group for su lphur and m agnesium  
[110], T heir re su lts  fo r sulphur a re  shown in Fig. 3.26, in 
which the upper curve gives the neutron asym m etry  and the 
low er curve the decay e lec tron  asym m etry  for the sam e t a r 
gets and experim ental geom etry . The asym m etry  coefficients 
in Equation (3.54) w ere found to be

ah<) =  —0.020 +  0.005 ( for Mg) 
aC”) = —0.019 ±  0.007 (for S)

The asym m etry  coefficient in the e lec tron  angular d is tr ib 
ution from  m agnesium  and sulphur ta rg e ts  was also  m e a s 
ured  in these experim ents . The re su lts  w ere

a(c)=  —0.022 dh 0.004 (for Mg) 
a<f> =  —0.026 +  0.009 (for S)

Knowledge of these coefficients enables us to exclude the 
effect of the experim ental geom etry  and the in itia l p o la r iz 
ation of the negative muons at the instan t of cap tu re  by the 
nucleus from  the ana lysis , and to obtain the asym m etry  co 
efficient for fully po la rized  negative muons due to cap tu re  
in Mg and S:

(n) 0.020 +  O.OOo 1
ftjVTrr = -----------   ‘ ~ p r

0.022 +  0.004 3 
{n)_  0.019+0.007 1

US ~  0.026 +  0.009 3
T hese coefficients contain only u n certa in ties  connected w ith 
the nucleus itse lf. If we divide them  by x, which re p re se n ts  
k inem atic depolarization  in the nucleus, we obtain the asym 
m etry  coefficient in the elem entary  p ro cess  (.r -j- p —>- n -j- v. 
We have already  seen  that x is very sensitive  to the p a r t ic 
u la r nuclear model em ployed in the ca lcu la tions. If we use 
the re su lt  rep o rted  by U berall for light nuclei (x =  0.773) 
and average the values of the asym m etry  coefficients of m ag
nesium  and su lphur, we find tha t the asym m etry  coefficient 
for the elem entary  p ro cess  is

a «  — 0.35 +  0.10

= —0.30 +  0.10 

=  — 0.24+0.15
(3.55)



Fig. 3.25 Non-conservation of parity in negative-muon in S32 
(asymmetry in the angular distribution of neutrons, corrected 
for exponential d e c a y ) . The sinusoid is  the result of a least- 
squares fit. B is  the number of counts corrected for exponential
decay
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Fig. 3.26 Asymmetry in the angular distribution of neutrons 
from negative-muon capture in S, corrected for exponential 
decay. The upper curve is  for capture neutrons and the 
lower curve for decay electrons
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The expected asym m etry  coefficients a re  given in Table 
3.13. We see that the values of a obtained in d ifferen t ex p e r
im ents a re  appreciably  d ifferent from  zero  o r from  the very  
sm a ll values p red ic ted  by the pure  V — A in te rac tion . It may 
th e re fo re  be concluded tha t these experim ents indicate the 
p resen ce  of additional in te rac tions in nuclear p" cap tu re .

Kom arov et al. [ I l l ]  have m easu red  the asym m etry  of 
neutrons em itted  from  a calcium  ta rg e t using a s im ila r  
method in which the neutrons w ere reco rd ed  by a m u ltilayer 
sc in tilla tion  counter with a 7-MeV neutron th resho ld . They 
found that a =  -(0.067 ± 0.022), which does not ag ree  with 
the re su lt obtained by the w orkers m entioned above.

The following conclusions may be drawn from  the above 
experim ental data:

1. N egative-m uon cap ture by sp in less nuclei leads to 
asym m etry  in the angular d istribu tion  of d irec tly  in te ra c t
ing neutrons and confirm s non-conservation  of p a rity  in the 
e lem entary  reac tio n  p ' +  p ti +  v.

2. The magnitude of the observed  asym m etry  suggests 
that, in addition to the V and A v arian ts  of the in te rac tio n  
with approxim ately equal and opposite coupling constan ts , 
th e re  a re  additional constants rep resen tin g  v irtu a l-p io n  ex
change and the ‘weak m agnetism ’ of G ell-M ann and Feym an.

3. The sign of the observed asym m etry  confirm s the 
p resen ce  of a positive coefficient in the p seu d o sca lar coup
ling constant due to v irtua l-p ion  exchange.

4. The contributions of the various additional w ea k -in te r-  
action constants cannot be sep ara ted  experim entally  at the 
p re se n t tim e. This appears to be im possib le even if ex p e ri
m ental data, becom e much m ore accu ra te , because th e o re t
ical es tim a tes  of the effect of the nucleus on the reduction  
in asym m etry  a re  subject to la rg e  u n ce rta in ties .

3.14.3 Angular distribution of recoil nuclei in p~ capture

In addition to the neutron asym m etry  considered  above, 
th e re  a re  also  o ther phenom ena in which the n o n -co n se rv 
ation of p arity  can be deduced from  m easu rem en ts on nu
c le a r  p“ cap ture. We shall review  b rie fly  som e of th e se , 
despite the fact that they have not as yet been observed  ex
perim en ta lly . One of these  effects is the angular d istribu tion  
of reco il nuclei produced as a re s u lt  of the cap ture  of p o la r
ized negative muons:
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N i  +  M>" N f  +  v

195

(3.56)

w here N t is the in itia l s ta te  of the ta rg e t nucleus and Nf is 
the final s ta te  of the reco il nucleus. An experim ent of this 
kind would not only rev ea l non-conservation  of parity  in the 
reac tio n  (3.56), but would also enable us to determ ine the 
helic ity  of the negative muon re la tiv e  to the helicity  of the 
neu trino . L et us confine our attention to, say, the 0-0 tr a n 
sition  and re c a ll that the neutrino has a left-handed p o la r
ization , i.e . its spin is an tip ara lle l to its  momentum q. 
Suppose that the neutrino is em itted  in the d irec tion  of the 
negative-m uon spin , so that if the muon has a righ t-handed  
helic ity , the neutrino should be em itted  in the d irection  
opposite to p  and the reco il nucleus should trav e l in the d ir 
ection of p , i.e . in the d irection  of the negative-m uon spin. 
If the negative muon has left-handed helicity , the reco il 
nuclei w ill be em itted  in the opposite d irection  and the ob
se rv ed  co rre la tio n  between the in itia l d irection  of the 
m om entum  and the d irec tion  of em ission  of the reco il 
nucleus w ill be described  by

w here 0 is the angle between the mom entum  of the neutrino 
and the spin of the muon. In the m ore general case  of the 
0 ->• /  tran s itio n  with a p a rity  change of (—1)/+1 (the unique 
tran sitio n s  in P decay), the observed co rre la tio n  is

w here P is the final negative-m uon po larization  in the K 
shell of the m esonic atom , and a is determ ined by the form  
of the in te rac tio n  and the tran sitio n  m a trix  elem ent. C12 
B ’-3 i0+- > l +) and O 18 ->■ N16 (0 2~) a re  exam ples of such
tran s itio n s . The m agnitude of a for these tran sitio n s was 
calcu lated  by M orita and G reenberg  [112], Rose and Good 
[113] and W olfenstein [114] for the usual model with J — J 
coupling and a harm onic o sc illa to r potential.

It follows from  these  calculations that the asym m etry  in 
the angular d istribu tion  of the reco il nuclei is very  s e n s i
tive to the p resen ce  of the p seudosca lar in teraction , but that 
te rm s  due to the conservation  of the vector cu rren t (‘weak 
m agnetism ’) have a much sm a lle r  effect.

Shapiro and B lokhintsev [115] have drawn attention to a 
phenom enon which is very  sensitive  to the pseudosca lar 
te rm  in the H am iltonian. They calculated the probability  of

1 +  c o s  $ (3.57)

1 +  aP  c o s  $ (3.58)
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the tran sitio n  O16 + u " -+ N 16 + v , in which Nlfi is  produced 
in the excited s ta te s  0’ and 1~. They showed that the to ta l 
|x~ -cap tu re  probability  with excitation of these  levels was 
about 5000 s e c '1 and that the ra tio  of the cap tu re  p ro b ab il
ities  for the levels O 'and 1" changed by a fac to r of 6 when 
the constant C£ was changed f ro m -8 CA to  +8 CA. Such a la rg e  
change can be explained by the im portance of the pseudo- 
sc a la r  in teraction  in the tran sitio n  0+ (Oie)~^0"2 (N16). The 
ra tio  of cap ture p ro b ab ilitie s  to the levels 0 and 1" can be 
determ ined experim entally  by m easuring  the re la tiv e  in 
ten sitie s  of y ray s produced in the rad ia tiv e  tran s itio n s  
1' -*■ O' (272 keV) o r 1~ -> 2 ' (392 keV) and O' 2" (120 keV) 
of the excited N16 nucleus.

3.15 RADIATIVE /T CAPTURE BY NUCLEI

In th is section we shall consider b riefly  th eo re tica l p r e 
dictions regard ing  the e lectrom agnetic  rad ia tion  re su ltin g  
from  nuclear fx~ cap tu re , and the very  sp a rse  experim enta l 
data on th is rad ia tion . F o r a proton, the p ro cess  may be 
w ritten  in the form

l-i -T p —*■ ft -f v +  Y (3.59)

w here y re p re se n ts  the em itted  photon, and if the negative 
muon is captured  by the nucleus we have

P ' + W - ^ jV' +  v +  y (3.60)

The problem  has been tre a te d  th eo re tica lly  by Cantwell 
[116] and B ernste in  [117]. We shall b riefly  rev iew  th e ir  r e 
su lts , bearing  in mind the experim enta l p o ss ib ilitie s  which 
follow from  them . Cantwell considered  light nuclei (Z/137 
<C 1), using  the H am iltonian given by (3.8) without te rm s  

proportional to the neutrino mom entum  v/M.  This m eans 
that in his analysis the pseudosca lar constant was zero . He 
showed that the to ta l probability  of rad ia tiv e  cap tu re  was 
about 10 4 of the to ta l probability  of \x~ cap tu re , i.e .

R = ^ » 1 0 “4 
A

The photon spectrum  produced as a re s u lt  of nuclear \x~ 
cap tu re exhibits a m axim um  at 30 MeV and extends to 100
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MeV. The appearance of h igh-energy photons should m ake it  
m uch e a s ie r  to observe the rad ia tiv e  cap ture  experim en
ta lly . In fact, fo r photon energ ies in excess of 50 MeV, th e re  
is  no b rem ss trah lu n g  background associa ted  with e lec trons 
from  — e~ decays and the re laxation  of nuclei excited as 
a re s u lt  of negative-m uon cap tu re . We note that the p ro b a
bility  of rad ia tiv e  decay is  very  sensitive  to the form  of the 
weak in te rac tion . F o r exam ple, if the constan ts gp andgj/ 
a re  taken into account, the rad ia tiv e  decay probability  r i s e s  
by a fac to r of 2 by com parison  with the pure V — A in te r 
action. D etection of rad ia tiv e  cap ture may th e re fo re  be used 
to d istinguish  between p o ss ib ilitie s  A and B in Table 3.5.

If p a rity  is  not conserved in negative-m uon cap ture, the 
em itted  photons should be c ircu la rly  po larized . The p o la r
ization  should be righ t-handed  and equal to 100% [101]. 
B ern s te in  showed that p seudosca lar coupling yielded pho
tons with left-handed po lariza tion , and th e re fo re  inclusion 
in the H am iltonian of the p seudosca lar constant should r e 
duce the righ t-handed  po lariza tion  of photons by approxi
m ately  30%. T hese effects a re  sm oothed out som ew hat if the 
negative muon is  cap tu red  not by a proton but by a com plex 
nucleus. Another effect of non-conservation  of parity  in 
rad ia tiv e  cap ture  is the asym m etry  in the angular d is 
tribu tion  of photons re la tiv e  to the p ' spin d irec tion  at the 
tim e of cap tu re . R adiative |V cap ture in iron  was investi
gated by Conforto et al. [118], using the very  in tense and 
pure  negative-m uon beam  of the CERN ac ce le ra to r . The 
appara tus included two spark  cham bers and a la rg e  Nal 
sc in til la to r . One of the cham bers was used to re co rd  neg- 
active muons stopping in thin iron  p la tes and the o ther 
(placed above the f irs t)  was used  to re c o rd  e+, e~ p a irs  p ro 
duced by photons in a tungsten co n v erte r. The p a ir  energy 
was m easu red  by a to ta l absorption counter. About 10 pho
tons due to rad ia tiv e  cap tu re  with energ ies in excess of 60 
MeV w ere reco rd ed  in th is  experim ent. T his is  in qualit
ative ag reem en t with the value of about 10 4 fo r the frac tion  
of rad ia tive  decays p red ic ted  by the theory .



Chapter 4

ELECTROMAGNETIC INTERACTIONS OF MUONS

4.1 PRELIMINARY REMARKS

In th is chapter we shall consider phenom ena associa ted  
with the in teraction  of muons with the e lec trom agnetic  field . 
Analysis of these  phenom ena leads to the conclusion that 
in such in te rac tions the muon is  indistinguishable from  the 
electron . T here  a re  no experim ents at p re sen t which indicate 
with any degree of re liab ility  that the opposite situation  
p rev a ils . The p rincip le  of such experim ents is to consider 
an electrom agnetic  p ro cess  involving the partic ipa tion  of an 
e lec tro n , in one case , and a muon in another, and to com pare 
the corresponding c ro s s -s e c tio n s , tran s itio n  e n e rg ie s , p ro b 
ab ilities , and so on. The muonic atom  is a possib le  sy stem  
for this purpose since the electron  is rep laced  by a muon. 
We shall show that the muon in the m esonic atom does in 
fact exhibit an analogous behaviour to an e lec tro n , except 
that it is much heav ier. The various e lec trom agnetic  in te r 
actions involving muons have been ex tensively  investigated  
and have been review ed by Fow ler and W olfendale.

In this chapter we will also consider topics such as 
muon p a ir  production by high-energy pho tons, the nuc lear 
sca tte rin g  of muons and the m easurem en t of the m agnetic

198
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m om ent of the muon. T hese topics w ere se lec ted  because 
they ind icate that e lec tro n s and muons have iden tical e le c tro 
m agnetic p ro p ertie s  in sh o rt-ran g e  in te rac tions involving 
la rg e  mom entum  tra n s fe rs .

4.2 MUONIC ATOMS

When a negative muon is slowed down in m a tte r, it is 
cap tu red  by the Coulomb field  of an atom  and form s a bound 
system  known as the muonic atom. As a re su lt of cascade 
tran s itio n s  between o rb i ts , the negative muon p asses  through 
the e lec tron  she lls  of the atom and eventually experiences 
the en tire  n u c lear Coulomb field. E xperim ental studies of 
the rad ia tion  em itted  as a re su lt of such cascade transitions 
have been in p ro g re ss  since 1949 and have led to re su lts  
which a re  exceedingly im portan t fo r the understanding of 
the p ro p e rtie s  of muons and th e ir  in te rac tion  with the e le c 
trom agnetic  field  of the nucleus. F or exam ple, the nuclear 
rad iu s was determ ined  by observing the d ifference between 
the energ ies of photons em itted  as a re su lt of m esonic-atom  
tran s itio n s  and the en erg ies expected for a point nucleus. 
The agreem ent between the nuclear rad ii obtained by th is 
method and the rad ii deduced from  e lec tro n -sca tte rin g  data 
suggests that the in te rac tion  between the negative muon and 
the nucleus at d istances of the o rd e r of 10~10-1 0 '13 cm 
(corresponding to the lin e a r  dim ensions of the K  shell of 
light and heavy m esonic atom s) is of an electrom agnetic  
na tu re .

Another im portan t re su lt deduced from  stud ies of muonic 
atom s is  a very  accu ra te  value for the m ass of the muon. 
The m ass has been determ ined  to one p a rt in 104 by m eas
u rin g  the energy of the 3D — 2P tran sitio n  in m esonic phos
phorus atom s. This tran sitio n  occurs at d istances which a re  
la rg e  enough fo r the nucleus to  be rep laced  by a point charge 
and vacuum  po larization  is p rac tica lly  the only in te rac tion  
which a lte rs  the energy of the em itted  photon from  the value 
p red ic ted  by the D irac equation. The energy shift in the

6E3D — 2P tran sitio n  due to th is effect is approxim ately -g-

=  3 x io  ~3, and the agreem ent between the muon m ass 
obtained in th is way with the m ass m easu red  by m ore usual 
m ethods confirm s the validity of quantum -electrodynam ic 
calcu lations of vacuum  polarization  fo r the muon.
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The th ird  re su lt which w ill be d iscussed  in th is chap ter 
has been deduced from  studies of X ray s  em itted  by light 
m esonic atom s. The experim ents of S tearns and S tearns 
[25, 26], who found that the X -ray  yield  was low, have a t 
tra c ted  the attention of theo re tic ians who suspected  various 
anom alies in m eson ic-atom  tran s itio n s , e.g. the p resen ce  of 
m etastab le  s ta te s  from  which no rad iation  is em itted . New 
experim ents on X -ray  and A uger-e lec tron  y ie lds have show n, 
how ever, that all ex isting  data a re  fully in agreem ent with 
the theory in which muon tran sitio n s  in m esonic atom s a re  
reg ard ed  as tran sitio n s  of a heavy e lec tro n .

4.2.1 Energy levels of muonic atoms

In th is section we shall consider calculations of the energy 
levels of muonic atom s perfo rm ed  on the assum ption tha t 
the in teraction  between the muon and the nucleus is pu rely  
electrom agnetic . If the fin ite dim ensions of the nucleus a re  
neglected , the energy levels of the m esonic atom s a re  given 
by the usual Bohr theory , except that the reduced  m ass of 
the e lec tron  is rep laced  by the reduced m ass of the muon. 
The energy En, the o rb ita l rad ius rn and the ‘c la s s ic a l’ 
velocity  vn of a negative muon cap tured  into an o rb it with 
p rincipal quantum num ber n a re  th e re fo re  given by

■—  2 En = —m^c
(Zaf 
2 n2

nh
aZm^c

Zvn = a  c — 
n

(4.1)

w here /% =  j i s  the reduced m ass of the muon and a

the f in e -s tru c tu re  constant given by a = e2/hc^ I/\S7 .
F o r the muonic atom , the energy te rm s  a re  th e re fo re  in 

c rea sed  by a fac to r of about 207 and the d im ensions of the 
atom  a re  reduced by the sam e fac to r, com pared  with the 
norm al atom. It is in te re s tin g  to note tha t the velocity is 
unaffected. The fine s tru c tu re  of the muonic levels is ob
tained by solving the D irac equation fo r spin 1 /2  p a rtic le s  
in the Coulomb field of the nucleus. The energy  te rm s  a re
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given by [1]

E • -----, j — m^c2(Za):
2 rC

- X
1 + (Za)2 ti

n
/ +  •

_3
4 (4.2)

w here j = I ± 1 /2 , and I is the o rb ital angular momentum. 
The re la tiv e  m agnitude of the sp litting  due to the different 
spin o rien ta tions is the sam e as for the norm al atom. Fig. 
4.1 gives the energ ies of a num ber of tran sitio n s  in muonic 
a tom s, calcu lated  from  Equations (4.1) and (4.2) for Z in 
the range 1-100.

4.2.2 Finite nuclear dimensions and the energy levels of muonic atoms

Equations (4.1) and (4.2) and the plots of Fig. 4.1 a re  
valid  fo r  a muon in the field  of a point charge , specified  by 
the Coulomb potential U — —Ze2 lr. The m ain co rrec tion  to 
th is sim ple es tim a te  based on the Bohr theory  is due to the 
fin ite  d im ensions of the nucleus and becom es p rog ressive ly

Fig. 4.1 Energy of four transi
tions in muonic atoms calculated 
from (4.1) for a point nucleus
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m ore im portant as Z in c re a se s . The nu c lear rad iu s R is of 
the o rd e r of 1.2 x 1 0 n3 A 1/3 cm , and the K  o rb it of the muon 
lie s  inside the nucleus if

J_ J l <  1.2-1 0_13(2Z)1/s 
aZtn^c

i.e . if Z ^  30. It follows that even for elem ents of m oderate 
atom ic weight, the d ep artu re  of the n u c lear e le c tro s ta tic  
field  from  the field of a point charge is quite significant. 
The shift bE of the energy levels given by Equations (4.1) 
and (4.2) may be calculated  in the usual way, at le a s t for 
low Z, from  f ir s t -o rd e r  pertu rbation  theory :

6 £ = — W *bVdv

w here rep re sen ts  the muon wave functions for a point 
charge and bV is the pertu rb ing  po ten tia l, equal to the dif
ference  between the tru e  e lec tro s ta tic  potential and the 
po in t-charge potential.

Cooper and Henley [2] estim ated  bE fo r the IS  s ta te  
using a uniform  charge d istribu tion  fo r the nucleus. The 
expression  they obtained may be genera lized  for any 5 
s ta tes  and is given by

bE _ ± ± (  Z R ) 2 
Ez 5 n \ rB )

(4.3)

w here R is the nuclear rad iu s , rs the m esonic Bohr rad ius 
and Ez the binding energy of the IS  level. This fo rm ula  is 
valid for the K  shell when Z ^  10, in which case  the sh ift 
is about 1%, but it c a n a lso b e u se d  fo r la rg e  Z when n >  1. 
The shift due to the fin ite dim ensions of the nucleus is very  
sm all for the 2P level of the m esonic atom because the wave 
function fo r the P s ta te  vanishes at the nucleus ( r =0 ) .  The 
corresponding form ula was obtained by Fliigge et al. [3] and 
may be w ritten

bE
£

0.0018
Z R V
t ‘ B

0.0010 (4.4)

The shift in the IS levels is  appreciab le fo r Z >  10, and 
f ir s t -o rd e r  pertu rbation  theory is not sufficien t in th is case .
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The problem  can only be reso lved  through rigorous so lu 
tions of the wave equations fo r potentials inside and outside 
the nucleus.

Fig. 4.2 illu s tra te s  the effect of the fin ite  dim ensions 
of the nucleus on the 2P—IS transition  energy (without 
taking fine s tru c tu re  into account. The 2P — IS transition  
energy  is plotted as a function of the n uclear charge [4], 
The broken curve re p re se n ts  the situation  for a point

Fig. 4.2 Effect of the finite 
dimensions of the nucleus on 
the 2P — IS transition energy 
(Fitch and Rainwater). Broken- 
curve represents a point nucleus 
and solid curve a uniformly 
charged sphere of radius R = 
1.15 x 10‘li Al/3 cm

charge and, ap art from  the fine s tru c tu re , it is  the sam e 
as the curve fo r the p/Cai (2P*h—1$) tran sitio n  in Fig. 4.1. 
The solid  curve gives the energ ies of th ese  tran sitio n s for 
a nucleus with a uniform  charge d istribu tion  in a sphere  
of rad iu s R =  1.15 x lO  '^ A 1̂ ; it  is  evident from  these  
cu rves that the 2P — IS line shift due to the finite dim en
sions of the nucleus in c re a se s  rapidly  with nuclear charge. 
F o r exam ple, the shift in the m esonic atom s of alum inium  
and silicon  is only 2%, fo r titan ium  5% and fo r copper 18%, 
but fo r antimony it is  70% and fo r lead as much as 170%. 
In the la s t case , a m esonic atom  with a point charge would 
em it 16-M eV photons as a re su lt of 2P — IS tran s itio n s , 
w hilst the energy expected for an extended nucleus is only 
about 5.5 MeV.
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4.2.3 Methods of measuring mesonic-atom transition energies

The f i r s t  experim ent in which rad ia tion  from  m esonic 
atom s was successfu lly  reco rded  was perfo rm ed  by Chang
[5] , who observed negative muons stopping in lead p la tes 
in a Wilson cloud cham ber which w ere accom panied by low - 
energy e lec tro n s. T hese e lec tro n s had energ ies of a few 
MeV and could be due to the conversion of X ray s em itted  by 
m esonic atom s o r to y rays from  excited  nuclei. Butem ent
[6] , in an experim ent using  co sm ic -ray  negative m uons, 
detected the K  line due to the m esonic atom of carbon. 
However, quantitative experim ents involving muonic atom s 
could only be successfu lly  perfo rm ed  when in tense and 
w ell-co llim ated  muon beam s from  ac c e le ra to rs  becam e 
available. Fig. 4.3 shows a typical experim enta l a r ra n g e 
m ent used  with the Liverpool synchrocyclo tron . The muons 
orig inated  from  pions decaying in flight, which in tu rn  w ere 
generated  by protons at an in te rna l bery llium  ta rg e t. A fter 
deflection by the fringing field of the synchrocyclo tron  
m agnet, the pions en tered  the collim ating  pipe and w ere 
m om entum -analysed by a m agnet at the end of the pipe. The 
m onochrom atic pion beam  se lec ted  by a second co llim ato r 
contained 5-10% of muons and approxim ately  5% of e lec tro n s 
from  :i— —>e decays. F or 100-MeV pions, the energy  of

1—cyclotron chamber; 2 —concrete sh ie ld ;  3 —addi
tional sh ield; 4 — counter t e le s c o p e s  and X-ray s p e c 
trometer; 5 — polyethylene absorber; 6 -  muon beam; 
7 - s t r o n g ly  focusing magnets; 8 -  circulating proton 
beam; 9 — Be target; 10 — deflecting  magnet

Fig. 4.3 Measurement of mesonic atom transitions 
(Liverpool synchrocyclotron)
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the muons and e lec tro n s in the beam  at the exit was about 
116 and 195 MeV, respec tive ly . The separa tion  of pions 
and muons was c a rr ie d  out by the absorption method: fo r 
a given m om entum  the muons have a longer range than the 
pions. The deflecting m agnet was followed by an apparatus 
in which the muons w ere re ta rd ed  in various ab so rb e rs , 
and the energ ies of photons em itted  as a re su lt of t r a n s i
tions in the m esonic atom s w ere determ ined.

As an exam ple, Fig. 4.4 shows an arrangem ent for the 
detection  and m easurem ent of X rays em itted  by muonic 
atom s [4]. The basic  p rinc ip les of th is sp ec tro m ete r have 
also  been used  by o ther w orkers . It consisted  of four sc in 
tilla tio n  counters of which counters 1, 2 and 3 contained 
fa s t p la s tic  sc in tilla to rs  and 4 was an Nal(Tl) sp ec tro m ete r 
c ry s ta l. The f ir s t  th ree  counters w ere used  to identify s top 
ping muons by reco rd ing  123 coincidences. A coincidence 
between a 123 pulse and a pulse from  the Nal(Tl) c ry s ta l 
was used  as a gating pulse to enable the pulse produced in 
the Nal(Tl) c ry s ta l by the absorption of m esonic X rays to 
en te r a pu lse-heigh t ana lyser.

Fig. 4.5 shows an im proved sp ec tro m ete r fo r the d e te r
m ination of photon energ ies em itted by m esonic atom s as 
d esc rib ed  by Johnson et al. [7], In th is arrangem ent, the 
Nal(Tl) c ry s ta l was rem oved from  the beam  line, the d i
m ensions of the c ry s ta ls  w ere in c reased  and the shielding 
im proved. The purity  of the negative-m uon beam  was im 
proved by introducing the th resho ld  Cerenkov counter C and 
using  1234C coincidences to se lec t stopping muons.

Fig. 4.4 Determination of the energies of transi
tions in muonic atoms (Fitch and Rainwater)
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AI absorber
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Fig. 4.5 Measurement ot transition energies in muonic atoms 
(Johnson et al.). The Nal(Tl) crystal 6 is removed from the 
beam, the shielding of the crystal is improved and its dimen
sions are increased. 1 —5 are scintillation counters

For photon energ ies below 100 keV th e re  is  a sh a rp  
reduction in the reso lu tion  of sc in tilla tion  coun ters. F o r 
exam ple, with the best Nal(Tl) c ry s ta ls , the total width 
at half-height of the pulse-height sp ec tru m  produced by 
60-keV X rays .is  about 25%. In th is energy reg ion , the 
m esonic-atom  em ission  has been successfu lly  reco rd ed  
with proportional counters [8] filled with xenon which have 
a much b e tte r reso lu tion  (5% at 60 keV ), but th e ir  detection 
efficiency d ec reases  rapidly  with energy.

As an exam ple of the use  of the p roportional counter in 
m esonic-atom  spectroscopy , le t us consider the em ission  
by phosphorus shown in Fig. 4.11 ( 4F 3D> 3D ->■ 2P t r a n 
sitions).

C onsiderable su ccess  has been achieved during  1964- 
1966 in m esonic-atom  spectroscopy . T his was connected 
with the use  of sem iconductor (germ anium ) d e tec to rs  doped 
with lithium . T hese d e tec to rs  can be used  to m easu re  y 
lines with widths of a few keV, and th is opens up rad ica lly  
new p o ssib ilities . F o r exam ple, it is  possib le  to reso lv e  
the fine s tru c tu re  of K(,L , ,VI, and h igher lines not only fo r
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heavy m esonic atom s but even for those occupying in te r 
m ediate positions in the period ic table. M oreover, re la tiv e  
in ten sitie s  of the f in e -s tru c tu re  lin es , effects connected 
with the non -sp h erica l shape of atom ic nuclei, and isotopic 
effects have becom e m easurab le .

L et us now consider typical re su lts  of m easurem ents on 
X ray s  em itted  by m esonic atom s which have been perform ed 
with an Nal(Tl) sp ec tro m ete r.

Fig. 4.6 shows the 2P-+1S line reco rd ed  by Fitch and 
R ainw ater [4], Fig. 4.7 illu s tra te s  the analogous tran sitio n  
in the m esonic atom of F e 2S. The line width in these  ex p e ri
m ents was quite la rg e  and amounted to a few tens of keV.
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Fig. 4.6 Ka line of the muonic atom of Ti22 (Fitch 
and Rainwater). Arrow indicates the expected 
energy for a point charge (R = 0)



Asm

2000 1 1 1 “I---------1---------1--------
(e) -

Co60 calibration

-  177 MeV

7300 •
• •

ft) . # .7.33MeV_
cc

•♦ • •
0f- — ♦ ♦
u Jt •

1.7000
•»

•

• ♦
• -----• •to - •

•c •0
u

• —•• ♦• _
• *• •

500 • —

•
• _•

/) ___i______i_____ i_____
40 30 720 760

Channel number

Fig. 4.8 Calibration of X-ray spectrometers: (a) the y line 
of C12* (Butement et al.); (b) the K line of the mesonic 
atom of lead; (c) the 1.17- and 1.33-MeV Co60 lines (John
son et al.)



209Electromagnetic interactions of muons

C alib ration  and analysis w ere perfo rm ed  by com paring 
these  sp e c tra  with the sp e c tra  due to known y transitions 
m easu red  with the sam e sp ec tro m ete r. The known y - ra y  
lines w ere , fo r exam ple, the 1.38- and 2.76-M eV lines of 
N a24, the 4.43-MeV line of C12 and C12* from  the reaction  
He4 + Be -*■ C12* + n, and many o thers. C alib ration  of the 
sp e c tro m e te rs  using  known y -ray  lines showed that a 
m onochrom atic y -ra y  line, for exam ple, the 4.43-MeV 
line (Fig. 4.8), was reproduced by the Nal(Tl) sp ec tro m ete r 
in the fo rm  of th ree  lines at in te rva ls of 0.51 MeV. The 
4.43-M eV line co rresponds to the absorption of the en tire  
y - ra y  energy in the sp ec tro m ete r. The two o ther lines 
co rrespond  to the escape from  the c ry s ta l of one and two 
annihilation photons, resp ec tiv e ly . Fig. 4.8 shows the sp e c 
tro g ra m  for the 2P — IS tran sitio n  in the m esonic atom of 
lead  [4] which again shows the p resen ce  of th ree  lines 
sep a ra ted  by 0.51 MeV. Fig. 4.8 also shows the ca lib ration  
curve obtained with the Co60 y -ray  lines rep o rted  by Johnson 
et al. In th is case , the p a ir  production c ro ss -se c tio n  was 
sm all and the lines a re  rep resen ted  by, single photo-peaks. 
C om parison of the m eson ic-atom  sp e c tra  with s tandard  y- 
ray  sp e c tra  of known and s im ila r  energy was used  to d e te r 
m ine the energ ies of the m esonic-atom  tran sitio n s  for the 
K  lines of heavy elem ents to an accuracy  approaching 
1%, despite the fact that the line width was considerably  
g re a te r .

As an exam ple illu s tra tin g  the po ssib ilities  of the y -ray  
sp e c tro m e te rs  incorporating  so lid -s ta te  d e tec to rs , we may 
quote the re su lt obtained by Chasm an et al. [61], who in v es
tigated  the sp e c tra  of 2P IS tran sitio n s in the m esonic 
atom s of molybdenum (Fig. 4.9). As can be seen , the fine 
s tru c tu re  is c lea rly  reso lved . The energy d ifference b e 
tween the two tran sitio n s  (2 P 3/2-> /5 I/2and 2Pi/2~+ lSi,.,) is
23.5 ± 0.9 keV. C om parison of these sp e c tra  c lea rly  shows 
the p resen ce  of the isotopic effect which am ounts to A (Mo98 
- Mo9G) = +6.2 ±0 . 7  keV.

M easurem ents by Cote et al. [62], who used  an analogous 
d e tec to r to investigate  the X -ray  em ission  of muonic atom s 
of gold can be taken as another exam ple (Fig. 4.10). H ere 
again, the fine s tru c tu re  is c learly  reso lved . M oreover, it is 
evident that the 2P3/2- ^ S i / 2line consists  of two, o r perhaps 
even th re e , com ponents. This hyperfine s tru c tu re  appears 
to be associa ted  with the p resen ce  of a s ta tic  quadrupole 
effect, considered  by W heeler [63].
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D eterm inations of the energy of m eso n ic -a to m tran s itio n s  
a re  a sensitive  m eans of investigating  n u c lea r s izes  and the 
e le c tr ic -c h a rg e  d istribu tion  in nuclei. It is  evident that the 
finite dim ensions of the nucleus m ust have a p a rtic u la r ly  
strong  effect on the 2P — IS tran sitio n  en e rg ies . Theory 
shows that these energ ies a re  determ ined  m ainly by the 
second moment of the n uclear e le c tr ic -c h a rg e  d istribu tion

Fig. 4.9 F ine structure of the Ka tine in the muonic 
X-ray spectrum of molybdenum and isotopic shift 
in Mo96 and Mo9a. The2P2/,2-*lSl/2 transition energy 
of Mo96 and Mo96 is 2713.3 ±1.1 keV and 2707.1 ± 
1.1 keV respectively
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a =  ^z“4it z 2 q dz
o

w here ^4n z 2qdz is  no rm alised  to unity. If we adopt the
sim ple  assum ption that the nucleus is a uniform ly charged 
sp h ere  of rad ius R, the re la tion  between R and the p a ra 
m e te r  a determ ined  from  m esonic-atom  experim ents 
becom es

In heavy nuclei the shift of the m esonic-atom  levels r e la 
tive to the levels of the point nucleus (see Equation (4.3)) is 
la rg e  in absolute m agnitude and is proportional to (ZR)2. 
F o r exam ple, it is evident from  Fig. 4.2 tha t, owing to the 
effect of the fin ite dim ensions of the nucleus, th e 2P — IS 
tran s itio n  energy in lead changes from  16 MeV for a point 
nucleus to about 5 MeV for a nucleus of rad ius # = 1 . 3  
x  10"13 A1/s cm. M easurem ents of the 2P —  IS transition  
energy is thus a sensitive  method of investigating  the e le c 
t r ic  s tru c tu re  of the nucleus.

R =  (5a/3)lA-

76 S h K X-roys in muonic atoms of 
Au 2.39 ±0.06 keV/channel

715 -
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Fig. 4.10 Fine structure of the KQ line in muonic atoms of gold
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Such experim ents w ere f ir s t  perfo rm ed  with the aid of 
the Nal(Tl) sc in tilla tion  sp ec tro m ete r for the /< lines of the 
m esonic atom s of T i22, Cu29, Sb51 and P b 82 by F itch  and 
R ainw ater [4] and Butem ent [9]. Subsequent m easu rem en ts 
by other w orkers w ere perfo rm ed  with a s im ila r  sp e c tro 
m eter. However, various im provem ents in the experim en ta l 
techniques connected with the higher in tensity  of muon 
beam s, la rg e r  Nal(Tl) c ry s ta ls , im provem ents in the c a li
b ration  techniques and so on, have led to ex tensive data on 
the 2P-+1S tran sitio n  en e rg ies  in d ifferen t m esonic atom s. 
F or exam ple, Anderson et al. [65] have m easu red  the 2P 
~*lS tran sitio n  en erg ies for 14 elem ents between Z =  12 
and Z =  50, while F ra ti and Rainw ater [64] have p erfo rm ed  
s im ila r  m easurem en ts fo r T i, Fe, Cu, Zn, T l, Pb and Bi. 
The m ost detailed m easu rem en ts of the v ario u s tran sitio n  
energ ies w ere perfo rm ed  by the CERN group. B ackenstoss 
et al. [66] have investigated  the 2P IS tran s itio n  for 30 
elem ents with Z between 16 and 83. In a rece n t paper by 
Acker e t al. [77], the Nal(Tl) phosphor was rep laced  by a 
lithium -doped germ anium  c ry sta l. They used  th is method 
to investigate 19 elem ents with sp h erica l nuclei between 
Z =  17 and Z =  83. Above Z =  50 they obtained excellent 
reso lu tion  of f in e -s tru c tu re  lines due not only to the 2P 

IS but also  the 3D ->2P tran s itio n s , and w ere able to 
investigate not only the tran sitio n  en e rg ies  but the fine- 
s tru c tu re  line in tensities also .

It was evident even from  the f i r s t  experim ents of F itch 
and Rainw ater [4] that if the nucleus w ere considered  as a 
charged  sphere , the rad ius of th is sp h e re  for Ti (Z  22), 
Cu ( Z = 2 9 ) ,  Sb (Z =  51) and Pb (Z = 8 2 )  could be w ell 
rep resen ted  by the fo rm ula

R  =  r 0A ^ s X 10“ 13 cm

w here r0 lay between 1.17 and 1.22
Subsequent m easurem ents which we have already  m en

tioned confirm  this conclusion, in the sense  that the values 
of r0 deduced from  the 2P IS  tran s itio n  en e rg ies  w ere in 
good agreem ent with the values of r0 deduced from  o ther 
experim ents which a re  sensitive  to the e le c tr ic -c h a rg e  
d istribu tion . It is well known that all these  experim en ts 
indicate that the e le c tr ic  rad ius of the nucleus is  sm a lle r  
than the nuclear rad iu s. Among these  ex p erim en ts , the
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la rg e s t values a re  obtained from  experim ents on e lectron  
sc a tte rin g , and th e re fo re  the problem  a r ise s  w hether the 
n u c lea r-ch a rg e  d istribu tion  deduced from  m easurem ents 
of the m eson ic-atom  tran sitio n  energ ies a re  in agreem ent 
w ith, fo r exam ple, the analogous data obtained by H ofstadter 
et al. who investigated  e lec tron  sca tte rin g . This problem  
was considered  in detail by Hill et al. [10], Ford and W ills 
[68] and Pustovalov and Krechko [69]. C om parisons of c a l
culations with experim ental data of m eson ic-atom  transition  
en e rg ies  showed that the two se ts  of re su lts  on the e le c tr ic -  
charge d istribu tion  p a ram e te rs  w ere in agreem ent to within 
a few p er cent.

Thus it is c le a r  that th e re  is again no evidence for any 
d ifference between electrom agnetic  in te rac tions involving 
muons and nuclei on the one hand, and e lec trons and nuclei 
on the other. It is hoped that new experim ental methods fo r 
the spectro scop ic  study of m esonic-atom  em issio n s , which 
w ill yield inform ation about the fine s tru c tu re  and the 
quadrupole and isotopic effects, will provide a m eans for 
fu rth e r  stud ies of the electrom agnetic  s tru c tu re  of the 
nucleus with the aid of muons.

To conclude th is section , le t us consider data on som e of 
the 2P — IS  tran sitio n  energ ies repo rted  in recen t papers. 
T hese data a re  sum m arized  in Table 4.1 and a re  partly  
taken from  the paper by Anderson et al. [70] and the data 
of the CERN group. Columns 1 and 2 of the table show the 
e lem en t, while colum ns 3, 4, 5, 6 and 7 give the experim ental 
data and the tran sitio n  energ ies. Columns 8 and 9 give the 
th eo re tica l values of th e2P  — IS  tran sitio n  energ ies [68, 69],

4.2.5 Measurement of X-ray energies from light mesonic atoms

M easurem ents on X rays em itted  by light m esonic atoms 
have been used  to deduce the muon m ass to an accuracy of 
1 in 104. This was done by using d istan t tran sitio n s in light 
m esonic atom s, so that co rrec tio n s to the tran sitio n  energy 
due to the finite d im ensions of the nucleus and o ther effects 
w ere  sm all. The m eson ic-atom  X -ray  energ ies can be de
te rm ined  with g rea t accuracy  from  the well-known rap id  
reduction  in the X -ray  absorption coefficient which occurs 
when the energy of the X rays is le ss  than the energy n eces
sa ry  fo r the rem oval of an e lectron  from  the K  shell of the 
absorbing  atom s (the K edge of the absorption curve). Such
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m easu rem en ts w ere f i r s t  perfo rm ed  by Koslov et al. [11] 
fo r muonic atom s and by S tearns et al. [12] fo r pionic atom s. 
The m eson ic-atom  X ray s em itted  by the ta rg e t in which 
the m esons cam e to r e s t  w ere reco rded  by a scin tillation  
sp ec tro m e te r. By placing d ifferent ab so rb e rs  with mono- 
tonically  d ec reasin g  Z between the ta rg e t and the sp ec tro 
m e te r , it was found that th e re  was a rapid  reduction in the 
in tensity  of a given line for the abso rb er fo r which the K 
edge on the absorption  curve was n ea r the energy of the 
given transition . At about 50 keV, the K  levels of neigh
bouring elem ents d iffer by approxim ately 1.7 keV, and 
th e re fo re  th is method will not yield a p rec ise  value fo r 
the X -ray  energy. It is only by se lec ting  su itab le  t r a n s i
tions that the upper and low er lim its  of th is energy can be 
estab lished  accurate ly  and the pion and muon m asses be 
determ ined  with high p rec ision .

The nature of the m eson-nucleus in te rac tion , the finite 
dim ensions of the nucleus, e lec tron  sc reen ing , vacuum 
po la riza tio n  and o ther co rrec tio n s m ust be applied before 
the m eson m ass can be estab lished  from  the m easured  
X -ray  energy. T hese co rrec tio n s a re  very  sm all for t r a n 
sitions between outer o rb its  in light elem ents andean m ostly 
be neglected. The m ost im portant is the co rrec tio n  due to 
vacuum  po larization . Table 4.2 gives the lim its  fo r the muon 
m ass obtained by Koslov et al.

A ccording to these  data, the m ass of the muon m ust be in 
the range

(206.77 ±  0.04) (208.95 ±  0.04) m e

A s im ila r  method was used  for the 4F— 3D transition  in 
m esonic atom s of P, Al and K [12] to obtain the lim its for 
the pion m ass. The re su lt was

(272.2 ±  0.30) m c < m n <  (273.51 ±  0.04) m e

A knowledge of the muon m ass is very  im portant fo r the 
determ ination  of its  m agnetic m om ent: the e r r o r  in the m eas
u red  m agnetic m om ent of the muon by the sp in -p recessio n  
method in a m agnetic field is alm ost en tire ly  determ ined by 
the e r r o r  in its m ass. The experim ental situation connected 
with the determ ination  of the muon m ass from  the absorption 
of X ray s  from, m esonic phosphorus atom s by the K  edge of 
lead  has th e re fo re  been carefu lly  re -in v estig a ted . Bearden 
[13] has determ ined  the energy dependence of the X -ray



216 Muons
Table 4.2 Muon mass in units of me

Element Transition Transition  
energy, keV

Muon mass

Without 
correction  
for vacuum 

polarization

With
correction

c 2 P  - I S 76.123 <209 .99 <208 .95
p 3 D  -  2 P 88.015 > 207 .55 > 2 0 6 .7 7
Si 4 F  - 3 D 26.713 > 206 .82 > 2 0 6 .4 7

absorption coefficient of lead between 87.85 and 88.15 keV 
very accurate ly . This experim ent was c a rr ie d  out with a 
double c ry sta l sp ec tro m ete r using  the 2023 plane of quartz  
as a diffraction grating . The X rays w ere  produced by a 
com m ercial high-voltage tube and the d e tec to r was anN al(T l) 
sc in tilla to r. The d istances between the s o u rc e , the f ir s t  c ry s  - 
ta l, the second c ry s ta l and the d e tec to r w ere all equal to 1 m , 
and the signal-to-background ra tio  was never le ss  than 100. 
The m easured  dependence of the absorption coefficient on 
photon energy for a 98% pure lead foil is  shown in Fig. 4.11.

Peterm ann and Yamaguchi [14] then calculated the 3D— 2P 
tran sitio n  energ ies for the m esonic atom s of phosphorus. 
F or these tra n s itio n s , the co rrec tio n s for the fin ite d im en
sions of the nucleus are  about 3.2 eV, and the m ost im portan t 
co rrec tio n  is that fo r vacuum  polarization  which amounts to 
329.23 eV. The algebraic  sum  of all the rem ain ing  c o r r e c 
tions, including the fo u rth -o rd e r co rrec tio n  fo r vacuum - 
po larization  screen ing  by atom ic e lec tro n s , the Lam b sh ift

Fig. 4.11 X-ray absorption coefficient for lead as a 
function of energy near the K edge (Bearden)
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and so on, amounts to 0.34 ± 2.0 eV. These calculations led 
to the following tran s itio n  energ ies fo r the m esonic atom of 
phosphorus:

3D z/—2P3/2:425.42— ^(eV), re la tiv e  intensity  = 1
me

3Dh/ —2P3/a : 425.65• — (eV), re la tiv e  intensity  = 9
nip.

3.03/2—2Pi/a :427.75- —H(eV), re la tiv e  intensity  = 5
me

w here tn^/rtie is the ra tio  of the m ass of the muon to the 
m ass of the e lec tron . The level schem e is shown on the 
righ t-hand  side of Fig. 4.12 (not to scale). To illu s tra te  
th ese  r e s u lts ,  Fig. 4.12 shows the position of the two main

Fig. 4.12 Position of the two main intensity com
ponents for the 3 D -  2P transition in the muonic 
atom of phosphorus relative to the K edge of the 
absorption curve for lead for three different muon 
masses: (1) m^-206.56me; (2) mp=206.74me;
(3) m̂  = 206.92me. Numbers in brackets represent 
the relative intensity of the transition
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com ponents of the 3D — 2P tran s itio n s  on the curve r e p r e 
senting the absorption coefficient of lead as a function of 
energy for the following assum ed values of the muon m a ss .

(1 )m)X =  206.56 me, (2)mll =  206.74 me, (3) m il =  206.92 me

The corresponding m easu rem en ts of the absorption  of 
X rays from  3D — 2P tran sitio n s  in the m esonic atom  of 
phosphorus by lead w ere perfo rm ed  by the Chicago [15] and 
Columbia [16] groups. These m easu rem en ts w ere c a rr ie d  
out by two m ethods: in the f i r s t  case  [15], the absorption 
was m easured  with an Nal(Tl) sc in tilla to r  coun ter, and in 
the second [16], with a xenon-filled proportional counter 
(2.5 atm Xe + 2.5 cm HgCH4). Fig. 4.13 shows a typical sp e c 
tru m  obtained with the p roportional counter. The a b s o rb e r , 
which was in the form  of a thin lead foil, was placed between

4JCCo-cu
<uaVI
cDoU

m

Pbs

_  /UPb) 1
4 F ( e x p e c t e d )

| * 3B+2P
(expected)

h 5-3 (?) ♦
L -i— U -U

0 20 40 60
Channel number

80

Fig. 4.13 Typical spectrum of the muonic-atom emission 
by phosphorus measured with a proportional counter filled 
with xenon (2.5 atm). The upper curve was obtained with
out the lead filter in front of the proportion counter; the 
lower curve with the filter. The disposition of counters 
1-5 is shown in the upper part of the drawing
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the ta rg e t m ade of red  phosphorus ( 2  g /cm 2) and the window 
of the proportional counter. The counter was calib rated  with 
an Am 241 so u rce  (60-keV line). The upper experim ental 
cu rve co rresponds to the spectrum  m easured  without the 
lead foil between the phosphorus ta rg e t and the proportional 
counter. The low er curve was obtained with an 0.01-cm  lead 
foil. T ran sitio n s corresponding to the m easured  lines are  
indicated in Fig. 4.13.

The fam ilies  of cu rves shown in Fig. 4.14 w ere obtained 
fo r five values of the muon m ass between 206.62 me and

Fig. 4.14 Absorption curve for ra- £ 
diation due to the 3D — 2 P tran- — 
sition in the mesonic atom of phos- ~~ 
phorus. Curves 1 -5 were calculated 
from the Bearden absorption curve 
using the following assumed values 
of the muon mass: l - 2 0  6.62me 
2 -  206.68me; 3 -206. 74me; 4 -
206.80me;5 -  206.86me. The broken 
curve through the experimental Q QOJ 0.02 0.03 004-
points corresponds to mfJL=206.76me Absorption th ickness, mm Pb

206.86 mc in s teps of 0.06 ma (with co rrections for the 
geom etry  of the experim ent). The th ree  experim ental points 
a re  shown and the best fit (dashed line) which corresponds 
to a muon m ass of 206.76 me. Analysis of the experim ental 
e r r o r s  leads to the following value for the muon m ass

— (206.76lo.o3) nie
S im ilar m easu rem en ts c a rr ie d  out with the scintillation 
sp e c tro m e te r  yielded

mM =(206.74-o 04) mf 

in the case  of the Chicago group, and

mn=(206.78l?5)me
in the ca se  of the Colum bia group. T h ese  m easurem ents a re  
the m ost accu ra te  determ inations of the muon m ass at the
p re se n t tim e.
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F irs t  le t us briefly  re  view the theory  of rad ia tiv e  and non- 
rad ia tive  tran sitio n s in muonic atom s, as given by Burbidge 
and de Borde [17, 18] and by o ther w orkers [19-24]. It is  
well known that the probability  of rad ia tiv e  tran s itio n s  b e 
tween an in itia l s ta te  (nu lt) and final s ta te  (n2. If) of an atom  
is proportional to the cube of the energy d ifference between 
these two s ta te s  and the square  of the dipole m atrix  elem ent 
fo r the transition . Fig. 4.15 shows the rad ia tiv e  tran sitio n  
p robab ilities calculated  by Burbidge and de Borde for the 
following changes in the principal and o rb ita l quantum 
num bers:

(n = n u I = tii — 1) -> (n = n{ — 1, / riy — 2)

T hese rad ia tive  tran sitio n s  a re  found to be dom inant. 
The five p a ra lle l s tra ig h t lines in Fig. 4.15 co rrespond  
to nl = 2 ,  3, 4, 5 and 8. As can be seen , the rad ia tiv e  
transition  probability  falls off rap id ly  with in c reas in g  n. 
The figure also  shows the probability  of Auger tran sitio n s  
with the sam e change in n and I. It is  evident that the 
probability  of Auger tran sitio n s is  a very  slow ly-vary ing  
function of the n uclear charge Z, but in c re a se s  rap id ly

Fig. 4.15 Probability of main radiative 
transitions in muonic atoms (R) and 
Auger transitions (A) (Burbridge and 
de Borde)
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with in c reasin g  n.  It is also evident from  the graphs of 
the tran s itio n  p robab ilities that Auger transitions in light 
e lem ents predom inate fo r n g re a te r  than 3, w hilst in heavy- 
e lem ents rad ia tive  tran sitio n s a re  com parable with Auger 
tran sitio n s  fo r la rg e  n. The low probability  of em ission 
of Auger e lec tro n s by a muon in the low est-lying orb its 
has a sim ple explanation. In the sta te  with n =  2 , the 
m esonic o rb it has a rad ius which is sm a lle r  by a factor 
of about 50 than the K  -sh e ll rad ius for an electron , w hilst 
the rad iu s of the m esonic o rb it in the sta te  with n =  1 is 
sm a lle r  by a fac to r of 200. Consider the transition  of a 
muon from  the 2P s ta te  to the IS sta te . F or an electron  
in the K  s h e ll , and even m ore so for e lectrons in the m ore 
d istan t sh e lls , the field  produced by a muon in th is transition  
is iden tical with the field  of a dipole placed at the nucleus 
of the m esonic atom. In a field of th is kind, the Auger 
tran s itio n  can only com pete with the rad iative transition  
if the d istance between the e lectron  and the dipole is much 
le s s  than the wavelength corresponding to the transition  
energy. This is analogous to the condition that the electron 
should not lie  in the wave zone of the dipole but be d irectly  
in the Coulomb field. The condition may be w ritten as 
kRe€  1, w here Re is the rad ius of the electron  /( shell 
and X =  2n/k  the wavelength. If the nuclear charge is Z 
and the muon is in the n — 2 sh e ll,th en

w here \ilm is the ra tio  of the muon m ass to the m ass of 
the e lec tron . F or Z as low as 3 ,the product kRe is approx
im ately  equal to 3, and Auger transitions cannot lead to a 
reduction  in the yield  fo r the K  line. This very  approxim ate 
calculation  shows that Auger tran sitio n s should not compete 
with rad ia tive  tran sitio n s  fo r sm all n in light elem ents.

We note that the en tire  cascade of tran sitio n s , beginning 
with the f i r s t  level to which the negative muon is captured, 
m ust be considered  in determ ining the rad iative and non- 
rad ia tiv e  tran sitio n  p robab ilities. The screen ing  of the 
n u c lea r charge by the e lec tron  shells need not be taken 

Qppmnt. how ever, because the principal quantum num-
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la rg e  n , the energy of the f irs t  few tran sitio n s  is too sm all 
to produce Auger e lec tro n s. This energy is  even low er fo r 
la rg e r  n,  and th e re fo re  the analysis of the cascade usually  
begins with n — 14.

4.2.7 Experimental X-ray yield in the K and L shells of mesonic atoms

A m esonic atom  which is  excited as a re su lt of nega tive- 
muon cap ture in one of its shells  with a la rg e  principal 
quantum num ber n can re le a se  its  excitation  energy e ith e r 
through a rad iative tran sitio n  by em itting  a photon, o r 
through a non-rad iative tran sitio n , in which the excitation 
energy is tra n s fe rre d  to one of the e lec tro n s (em ission of 
Auger e lectrons). The theory  of rad ia tive  and non -rad ia tive  
tran sitio n s in m esonic atom s, which was d iscussed  above, 
shows that the yield of X ray s in the K shell should approach 
100% for all m esonic atom s, and that it is only in the L 
she lls  of atom s with Z <. 10 that appreciab le d ep a rtu re s  
from  100% yields becom e possib le  as a re su lt of a com peting 
Auger p rocess.

M easurem ents of the X -ray  yield of a m esonic atom  may 
be reduced to the determ ination  of the num ber of X -ray  
photons em itted  by the ta rg e t p e r stopping muon. Such m ea
su rem en ts have been perfo rm ed  for the K and L she lls  by 
S tearns et al. [25, 26] fo r elem ents between Li (Z =  3) and 
K ( Z 19), and a sharp  d iscrepancy  between theory  and ex 
perim ent was observed. The X -ray  yield from  the K  and 
L she lls  of light muonic atom s was found to be much low er 
than pred icted  by the theory. Lathrop et al. [27] repea ted  
the m easurem ents of S tearns et al. under im proved ex
perim en ta l conditions using  the muon beam  of the Chicago 
acce le ra to r (Fig. 4.16). In th is figu re  1,2,4,5 and 6 a re  
p lastic  sc in tilla to rs , 3 is a Cerenkov counter used  to e lim 
inate the e lec tron  contam ination of the muon beam  and X is 
an Nal(Tl) sc in tilla to r  used  to detect the X -ray  em ission  of 
m esonic atoms produced in the ta rg e t T in which the muons 
come to re s t.

The re su lts  obtained by S tearns and S tearns [25] and 
Lathrop et al. [27] a re  shown in Fig. 4.17, w here the num 
b er of photons per stopping muon is plotted as a function 
of the nuclear charge Z (and the correspond ing  energy  of 
the principal tran sitio n  of the K  o r L she lls). Fig. 4.17a 
gives the re la tiv e  yield for the K  shell and Fig. 4.17b the
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Fig. 4.16 Measurement of the X-ray yield in the K and 
L series of light muonic atoms (Lathrop et al.,)

£,keV

a — yield in the K  s er ie s ;  b — yield in the L  s er ie s

Fig. 4.17 X-ray yield of muonic atoms (Steames et al. 
and Lathrop et al.)
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yield for the L shell. The data of S tearns and S tearns a re  
indicated by the black c irc le s . T heir re su lts  appear to in 
dicate that the X -ray  yield of light m esonic atom s tends to 
a lim it of 80-85%. Since the probability  of rad ia tiv e  t r a n s i 
tions is proportional to the fourth power of the nuclear 
charge, whilst the probability  of Auger tran s itio n s  is ap
proxim ately  independent of Z (cf. Fig. 4.15), the observed  
X -ray  yield should obey the following re la tio n sh ip :

The data of S tearns and S tearns can be rep re sen ted  by th is 
function, but the experim ental value of C is h igher by a 
fac to r of about 300 than the expected value fo r the K  sh e ll, 
and by a facto r of about 30 for the L she ll. The data of 
Lathrop et al. (open c irc le s  in Fig. 4.17) did not show such 
low yields and indicate a deficiency which is low er by a 
facto r of about 10 com pared with the re su lts  of S tearns and 
S tearns. F or exam ple, according to S tearns and S tearns the 
value of C fo r the K  shell is about 400, but according to 
Lathrop et al. it is approxim ately 45. A s im ila r  d iscrepancy  
occurs fo r the L shell. The discrepancy between experim ent 
and theory has thus becom e much le ss  s ta rtlin g , and its  
magnitude could be explained by the in itia l s ta tis tic a l d is 
tribution  of the muons over the d ifferent possib le  values of 
the o rb ita l angular mom entum  for a given p rincipa l quantum 
num ber n. It may be supposed that the effect observed  by 
S tearns and Stearns was due to experim ental e r r o r s ,  e.g . 
a reduction in the photon-detection efficiency at low photon 
energ ies. This appears even m ore probable in view of the 
fact that a s im ila r  effect was obtained fo r pionic atom s.

4.2.8 Emisson of Auger electrons from muonic atoms

It is reasonab le to suppose that a tru e  reduction  in the 
in tensity  of rad ia tive  tran sitio n s should be accom panied by 
an in c rease  in non-rad iative  tran s itio n s , i.e . tran s itio n s  
accom panied by the em ission  of Auger e lec tro n s. Studies 
of the yield of Auger e lec trons in light and heavy m esonic 
atom s a re  th e re fo re  of p a r tic u la r  im portance.

Until recen tly , p rac tica lly  the only method of observ ing  
Auger e lec trons from  m esonic-atom  transition 's has been
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Fig, 4.18 Decay of a negative muon 
in an emulsion. An Auger electron 
of about 50 keV (wavy track) was 
emitted as a result of cascade 
transitions of the negative muon 
in the muonic atom

to use  n u c lea r em ulsions. Fig. 4.18 shows atyp ica l example 
of a slow  muon com ing to r e s t  in an em ulsion, followed by 
the em ission  of an Auger electron . The photograph shows 
the tra c k  of the slow muon coming to r e s t  and decaying. 
The s tra ig h t tra c k  with low grain  density is the re la tiv is tic  
decay e lec tron . The wavy track  orig inating at the point of 
decay is an Auger e lec tron  with energy of about 50 keV. 
Since both the slow e lectron  and the decay electron  are  
observed  th e re  is no doubt that the fo rm er m ust be an 
Auger e lec tron , since the muon decayed and was not cap
tu red  by a nucleus. N uclear y rad iation  which could be 
converted  into e lec trons is th e re fo re  not p resen t in this 
case .

The energy of Auger e lec tro n s in nuclear em ulsions can 
be determ ined  by m easuring  th e ir  range, but since these 
e lec tro n s  have highly sc a tte re d  tra c k s , such m easurem ents 
a re  v ery  inaccura te . At low electron  energ ies th e re  is a 
fu rth e r  uncerta in ty  due to stragg ling  and fluctuations in the 
num ber of developed g ra in s. M oreover, the detection ef
ficiency fo r Auger e lec tro n s is lim ited at low energies by 
the m inim um  e lec tro n  range which can be reco rded  in a 
n u c lea r em ulsion. If we assum e that the p resence  of th ree  
o r  four g ra in s is sufficient to re liab ly  identify the track  of 
a slow  Auger e lec tron  in an em ulsion with a low background 
g ra in  density  ,, then w^ c a n ,only identify Auger electrons 
with e n e rg J ^ ^ g ^ i^ f tS  20 keV
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th e re  is a very  rapid  reduction in the detection efficiency. 
Hence although nuclear em ulsions can be used  to detect 
Auger e lec trons with energ ies above 20 keV , m easu rem en ts 
of th e ir  energy sp e c tra  a re  only qualita tive.

We shall now review  the main experim enta l data on Auger 
e lec tro n s observed in n uclear em ulsions. The f i r s t  such 
observations w ere c a rr ie d  out by Cosyns et al. [28], Bonetti 
and Tom asini [29] and F ry  [30]. The f i r s t  two p apers used  
slow co sm ic -ray  muons stopping in em ulsions. F ry  used  
negative muons from  the decay in flight of negative pions 
from  an acce le ra to r. The energy sp ec tru m  he obtained is 
shown in Fig. 4.19. Of 1000 stopping muons observed  in the 
em ulsion 358 produced v isib le  track s  of decay e le c tro n s , and 
only 32 gave r is e  to v isib le  s ta rs . T here  w ere 17 slow e le c 
tro n s among the 358 fx~ -♦ e decays, m ost of which o ccu rred  
a fte r  the capture of the negative muons by light nuclei in the 
em ulsion. Of the rem ain ing  610 even ts, 355 w ere q events 
which w ere not accom panied by the appearance of a v isib le  
secondary track . In 180 cases  th e re  was a sing le tra c k  of a 
slow e lec tron , in 57 cases  two such tra c k s , and in 18 cases  
th ree  track s .

W eissenberg [31] and P ev sn er et al. [32] c a rr ie d  out 
a m ore detailed study of m esonic-atom  Auger tran s itio n s  in 
nuclear em ulsions, in connection with the problem  of the 
low X -ray  yield from  the /('and  L sh e lls  of m esonic atom s 
of light nuclei. The f i r s t  of these p apers rep o rted  an analysis 
of 600 s+ars produced as ra re su lt of negative-m uon cap ture 
by light nuclei in the nuclear em ulsion. The p resen ce  of a
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v isib le  tra c k  due to the reco il nucleus in such s ta rs  was 
used  to identify them  with negative-m uon cap ture by light 
nuclei. Among the 600 s ta r s  th e re  w ere only two cases with 
Auger e lec tro n s having energ ies of approxim ately 20-25 keV. 
It is  in te re s tin g  to com pare th is re su lt with the theore tica lly  
p red ic ted  num ber of Auger e lec trons. This can be done by 
using  the calcu lated  A uger-e lec tron  yield for m esonic atoms 
of C, N and O rep o rted  by E isenberg  and K essle r [21], and 
by assum ing  the validity of the Z law of F erm i and T e lle r 
fo r the d istribu tion  of stopping negative muons among light 
em ulsion nuclei. If it is assum ed that Auger e lec trons with 
en e rg ies  g re a te r  than 20 keV can be effectively detected, 
the expected num ber of Auger e lectrons is about 5-10, which 
ag rees  with the experim enta l re su lt to within the s ta tis tica l 
e r ro r .  If the deficiency in the X -ray  yield was of the o rder 
indicated  by the experim ents of S tearns and S tearns, and 
was com pensated by a corresponding in c rease  in the Auger- 
e lec tro n  y ie ld , then one would expect about 200 low -energy 
Auger e lec tro n s . It may th e re fo re  be concluded that the 
y ield  of Auger e lec tro n s from  light m esonic atoms in the 
em ulsion is in qualita tive agreem ent with the value p red ic 
ted by the theory  of non-rad iative  tran sitio n s . A s im ila r  
conclusion was reached  by P evsner et al. [32].

The above data on Auger e lec trons a re  largely  qualitative, 
but they do n ev erth e less  indicate the absence of appreciable 
anom alies in the em ission  of Auger e lectrons by light and 
heavy muonic atom s in em ulsions. This throw s doubt on the 
valid ity  of the deficiency of rad iative tran sitio n s detected by 
S tearns and S tearns in the K  and L she lls  of light m esonic 
a tom s, especially  since the subsequent w ork of Lathrop et al. 
reduced th is effect by approxim ately one o rd e r of magnitude.

4.3 PRODUCTION OF PAIRS BY PHOTONS

If the in te rac tion  of muons and e lec trons with the e le c tro 
m agnetic field is basica lly  the sam e, then the well-known 
fo rm ulae of Bethe and H eitler fo r the e lec tron -positron  p a ir 
production c ro ss -se c tio n  should also be valid for p .'pair 
production. All that is n ecessa ry  is  to reduce the c ro s s -  
section  in the ra tio  ( m j m ^  ** (1 /207)2 , and take into account 
the nu c lear fo rm  fac to r. The la tte r  m odification is due to 
the fact that th e re  is  a la rg e  momentum tra n s fe r  to the nu
cleus during, the m eson p a ir  production p ro cess . In fact,
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even if the p +, |a" p a ir production occurs n ea r the th resho ld , 
the momentum tra n s fe r  to the nucleus is about 200 M eV/c. 
The de Broglie wavelength corresponding to th is m inim um  
momentum is

h_
1

1 ^ 65: 10T -
q / m ^ c

cm (4.8)

which is le ss  than the dim ensions of the nucleus. The c o r r e s 
ponding c ro ss -se c tio n s  have been calculated  by R aw itscher 
[33] on the assum ption that the nuclear charge is uniform ly  
d istribu ted  in a sphere  of rad ius R0 =  1.20 x 1 0 '13 A 1/3 cm. 
The final re su lt may be w ritten  in the form

d2a
dQdE

(4.9)

w here d'-o/dQdE is the c ro ss -se c tio n  fo r p+, p" p a ir  p ro 
duction for which one of the com ponents has a fixed energy 
E and is em itted at an angle of 10° to the y - ra y  beam ,

0 =  (^ -^ ) ,  r\— Z2- 5.793-10"28 cm 2, ( r0 is the c la ss ic a l rad ius

of the e lec tron ), m^c2 = 1 0 6  MeV is the r e s t  energy of the 
muon and T is a function rep resen tin g  the effect of the 
nuclear form  fac to r which depends on the photon energy. 
T is plotted as a function of photon energy in Fig. 4.20. 
The two fam ilies of curves shown in th is figu re  co rrespond  
to the production of muons with energ ies of 101.0 and 251.9 
MeV, which in tu rn  correspond  to y - ra y  energy th resho lds 
of 312.6 and 463.4 MeV respective ly . The graph shows the 
varia tion  of T fo r a point charge and fo r nuclei with m ass 
num bers A =  27, 63, 207 and 238. It is evident that the 
n uclear form  fac to rs  have an im portant effect on the c ro s s -  
section. The ord inates of the curves m ultip lied  by

O —  =  Z2- 2.0346 • 10“35 cma/MeV 
106/

yield  the c ro ss -se c tio n s  for the production of m eson p a irs  
and are  found to be low er by 6-7 o rd e rs  of m agnitude than 
the c ro ss -se c tio n s  for the e lec tro n -p o sitro n  p a ir  p roduction , 
i.e . a re  very sm all.
_ The f i r s t  experim ents in which muon p a ir  production 
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Panofsky [34] and M asek et al. [35], using the Stamford 
lin e a r  e lec tron  acce le ra to r. An elec tron  beam  with energy 
of 450, 575 o r 600 MeV tra v e rse d  an alum inium  target. 
B rem sstrah lu n g  photons produced muon p a irs  in the ta rg e t, 
and the experim ent consisted  of record ing  negative muons 
leaving  the ta rg e t. The experim ent is illu s tra ted  in Fig. 
4.21, which shows the direction  of the e lectron  beam , the 
alum inium  ta rg e t and the channel in the m agnetic field for 
the tran sm iss io n  of the negative muons. Charged p artic les  
em itted  from  the ta rg e t at 10° to the y r a y  beam (approx
im ately  30° in another experim ent) en tered  a deflecting 
m agnet and, a fte r passin g  through a channel in this magnet 
and through an ab so rb e r A2, s tru ck  abso rber A3 which was 
sufficiently  th ick  to stop muons which had been deflected 
through the channel. The m esons cam e to r e s t  and decayed 
in A 3 and th e ir  decay e lec trons w ere reco rded  by a sc in 
tilla tio n  counter te lescope.

The d istribu tion  of decays over the channels of the delayed 
coincidence system  was used  to determ ine the muon lifetim e, 
and hence to verify  that the system  was reco rd ing  muons. 
Although th is method is very  sim ple in itse lf , it leads to
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considerable p rac tica l d ifficu lties, the m ost im portan t being 
that the m easured  effect was sm all by com parison  with the 
muon background due to Jt —> p decays in the ta rg e t, in the 
abso rb er and in its  im m ediate neighbourhood, n —> n — e 
decays in the ta rg e t itse lf  w ere excluded by the fact that 
only negative muons w ere reco rded : negative pions stopping 
in the ta rg e t w ere cap tured  by the nuclei and th e re fo re  could 
not produce negative muons. To reduce the background due 
to n —> p decays in flight, the ab so rb e r A 2 was in troduced 
to stop pions em erging  from  the m agnet channel. Another 
sou rce  of background was the appreciab le  num ber of 
neutrons which accom panied each e lec tro n  pulse. These 
neutrons w ere m oderated  fo r a few m icroseconds and could 
en te r the sc in tilla tion  counters of the e lec tro n  te lescope 
and be counted as a re su lt of the conversion of y ray s  from  
(n,y) reac tions. In o rd e r to reduce th is background, A3 was 
made of e ith er carbon o r alum inium  o r , in another v a rian t 
of the experim ent, of lith ium  or m agnesium . Since the 
cap ture probability  fo r a light nucleus is  p roportional to 
the fourth  power of the nuclear charge , a change of a carbon 
ta rg e t (Z =  6 ) for an alum inium  ta rg e t (Z = 1 3 )  of the sam e 
stopping power should considerably  reduce the effect (by a 
fac to r of m ore than 8 ) without affecting the background. In
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th is way it was possib le  to sep ara te  negative-m uon decays 
from  the neutron background.

The m easurem en ts w ere ca rr ie d  out by a re la tiv e  method: 
a determ ination  was made of the ra tio  of the production 
c ro ss -se c tio n  to the c ro ss -se c tio n  for the photo-production 
of positive pions. This was due to difficulties in the absolute 
ca lib ra tio n  of the instrum ent. The c ro ss -se c tio n  for the 
photo-production of positive pions is alm ost iso trop ic in 
the angular range 10-30°, w hilst the c ro ss -se c tio n  for muon 
p a ir  production was expected to be strongly  anisotropic. 
F o r exam ple, it should fall by a factor of 2 between 10-30°. 
Hence p rac tica lly  the en tire  effect m easured  at la rg e  angles 
was due to the muon background from  the decay in flight of 
pions produced by the photons. The muon production c ro s s -  
section  was th e re fo re  determ ined as follows.

F or a given (sm all) angle and given cu rren ts  in the coils 
of the deflecting m ag n e ts , two m easurem ents w ere ca rr ie d  
out with the abso rb er A 3 having f ir s t  a sm all and then a 
la rg e  n uclear charge (A1 followed by C o r Mg followed by Li). 
The d ifference in the counts obtained with the two absorbers 
is a m easu re  of all effects leading to the production of neg
ative muons. To reduce the background due to n — p decays 
in flight, it is n ecessa ry  to sub trac t the corresponding 
d ifference obtained at la rg e  angles. The production c ro s s -  
section  fo r muons at, say , 10° was thus determ ined by 
m easu rin g  the following c ro ss -se c tio n  d ifferences: d iffe r
ence fo r 10° (C - Al) le ss  the difference for 30° (Ca - Al) 
o r the sam e fo r the Mg - Li d ifferences.

The re su lts  obtained for an alum inium  ta rg e t and photons 
with a m axim um  energy of 600 MeV a re  given below. The 
c ro ss -se c tio n  d ifference for negative-m uon production 
at 10° and 30° and at 12° and 23° obtained in two se r ie s  of 
m easu rem en ts fo r 190-MeV negative muons was found to be

AaM,exP(10—30°) =  
Au^exp (12-23°) =

(11.39 ±  4.99)-10 34 cm2/sterad MeV 
(7.64 ±  4.58)-10'3'1 cm2/sterad MeV

F o r 210-MeV negative muons the re su lt was

: exp(12—23°) =  (5.84 ±  1.86) -10“34 cm2/sterad MeV

w hilst the corresponding  theo re tica l values predicted  by
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A theor =  5.6-10*31 cm2/sterad MeV 
Athoor =  4.3-1 O'31 cma/sterad MeV 
Aathoor- 4.7- lO'3* cmVsterad MeV

The average ra tio  of the m easured  to ca lcu late  c ro ss  
sections can be shown from  these data to be

A c exp 

7 theor
1.42 ±0.34

This re su lt was substan tia lly  im proved by A lberig i- 
Q uaranta et al. [36] using the F ra sc a tti e lec tro n  synchro tron  
which produces 1-GeV e lec trons. A lberig i-Q uaran ta  ob
se rved  |x' p a irs  produced by b rem sstrah lu n g  photons 
in g raphite  at about 10° to the d irection  of the photon beam . 
The momentum of the negative muons exceeded 446 MeV A ,  
while the mom entum  of the positive muons se lec ted  by the 
m agnetic sp ec tro m ete r lay in the range 330-393 M eV/c. 
The ra tio  of the experim ental to the th eo re tica l muon p a ir  
production c ro ss -se c tio n  was found to be

=  1.00 ±0.05
A c theor

An im portant advance in the region of high m om entum  
tra n s fe rs  to the muon p a ir  was recen tly  achieved by D eP agter 
et al. [71] who used  the b rem sstrah lu n g  beam  (m axim um  
energy of 5 GeV) from  the Cam bridge e lec tro n  ac ce le ra to r . 
The muon p a ir  was reco rded  by two identical te lescopes 
located sym m etrica lly  on e ith er side of the y -ra y  beam  
(Fig. 4.22). The counters shown in the figure w ere in fact 
com posite hodoscopic sy stem s of 154 coun ters. The hodo- 
scopic system  was capable of separa ting  the po lar angle 
range defined by the te lescope (4.5-11.5°) into nine equal 
in te rv a ls , and the ranges of the muons into five in te rv a ls  
corresponding to energ ies between 1.8 and 2.4 GeV. The 
tra n s fe rre d  mom entum  region corresponding  to q3 between 
1.3 and 8.0 F 2 was investigated. In th is region of q%> the 
ra tio  of the m easured  to expected muon p a ir  production 
c ro ss -se c tio n  is

Ac
Ac

—£ «*1,18±0, 
theor
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It is thus evident that the m easured  production c ro s s -  
section  is in ag reem en t with the electrom agnetic theory 
throughout the range of tra n s fe rre d  m omenta which was 
investigated  (200 MeV/c to 1 GeV/c approxim ately).

4.4 SCATTERING OF MUONS BY NUCLEI

The sc a tte rin g  of h igh-energy muons by nuclei is very 
easy  to observe and shows that the electrom agnetic in te r 
actions of fa s t muons a re  identical with the electrom agnetic 
in te rac tio n s of fast e lec trons. H offstadter et al. [37] have 
m easu red  the sc a tte rin g  of e lectrons by nuclei for large 
m om entum  tra n s fe rs  up to e lectron  energ ies of about 1 GeV. 
E xperim ents involving muons may th e re fo re  be reduced to 
the com parison  of the sca tte rin g  of muons by nuclei with 
the sc a tte rin g  of e lec tro n s. In p rac tice  this means that in 
com paring  the experim ental data on muon sca tte rin g  with 
th eo re tica l p red ic tio n s, one m ust use  the electron-nucleon 
and e lec tro n -n u cleu s form  fac to rs  obtained from  e lec tro n 
sc a tte rin g  data. If m uon-sca tte ring  data tu rn  out to be in 
ag reem en t with a sc a tte rin g  theory in which the s tru c tu re
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of the nucleon and of the nucleus is deduced from  elec tron  
experim ents , one can conclude that the e lec tro n  and m eson 
form  fac to rs  a re  the sam e, i.e. that both the e lec tro n  and 
the muon in te rac t in the sam e way with the e lec trom agnetic  
field of the nucleus.

A large num ber of sca tte rin g  experim ents involving high- 
energy muons have been c a rr ie d  out during the la s t decade. 
Most of them  w ere perfo rm ed  with cosm ic ra y s , and only a 
few with high-energy muons produced by a c c e le ra to rs .

Many of the co sm ic -ray  experim ents indicated the ex
istence of the ‘sca tte rin g  anom aly’ , i.e . sca tte rin g  which 
cannot be described  within the fram ew ork  of the usual e le c 
trom agnetic  in teraction  between the muon and the nucleus. 
However, other very  ca re fu l experim ents with co sm ic -ray  
muons did not show the p resence  of th is anom aly. A detailed  
review  of all these experim ents has been given by Fow ler 
and Wolfendale [38]. An analysis of co sm ic -ray  data on the 
anomalous sca tte rin g  of muons shows th a t, w henever this 
sca tte rin g  was observed , it was not possib le  to reduce 
com pletely the background of p a r tic le s  which in te rac ted  
strongly with nuclei (protons, pidns and o ther n u c le a r- 
active p a rtic le s ). M oreover, h igh-energy  muon sc a tte rin g  
using co sm ic-ray  muons is subject to considerab le  e r r o r s  
due to u n ce rta in ties  in the mom entum  of the incident m uon, 
and finally the s ta tis tic s  of all th ese  m easu rem en ts  have in 
general been exceedingly poor. It may th e re fo re  be con
cluded that th e re  is no definite evidence for the ex istence 
of anom alies due to non-electrom agnetic  in te rac tions b e 
tween muons and nuclei.

The production of h igh-energy  muon beam s by acce l
e ra to rs  enabled these experim ents to be rep ea ted  under 
much im proved conditions, i.e . with accu ra te ly  known 
muon energy, good geom etry  and the absence of p a rtic le  
im p u rities  in beam s whose in tensity  was h igher than the 
co sm ic -ray  in tensity  by se v e ra l o rd e rs  of m agnitude.

The muon beam s are  usually  produced in basica lly  the 
sam e way. F irs t ,  a h igh-in tensity  pion beam  is produced, 
and the muons orig inating  in pion decays in flight a re  co l
lected  and focused by m agnetic fields. The production of 
h igh-in tensity  pure  muon beam s is fac ilita ted  by the fact 
that a muon is  a re la tive ly  long-lived p a rtic le  ( t ~ 2.2 
x 10"6sec), w hilst the m ean life of the pion is low er than 
th is by two o rd e rs  of magnitude. T h ere fo re , if one fo rm s 
a muon beam  from  pion decays over a la rg e  path length,
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m ost of the pions will be rem oved by decays at the end of 
the path. If muons of given momentum can then be collim ated 
by m agnetic f ie ld s , it is possib le in p rincip le  to produce a 
pu re  muon beam .

L et us consider the 2-GeV muon beam  of the B erkeley 
B evatron which is a 6.3-GeV proton synchrotron  [39]. The 
muon beam  is derived  from  a h igh-in tensity  pi on beam  of
3.5 ±  0.3 G eV / c, and m agnetic analysis is  used to separa te  
muons with m om enta of 2 GeV/c from  the main pion beam. 
The k inem atics of n —> p decay for a 3.5-G eV /c pion is 
shown in F igs. 4.23 and 4.24. Fig. 4.23 shows the depen
dence of the angle of em ission  of the muon in the laboratory

co — angle between the pion 
and muon momenta in the 
laboratory system

Fig. 4.23 Kinematics of a 
7T-/JL decay for 3.5 -  GeV/c 
pions
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Fig. 4.24 Kinematics of tt~ 
p decay tor 3.5-GeV/ c 
pions. Muon momentum spec
trum in the laboratory system

sy stem  on the muon m om entum , w hilst Fig. 4.24 shows the 
muon m om entum  sp ec tru m  in the labo ra to ry  system . It is 
evident that the muon beam  is collim ated in the direction 
of the p rim a ry  pion beam  (the m aximum angle of em ission 
of a muon in the lab o ra to ry  system  is ± 0.68°) and is  un i
fo rm ly  d is trib u ted  in mom entum  between the minimum of 
about 0.6 Pn co rresponding  to a backward decay in the pion 
sy stem , and the m axim um  of 3.5 G eV /c, which is taken up 
by a muon em itted  in the d irection  of the p rim ary  pion.

The experim enta l arrangem ent at the Bevatron is shown 
in Fig. 4.25. The ta rg e t T t in te rcep ts  the proton beam  and 
se rv e s  as the sou rce  of pions. Magnets Mi and M2 and quad- 
rupoles Qt and Q2 se lec t and focus pions with momenta of
3.5 GeV/c leaving ta rg e t Tim About 6% of the 3.5-Ge /c  
pions decay in the space between M2 and the deflecting m ag
net M 3 which se p a ra te s  2-GeV/c muons from  the mam 3.5-
G eV /c pion beam . Magnet M  4 produces further clearing of
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Fig. 4.25 Arrangement for producing the 2-GeV/c muon 
beam with the Berkeley bevatron. This beam has been 
used to measure muon scattering for momentum transfers 
up to about 0.4 GeV

the muon beam  and deflects pions which have en tered  the 
beam  through sca tte rin g , and e lec trons o rig inating  in ft — e 
decays in flight. E lec trons lose  energy by producing cascade 
show ers in an 0 .6-cm  lead plate placed in fron t of m agnet 
M4 and a re  deflected out of the beam.

The pion im purity  in the beam  thus produced is not m ore 
than 3%, but this has an appreciable effect on m u o n -sca tte r-  
ing studies. The differential Coulomb c ro ss -se c tio n  fo r 
muons on nuclei in the energy range between 2 and 3 GeV 
is of the o rd er of 10‘28cm 2/s te ra d , w hilst the d ifferen tia l 
c ro ss -se c tio n  for pions is of the o rd e r of 10 ' 23cm V ste rad . 
Hence to ensu re  that the background from  the sc a tte rin g  of 
pions should be le ss  than 10% of the expected effect due to 
m uons, the pion im purity  m ust be le ss  than 1 in 10 \

An iron  f ilte r , 105-cm  thick, was used  to rem ove the r e 
m aining pions from  the muon beam . The th ickness of th is 
f i l te r  is about 7 rad iation  lengths fo r pions, w hilst the energy 
sp read  of 2-GeV/c muons due to ionization lo sse s  in the 
f il te r  is not m ore than 0.15 GeV. In addition, a g as -filled  
Cerenkov counter was placed in the beam , and used  to 
exclude p a rtic le s  with velocities sm a lle r  than the velocity 
of 2-G eV /c muons. T hese m easu res  succeeded in reducing
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the re la tiv e  p roportion  of pions in the beam  to about 5 x 106. 
A cham ber designed for studying the sca tte rin g  of muons by 
nuclei was placed in the path of the final focused muon beam. 
The cham ber used  by M asek et al. [39] is  shown on an en
la rg ed  sca le  in Fig. 4.26. It fo rm s a hodoscope consisting 
of sc in tilla tio n  counters in four identical blocks A a, Ab, Ac 
and An.  Each block consisted  of 20sc in tilla to rs  arranged  as 
shown in the upper p a rt of the drawing. S cin tilla to r blocks 
A^ and An  defined the d irec tion  of the muon before it en tered  
the sc a tte rin g  ta rg e t (lead o r carbon) placed im m ediately 
behind An, w hilst blocks An  and An, o r  A ^and A D defined 
the d irec tion  of the  sc a tte re d  muon. Each of the sc in tilla to rs  
was viewed by its own photom ultiplier. P u lses from  the 
pho tom ultip liers w ere  fed into a delay line , and finally to 
the deflecting  p la tes of a quadrupole-beam  oscilloscope 
whose sc re en  was photographed.

The identification of sc in tilla to rs  trav e rse d  by the muons 
in blocks A a, A b, A c and A D was achieved by m easuring  
the delay of the pu lses re la tiv e  to a gating pulse. This was 
produced by coincidences between Slf S2, S3, S 4 and S 5 or S,<. 
P u lses  from  the Cerenkov counter C and the shielding 
coun ters S7 and S0, which excluded events in which the muon 
was accom panied by h igh-energy 6 r a y s , w ere also photo
graphed from  the sc re en  of the oscilloscope. Counters C and

Fig. 4.26 Scattering chamber for 2-GeV/c negative muons: 
Aa Ab , Ac and AD arehodoscopescintillation counter arrays. 
Each system consists of 20 scintillators (cf. upper part of 
the figure in which the arrow indicates the direction of the 
muon beam) . A lead or graphite target vras placed behind AB. 
The shielding counter S9 surrounds S4; C is the Cerenkov 
counter <  ̂ “
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S8 w ere used to exclude the pion im purity  in the muon beam . 
The system  perm itted  the detection of sc a tte re d  muons in 
the angular range between 2° and 14°. In addition, nuclear 
em ulsions w ere placed in the muon beam  as indicated in 
Fig. 4.26. They w ere used  to determ ine the angular d i s t r i 
butions between 0.5° and 3°.

734 m of track  w ere followed in n u c lear em ulsions ex 
posed to the 2-GeV/c negative-m uon beam . D epartu res of 
the projection of the muon tra c k  on the plane of the em ulsion

0 k  35 53 70 05 705y  GeV/e

Fig. 4.27 Scattering of 2-GeV 
muons in a nuclear emulsion. 
The number of scatters through 
an angle greater than a given 
angle is plotted as a function 
of the projected angle of scat
tering a in degrees, and the 
momentum transferred to the 
nucleus in MeV/c. Broken 
curve shows single scatters 
by a point nucleus; solid curve 
shows single scatters by an 
extended nucleus

from  a stra ig h t line w ere m easured  and the re su lts  a re  
shown in Fig. 4.27, w here the num ber of s c a tte rs  through 
an angle g rea te r  than 0 is plotted as a function of the p ro 
jected  angle ft . These data cover the angular range between 
0 .5 -3 .0 0, which corresponds to a tran sfe rred -m o m en tu m  
range (A q — 2p_sjn ft/2 ) between 18 and 105 M eV /c. The ex 
perim ental re su lts  a re  com pared with the theory  of single 
sca tte rin g  by point and by extended nuclei. If the m agnetic 
in te raction  is neglected, the c ro ss -se c tio n  fo r a point 
nucleus is given by the usual Mott fo rm u la  [37] obtained on 
the Born approxim ation:
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w here ft is the angle of sc a tte rin g  in the labora to ry  system , 
p and v a re  the m om entum  and velocity of the muon re sp e c 
tive ly , and Z and M a re  the charge and m ass of the ta rg e t 
nucleus respec tive ly . This fo rm ula is rep resen ted  by the 
broken curve in Fig. 4.27. It is evident that at angles 
between 0 .5-3 .0° sca tte rin g  by a point nucleus is not a 
re a l is t ic  approxim ation. The form ula is considered  h e re , 
how ever, because experim ents on the m ultiple sca tte ring  
of co sm ic -ray  muons have been found to agree with the 
M oliere d istribu tion  for a point nucleus based on (4.10)..

To evaluate sc a tte rin g  by an extended nucleus, the Mott 
fo rm ula was m ultip lied  by the proton form  factor F\> (q2) 
and by the n uclear form  factor F% (ft;. The function Fp (<72) 
was equated with the proton form  facto r obtained from  
H offstad ter’s experim ents on e lectron -p ro ton  scatte ring :

Fp H -
2 2 q a

~ \2  J

- 2
(4.11)

w here q is the tra n s fe r re d  momentum and a =0 . 7  x io-13 cm. 
The C ooper-R ainw ater approxim ate expression  [41] was 
used  for the nuclear form  factor Fn (ft; • The resulting  
angular d istribu tion  is indicated by the solid curve in Fig. 
4.27, which is c lea rly  in good agreem ent with the ex p eri
m ental d istribu tion .

The fact that experim ental data are  in good agreem ent 
with th eo rie s  based  on the proton and nuclear form  f j ors 
deduced from  e lec tro n -sca tte rin g  experim ents has also 
been confirm ed by Conolly et al. [40], who studied the 
sc a tte rin g  of positive and negative muons in nuclear em ul
sions. They used  a 27-MeV muon beam  and looked for the 
ends of muon tra c k s  (\i+ -> e+ decays) in that region of the 
em ulsion  which could only be en tered  by sca tte red  partic les . 
By following such trac k s  back until a s c a tte r  was found, 
they succeeded in exam ining events with momentum tra n s 
fe rs  up to about 160 MeV/c.

The s in g le -sca tte r in g  em ulsion m easurem en ts w ere ex
tended to la rg e  angles and la rg e r  values of tra n s fe rre  
m om entum  by m eans of sc in tilla tion  counter hodoscopes 
In these  ex p erim en ts , the ta rg e t was e ither grap i e ( 
e /c m 2) or lead (14.4 g /cm 2). M easurem ents with graphite 
ta rg e t a re  the m ore im portant because the experim ental 
conditions w ere such th h f  single sc a tte rs  predom inated.
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F or exam ple, at a sc a tte rin g  angle of 2 .3°, the expected 
contribution due to m ultiple sc a tte rin g  was 25%. At an angle 
of sca tte rin g  of 8°, the m u ltip le -sca tte rin g  contribution was 
only 2%.

Experim ental data obtained with the carbon ta rg e t a re  
shown in Fig. 4.28. A full th eo re tica l analysis of the data 
is difficult because in this p a rtic u la r  case  the apparatus 
reco rded  both e lastic  and in e lastic  sca tte rin g . The effective 
sca tte rin g  c ro ss -se c tio n  has been given by M a sek e ta l. [39]:

2 f t,2 4 COS - rd a _  z e i

w here d^aldQ dp'is the c ro ss -se c tio n  for sc a tte rin g  through 
an angle ft into a so lid  angle elem ent dQ in which the m o
m entum of the sca tte red  muon is p ' . The quantities E and 
p  a re  respective ly  the energy and m om entum  of the muon 
before the sc a tte r  and

A£ =  £  — E'
q‘ = | p - / > ' l 2- ( A E ) ! (4-13)

ft
Q(q\  A£) +  tan-^ 2M R (<?2, AE) (4.12)

We thus see that AE is the energy lo st on collision  and 
<73 is the square  of the tra n s fe rre d  four-m om entum . The 
functions Q and R , which depend only on AE and q2, con
tain  all nuclear fac to rs  which influence sca tte rin g . Among 
them  is the electrom agnetic  s tru c tu re  of the nucleus, m ag
netic sca tte rin g  and the nuclear fo rm  fac to r. T hese functions 
w ere estim ated  by D rell and Schwartz [42] and co rrec tly  
describe  the sc a tte rin g  of e lec trons by nuclei. This has 
been verified , for exam ple, by F riedm an [43], who studied 
the sca tte rin g  of 600-MeV e lec trons by deuterons and found 
excellent agreem ent between experim enta l data and the 
calculations of D rell and Schwartz [42],

The experim ental data a re  com pared with the theory  in 
Fig. 4.28, from  which it is evident that the sc a tte rin g  of 
muons by carbon is in agreem ent, within the experim enta l 
e r r o r ,  with the th eo re tica l form ula based on the e lec tro n -  
proton Torm fac to rs  apd nuclear-struc tu re^ , data obtained

P&4oue enew enoiiibnoo
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Elastically transferred momentum, MeV

Fig. 4.28 Scattering of 2 GeV/c muons 
in 27 g/cm2 of graphite. The solid 
curve was calculated from (4.12)

The absence of anom alous sca tte rin g  of muons has also 
been indicated by stud ies of the sca tte rin g  of muons in 
lead. H ere, how ever, m ultiple sca tte rin g  predom inates, 
and th ese  data a re  le s s  re liab le .

M asek et al. [42] perfo rm ed  a d irec t com parison of the 
sc a tte rin g  of e lec tro n s in graphite with the above data on 
the sc a tte rin g  of 2-G eV /c negative muons in graphite. Ex
p erim en ts  on the sca tte rin g  of e lec trons in graphite w ere 
designed to determ ine d irec tly  the form  fac to rs  Q and R for 
two values of the angle of sca tte rin g  of the negative muons 
(5.73° and 8.03°), corresponding  to momentum tra n s fe rs  in 
e la s tic  co llisions of 200 and 280 M eV/c. T hese experim ents 
also  confirm ed the absence of anom alies in the sca tte rin g  
of muons by nuclei.

C itron  et al. [73] investigated  the sca tte rin g  of negative- 
muons by g raph ite  up to tra n s fe rre d  m om enta of about 
250 MeV/c (q~ <=* 1 .5F2). This work was perform ed on the 
CERN muon beam  and was distinguished by high s ta tis tica l 
accu racy  (7-13%) of the m easured  sc a tte rin g  c ro ss-se c tio n s .
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The re su lts  obtained a re  also in good agreem ent with the 
sc a tte rin g  c ro ss -se c tio n  calculated from  the Mott form ula.

Let us now consider recen t work on m uon-proton sc a tte rin g  
(liquid-hydrogen ta rg e t). Davis et al. [74] and Cool et al. [75], 
who perform ed these experim en ts , did not find any d ifference 
between muon and e lec tron  sca tte rin g . The idea of th ese  ex 
perim en ts  will be c le a r  from  an exam ination of Fig. 4.29. The 
figure shows ahydrogen ta rg e t and two la rg e  sp a rk  cham bers 
fo r the reco il proton and the sc a tte re d  muon. Four th resho ld  
Cerenkov counters in the muon beam  (the la s t of th ese  can be 
seen in Fig. 4.29) w ere used  to sep a ra te  the pions from  the 
muons by an e lectron ic  technique. Identification of e las tic  
events requ ired  a knowledge of the muon mom entum  (±1%), 
the muon and proton sca tte rin g  angles (better than 1%) and 
the kinem atics of events (coplanarity , k inem atic c r ite r ia ) . 
F ifty-n ine sca tte rin g  events w ere observed in which the 
tra n s fe rre d  m om enta lay in the range 450-850 M eV/c. 
Cool et al. perform ed th e ir  experim ents on the Brookhaven 
ac ce le ra to r , using a s im ila r  technique. They achieved 
b e tte r  s ta tis t ic s : 500 sca tte rin g  events w ere observed  in the 
tran sferred -m o m en tu m  region between 700 and 1100 M eV /c.

The re su lts  obtained by both groups a re  shown in Fig. 
4.30, w here the m easured  c ro ss -se c tio n  is plotted as a 
function of q1. The solid curve shows the expected s c a t te r 
ing and was obtained from  the form ula

da
dQ

4na2 ^  (72) 
g* ' 1 +  qzl 4MZ

(1 -  q1! 2M  Po -f- . . . )

w here a is  the f in e -s tru c tu re  constant, q the tra n s fe r re d  
m om entum , M the proton m ass, and Po the p rim ary  muon 
momentum. We note that the expected c ro ss -se c tio n  is 
determ ined  by the tra n s fe rre d  momentum and is not very  
dependent on P 0. The function

G{q*) =  G l+  (q2l 4 Af2) G2m

is determ ined by the proton fo rm  fac to rs  GE and GM. The 
so lid  curve was obtained for values of GE and GM deduced 
from  data on e lec tro n -p ro to n  sca tte rin g . They w ere
calculated  by averaging over the p rim ary  p a rtic le  m om entum
Po . We thus see that muon sca tte rin g  in th is range of t r a n s 
form ed m om enta is again very  s im ila r  to e lec tro n  sca tte rin g . 

In conclusion, le t us consider the above estim ation  of the
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9 2 ( i n  F * )

Fig. 4.30 Dependence of the muon scattering 
cross-section on the square of the transferred 
momentum. Solid curve shows calculated results 
assuming that the form factor ratio GM/G e = /X 
i s  equal to the value obtained from electron- 
scattering experiments

possib le  difference between the e lec trom agnetic  muon and 
e lec tron  form  fac to rs . If it is  adm itted tha t the lepton fo rm  
fac to r can be w ritten  in the fo rm

f ( q 2) = 1/ (1 -  q2/ A2)

the m uon-to -electron  form  fac to r ra tio  is

f j d e =  1/(1 -q* /D 2)

w here 1 ID2 =* 1/Afi — 1/A* re p re se n ts  the dim ensions of the

region  w here the form  facto r d ifference becom es sign ifican t. 
F rom  the experim ents by Cool e t al. we have | D2] 7220F ' z. 
This co rresponds to d istances of the o rd e r of 6 x 10 '15 cm
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and tra n s fe r re d  m om enta approaching 3 G eV /c. T hese a re  
the lim iting  values of d istances and tr a n s fe r re d  m om enta 
fo r which, according to the m ost recen t sc a tte r in g  e x p e ri
m ents, we can speak of the identity  of the e lec trom agnetic  
p ro p e rtie s  of the e lec tro n  and muon.

4.5 THE MAGNETIC MOMENT OF THE MUON

4.5.1 Preliminary remarks

Recent m easu rem en ts of the m agnetic m om ent of the 
muon a re  ex trem ely  accu ra te , and confirm  that the  e le c tro 
m agnetic in te rac tions of the muon and the e lec tro n  a re  the 
sam e. If the muon is  in fact a ‘heavy e lec tro n ’ , its  m agnetic 
moment should be given by the D irac equation. The m agnetic 
m om ent of a D irac p a r tic le  is

6h

T his m ust be co rrec ted  fo r in te rac tio n s with ze ro -p o in t 
e lec trom agnetic  fie lds. Radial co rrec tio n s  have been e s t i 
m ated by K arplus and K roll [45] and by Som m erfield [46] 
and P eterm ann  [47] up to the fourth  o rd e r . C urren tly  accepted 
th eo re tica l m agnetic m om ents of the e lec tro n  and muon, 
calcu lated  with these  co rrec tio n s  included, a re

p = p o (l +  —— 0 .3 2 8 ^ 2 ) =  1.0011596po
V 2a n I (4.16a)

(ge =  2-1.0011596) 

fo r the e lec tro n , and

u = p o (  1 + - + 0 . 7 5 V )  =  1.0011654p0 
\ 2ji ji“ ]

(£n =  2-1.0011654)
(4.16b)

fo r the muon. In th ese  ex p ressio n s the f in e -s tru c tu re  con
stan t a has been taken to be a"1 =  137.039 [48], and the 
gyrom agnetic ra tio  g  is  ex p ressed  in un its  of e/2me.

The m ost accu ra te  d irec t de term ination  of the m agnetic
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m om ent of the e lec tron  is due to Schupp et al. [49], who 
m easu red  the d ifference between the spin p recess io n  
frequency and the cyclotron frequency fo r fre e  e lec tro n s . 
The e lectrons w ere po larized  by Mott sc a tte rin g  and the 
le ft-r ig h t asym m etry  in a second sc a tte rin g  was used  to 
determ ine the degree of po larization  a fte r  t ra v e rs a l  of the 
m agnetic field by the e lec tro n s. The re su lt ,

g e =  2-(1.0011612 ±  0.0000024)

is in good agreem ent with the th eo re tica l p red iction  and the 
accuracy  exceeds by a facto r of about 5 the accuracy  of 
determ inations of the e lectron  m agnetic m om ent in which 
the moment was com pared with the m agnetic m om ent of 
the proton.

4.5.2 Measurement of the magnetic moment of the positive muon

Let us now consider experim ents in which the m agnetic 
moment of the muon has been determ ined. The f i r s t  m e a s 
u rem en t of the muon m agnetic moment was perfo rm ed  by 
Garwin et al. in th e ir  work on the non-conservation  of p a r 
ity in it -> jit ->■ e decay. They determ ined  the p recess io n  
frequency w for the muon spin in a m agnetic field  H :

eH A/ o) = g ------ rad/sec
2 m^c

and hence, knowing the m ass tn^ of the muon and the field  
H,  they determ ined  the gyrom agnetic ra tio . T h eir re su lt 
was

gv+  =  2 - ( 1.00 ±  0.01)

The spin p recessio n  method has also  been u sed  by K essel 
et al. on the L iverpool synchrocyclo tron . They obtained the 
m ore accu ra te  re su lt

g ^  =  2-(1.002 ±  0.007)

w here the uncerta in ty  includes both s ta tis t ic a l fluctuations 
(0.4%), the e r ro r  in the m agnetic fie ld , the uncerta in ty  due 
to d rift in the e le c tro ’ ic equipm ent and the e r r o r  due to
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the uncerta in ty  in the muon m ass. It follows that d e te r 
m inations of the muon m agnetic moment from  p recession  
in a constant m agnetic field  yield a re su lt which agrees to 
within 0.7% with the m agnetic moment of a p a rtic le  d es
cribed  by the D irac equation. However, th is  is s till not 
sufficien t to es tab lish  the validity of the form ula for the 
rad ia tiv e  co rrec tio n  to the m agnetic moment whose re la tive  
m agnitude is of the o rd e r of 1/1000.

A fu rth e r im provem ent in the value of the muon m agnetic 
m om ent was achieved by Coffin et al. [51], who used the 
m agnetic resonance method. The asym m etry  in the angular 
d istribu tion  of positrons from  positive-m uon decay was 
used  as an indication of positive-m uon spin flip. The ex
p erim en t is illu s tra ted  in Fig. 4.31. The ta rg e t in which

the positive muons cam e to r e s t  was placed in a solenoid 
in which a high-frequency field was produced. Both the 
ta rg e t and the sc in tilla to rs  w ere placed in a constant m ag
netic field p a ra lle l to the spin of the positive muons. The 
muons w ere f i r s t  slowed down in a  graphite abso rber placed 
in a channel in one of the electrom agnet p o le s , and cam e to 
r e s t  in the ta rg e t. Stopping positive muons w ere indicated 
by 1234 coincidences. The 1234 pulse was also used to 
Qwit.nh nn the hiffh-frequency pulse coil and to gate the de-

Fig. 4.31 Determination of the magnetic moment 
of the muon by the magnetic resonance method 
(Coffin et al.)
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in the solenoid was to =  g ( e H 1/ - 2 m c )  r a d /s e c ,  the angle 
through which the spin ro ta ted  in a tim e t was

248

Rotation through 180°, which from  the quantum -m echanical 
point of view corresponds to 100% probability  of tran sitio n  
from  s ta te  S m =  + l / 2  to the sta te  ± l /2 ,  re q u ire s  a high-

reco rded  decay e lec tro n s em itted  in the backw ard d irec tion , 
and th e re fo re  the m axim um  in tensity  was reco rd ed  in the 
absence of tran sitio n s . A reduction in the in tensity  indicated 
the onset of m agnetic tran sitio n s .

The resonance curve obtained in th is experim ent is shown 
in Fig. 4.32, in which the num ber of 1234 counts in the e le c 
tro n  te lescope p er 64 000 stopping positive muons is  plotted 
as a function of the ra tio  of the p ro to n -reso n an ce  frequency 
to the frequency of the solenoid field. The solid  curve shows 
the calculated shape of the resonance curve. The cen tre  of 
the experim ental d istribu tion  from  which the resonance f r e 
quency was obtained, was found by a le a s t- sq u a re s  analysis 
assum ing that it was sym m etrica l about the m inim um . The 
resonance value of f^/fp w asfound tobe 3.1865 ± 0.0022, and 
hence, fo r trip, = 206 .86  ±0 .11  e lec tron  m a sses  we obtain 
gji.= 2x(1.0026 ± 0.0009

A fu rth e r in c rease  in the accuracy  of fp/fp at resonance 
was achieved by Lundy e ta l .  [52],w housed the very  effective 
and ingenious method of ‘stroboscopic co incidences’. The 
p rincip le  of th is method is  as follows. Suppose that a beam  
of muons po larized  in the d irection  of th e ir  m om enta is 
brought to re s t at tim e t — 0 in a ta rg e t p laced in a m ag
netic field which is perpend icu lar to the muon spin. Suppose 
fu rth e r tha t a counter reco rd in g  decay e lec tro n s  is  p laced 
at a given d istance from  the ta rg e t. As a re s u lt  of the p r e 
cession  of the spin in the m agnetic fie ld , the num ber of 
e lec trons em itted from  the ta rg e t in the d irec tion  of the 
counter is proportional to

o

frequency field pulse of ^ Hdt  = 70 gauss p s e c . The system
o

exp — I (1 — a cos coHt) (4.17)
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0.3/00 03/30 0.3000
rp/rM

Fig. 4.32 Resonance curve obtained by the magnetic 
resonance method

w here t  is  the muon life tim e , a the asym m etry  coefficient
e H  /and (i)H — r a d /se c . ^  follows that the in tensity  of decay

e lec tro n s  reco rd ed  by the counter should be modulated in 
accordance with (4.17). If the counter is sw itched on at tim e 
1 =  0 and then period ically  with a frequency of a)/'2n, the 
counting ra te  fo r h igh-energy  e lec trons will be a maximum 
when th is  frequency is equal to the muon spin p recession  
frequency. The experim ent is  illu s tra ted  in Fig. 4.33. 
The muon beam  indicated by the arrow  was stopped in 
the ta rg e t T (graphite o r CHBr3;8 g /c m 2). The m agnetic 
fie ld , which was produced by a la rg e  perm anent magnet 
was perp en d icu la r to the muon beam , and th e re fo re  to the 
muon spin. Muons stopping in the ta rg e t w ere indicated by 
123 co incidences, w hilst decay e lec tro n s w ere indicated by 
234 coincidences. The 123 coincidence pu lse turned on a 
48 .63-M c/s o sc illa to r  fo r 6 ,u sec and the tra in  of high- 
frequency osc illa tio n s was fed into the p ara lle l inputs of 
two coincidence sy stem s R and AR, which w ere sensitive 
to negative pu lses. O ther inputs of the coincidence c ircu its  
rece iv ed  pu lses from  counter 3 which w ere delayed so that 
a pu lse  from  counter 3 which was sim ultaneous with a pulse 
in counter 2 reached  R at the cen tre  of one of the ea rly  
positive  h a lf-cy c les  of the o sc illa to r and AR half a cycle 
la te r . When the p rece ss io n  frequency is  equal to the o sc il
la to r  frequency , the pulse due to the decay electron  in 3
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Scale 0 1 2  3 Inches
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Fig. 4.33 Measurement of the magnetic moment 
of the muon by the method of stroboscopic coin
cidences (Lundy et al.). The sample lies just 
below target T. 1—4 are scintillation counters; 
the direction of the magnetic field is indicated 
by the arrow

will produce a coincidence in R but not in AR. T h ere fo re , 
by m easuring  the ra tio  of coincidences in R and in AR as 
a function of the o sc illa to r frequency, it is possib le  to d e 
te rm in e  the resonance frequency which co rresponds to a 
maximum value of this ra tio . In fac t, the m easu rem en ts 
w ere perfo rm ed  by varying  the mean m agnetic field  of 
3700 Oe by ±1% and detecting a resonance  in the ra tio  
R/AR. Since the m agnetic field  was m easu red  by proton 
resonance, and the muon p recessio n  frequency at the peak 
of the R/AR curve was 48.63 M c/s, the ra tio  of the proton 
resonance frequency at the peak to 48.63 M c/s gave the 
ra tio  of the proton and muon m agnetic m om ents d irec tly . 
The response cu rve , in which the coincidence ra tio  is 
plotted as a function of the ra tio  f^lfp is shown in Fig. 4.34.

At the maximum of the curve it was found that

-^- =  3.1830 ±0.0011
' v

The accuracy of the method of ‘stroboscop ic  co incidences’ 
was appreciably exceeded by Garwin e t al. [53, 54]. T hese 
w orkers inc reased  the p recess io n  frequency and co n s id e r-
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Eig. 4.34 Resonance curve obtained by the method 
of stroboscopic coincidences

ably im proved the accuracy  with which they m easured the 
tim e in te rva l between the entry  of the muon into the ta rg e t 
and the em ission  of the decay electron . T heir method, which 
is in fact a m odification of the stroboscopic-coincidence 
m ethod, is illu s tra ted  in Fig. 4.35. P a rtic le s  stopping in 
the ta rg e t w ere indicated by 1234 coincidences, and the 
em issio n  of decay _electrons_ m the forw ard  and backward 
d irec tio n s by 4513 and 2314 coincidences respectively . 
T hese coincidences w ere reco rded  if they lay within a 
•5.7- p s e c  long gating pulse whose leading edge was delayed 
by 0.15 p sec  re la tiv e  to the 1234 pulse. The ta rg e t and coun
te r s  2-5 w ere placed between the poles of an electrom agnet. 
A uniform  field was obtained by carefu lly  shim m ing the 
pole p ieces , and was m easured  and stab ilized  by means of 
proton resonance signals from  a probe located im m ediately 
above the ta rg e t.

The c ircu its  reco rded  the tim e in terval between the 
stopping of a positive muon and the appearance of a decay 
e lec tro n . T im e m easu rem en ts w ere c a rr ie d  out by counting 
the num ber of osc illa tions of a stab ilized  standard  osc illa to r 
operating  at 86.2 M c/s in the f ir s t  experim ents , and 170 
M c/s in subsequent, m ore accu ra te , m easurem ents. The 
actual quantity m easu red  was not the en tire  tim e in terval 
between the en try  of the muon into the ta rg e t and the em ission 
of the decay e lec tro n , but only the d ifference between this
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Fig. 4.35 Measurement of the magnetic moment of 
the muon (Garwin et at.)

in terval and the n ea re s t in tegral num ber of periods of the 
standard  o sc illa to r. This tim e difference was determ ined  by 
tim e-to -am plitude conversion, using  a m ultichannel p u lse - 
height analyser. Owing to the sub trac tion  of the n ea re s t 
num ber of in tegra l p erio d s, tim e in te rv a ls  d iffering  by an 
in teg ra l num ber of cycles of the o sc illa to r  en tered  the sam e 
channel of the analyser. When the frequency of the o sc illa to r  
was not equal to the positive-m uon spin p recess io n  freq u en cy , 
th e re  was a random  in te rfe ren ce  between these  contributions 
and the resu lting  d istribu tion  of the num ber of periods over 
the analyser channels was uniform . When the two frequencies 
w ere equal, contributions from  d ifferen t decays to each 
channel w ere in phase, and the d istribu tion  over the tim e 
channels could be approxim ately describ ed  by

r w (1 +  a cos (x>st) (4.18)

w here a is the am plitude of the d istribu tion , ws the muon 
spin p recessio n  frequency, and % =  1 lx the probab ility  of 
the decay of the positive muon. A m ore accu ra te  fo rm ula  
fo r th is d istribu tion  may be obtained as follow s. The phase 
d ifference between the stopping positive muon and the tim e 
at which the decay electron  is em itted  is 0  =  (o0/, w here 
wo is the frequency of the standard  o s c il la to r , and the phase 
d istribu tion  function is

1 +  a cos (TO da
0)oT  4ji

(4.19)

This d istribu tion  may be obtained from  (4.18) by substitu ting  
t =  0/o)0. The quantity t) in (4.19) is  a constant phase which 
is re la ted  to the operation of the c irc u its  and the p resen ce
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of an angular in te rva l between the in itia l p+ spin d irec tion  
and the m om entum  of the decay e lec tro n  reco rd ed  by the 
coincidence system .

It has already  been pointed out that a given channel r e 
corded tim e in te rv a ls  d iffering by an in teg ra l num ber of 
periods. To obtain the phase d istribu tion  corresponding  to 
th is method of m easu rem en t, we m ust rep lace  O in (4.19) 
by O +  2 ztti and sum  over all periods n. This is analogous 
to the sum m ation of in ten sitie s  from  the individual s li ts  
of a d iffraction  g rating . The la rg e r  the num ber of such 
s li ts  ( n ) the sh a rp e r  the d iffraction  maxim um .

N ear resonance , i.e . when | <os — w0 | <  w0 .th isp ro c ed u re  
y ields

w here tan a0 =  (w0 — cdh) t  is a function of the tim e in te rva l 
during  which the decay elec trons are  counted. When the 
p recess io n  frequency and the frequency of the standard  
o sc illa to r  are  equal, we have Aw =  0 and the am plitude of 
the cosine te rm  is a maximum. This is one method fo r de
te rm in ing  the resonan t frequency, but the sensitiv ity  is not 
very  high. A much m ore sensitive  method is to find the 
frequency at which a 0 p asses  through zero . However, N 
can be obtained from  experim ent and from  this one can 
d e term in e , not a 0, but the to tal phase shift a — a0 -|-O. 
To exclude the la rge  uncerta in ty  due to the in itia l phase 
O (determ ined by the geom etry of the experim ent), the 
5 .7 -jj.sec  gate length was divided into two p a r ts , i.e . 0-1.75 
p sec  and 1.75-5.7 ^ s e c , and instead  of m easuring  a itse lf , 
a determ ination  was made of the phase fo r the ‘e a rly ’ and 
‘la te ’ p a rts  of the gating pulse. The d ifference between these 
phases is ze ro  when ws =  co0, and is independent of the geo
m etry  of the experim ent, the in itia l phase 0 ,and d rift in the 
e lec tro n ic  c irc u its , since all these d istu rbances influence 
(a0)p and (a0)riin the sam e way. Henc.e

(4.20)

A =  (a0)p — (a0)n =  f (h, h) Aw (4.21)

w here / (ti, tz) is a function which depends on the way in
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which the gate is divided into the two p a r ts  t\ and t2 
( tx -f  t2 =  5.7 p sec ). The quantity A was determ ined  fo r 
different values of the m agnetic field  H , and the p assag e  
of A through ze ro  determ ined the resonance f ie ld ,fo r  which

eH

Fie. 4.36 shows the experim ental values of the d ifference 
Up — an as a function of the m agnetic field H ex p ressed  in 
te rm s  of the proton NMR frequency fp [54], T hese data 
w ere obtained for a ta rg e t consisting  of an aqueous solution

Fig. 4.36 Phase difference as a 
function of the magnetic field 
expressed in terms of the proton 
resonance frequency

of HC1. The passage of the phase d ifference through ze ro  
in th is graph corresponds to fp ----- 55 823.01 ± 0.43 k c /s ,a n d  
the ra tio  of the frequency ot the s tandard  o sc illa to r  to 
fv is

A1- =3.18334 ±0.00005
f P

Since the g  facto r for the positive muon is given by

gp —gp -
ft

m,
T il ,

we find that

2.79275
1836.12

Al
fp

"ip
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w here we have assum ed, following Cohen et al. [48], that 
gp =  2.79275 ± 0.00003 nuclear m agnetons, and mp=  1836.12 
± 0.02 e lectron  m asses . The quantities gp and mv a re  known 
to within 1 in 10 % and the accuracy  of the ra tio  //r is  about 
2 x iO '5. Since the m ass of the muon is known much le ss  
p rec ise ly  (about 1 in 104), the uncertain ty  in g is determ ined 
la rge ly  by the e r r o r  in the muon m ass.

The m ean m ass of the muon obtained from  m esonic-atom  
data is

which is in good agreem ent with the theo re tica l re su lt

gp, =  2 (1.0011654)

It may there fo re  be concluded that the magnitude of the 
rad ia tive  co rrec tio n  to the muon m agnetic m oment is within 
15% of its  theo re tica l value. More accurate  determ inations 
of th is co rrec tio n  w ill, of c o u rse , req u ire  a m ore accurate  
knowledge of the muon m ass , o r  the application of experim en
ta l methods which do not involve a knowledge of th is m ass.

4.5.5 Magnetic moment of the negative muon

Hutchinson et al. [54], who m easured  the m agnetic moment 
of the positive muon, have also determ ined the m agnetic 
m om ent of the negative muon. They used  g rap h ite , oxygen 
(water), m agnesium , silicon , and sulphur (spinless nuclei). 
The m agnetic m oment of the negative muon was m easured  
when it was in the ground sta te  of the m esonic atom, and 
was found to be som ewhat sm a lle r  than that of the free  
positive muon. C orrections to the negative-m uon magnetic 
m om ent in the IS  s ta te  of a m esonic atom with a sp in less 
nucleus surrounded by a sp in less e lec tron  cloud have been 
d iscussed  by Ford et al. [55]. The m ost im portant c o r re c 
tion is the co rrec tion  for the coupling of the negative muon 
to the nucleus. This is given by

trip =  206.76 dt 0.02 me

and hence
gp, =  2 (1.00110 ±  0.00016)

(4.22)
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w here g0 is the g fac to r for the fre e  muon and F a sm all 
component of the rad ia l wave function of the muon in the 
nuclear Coulomb field. It is in te re s tin g  to note that th is 
co rrec tion  depends on the d istribu tion  of charge in the 
nucleus. Its magnitude calculated from  the n u c lea r-ch a rg e  
d istribution  obtained from  high-energy e le c tro n -sc a tte rin g  
data, ch a rac te rized  by a n uclear rad ius r and a su rface  
thickness n, in c rease s  rapidly with Z and becom es g re a te r  
than the rad iative co rrec tio n  for Z >  8. O ther co rrec tio n s  
include those fo r the po larization  of the nucleus and the 
diam agnetism  due to e lec tron  screen ing . Table 4.3 gives 
the resu ltan t values of the gyrom agnetic ra tio  g a fte r the 
introduction of these co rrec tio n s.

It follows from  these data that the observed  difference 
between the m agnetic moments of negative and positive

Table 4.37

Target ^ +x 10<
R esultant cor
rection x 104

c - 7 .5 ± 0 .3 - 8 .3 2
0 - 9 . 3 ± l - 0 - 1 4 .3
Mg - 2 6 .3  + 0.7 -2 9 -8 4
Si - 3 6 .1  + 1.1 - 3 9 .1 7
S - 4 8 .1  + 1.6 - 4 9 .1 6

muons can be explained alm ost en tire ly  by the above 
co rrec tions. It follows that the two m om ents a re  equal 
to within 1 in 104. We note that it is a consequence of CPT 
invariance that the m agnetic m om ents of the negative and 
positive muons, when these a re  regarded  as a p a r tic le -  
an tipartic le  p a ir, should be equal.

4 .6  MEASUREMENTS OF g - 2

We shall now d iscuss another method of m easuring  g 
which does not req u ire  a knowledge of the muon m ass. This 
method has been used to determ ine  the quantity 1 /2 ( g =  2) 
to an accuracy  of about 2%, but fu rth e r  im provem ents in the 
accuracy  appear to be possib le. The p rincip le  of the method 
is to com pare the muon cyclotron frequency in a m agnetic 
field //, which is  given by
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with the spin p recess io n  frequency

C0S
eH 

2 me

T hese frequencies a re  equal when g =  2, and th e ir  d iffe r
ence is p roportional to g — 2, i.e . to  the anom alous m ag
netic moment

g — 2 eH eHfOs — G)c = =----------- — d —
2 me me

(4.23)

L et us suppose that a longitudinally p o la rized  muon with 
mom entum  P moves in the m agnetic field  which is  at rig h t 
angles to the plane of the d iagram  (Fig. 4.37). Suppose that 
at point A the m om entum  P  is  p a ra lle l to the spin of the 
muon. At point B, owing to the fact that the spin p re c e sse s  
fa s te r  than the m om entum  ( q >  2), the two v ec to rs  will be 
at an angle

a =  (cos — (D0) t

w here t is  the tim e taken to reach  B from  A. The ro tation  
of the spin re la tiv e  to the m om entum  afte r  N revolutions 
in a m agnetic field is

cp =  o)cyat =  2nNya (4.24)

w here y =  (1 — P2)_1/2 and a = . It follows that longi
tudinally po larized  n o n -re la tiv is tic  muons ( y ~  1) will 
becom e tran sv e rse ly  po la rized  after

31

~2 1 
N «214

2na 4-0.001165

revolu tions, and a fte r 428 revolutions the po larization  of 
the muons will change sign, i.e . a 100-MeV longitudinally 
po larized  muon w ill becom e tran sv e rse ly  po larized  a fte r 
214 revolutions. This experim ent is  s im ila r  to that of 
Schupp et al. [49] who have m easured  g — 2 fo r e lec trons. 
In the la tte r  w ork, the e lec tro n s w ere po larized  by Mott 
sca tte rin g . The le f t- r ig h t asym m etry  in Mott sc a tte rin g  
was then used  to es tab lish  the ro ta tion  of the e lec tro n  spin



258 M u o n s

F ig .  4 . 3 7  M uon  t r a j e c t o r y  a n d  m u o n  s p i n  p r e 
c e s s i o n  in  a  c o n s t a n t  m a g n e t i c  f i e l d

afte r a given num ber of revolutions in a m agnetic field .
In the muon ex p e rim en ts , the muon beam  en tering  the 

m agnetic field  is at f i r s t  com pletely longitudinally p o la r
ized, and the ro tation  of the spin in the m agnetic field  is 
determ ined  from  the spatia l asym m etry  of the decay e le c 
tro n s: fo r muons which have executed, say , a sm all num ber 
of ro ta tio n s, the asym m etry  is a m axim um , w hilst fo r 
muons which have rem ained  in the field  so long that the 
spin is perpend icu lar to the tra je c to ry , the asym m etry  is 
zero . The asym m etry  then changes sign , and so on. The 
whole p ro cess  can be described  by a sine  curve with a 
period  proportional to g  — 2. This experim ent was c a rr ie d  
out by Charpak et al. [56], and is illu s tra te d  in Fig. 4.38. 
Longitudinally po larized  positive muons produced in jt p 
decays in flight w ere focused by a deflecting m agnet and a 
p a ir  of focusing len ses on the en trance to  a vacuum cham ber 
placed in the gap of a m agnet with 6 -m -long  pole p ieces. 
The muon beam  in tercep ted  the horizontal plane of sym m e
try  of the cham ber at about 90°. The muons lo st p a rt of 
th e ir  energy in a bery llium  ab so rb e r, so that the rad ius of 
th e ir  tra je c to r ie s  in a field of 15.8 kgauss was r = 1 9  cm . 
Owing to the p resence  of a field grad ien t in the y d irec tion , 
the tra je c to ry  was displaced along the x axis at the ra te  5 
of about 2 cm /revo lu tion  at the en trance and 4 m m /rev o lu - 
tion at the cen tre  of the cham ber. This figu re  reach es 10 
cm /revo lu tion  near the exit from  the cham ber. C areful 
shim m ing of the pole p ieces was n ecessa ry  to en su re  th is 
ra te  of d isp lacem ent of the tra je c to ry . A specia l detecto r 
sy stem  fo r reco rd ing  the asym m etry  of decay e lec trons 
from  muons stopping in the ta rg e t was located at the ex it 
of the cham ber. 11' coincidences indicated e lec tro n s em itted  
in the backw ard d irec tion , w hilst e lec tro n s em itted  in the 
fo rw ard  d irec tions w ere indicated by 22' co incidences. The
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in stru m en ta l asym m etry  due to res id u a l d ifferences between 
coun ters reco rd in g  forw ard  and backw ard decays was ex 
cluded by sw itching on a v ertica l pulsed m agnetic field 
a fte r  each en try  of a positive muon into the ta rg e t T. This 
ro ta ted  the spin of the muon in the clockw ise d irec tion  by 
+90°, and a fte r the next en trance of a positive muon in 
the clockw ise d irec tion  by -90°, and so on. The e lectron  
te lesco p es 11/ and 22' w ere thus used a lte rna te ly  as the 
fo rw ard - and backw ard-decay ind ica to r, and instrum enta l 
asy m m etries  w ere th e re fo re  elim inated.

In addition to the d irec tion  of em ission  of decay e lec trons 
fo r all positive muons stopping in the ta rg e t, the tim e of 
flight through the cham ber was also m easured . This is 
uniquely re la ted  to  the num ber of revolutions in the m ag
netic  field .

The data obtained a re  shown in Fig. 4.39, in which the 
asym m etry  coefficients fo r the eleven tim e channels a re
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Fig. 4.39 Data obtained in the g -2  experiment

plotted  against the tim e spent by the muon in the m agnetic 
field  (which is  p roportional to  the num ber of revolutions). 
It is  evident that if Cn+ and Cn a re  the num ber of counts in 
the e lectron  te lescopes reco rded  fo r spin ro tations of +90° 
and -90° resp ec tiv e ly , then the asym m etry  coefficient is
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A n =.£11+— —A sin (aBcootn) (4.25)
Cn+ +  Cn-

w here A is proportional to the in itia l po lariza tion  of the 
orig inal beam , B is the m agnetic field , w0 is the cyclotron 
frequency of positive m uons, and tn is the tim e spent by 
the muon beam  in the cham ber. It follows that the period  
of the sine curve y ields d irec tly  the quantity

2

The solid curve B in Fig. 4.39 is the ‘best f i t ’ to the ex p e ri
m ental data. The p a ram e te r a thus obtained was found to be

aexp= atheor(0.983 ±  °-019) = °-001145 0.000022

Of the 1.9% uncertain ty  in g ~ m easured  in th is way, 1.7%

was due to the s ta tis tic a l e r ro r .  Charpak et al. [57] sub
sequently im proved th is re su lt considerab ly ,ob tain ing

a..exp =  atheor (0.9974 ±  0.0042)= 0.001162 ±  0.000005

It may be concluded from  the above data tha t the m easu red  
g — 2 difference ag rees to within about 0.4%with the m ag
nitude of the rad ia tive  co rrection . Consequently, possib le  
d ep artu res from  quantum electrodynam ics fo r muons in te r 
acting with the natural e lectrom agnetic  field  can only lie  
within the lim its of th is e r ro r .  To deduce from  this re su lt 
the magnitude and natu re  of the possib le d ep a rtu re s , it is 
n ecessa ry  to assum e som e definite model fo r them , i.e . to 
indicate th e ir  orig in . F or exam ple, it may be supposed tha t 
quantum electrodynam ics begins to fail fo r la rg e  m om enta 
P tra n s fe rre d  to v irtua l photons [58, 59]. This will have the

effect of reducing the rad ia tiv e  co rrec tio n  from  a =  to

(4.26)

A -
w here
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is the ra tio  of th is momentum to the muon r e s t  energy.

Another possib le m echanism  suggested  by de T ollis [60] 
involves the introduction of a fundam ental length L below 
which quantum electrodynam ics begins to fail. This model 
again leads to Equation (4.26) w here

A *= h (4m^cLY1 (4.27)

It is  evident from  the above form ulae tha t co rrec tio n s  
due to the fa ilu re  of quantum -electrodynam ics a re  p ro p o r
tional to the square  of the p a rtic le  m ass. Hence they becom e 
negligibly sm all fo r the e lec tron , but can be observed  in 
the case of the muon.

We can now es tim a te , with the aid of th ese  fo rm u lae , 
the upper lim it fo r L which co rresponds to 0.4% in the 
m easured  magnitude of g — 2. We have

4 a " !< —3 1000
and hence pc >  3 GeV and L <  2 x 1 0 '15cm. M easurem ents 
of g — 2 thus indicate tha t, within the fram ew ork  of the 
above m odels, quantum electrodynam ics does not fail up 
to tra n s fe rre d  m om enta of about 3 G eV /c , and down to 
distances of about 2 x 10 '15 cm.

4.7 DIPOLE MOMENT OF THE MUON

It is a consequence of CPT invariance that the dipole 
moment of elem entary  p a rtic le s  should be zero . Landau 
has shown that the conservation  of com bined p a rity , i.e . 
invariance under CP tran sfo rm atio n , will also give r is e  
to a ze ro  dipole moment. Let us now es tab lish  to what 
accuracy  this requ irem en t is sa tisfied .

M easurem ents of the dipole m om ents of the e lec tro n , 
positron , proton and neutron have shown that the f i r s t  
th ree  p a rtic le s  have dipole m om ents of le ss  than about 
10*13 e cm , and the la s t le s s  than 10 17 e cm , w here e is  the 
e lec tron  charge. Charpak et al. tr ie d  to determ ine  the dipole 
m om ent of the muon by a method based  on the following con
sid era tio n s. Suppose that the muon has a dipole m om ent 
which is p a ra lle l to the spin of the p a rtic le  and is given by

D = /  —' me (4.28)
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The ex istence of th is dipole m om ent will give r is e  to 
additional p recess io n  in the g — 2 experim ent d iscussed  
above.

In fac t, in the r e s t  sy stem  of the muon which revolves 
in the m agnetic fie ld  (Fig. 4.38), th is dipole m om ent will 
experience  an e le c tr ic  field

E  =  yP x B  (4.29)

w here P =  — and Y =  ^ and B is the m agnetic

field  in the m agnet gap. The re su lt of th is will be that the 
dipole m om ent of the positive muon will p rece ss  round an 
instantaneous ax is, perpend icu lar to the m agnetic field B 
and to the velocity  p, with a frequency coe =  2/p<ocf w here

8 B
<*>c =  —  is the cyclotron frequency fo r a n o n -re la tiv is tic
muon. The com bined effect of the p recessio n  of the m ag
netic  m om ent about B  and of the dipole moment about the 
d irec tion  of P x B  gives r is e  to a v e rtica l po larization

Pv »  P o  - 7 - ^ 2— -2- i  sin u at (4.30)
V a -j- 4/2p2

w here ©a is  the muon spin p recess io n  frequency re la tiv e  
to p due to the difference g — 2. Fig. 4.38 shows the 
e lec tro n -te le sco p e  system  used in the g — 2 experim ent. 
T hese te lescopes reco rd  the muon spin p recess io n  frequen
cy in the horizontal plane. To detect the spin p recession  in 
the v e rtic a l p lane, it is sufficient to ro ta te  these te lescopes 
so that th e ir  axes becom e v e rtic a l, and to rep ea t the g — 2 
experim ent under th ese  new conditions. P recess io n  in the 
v e rtic a l plane will indicate the ex istence (or otherw ise) of 
the muon dipole m om ent.

The re su lts  of th is experim ent are  shown in Fig. 4.40, 
w here the asym m etry  in the angular d istribu tion  of decay 
e lec tro n s  is plotted as a function of the tim e spent by the 
muon in the m agnetic fie ld , which is proportional to the 
num ber of revo lu tions. F or com parison , curve D is the 
asym m etry  curve due to the g  — 2 difference taken from  
Fig. 4.39. This curve was determ ined  with the aid of e le c 
tro n  te lesco p es lying in the horizontal plane. The points 
show the asym m etry  asso c ia ted  with the v e rtica l component 
of po larization . As can be seen , these  points lie  very  close 
to the ze ro  a x is , indicating the absence of a dipole moment.
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Fig. 4.40 Results of the determination of the dipole moment 
of the positive muon

The upper lim it fo r the fac to r f (4.28) fo r the positive 
muon was found to be

f = (3 ±  6)-10~5 

which co rresponds to a dipole m om ent of

e  (0.6 ±  1.1). 10'17 cm



Chapter 5

MESOMOLECULAR PHENOMENA

5.1 CATALYTIC EFFECT OF NEGATIVE MUONS IN FUSION 
REACTIONS INVOLVING HYDROGEN ISOTOPES

A negative m eson stopping in m a tte r  and form ing a m e s -  
onic atom will e ither decay or be absorbed  by the nucleus. 
However, th is is p receeded  by various atom ic and m olecu
la r  p ro cesses  in which the m eson p a rtic ip a te s  and which 
are  p articu la rly  im portant for the negative muon which has 
a re la tive ly  long lifetim e and in te rac ts  weakly with nuclei.

In this chapter we shall consider som e of the atom ic and 
m olecu lar phenom ena which a r is e  when negative muons a re  
absorbed in liquid hydrogen. T hese phenom ena a re  in te re s t
ing in them selves, and m ust also  be understood in o rd e r  to 
in te rp re t experim ental data on the in te rac tio n  between neg
ative muons and pro tons.

The m ain phenomenon in th is connection is the muon 
ca ta lysis of the pro ton-deu teron  fusion reac tion . This 
reaction  was f ir s t  detected by A lvarez e t al. [1] and was 
p red ic ted  by F rank  [2], Sakharov [3] and Dzhelepov [5], 
Fig. 5.1a is a photograph of a negative muon stopping in 
a hydrogen bubble cham ber in a field of 11 kOe [1]. The 
photograph shows the tra c k  of the negative muon which

265



F ig . 5.1 (a ) p + d fu s io n  r e a c t io n  in  a  l iq u id -h y d r o g e n  b u b b le  
c h a m b e r  ( A lv a r e z  e t  a l . )  . P h o to g r a p h  s h o w s  th e  c h a r a c t e r i e t i c  X  
b re a k  b e tw e e n  th e  tr a c k  o f  th e  p r im a ry  m uon a n d  th e  b e g in n in g  o f  
th e  tr a c k  o f  th e  n e w  m uon; (b )  a n a lo g o u s  p h e n o m e n o n  in  a  h y d r o g e n  
d if fu s io n  c h a m b e r  ( D z h e l e p o v  e t  a l . )
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stops at the point B, and a second negative-m uon tra c k  
which s ta r ts  at a sm all d istance from  B. The second neg
ative muon has a range of about 1.7 cm  and decays on 
stopping, form ing a v isib le  decay -e lec tro n  tra c k . A lvarez 
et al. found 15 ca ses  of th is kind among 2541 negative 
muons stopping in a cham ber filled  with natu ra l hydrogen. 
Fig. 5.1b shows a photograph of the sam e phenomenon in 
a hydrogen-filled  diffusion cloud cham ber situated  in a 
m agnetic field [5]. The tra c k  of the p a rtic le  en tering  on 
the left is  that of a negative muon stopping in the cham ber. 
The tra c k  of the ‘rejuvenated’ negative muon which even
tually  leaves the cham ber is shown on the righ t. The new 
m eson is fa s te r , and its  tra c k  s ta r ts  n ea r the end of the 
orig inal negative-m uon track .

All the secondary muons have very  nearly  equal ran g es . 
The range spectrum  of 442 bubble-cham ber events of th is  
type obtained by Schiff [6] is shown in Fig. 5.2. The m ean 
range obtained from  th is spectrum  is 1.73 ± 0.05 cm of liquid 
hydrogen, corresponding to a muon energy o f5 .3 ±  0.1 MeV.

T hese re su lts  w ere explained by A lvarez et al. as being 
due to the fusion of a proton and a deuteron into the He3 nu
c leus, which occurs because of the ca taly tic  action of the 
negative muon. This reac tio n  occurs with the em ission  of a 
5.4-MeV y ray :

d -f p ->■ He3 +  y (5-4 MeV) (5.1)

and is one of the possib le  fusion reac tio n s involving hydro
gen iso topes. O ther reac tio n s of th is kind involving p ro to n s ,

Fig. 5.2 Range spectrum for ‘rejuvenated’ nega
tive muons in a hydrogen bubble chamber
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deuterons and trito n s a re  also well known. They lead  to the 
form ation of tr itiu m  or helium  nuclei, and a re  accom panied 
by the libera tion  of energy Q:
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' t +  p, Q -  4 MeV
d -j d ■ He3 -j- n, Q — 3.3 »

He4 +  y, Q =  24 »
d -1- / -> He4 +  n, Q = : 17.6 ,,

P H-- t -> He4 +  Y. Q =  20

t +  i ~ ̂ He4 H- 2/7, Q =  10

reac tions do not occur at o rd inary  te m p era tu re s
since the kinetic energ ies a re  too low to enable the p a r t i 
cles to overcom e the Coulomb b a r r ie r s .  The reac tio n s will 
occur only if the colliding p a rtic le s  have la rg e  k inetic e n e r
g ies, e.g. when the p a rtic le s  a re  acce le ra ted  to energ ies of 
the o rd er of 100 keV, o r at high tem p era tu res  in a nuclear 
explosion or gas d ischarge.

The cataly tic action of the negative muon, which m akes 
possib le the reaction  (5.1) in liquid hydrogen, is explained 
in te rm s  of the form ation of the m esonic m olecule (p\i~d)  
in which the separation  of the proton and the deuteron is 
about 200 tim es sm a lle r  than the separa tion  in the o rd inary  
m olecule, owing to the la rge  m ass of the negative muon.

Another example of a fusion reac tion  ca ta lysed  by a neg
ative muon is shown in F ig. 5.3. H ere , the negative muon 
becam e p a r t of the (d \ i~d )  m olecule. The reac tion

d -j~ d —> t p  (5.2)
re su lts  in the form ation of a tr itiu m  nucleus and a pro ton , 
which a re  em itted  in opposite d irec tions. The e jected  muon 
rece iv es  very little  energy, does not trav e l very  fa r  from  
the point at which the reaction  o ccu rred , and decays by em 
itting a fast e lectron .

The phenom ena occurring  when a negative muon com es to 
r e s t  in liquid hydrogen a re  illu s tra te d  in F ig. 5.4. The slow 
ing down of the negative muon from  a few MeV to energ ies 
at which, as a re su lt of cascade tran s itio n s , it is found in 
the IS  s ta te  of the m esonic a t o m o c c u r s  in a very  sh o rt 
tim e by com parison with its  life tim e. The m esonic atom  
(|JTp) and the s im ila r  m esonic atom (\i~d) have ra d ii of about
2.5 x 10'11 cm. At la rg e  d istances th is e lec tric a lly  neu tra l 
system  resem b les  a neutron: it can approach another nu
cleus to within d istances of the o rd e r of 10~n cm , which is
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F ig . 5 .3  Muon c a ta ly s i s  o f  th e d + d -> t + p rea c tio n  in  
a h yd ro g en  d iffu s io n  ch am ber en r ic h e d  w ith  deu terium . 
t a n d  p are e m it te d  in  n e a r ly  o p p o s i te  d ir e c tio n s , a n d  
th e  e n erg y  tra n s fe rre d  to  th e  muon i s  sm a ll s o  th a t 
i t  d e c a y s  n ea r  th e  e n d  o f  th e  h e a v y  tra ck  (D z h e le p o v  
e t a l.)

im possib le  for an iso la ted  proton because of the nuclear 
Coulomb field . When the m esonic atom (| collides with 
hydrogen and deuterium  in natu ra l hydrogen, the m esonic 
m olecu les (pjjTp) and (pp“d) are  produced. The form ation of 
th ese  m olecules is indicated by the left-hand and cen tral 
b ranches of F ig. 5.4, w here ^hh rep re se n ts  the probability  
of the reac tio n

(H'p) +  P (pp'p)

and ^hd the probability  of the reac tion

(f*'p) +  d -+  (p|T

However, a m ore probable p ro cess  in liquid hydrogen is the 
form ation  of (p d) m esonic atom s as a re su lt of the reaction

(l*~p) +  d -+ (|T d +  p

The probability  of th is reac tion  (the right-hand branch of 
Fig. 5.4) is  rep re sen ted  by Kpd.

The concentration  of deuterium  in naturally  occurring  
hydrogen is about 150 x 10"6, while a c co rd in g to m a ss-sp ec -  
tro m e tr ic  data [6], the deuterium  im purity  in com m ercial
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A

stopping negative muons in liquid hydrogen. For 
deuteron saturation, only the double arrows are 
significant

hydrogen used in hydrogen-filled  cham bers is (40 ± 14) x 
10"6. In sp ite  of th is low concentration  of d eu te riu m , the 
probability  Compel is very  high because the d ifference in the 
reduced m asses of the m esonic atom s (p“p) and (p'd) en
su re s  that the binding energy of the (p'd) atom  is 135 eV 
la rg e r  than the binding energy of the (p'p) atom . Belyaev et 
al. [7] have shown that 'Kpd =  1.4 x lO10 sec"1 , which even 
for Cd =  40 x 1 0 '6 y ields a to tal probability

CD-kpd =  40-10"6- 1.4-1010 =  5.6-105 se c '1

which is not very different from  the negative-m uon decay 
probability .

Since in the tran sitio n  of a negative muon from  the proton 
to the deuteron, an energy of 135 eV is lib e ra ted , the m e s
onic atom (|x'd) has a reco il kinetic energy of 48 eV giving 
it a range of approxim ately 1 mm in liquid hydrogen. This 
reco il explains the gap at the end of the negative-m uon tra c k  
in photographs s im ila r  to those of Fig. 5.1. The ro le  of the 
deuterium  im purity  in the form ation of such gaps is c le a r ly  
illu s tra ted  by the experim ents of Dzhelepov et al. [8] who 
used a hydrogen-filled diffusion cham ber exposed to the neg
ative-m uon of the synchrocyclo tron  at the USSR Joint In s ti
tute fo r N uclear Studies. They investigated gaps between the
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end of negative-m uon tra c k s  and the beginning of d ecay -e lec
tro n  track s  in a cham ber filled  with hydrogen gas at 22.7 
atm . In a second experim ent, about 0.44% deuterium  im purity  
was added. W hilst in the f i r s t  experim ent the gap in the track  
explained by the reco il of the (n"p) atom was of the o rd er of 
1 m m , in the second experim ent, a fte r the addition of deu
te riu m , the length of the gap was much g rea te r . Fig. 5.5 
shows the d istribu tion  of gap lengths in the two experim ents. 
It is evident that the addition of deuterium  in c reases  the 
m ean length of the gap by approxim ately one o rd e r of m ag
nitude. T hese experim ents estab lish  the probability  of the 
re ac tio n

(H-~p) +  d —>■ (|x”d) 4" p

When r e f e r re d  to the num ber of hydrogen nuclei per cc 
(3.5 x 1022 ), th is  p robability  was found to be

l pd=(0.95t°of i)-\0i°sec-1

C ollisions between m esonic atom s (u'd) and hydrogen nu
cle i (Fig. 5.3) lead  to the form ation of m esonic m olecules 
(pil'd). In th ese  m olecu les, the proton and d eu te ro n are  sep 
a ra ted  by a d istance of 10 '10 cm and th e re fo re  have a la rge  
probability  Xf of pene tra ting  the Coulomb b a r r ie r .  The r e 
su lt of th is pene tra tion  is e ith er the reac tion

d 4- p 4- ja" -> He3 +  |x- (5.3)

in which the en tire  lib e ra ted  energy is given to the ‘re ju v e
nated ’ negative muon, o r the reac tion

d 4- P 4- |x" He3 4- 4- y (5.4)

in which the energy is c a rr ie d  off by y rays and the muon 
rem a in s  in a bound s ta te  of the m esonic atom (He3 jx").

A c h a ra c te r is tic  fea tu re  of p ro cesses  in which the nega
tive  muon ac ts as a ca ta ly st of the fusion reac tion  between 
the p ro ton  and the deuteron is that th e ir  probability  reaches 
sa tu ra tio n  at very  low deuterium  concentrations (« 1 0 ‘3). 
E xperim en tal data on the yield  of the reac tio n  (5.3) as a func
tion of the deu terium  concentration  a re  given in Table 5.1.

The double a rrow s in F ig . 5.4. indicate reac tions which 
a re  m ost im portan t under sa tu ra tio n  conditions, i.e . for 
deu terium  concentrations ^  10 3. It is  in te restin g  to note 
tha t the ca ta ly sis  of the p 4~ d reac tion  by a m eson was f ir s t
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Fig. 5.5 Distribution of p~-e breaks in the experiment of 
Dzhelepov et at. Pressure of hydrogen in the diffusion 
chamber was 22.7 atm

considered  by F rank  in 1947 in connection with the d iscov
ery  of it — (x decay by L a tte s , O cchialini and Pow ell. F rank  
attem pted to explain the observed phenomenon by the ap
pearance of a ‘new’ m eson n ea r the ‘old’ m eson without 
introducing new elem entary  p a r tic le s , and considered  the

Table 5.1

Deuterium con
centration, C D

Natural
hydrogen 300 x 10'6 650 x 10*® 4 3 0 0 x  10'®

Reaction 0.7 ± 0 .2  (a) 2.3 ± 2.27 ± 2.5 ±
yield  in % 
of the number 
of stopping  
mesons

0.69 ±0 .8  (b) 0.2 (a) 0.20 (b) 0.4 (a)

(a) Cresti and Gottstein et al. [ 9]
(b) Schiff [ 6]
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v ario u s p o ss ib le  p ro c e s se s  in which the  energy  would be 
tr a n s fe r re d  to the ‘new’ m eson , not from  the ‘old’ m eso n , 
but from  the n u c lea r em ulsion  its e lf . Among the v a rio u s  
p o ss ib ilitie s  re je c te d  by F ran k , th e re  was in fact the  c a ta 
ly s is  of the p +  d reac tio n  by a m eson  in which an energy  of 
5.4 MeV is  tra n s fe r re d  to the negative muon. He re je c te d  
th is  p ro c e s s  b ecause  of the low concen tra tion  of d eu teriu m  
in n u c lea r em u lsio n s. We note th a t the range of negative 
muons re le a se d  in the reac tio n  (5.2) is  1.73 cm , w hilst the 
ran g e  in hydrogen of m uons from  n —p decays is  about 1 cm .

5.2 KINETICS OF NEGATIVE-MUON CATALYSIS OF 
THE p + d -» He3 + y REACTION

A lvarez  et al. and, la te r ,  Fetkovich et a l. [10], C re s ti  e t 
al. [9] and Schiff [6] stud ied  the reac tio n

p d p He3 -j- p (5.3)

using  bubble ch am b ers  filled  with liquid  hydrogen and deu
te riu m . In th is re ac tio n , all the re le a s e d  energy  is  t r a n s 
fe r re d  to the negative muon. However, ano ther b ranch  of 
the reac tio n , i.e .

p +  d -f p ' He3 -f p ' +  y (5.4)

has a m uch g re a te r  y ie ld . H ere , p ra c tic a lly  the e n tire  en
ergy  is  c a r r ie d  off by the y ra y , and the negative m uon r e 
m ains in the bound s ta te . Owing to the la rg e  y ie ld  of the 
re ac tio n  (5.4) and the appearance  of the y ra y , th is  re ac tio n  
is  convenient fo r s tu d ies  of the k in e tic s  of the c a ta ly s is  p ro 
c e ss . T his was f i r s t  c a r r ie d  out by A shm ore [11] on the 
L iverpoo l synch rocyclo tron . The ex p erim en t is  il lu s tra te d  
in F ig. 5.6, w here B is  a liqu id-hydrogen  ta rg e t. Stopping 
negative muons a re  ind icated  by 1234 co incidences in the 
sc in tilla tio n  coun ter te le sco p e . The Nal(Tl) sc in tilla tio n  
sp e c tro m e te r  re c o rd e d  y ra y s  from  re a c tio n  (5.3) with en 
e rg ie s  between 3.0 and 7.5 MeV. P ra c tic a lly  all the nega
tiv e  m uons stopping in the hydrogen ta rg e t ended th e ir  life 
in p — e decays, so tha t the ta rg e t was a so u rc e  of b re m - 
ss trah lu n g  from  decay e lec tro n s , which co n s id erab ly  in
c re a s e d  in the y - ra y  background. A nother so u rce  of y -ray  
background was m uon cap tu re  by nuclei w ith la rg e  Z in the 
su rro u n d in g  m a te r ia ls , o r  by im purity  nuclei in the ta rg e t
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Fig. 5.6 Determination of y-ray 
yield from the reaction (fj.~,d) 
+ p -» He3 \i~ + y (Ashmore 
et al.)

itse lf . The experim ent of Ashm ore et al. was p erfo rm ed  
with a ta rg e t containing natu ra l hydrogen and a second 
ta rg e t in which 1.8% deuterium  im purity  was in troduced. 
The experim ental tim e d istribu tion  of y -ra y  in tensity  
from  reac tion  (5.4) showed that a very  la rg e  in c re a se  in the 
y -ra y  yield was achieved by inc reasing  the deu terium  con
cen tration  to 1.8%. It was thus dem onstrated  that reac tio n  
(5.3) does occur, and its  yield was found to be 0.34 ± 0.06 
5.3-MeV photons p er negative muon stopping in the hydrogen 
ta rg e t. According to the data of A lvarez et a l., the yield  of 
‘new’ muons from  the reac tion  (5.3) under conditions of s a t 
u ration  was 0.022 ±0.003. Hence, the coefficient rep resen tin g  
the conversion of reac tio n  energy into the k inetic energy of 
the ‘new’ muon is

n
0.022 zb 0.003 
0.34 =b 0.022

=  0.061 zb 0.014

When the amount of deuterium  introduced into tht hydro
gen ta rg e t is sufficient to sa tu ra te  reac tio n  (5.4), the r e a c 
tion kinetics a re  determ ined by the probability  XDh which 
ch a ra c te riz e s  the ra te  of form ation of the m esonic m ole
cu les (p\i~ d) from  co llisions of the type (p”p) -f p -> (pp'd), 
and the probability  kj ch a rac te riz in g  the ra te  of fusion of 
protons and deuterons in the resu ltin g  m olecu les. The tim e 
dependance of the reaction  yield is  of the form

n  (0 = (1 -T|) -— -t— {e
Kf A, dh

(5.5)

w here k0 is the decay probability  of the fre e  muon and the 
rem aining  sym bols a re  defined in Fig. 5.4.
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The m easu rem en ts of A shm ore et al. show that Equation 
(5.5) is valid , but since the n (t) curve is sy m m etric  in Xp 
and ^dh , it cannot be used  unam biguously to sep a ra te  the 
two exponents. A ccording to A shm ore et a l., one of the co
effic ien ts lie s  in the range

0.19-106 s e c * ^  Xslow <  0.88-106 sec'1 

and the o ther within the range

0.55- 106 s e c * ^  \ f ast <  2 -107 sec'1

T hese re su lts  w ere  substan tia lly  im proved by B lese r et al.
[12] using the a c ce le ra to r  at Colum bia U niversity . This 
experim en t is illu s tra te d  in F ig. 5.7, w here H2 is the liqu id- 
hydrogen ta rg e t. The ta rg e t was e ith e r filled  with deu terium - 
en riched  liquid hydrogen having a deuterium  concentration ,

Liquid
nitrogen
Normal
hydrogen

I hydride

Photo
multiplier

Amplitude
selection

Gating pulse from 
accelerator

Initial pulse from 
the accelerator

T ime-to-amplitude 
converter

Selection

Symbols

3.5-jl sec 
gating pulse
idences 

Anti-co incidences

--- h-----N Coinci

Measurement 
of amplitude

Fig. 5.7 Measurement of the y-ray yield from the reaction 
d) + p->ffe3 + fi" + y (Bleser et al.). The hydrogen 

target H2 is surrounded by anti-coincidence counters Av 
A>2> A3, Aa
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Cd, of 8 x 1 0 '3 , o r with alm ost pu re  liquid hydrogen having a 
deuterium  concentration of 5 x 10~6. The sc in tilla tio n  coun
te r  te lescope 1, 2, 3 detected the l25-M eV /c  negative-m uon 
beam  stopping in the hydrogen ta rg e t, and the Nal(TI) c ry s ta l 
sp ec tro m ete r was used as in the experim ents of A shm ore et 
al. for the detection of y ray s with en e rg ies  between 4 and 6 
MeV. The b rem sstrah lung  background, due to e lec tro n s from  

—c decays and from  photons produced in negative-m uon 
cap ture in high Z nuclei in the m a te ria l surrounding  the 
hydrogen ta rg e t, was elim inated by the following technique. 
The hydrogen ta rg e t was surrounded  by four sc in tilla tio n  
counters Ai, A2, A3, A4 which detected decay e lec tro n s , and 
Y-ray pu lses in the Nal(Tl) counter w ere only reco rd ed  if 
they w ere followed within 3.5 p sec  by a d ecay -e lec tro n  pulse 
in one of these coun ters. This m ethod elim inated  y ray s  
which w ere  in coincidence with decay e lec tro n s .

The tim e dependence of the reac tio n  yield  obtained in th is 
experim ent is shown in F ig. 5.8 for deuterium  concentrations

Fi&. 5.8 Time dependence of the yield of the reac
tion (p ,d)+ p -+ He3 + p~ + y (Bleser et al.)

of 5 x 10 6 (points), 110 x 10'® (crosses) and 8000 x 10‘6 
(trian g les). The la s t concentration  co rresponds to sa tu ra tio n . 
F rom  these re su lts  it follows that

If =  (0.26 ±  0.03)-10® sec*1 
^dh =  (5.5 zb 1.1)* 10® sec"1

Identification of the ‘ slow ’ exponential with %f and of the 
‘fa s t’ exponential with A,dh was successfu l because Fetkovich
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et al. [10] estab lished  a low er lim it for XDh of

XDH >  1 • 106 sec-1

The to ta l reac tio n  yield  for any deuterium  concentration 
can easily  be obtained by solving the kinetic equations and 
in tegra ting  the resu ltin g  so lu tions. This gives

Aq= n(t)dt
o

( M vmi Cn'Kpd
A ,d j j - ] -X o  XoT" C i ) h Pd (5.6)

i niA^= \ n(t)eXot dt= (1—r)) — o  X
C i  ) A1^1’d

Hir Ct)XlAe

The y ie ld  jV2, unlike Ni, is co rrec ted  for the exponential de
cay of the negative m uons. The rec ip ro ca l y ields can a lso  be 
ex p ressed  in te rm s  of the rec ip ro ca l concentration:

Ni  [  Xp<i C d  J

—  =B  
N2

^HH _J_ _j_ j|
hpd Cd J

(5.7)

It follows from  these  form ulae that the ra tio  of the slope to 
the in te rcep t of the s tra ig h t lines obtained by plotting 1 IN

against 1/Ci> y ields — or — 1. The two p robab ilities
hpd Xp(i

^hh and Xpd w ere  obtained in th is  way. E xperim ental data ob
tained  by B lese r et al. for I IN as a function of 1 ICr> a re  
shown in Fig. 5.9. The p robab ilities Xpd and XHh obtained 
from  th is figure a re

k p d  «  1.9-1010 sec'1

Xjih — (1.4 db 0.5) • 106 sec 1

Table 5.2 su m m arizes  published re su lts  on muon ca ta ly s is . 
The penultim ate column gives the th eo re tica l values of 
som e of the p ro b ab ilitie s . The th eo re tica l calculations have 
been rev iew ed by Z el’dovich and G ersh tein  [13].
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5.3 NEGATIVE-MUON CAPTURE BY IMPURITY NUCLEI 
IN HYDROGEN

Schiff investigated  the probability  of tra n s fe r  of a nega
tive muon, stopping in liquid hydrogen with d ifferen t deut
e riu m  concen trations, to im purity  nuclei such as neon and 
helium , i.e . the probability  of reac tions of the form

+  X — (p-~X) p, (p~d) +  X (|x X) -f d

w here X is a helium  or neon nucleus. To do th is , he in tro 
duced these  nuclei into a hydrogen bubble cham ber with 
d ifferen t deuterium  concentrations. The resu ltin g  data a re  
very  im portan t fo r the in te rp re ta tio n  of experim ents on p ' 
cap tu re  by pro tons. It is  known that the p r-cap tu re  probab
ility  fo r nuclei with Z 20 is  approxim ately  proportional to 
Z4, so tha t very sm all im p u rities  of heavy gases in hydro
gen may lead  to o v eres tim a tes  in the m easu red  probability  
for p ro tons. The re su lts  which w ere obtained by Schiff a re  
shown in Fig. 5.10.

The so lid  curve in th is figure gives the yield of the 
reac tio n

(p d ) p — He3 -f- p

as a function of deuterium  concentration in the absence of 
im p u rities  o ther than deuterium . W ith inc reasing  deuterium  
concentration  the yield  curve reach es sa tu ra tion  in accord 
ance with the data given in Table 5.1. The rem ain ing  points

Fig. 5.9 Dependence of the yield 
of the reaction (p',d) +p -*He3 + 

+ y on deuterium concentration
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Fig. 5.10 Capture of negative muons by He and Ne im
purity nuclei in hydrogen (Schiff)

on the graph  re p re se n t the yield  of ‘rejuvenated* negative 
muons when neon o r helium  is added to the liquid hydrogen 
w ith a given deu terium  concentration . The neon o r helium  
im purity  concentrations in p a rts  p e r m illion a re  indicated 
by the num bers against the experim ental points. It is c lea r 
tha t a neon concentration  of 15 x 10~6 is  sufficient to reduce 
the num ber of tra n s fe rs  to deuterons by a factor of about 2 
with a deu terium  concentration of 400 xio~6. The re la tiv e  
probab ility  of negative-m uon tra n s fe r  to im purity  nuclei X 
in the reac tio n

(M-~p) +  X ->■ (n X) -f- P (5.8)

(where X re p re se n ts  deu terium , neon o r helium) m aybe de
fined by

/(C x )= -
CxXX̂ pX ■=C,

1
Ko - f -  C'M'pX 4 “ ^ H H _

X
Cx

(5.9)
p X

w here the n u m era to r includes the probability  of (5.8) in 
sec"1 and the denom inator the to tal probability  of all possib le 
tr a n s fe rs  for the m esonic atom  (pT p) .  The quantity

XpX — -̂pX
^0+^HH

1
Cpx

(5 . 10)
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is  called  the tra n s fe r  ra tio  and is equal to the rec ip ro ca l of 
of the concentration , CvX, at which 50% of the m esons a re  
tra n s fe rre d  to the im purity  nuclei. The values of xpX e s t i 
m ated by Schiff [6] a re  given in Table 5.2. For deuterium  
and helium  they a re  given by

M  +  -% H

xpNe =  -  (9.5±  3.0) • 103
A.0 +Ahh

F or the tra n s fe r  from  deuterium  to neon Schiff found 

xdsa = =  (2.7 ±  0.9) • 104

It follows that in the case  of hydrogen with m inim um  d eu te r
ium  concentration (40 x 1 0 '6), a neon concentration of

CpNe=(105t52°5)-10~6

is  n ecessa ry  to ensure that 50% of stopping negative muons 
a re  tra n s fe r re d  to neon nuclei. F o r hydrogen with an ap p re
ciab le deuterium  concentration  for which the yield  o f ‘re ju v 
enated’ m esons reach es  sa tu ra tion , th is quantity becom es

C,Ne= (3 7 li8)-10-6

The re la tiv e  probability  of the tra n s fe r  of a negative muon 
from  the m esonic atom (\i~d) to Ne is th e re fo re  g re a te r  than 
the re la tiv e  probability  of the tra n s fe r  of a negative muon 
from  the m esonic atom (p~p) to Ne by a fac to r of approx i
m ately 2.5. Schiff used  the phenomenon of tra n s fe r  of negative 
muons to neon to investigate  s ta r s  produced as a re su lt of p" 
cap tu re  by neon nuclei (Section 6.2). The tra n s fe r  probability  
of a negative muon from  a proton to C and O nuclei was in 
vestigated  by Dzhelepov et al. using  a hydrogen diffusion 
cham ber. T heir re su lts  a re  given in Table 5.2 toge ther with 
o ther data on m esom olecu lar p ro c e sse s  in liquid hydrogen.



Chapter 6

DEPOLARIZATION OF MUONS. MUONIUM

6.1 KINEMATIC DEPOLARIZATION OF MUONS

A ccording to the V — A theory of weak in te ra c tio n s , the 
asym m etry  coefficient in the angular d istribu tion  of e lec 
tro n s  from  ji-* p -> e decays should be a =  -1 /3 . It was 
shown in C hapter 2 that under ce rta in  experim ental condi
tions it was possib le  to approach this value very  closely. 
U sually, how ever, m easured  values of | a | a re  appreciably 
le ss  than 1 /3 . This reduction in the asym m etry  coefficient 
d iffe rs  fo r d ifferen t m a te r ia ls , but even in a given ta rg e t 
exposed to d ifferen t positive-m uon beam s, the asym m etry  
coeffic ien t may be found to vary . The observed reduction in 
the asym m etry  coefficient com pared with its  lim iting  value 
is  due to depolarization  of the positive muons. P a r t of this 
depo lariza tion  is explained by the kinem atic conditions which 
a re  involved in the form ation of the muon beam  from  n p 
decays in flight. Another p a rt depends on the p a rticu la r  m at
e r ia l  used  for the ta rg e t, and occurs a fte r the muon has been 
stopped in the ta rg e t. In co n tra s t to kinem atic depolarization , 
which is independent of the charge of the muon, ta rg e t depo
la riz a tio n  is quite d ifferen t for positive and negative muons.

In m ost counter ex p e rim en ts , muon beam s a re  produced

9R3
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from  pion decays in flight. In all such beam s th e re  is an 
appreciable k inem atic muon depolarization  because the 
muons se lec ted  by mom entum  analysis and a co llim ato r a re  
produced over a re la tive ly  la rg e  angular range in the r e s t  
system  of the pion. Since muons em itted  fo rw ards and back
w ards in the pion r e s t  system  have opposite po la riza tion  it 
is  obvious that the po larization  of the muon beam  em erg ing  
from  the co llim ator w ill be le s s  than unity even if the muon 
is fully po larized  in the r e s t  sy stem  of the pion. This p ro b 
lem  has been investigated quantitatively by Gol’dman [1], 
W erle [2], Hayakawa [3] and o th ers . T hese w orkers have 
come to the following conclusions.

Let u and t] be the velocity and energy , re sp ec tiv e ly , of 
the pion in the labora to ry  system  (in un its of c and m^c2), 
and le t v, v’ and e, e' be the muon velocities and en erg ies (in 
the sam e units) in the pion r e s t  sy stem  and in the lab o ra to ry  
system  respective ly . It is then im m ediately evident that the 
muon velocity v in the pion system  is approxim ately  equal 
to 0.27, and the to tal muon energy e in the pion sy stem  m ust 
be approxim ately 1.04. L et 0- and ft' be the angles between 
the pion and muon m om enta in the two sy stem s re sp ec tiv e ly , 
and le t us suppose that at the instan t of decay the muon is  
fully po larized  along its  m omentum in the pion r e s t  sy stem  
( I =  1). The po larization  in the labo ra to ry  sy stem  is then 
given by

r  =
acosft

H E  V\

(6 . 1 )

o r, a fte r a sim ple kinem atic tran sfo rm atio n ,

r = 4 ( i - 4 )  (6.2)
V U\ E E

C onsider the following special cases .
1. Let u cos $ =  a, i.e . the muon is  em itted  in the d irec tion  

of m otion of the pion. To produce a muon with energy z , the 
pion m ust have the m inim um  energy

ilmin =  e'e (1 — v'v) (6.3)

and the muon rem ain s com pletely po larized  (£' =  1), which 
is easily  verified  by substitu ting  (6.3) into (6.2).

2. Suppose that the muon is now em itted  in the opposite 
d irection . We then have cos ft =  —1, and to produce a muon 
with energy e', the pion m ust have the m axim um  energy
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T]max =  e'e (1 +  v'v) (6.4)

and the muon em itted  backw ards in the pion system  m ust 
have a po larization  of opposite sign in the labora to ry  s y s 
tem  (S' =  - 1 ) .

3. It is of in te re s t to determ ine the angle ft in the pion 
r e s t  system  for which | '  = 0, i.e . the angle of em ission  c o r
responding  to the tra n sv e rs e  po larization  of the muon in the 
lab o ra to ry  system .

It follows from  the expression  fo r S' that S' =  0 when cos

ft =  — — . In the lab o ra to ry  sy s tem ,th e  angle ft' co rrespond
ing to th is  value of ft is given by

tan ft" (6.5)

We note tha t th is is the m axim um  possib le angle of em ission 
of muons in the lab o ra to ry  system  (threshold angle).

L et us suppose that we reco rd  muons with given energ ies 
and velocities s' and v' . Such muons may orig inate  from  
pions with en erg ies between r]inin and r]max, and the mean 
po la riza tio n  (£') of the reco rd ed  muons may be obtained by 
in teg ra ting  the exp ression  for I' over the pion spectrum  
N (r)) between rinnn and rimax. Two ca ses  a re  then of p ra c 
tic a l  in te re s t. One of these  is im portant for acce le ra to r 
experim en ts  and the o th er for co sm ic -ray  experim ents.

a. K inem atic depolarization  of muons in 
a c c e le ra to r  experim ents
The conditions governing the form ation of muon beam s in 

a c c e le ra to rs  a re  such tha t the muons leaving the co llim ator 
o rig inate  from  pions with energ ies in a sm all range between 
r)mill and r],i,in -j-Ar|. This m eans that not all angles ft be
tween 0 and ji a re  used  in the pion system , but only a sm all 
p a r t  of the angular range n ea r ft — 0. In tegration of the ex
p re ss io n  for S' over the range At] can now be perform ed by 
neglecting the change in the in tensity  of the muon beam , and 
the re su lt  is

Ai]
2s' sv v(6 ')= l (6 . 6 )
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bv =  1.04-0.27 = 0.28

and b «  2 and v «  0.9 in the asym m etry  experim en ts d e
sc ribed  e a r l ie r ,

, '= 1 --------^ ----- «  1— 2Ar!
0.28-2-0.9

(6.7)

and hence for, say, Ar| — 0.1, we have approxim ately  80% 
polarization , i.e. a 20% loss due to k inem atic effects.

b. K inem atic depolarization of co sm ic-ray  muons
The other lim iting case  of kinem atic depo larization  is 

found in cosm ic rays. H ere, the geom etry  of the experim ents 
is such that muons em itted in the angular range between 0 
and jt in the pion r e s t  system  a re  detected , corresponding  to 
the energy range v|iniI1 to >iinax. Assum ing that the a tm o sp h er
ic energy spectrum  of co sm ic -ray  pions can be d escrib ed  by 
the power law

N (r|) dr\ r}-'n dr\

and averaging the expression  fo r £' over th is spectrum  b e 
tween rimln and r)max, we obtain the following re su lt  fo r the 
mean muon polarization  [1]

1 +  n 
n

1 — v
l - i 1 — v

T + v 1

V 1 — 1 ^  \ 1 +  n

T + 7 j

(6.7a)

Substituting n 2, we find that (£') % 0.34, from  which it 
follows that co sm ic-ray  muons re ta in  only about 1 /3  of th e ir  
polarization . The po larization  of co sm ic -ray  muons has been 
investigated by C lark  et a l. [4], Fowler et a l. [5 ] ,B arm in  et 
al. [6], D olgoshein[7], A likhanyanet al. [8] and o th e rs  [9-12]. 
The muons w ere brought to r e s t  in ta rg e ts  with low d ep o lar
ization pow er, e.g. g raph ite  o r copper, and the num bers of 
decay positrons em itted  ‘upw ards’ and ‘dow nw ards’ w ere 
m easured . A fter co rrec tin g  for the experim enta l geom etry  
and for the absorption of decay positrons in the ta rg e t (the 
depolarizing power is known from  ac ce le ra to r  experim en ts),



Depolarization of muons 287
the m easu red  asym m etry  (down -  up)/(down + up) may be 
used  to deduce the po lariza tion  of muons stopping in the 
ta rg e ts , assum ing the V — A theory .

The m ost accu ra te  values of the po larization  m easured  in 
th is  way have e r r o r s  of 10-15%. They w ere found to lie  in the 
range £' =  0 .2 0 -0 .3 5  and showed a slight tendency to in 
c re a se  with in c reasin g  positive-m uon energy. This tendency 
apparently  re f lec ts  an in c rease  of the exponent n in the pion 
production spectrum  with in c reasin g  pion energy.

6.2 DEPOLARIZATION OF POSITIVE MUONS IN MATTER

6.2.1 Asymmetry of -  e decays in various materials

The asym m etries  m easu red  in nuclear em ulsions are  
a c h a ra c te r is tic  exam ple of depolarization  in m a tte r. In 
th is  ca se , the asym m etry  in p+->- e decays is determ ined 
for muons from  positive pions stopping in the em ulsion 
and th e re  is no kinem atic depolarization. M oreover, the 
asym m etry  coefficient for the angular d istribution  of decay 
e lec tro n s in nuclear em ulsions is very  d ifferent from  the 
lim iting  value a =  -0 .3 3  corresponding to fully po larized  
m uons [13-25].

C onsider now the re su lts  quoted in [26] w here m ost of the 
published data w ere sum m arised . The weighted asym m etry  
coefficients obtained w ith NIKFI-R em ulsion was found to be

cl —  — 0.095 +  0.009 

w hilst the re s u lt  for Ilfo rd  G-5 em ulsion was

a =  —0.139 ±  0.014

It follows that the asym m etry  coefficient for the angular 
d istribu tion  of e lec trons from  jt n — e decays in nuclear 
em ulsions is low er than the lim iting value by a factor of 3 
and even d iffers for d ifferen t em ulsions. This suggests the 
ex istence of strong  positive-m uon depolarization p ro cesses  
betw een production and decay. It has also been found that an 
in c re a se  in the concentration  of gelatine in the em ulsion p ro 
duces an in c rease  in the asym m etry  coefficient. The ex p eri
m ents w ere c a r r ie d  out by Chadwick et al. [24], Gurevich et 
al. [22], W eissenberg  [26] and Ivanov and Fesenko [25]. The 
asym m etry  coefficient obtained a fte r diluting the nuclear
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Table 6A Asymmetry coefficients for positive muons

Medium

Asym
metry
c o e f

f ic ien t

Error Medium

Asym
metry
c o e f 

fic ient

Error

Graphite 0.229 0.008 HCl pH = 1.2 0.158 0.011
0.29* 0.05
0.24** 0.04 Polyethylene 0.146 0.012

Soot 0.253 0.021 0.20* 0.03
Bromine 0.34* 0.06 Polystyrene 0.070 0.010
Al 0.209 0.010 Polystyrene +
Diamond 0.045 0.008 2% p ~ ter-

0.25* 0.02 phenyl 0.06** 0.04
” Be 0.222 0.012 Propane 0.170 0.020
” Li 0.201 0.014 Benzene 0.046 0.012
” Mg 0.254 0.013 Phenylcyclo -
» 0.20* 0.05 hexane 0.084 0.011
” Si 0.253 0.012 Chloroform 0.184 0.015
» 0.21* 0.06 P 0.025 0.017
” Cu 0.24** 0.02 S 0.014 0.011

SiC 0.213 0.011 0.03* 0.06
b 4c 0.23 0.02 C sl 0.031 0.013
a i 2o 3 0.022 0.009 NaCl 0.041 0.009

0.03* 0.03 MgF2 0.136 0.009
F used  quartz MgO 0.079 0.012

( S i0 2) 0.038 0.009 Emulsion 0.087 0.009
Crystalline Emulsion 0.13* 0.02

quartz 0.01 0.02 AgBr 0.02* 0.02
Water pH = 6.5 0.141 0.011 Gelatine 0.12* 0.03
D isti l led CC14 (liquid) 0.26** 0.05

water 0.14* 0.03 Methyl
NaOH = 12 0.131 0.012 alcohol 0.16** 0.05

Note. * refers to data from [29]; ** refers to data from
[28].  All the remaining numbers are taken from [27]. All the 
data given in the table are subject to an uncertainty connected  
with the kinematic depolarization of p os itive  muons which may 
be different for beams with different energies and different 
methods of collimation

em ulsion by a facto r of 2 with gelatine was found to be

a =  —0.134+ 0.019 

for NIKFI-R em ulsion, and

a =  —0.190 ±  0.033 
for Ilfo rd  G-5 em ulsion. Swanson [27] a n d C a sse lse t al. [28]
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have m easu red  the asym m etry  coefficient a for d ifferen t 
ta rg e t m a te r ia ls . They used a constant m agnetic fie ld  for the 
muon spin p recess io n  and m easu red  the tim e between the 
passage of the muon into the ta rg e t and the em ission  of the 
decay e lectron  from  it for each p -> e decay. Since the muon 
spin p re c e sse s  with a constant frequency in a constant m ag
netic field , a definite andknown spin o rien ta tion  co rresponds 
to each such tim e. This m ethod uses all decays to obtain the 
asym m etry  coefficient and thus en su res a h igher s ta tis t ic a l 
accuracy than the experim ents of the Colum bia group.

A s im ila r  method has been developed by the L iverpool 
group [28], The effectiveness of the m ethod in in c reasin g  
the s ta tis tic a l accuracy of the re su lts  is evident from  the 
following figu res. In the Chicago experim ent the m o n ito r
ing counters reco rd ed  15 x 106 coincidences in one hour, 
which corresponded  to 10“ stopping muons and 4 x 10l decay 
p ositrons. This enabled the asym m etry  coefficient a to be 
determ ined  to within ± 0.01.

Table 6.1 gives the values of a for the m a te r ia ls  in v es ti
gated in these  experim ents . The asym m etry  coefficients in 
th is tab le are  c o rrec ted  for the exponential decay of the p o s
itive m uons, the geom etry  of the experim en ts , and energy 
lo sses  and sc a tte rin g  of decay p o sitro n s in the ta rg e t in 
which the positive muons cam e to r e s t .

It is evident from  the tab le that for som e m a te ria ls  -  
m ainly m eta ls and g raphite  -  the asym m etry  coefficient is 
re la tiv e ly  la rg e  and am ounts to between 0.22 and 0.28; for 
the rem aining  m edia, the coefficient v a r ie s  within wide 
lim its . The very low values of a found fo r alum inium  oxide, 
s ilv e r  b rom ide, and q u artz  indicated a p rac tica lly  com plete 
depolarization  of the positive muons in these  m a te r ia ls .

6.2.2 Relaxation time for the positive-muon spin

The spin re laxation  tim e for positive muons was also e s t 
im ated  in the above m easu rem en ts . It was found that th e re  
was a very rap id  depolarization  of the positive muons in all 
the m edia investigated . This is  evident, fo r exam ple, from  
curves such as that given in Fig. 6.1, which was obtained 
for g raphite  (a ~  0.22 - 0.29). The cu rve is  c o rre c te d fo r  de
cays and it is c le a r  that the p rece ss io n  am plitude was con
stan t for the few m icroseconds during which the decay 
positrons w ere reco rd ed .
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fl s e c

Fig. 6.1 Asymmetry in p—e decays in graphite (corrected for 
exponential decay). The asymmetry coefficient is proportional 
to the amplitude of the sinusoid and is independent of time

S im ilar curves with a constant m odulation am plitude w ere 
obtained for o ther m a te r ia ls , independent of the m easu red  
value of the asym m etry  coefficient. The fact that the am pli
tude rem ains constant for sev e ra l m icroseconds shows that 
the depolarization  occurs before the decay e lec tro n s a re  r e 
corded, i.e . the spin re laxation  tim e for the positive muon is 
le ss  than 0 .1 -1  p sec . A s im ila r  re su lt  was obtained by 
Swanson [27], who estim ated  the re laxation  tim e by doubling 
the m agnetic field ro ta ting  the spin of the positive muon, and 
at the sam e tim e reducing by a facto r of 2 the delay tim e 
and width of the gating pulse. He did not find a change in the 
m odulation am plitude, which indicates rap id  depolarization . 
T hese re su lts  suggest that depolarization  is produced by a 
un iversa l m echanism .

The only known exception to th is ru le  is boron carb ide 
(F ig . 6.2), for which the asym m etry  has a m axim um  at the 
beginning of a cycle (a =  0.23) and falls off with a re laxation  
tim e of 6.5 nsec ,  which suggests a d ifferen t depolarization  
m echanism  in th is  p a r tic u la r  m a te ria l.

6.2.3 Depolarization of muons during the slowing-down process

The depolarization  of a muon in a m edium  in which it is 
slowed down may be divided into two stages: depolarization  
in flight, which occurs during the slowing-down p ro cess  and 
depolarization  afte r the muon has been p rac tica lly  brought 
to r e s t .  The fo rm er is due to sca tte rin g  by the Coulomb



Depolarization of muons 291

Fig. 6.2 Asymmetry in p—e decays in boron carbide 
(corrected for exponential decay). The asymmetry 
decreases with a relaxation time of 6.5 psec

fie lds of nuclei and e lec tro n s , and has been calculated  by 
JFord and M ullin [30], B incer [31] and W entzel [32], who 
showed that th is  depolarization  is negligible. ^F^exam ple7  
W entzel [32] obtained the following expression  for the mean 
sq u a re  angle of ro ta tion  of the spin during the slowing down 
of a p a rtic le  by Coulomb sca tte rin g  from  nuclei:

<fl2> =

T his quantity is negligible for muons from  jt p decays in 
em ulsions {v/c  =  0.27), and even for v ie— 0.8 - 0 .9 ,which 
co rresponds approxim ately to the case of acce le ra to r exper
im en ts , (#2) is  very  sm all.

D epolarization  of very  slow muons is due to two m echan
ism s: the effect of m agnetic fields in the medium on the m ag
netic  m om ent of the free  positive muon and the form ation of 
atom ic sy stem s, i.e . muonium in the case  of positive muons 
and m eson ic-atom  sy stem s, for negative m uons. C onsider 
the f i r s t  p ro ce ss . The m agnetic field perpend icu lar to the 
sp in  of the positive muon produces ap re c e ss io n  with L arm o r 
frequency

(H = g- eH____  y
2 tn^c

105 - H  rad/sec
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It follows that a m agnetic field  of 5 gauss will produce com 
plete  depolarization  (wt ^  1) during the lifetim e of the p o si
tive muon (~ 2 p s e c ) .  It is evident that the effect of s trong  
but sh o r t- te rm  in te rna l m agnetic fields will be much w eaker. 
C onsider, for exam ple, the depolarization  of a positive 
muon in a gas at a p re s s u re  of 100 atm , and le t us estim ate  
the depolarization  o ccu rrin g  as a re su lt of slowing down to 
th e rm a l velocities (v ~  106cm /sec ) by co llisions with atom s 
and m olecules in the gas. The p recessio n  angle due to m ag
netic fields of e lec tro n s acting on the positive muon is Oo =  
105 H-x. If we assum e that the collision tim e t  corresponds 
to the tim e taken by the positive muon to tra v e rs e  one Bohr

10-8
rad iu s , we have =  10~14 sec , and if H is taken to be

the m agnetic field of an e lec tron  at a d istance of one Bohr 
rad iu s  ( / / ~  105 gauss), we find that the p recess io n  angle p er 
co llision  is ■O'o =  6 x 1(T5 rad . The m ean p recess io n  angle 
during the lifetim e of the positive muon will th e re fo re  be 
equal to about O0 Y n > w here n is the num ber of such co lli
sions. The num ber of co llisions in a gas at 100 atm  is  10u - 
1012 sec"1 which yields 106 collisions p er muon life tim e, and 
hence $ = 0 .1  rad . It is evident that local fields due to e lec 
tro n s in the gas cannot give r is e  to appreciable depo lariza
tion, and th e re fo re  depolarization  due to the form ation of 
atom ic system s is the only im portant depolarization m echa
nism , The la rg e  asym m etry  coefficient observed for positive 
muons stopping in graphite and in m etals (Table 6.1), i.e . 
m edia with high concentrations of conduction e lec tro n s, is 
in d irec t evidence for the validity of th is conclusion. In m edia 
such as th ese , the coupling between the spin of the captured 
e lec tro n  and of the positive muon is broken by strong  
Coulomb in teractions with conduction e lec tro n s, atom ic s y s 
tem s cannot fo rm  and th e re  is no depolarization . The m agni
tude of th is effect was obtained by Yakovleva [33].

The effect of the density of conduction e lectrons on the de
po la riza tio n  of muons was investigated by F eher et al. [34], 
who studied the asym m etry  in e+ decays for positive
muons stopping in n -  and p-  type germ anium  and silicon . By 
varying  the concentration  of the n-im purity  (phosphorus) in 
the n -s ilico n , the density  of conduction e lec trons could be 
v a ried  between 1012 and 1019p e r  cm 3 .W henth is was done, an 
in c rease  was observed  in the asym m etry  coefficient from  
very  low values (-0.02 to -0.04) to a «  -0 .3 , which is not 
very  d ifferen t from  the lim iting  value of -1 /3 .
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6.2.4 Effect of magnetic field on positive-muon polarization

It was shown in C hapter 2 tha t when a nuclear em ulsion was 
p laced  in a m agnetic field  of the o rd e r of 20,000 Oe, the 
asym m etry  coefficient a in c reased  by a fac to r of about 3. 
T h is phenomenon has been qualita tively  explained as a r e 
duction in depo lariza tion  due to the form ation  of muonium. 
In th is  section  we shall rev iew  in g re a te r  detail ex p e ri
m ental data confirm ing the validity of the above d iscussion  
of the depo lariza tion  of positive muons through the fo rm a
tion of m uonium .

If the above theory is c o rre c t , the ro le  of the m agnetic 
fie ld  in elim inating  depolarization  red u ces to the decoup
ling of the in te rac tion  between the m agnetic m om ents of the 
positive  muon and the e lec tro n  in the muonium atom . The 
n ec e ssa ry  condition for th is  to occur is that the m agnetic 
energy of the muonium in the m agnetic field H, which is 
equal to p^H — peH, should be much g re a te r  than the hyper- 
f in e -s tru c tu re  sp litting  energy

A (6.8)

w here pe and a re  the m agnetic m om ents of the e lectron  
and the muon resp ec tiv e ly , and aeil is the rad iu s  of the f ir s t  
Bohr o rb it of muonium . The hyperfine sp litting  A W is  equal

to 1.84 x 1CT5 eV, which co rresponds to a frequency Av

The p re c ise  value of th is quantity, including rad ia tiv e  c o r 
rec tio n s  for the m agnetic m om ents of the muon and e lec tro n , 
the reduced  m ass of the e lec tro n  in muonium, and the B re it 
re la tiv is tic  effect, is

(Av)theor=  4463.13±0.10 Mc/s 

D epolarization  is absent if

( p ^ - P e )  H »  AW (6.9)
AWL et H0=  K-,— -— : . The field H0 ~  1588 gauss can be in te r -AM'e H'nJ

p re te d  as the m agnetic field  due to the positive muon at the 
e lec tro n  o rb it in the IS s ta te  of the muonium atom , and the 
condition given by (6.9) is equivalent to H >1588 gauss. The 
p rin c ip le  of experim en ts in which the m agnetic field is used
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Fig. 6.3 Breit-Rabi diagram 
for the energy levels of the 
ground states of muonium in 
a magnetic field. The level 
energy e for different F, m/r 
(weak fields) and m, me 
(strong fields) is plotted as 
a function of x = H/H0. To 
obtain the energy, the mag
nitude of ( must be multi
plied by ^AF where AF = 
1.84 x 10~s eV is the hyper- 
fine splitting corresponding 
to v = AE/h «= 4460 Me/s

to elim inate the depolarization  of positive muons may be 
understood from  the B reit-R ab i d iagram  for the energy 
levels of the ground s ta te  of muonium (Fig. 6.3). Let the 
d irec tion  of the applied field H be opposite to that of the 
positive-m uon beam  which we shall assum e to be com pletely 
po larized . When such positive muons cap ture  unpolarized  
e lec trons from  the m edium , the to ta l angular m om entum  F 
of the resu lting  muonium atom  may be e ith e r 1 o r  0, and 
the h y p erfin e -s tru c tu re  s ta te s  ch a ra c te riz ed  by the to ta l 
angular momentum F and the z com ponentmFof th is  angular 
mom entum  along the d irec tion  of H a re  of the form  (cf. 
B re it-R ab i d iagram  for low x)

The f i r s t  s ta te  (1, -1) cannot be achieved because the m ag
netic m om ent of a com pletely po larized  muon is  p a ra lle l to 
the m agnetic field  and th e re fo re  the level population is 0, 
1 /4 , 1 /4  and 1/2 resp ec tiv e ly . In the (1, +1) s ta te , the p o s i
tive muon re ta in s  its  po larization  com pletely , w hilst in the 
s ta te s  (1, 0) and (0, 0) the muon is com pletely depo larized . 
This may be in te rp re ted  physically  as follow s. The e lec tro n  
spin p re c e sse s  in the m agnetic field of the positive  muon. In 
the mF — 1 s ta te  the e lec tro n  cannot change the d irec tion  
of its  spin because mF =  1 is a good quantum num ber. 
However, the e lec tron  spin can change its  d irec tio n  in the
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mF =  0 s ta te s . This produces a change in the d irection  of 
the spin of the positive muon, so that the re su ltan t component 
of the angular m om entum  rem ains equal to zero  {mF =  0). 
T h is p re fe ren tia l ro ta tion  of the positive-m uon spin will 
o ccu r with a frequency Av ^  4463 M c /s , which m eans that 
th e re  w ill be com plete depolarization  of positive muons in 
the (1 ,0 )  and (0, 0) h y p erfin e -s tru c tu re  s ta te s .

In very  strong  m agnetic fields H > H0, the m agnetic coup
ling between the m eson and the electron  is d isrup ted  and the 
m agnetic quantum num bers of the e lec tron  and the muon, me 
and a re  good quantum num bers. Hence, instead of the 
s ta te s  (F, mF) we have the s ta te s

m„) =

—  1/ 2 , - 1 / 2 ,
- 1 / 2 , +  1 / 2 ,
- f l / 2 , - 1 / 2 ,

I + 1 / 2 , +  1 / 2

with re la tiv e  populations of 1 /2 , 1 /2 , 0 and 0 (cf. the B re it-  
Rabi d iagram  for la rg e  .v). Both the populated s ta te s  conserve 
the po lariza tion  of the muon. Simple quantum -m echanical 
ca lcu la tions (cf. fo r exam ple [35], [36], [37], [38]) show that 
in the genera l case the positive-m uon po larization  is  given by

P = P0\-L.
2 l+~

(6 . 10)

w here x =  HI Ho. The f ir s t  te rm  in th is  form ula c o r r e s 
ponds to po lariza tion  connected with the form ation of the 
tr ip le t  s ta te  of muonium, and the second re p re se n ts  the r e s 
to ra tio n  of po lariza tion  by the m agnetic field, which is con
nected with the s ta te  mF =  0. The observed  asym m etry  in 
the angular d istribu tion  of e lectrons is then of the form

(0) dQ = (1 +  Pa cos tf) dQ

w here a is  the m axim um  possib le asym m etry  coefficient and 
•fr the angle between the muon spin d irec tion  and the m om en
tum  of the e lec tro n  at the instan t of decay.

PM easurem ents of the asym m etry  coefficient a = fo r de

cays in em ulsions p laced  in a high m agnetic field  w ere p e r 
fo rm ed  by B arkas et al. [39], O rear et al. [40], A li-Zade 
[41], W eissenberg  et a l.[43 ,44 ] and G urevich et al. [62], The
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la s t au thors have c a rr ie d  out m easu rem en ts in a pu lsed  140- 
kgauss field, using the Dubna synchrocyclo tron . The m e a s 
ured  asym m etry  coefficients a re  lis ted  in Table 6.2.

It is evident from  the tab le  that data on the m agnitude of 
the asym m etry  coefficient in the range between 17 and 35 
kgauss show that th e re  is p rac tica lly  no in c re a se  in the 
asym m etry  with in c reasin g  m agnetic field. On the o ther 
hand, i t  follows from  the V — A theory  that at the m axim um  
value of 140 kgauss the asym m etry  coefficient approaches 
the lim iting  value of 1 /3 . This may be reg a rd ed  as evidence 
for a slow approach of the asym m etry  coefficient to the 
lim iting value with in c reasin g  m agnetic field. F ig. 6.4 [63] 
com bines nearly  all the known published data on the m ag
n e tic -fie ld  dependence of the asym m etry  coefficient. This 
figu re  p lo ts P =  3a as a function of x = H/H0. The la s t point 
a =  -0.325 ± 0.010 for H = 140 kgauss is not shown on the 
graph. A nalysis of all the em ulsion data shows tha t they can
not be fitted  with the function P(x) obtained on the assum ption  
of single muonium production and tha t an additional d ep o lar
ization m echanism  m ust be postu lated . This may be charge 
tra n s fe r  in which the em itted  muon lo ses  and cap tu res  an 
e lec tro n  sev e ra l tim es. This m echanism  was considered  by 
F e r re l l  e t al. [38]. If the m ean lifetim e of muonium a fte r  
each  such cap ture (exp ressed  in units of h/AE =  3.6 x 10 ~u 
sec) is denoted by t / 2 ,  the dependence of the po lariza tion  
on the m agnetic field is

If th e re  is only one cap tu re  (n = 1, t  =  co ), th is form ula 
becom es identical with (6.10). F or a high m agnetic fie ld  th is 
y ie lds P Po, w hereas for low fields it is  capable of ex
plaining the fact that the in itia l po la riza tio n  is  not equal to 
Po/2 because of the te rm  t ' 2.

The effect of e lec tro n s in the m edium  on the muonium de
po la riza tion  m echanism  was d iscussed  in the m ost genera l 
form  by Nosov and Yakovleva [63]._These w o rk e rs  derived  
the following form ula for the po la riza tion  as a function of 
field  in em ulsions:

(6 . 11)
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w here f is the frac tion  of muons slowed down in gelatine, 
v the e lec tron  spin flip frequency which is  a p a ram e te r  r e 
p resen ting  the in te raction  of an e lec tro n  in the muonium 
atom with the m edium , and t  the chem ical re lax a tio n  tim e 
for muonium in the m edium . Muonium tu rn s  out to be chem 
ically  bound for an average tim e of t  and its  depolarization  
ceases  (for the ord inary  chem ical bonding with com pensated

Fig. 6.4 Dependence of the asymmetry coefficient for p — e 
decays in emulsions on the magnitude of the magnetic 
field [63]

spin p a irs ) . The quantity f in (6.11) re p re se n ts  the frac tion  
of m uons, which have slowed down in gelatine, for which v t  
«  1.

The solid  curve in F ig. 6.4 shows the dependence d escrib ed  
by Equation (6.11) with f — 0.6 and v t  =  80 (these p a ra 
m e te rs  rep re se n t the best fit). It is  c le a r  that th is  curve is  in 
good agreem ent with all the experim ental data. F o r very  high 
f ie ld s , when x2 >  v t  > 1, Equation (6.11) assum es the s im 
p le r  asym ptotic form

P — 1 — 30/x2

T his explains the slow approach of the po la riza tio n  to  unity 
which was dem onstrated  by G urevich [62] (Table 6.2).
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6.3 SEARCH FOR THE TRIPLET STATE OF MUONIUM

In th is section we shall consider data on muonium obtained 
by o ther m ethods. Sens et al. [45] p laced  a ta rg e t consisting  
of fused quartz  o r a nuclear em ulsion in the longitudinal m ag
netic field of a solenoid, and m easu red  the asym m etry  in the 
em itted  positrons with sc in tilla tion  coun ters. T h e ir re su lts  
a re  in agreem ent with the em ulsion data and show that the 
asym m etry  r is e s  rapid ly  as the m agnetic field  is in c reased  
from  0 to 7 kgauss, and that additional depolarization  con
nected with m ultiple lo sses  and cap tu res of e lec tro n s by the 
positive muon m ust be taken into account. Q uantitative analy
s is  of these data is , however, difficult because it is not 
easy to co rre c t for in strum en ta l effects and system atic  
e r r o r s .

The m ost d irec t indication of the ex istence of muonium is 
the detection of its tr ip le t s ta te  from  the p rece ss io n  of the 
muonic atom. These experim ents a re  analogous to the ex p e ri
m ents of L ederm an et a l., except that the p rece ss io n  of the

Table 6.2

Reference
Magnetic

field,
kgauss

— a

.43. 17 0.280 ±0 .014

.42. 20 0.272 ±0 .023

.42. 25 0.313 ±0.016

.40. 25 0.290 ±0.013

.42. 27 0.284 ±0 .016

.42. 35 0.290 ±0 .014

.62. 140 0.325 ± 0 .010

tr ip le t s ta te  of muonium, whose m agnetic m om ent is h igher 
by a facto r of about 207 than the m agnetic m om ent of the p o s i
tive muon and whose spin is higher by a fac to r of 2, should 
occur with a frequency which is higher by a fac to r of 103.

Swanson [27], and C asse ls  et al. [28] have tr ie d  to detect 
the tr ip le t s ta te  of muonium . The p rin c ip le  of the experim ent 
is that, in a field which is about 100 tim es sm a lle r  than the 
field  used for the p rece ss io n  of the fre e  muon, the tr ip le t  
s ta te  of muonium w ill p re c e ss  with a frequency approxi
m ately equal to the p recess io n  frequency of a free  positive 
muon. Swanson reduced  the field  to 0.4 gauss and looked for
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the p rece ss io n  of the m agnetic m om ent of tr ip le t muonium 
in fused quartz , liquid g la ss  and teflon.

The L iverpool group [28] investigated polystyrene contain
ing 2% p - terphenyl, carbon te trach lo rid e , m ethyl alcohol and 
w ater in a field of 0.7 g au ss . Liquids w ere chosen for som e 
of these  experim ents because it was hoped that the effect of 
local m agnetic fields capable of changing the spin d irection 
of muonium in the tr ip le t s ta te  would be lower than in so lids. 
Swanson’s experim ents show that the am plitude of the modu
lation in the in tensity  of decay e lec trons corresponding to 
the tr ip le t muonium was 0 ± 8% of the am plitude of the c o r 
responding  p rece ss io n  of the free  positive muon in graphite. 
The re s u lt  of the L iverpool group was 0 ± 2%.

Although the f i r s t  sea rch  for the tr ip le t s ta te  in so lids and 
liquids was unsuccessfu l, the tr ip le t s ta te  of the muonium 
atom  has been detected for positive muons stopping in g as
eous ta rg e ts . The f i r s t  successfu l experim ent of this kind 
was due to McColm et al. [48], who observed Zeem an tra n 
sitions induced by high-frequency fields between the F =  1 
m agnetic su b -lev e ls  of muonium (Fig. 6.3) for positive 
muons stopping in N20  at a p re s su re  of 50 atm . The tr ip le t 
s ta te  was also detected by Hughes e t al. [47], who used an 
argon ta rg e t at a p re s s u re  of 50 atm  and observed the p re 
cessio n  of tr ip le t muonium. This experim ent is  illu s tra ted  in 
F ig. 6.5. The Helm holtz co ils surrounding the gas ta rg e t p ro 
duced a field of 3-5 gauss at right angles to both the initial

Fig. 6.5 Experiment on the 
transition of the triplet state 
of muonium produced by stop
ping positive muons in argon 
(gas target)

Beam

♦
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d irec tion  of the positive-m uon spin (which was p a ra lle l to 
the d irection  of the beam , indicated by the arrow ) and the 
d irection  of a line drawn from  the gas ta rg e t to the counter 
te lescope detecting decay p o sitro n s. The tim e in te rv a l be^ 
tween the entry  of a positive muon into the argon ta rg e t (123 
coincidences) and the 45 pulse in the positron  te lescope was 
reco rd ed  providing it appeared  within the tim e in te rv a l 
0.2-20 jx sec  following the f i r s t  pu lse . The m easu red  decay
tim e d istribu tion  was sub jected  to harm onic analysis in 
o rd e r  to determ ine the am plitude corresponding  to the p r e 
cession  frequency of the tr ip le t muonium. T his analysis 
c learly  showed the p resence  of a resonance at 6.2 M c/s  in a 
field of 4.5 gauss, and at 5.3 M c/s in a field  of 3.9 gauss. 
T hese frequencies agree to within 5% with the expected p r e 
cession  frequencies for tr ip le t muonium in these  fie lds. 
A nalysis of the data has also shown that p rac tica lly  all the 
positive muons stopping in argon form  muonium and tha t 
the m ean lifetim e of the muonium atom  in argon at 50 atm  
is roughly the sam e as the lifetim e of the free  positive 
muon.

P rep o st et al. [46] used an argon-gas ta rg e t in an ex p e ri
ment s im ila r  to that d iscussed  above using em ulsions in a 
m agnetic field. On increasing  the fie ld fro m O to  6000 gauss, 
he observed  an in c rease  in the asym m etry , which was in 
qualitative agreem ent with a c h a ra c te r is tic  fie ld  H0 =  1560 
gauss.

F inally , Bailey et al. [49] succeeded in observ ing  t r a n s i 
tions induced by high-frequency fields from  the s ta te s  
(nty., me) — (1/2, 1/2) to the s ta te s  (-1 /2 , l /2 ) .  T his ex p e ri
m ent is illu s tra ted  in F ig. 6.6, in which the argon-gas ta rg e t 
includes a resonan t cavity fed from  a m icrow ave so u rce  at 
1850 M c/s . The ta rg e t was in a constant m agnetic field  which 
was v aried  in steps of 20-60 Oe in the range 5700 ± ~  250 
Oe. Positive muons stopping in the gas ta rg e t w ere  indicated 
by_123 coincidences and the em ission  of decay p o sitro n s by 
342 coincidences delayed by 0 .1 -3 .3 |x se c  re la tiv e  to the 
123 pu lse . The experim ent involved determ in ing  the co inci
dence ra tio  R =  (342)/(123) with and without the h igh- 
frequency field for d ifferen t values of the steady  m agnetic 
field . The m agnetic field  at resonance corresponding  to the 
tran sitio n



Electromagnet coils

Fig. 6.6 Measurement of the hyperfine splitting in the 
l 2Sy2 state of muonium. The direction of the magnetic 
field (« 5700 gauss) is parallel to the direction of the 
spin of the positive muons. Positive muons stopping in 
the gas are indicated hy 123 coincidences, decay elec
trons leaving the target by 342 coincidences

Fig. 6.7 Resonance curve showing R as a function of 
the constant magnetic field
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can read ily  be deduced from  the B re it-R ab i d iagram  (Fig. 
6.3). One of the resonance cu rves obtained in th is experim ent 
is  shown in Fig. 6.7. The experim ental resonance  frequency

Av =  4461.3 ±  2.2 Mc/s

is in good agreem ent with the th eo re tica l re s u lt

Avtheor= 4463.13 ± 0 . 1 0  Mc/s

pred ic ted  by quantum electrodynam ics.
It has recen tly  becom e possib le  to observe the p rece ss io n  

of tr ip le t muonium in m a te ria ls  o ther than argon. Z ichichi 
[60] observed the p recessio n  at the frequency of tr ip le t 
muonium in an organic sc in tilla to r  cooled to -196 °C, while 
Babaev et al. [61] observed  this p recess io n  during the slow 
ing down of positive muons in c ry sta llin e  quartz .

6.4 DEPOLARIZATION OF NEGATIVE MUONS

In the f i r s t  paper of G arw inet al., which dem onstra ted  non
conservation  of parity  in Jt e decays, it was shown tha t
the asym m etry  coefficient of the angular d istribu tion  of decay 
e lec trons for negative muons stopping in g raph ite  had the 
sam e sign as for positive m uons, but was sm a lle r  by a fac to r 
of approxim ately 7. T his re su lt showed that at decay the 
negative muons had lost a considerab le p roportion  of th e ir  
in itia l polarization .

Table 6.3 shows the asym m etry  coefficient for negative 
muons stopping in d ifferent elem ents. All the m ain isotopes 
of these  elem ents have zero  spin except fo r fluorine.

The asym m etry  coefficient observed for negative muons 
may be w ritten  in the form

= Pl'Pl'OT

w here a" is the asym m etry  coefficient expected for negative 
muons in the absence of depolarization . The V — A theory  
p red ic ts  of =  -1 /3 . The coefficient P~ is  equal to the p o la r
ization of negative muons en tering  the ta rg e t and (1 — P~) is 
the depolarization  produced by the ta rg e t itse lf . P" is th e re 
fo re  the po larization  re ta in ed  at the instan t of decay by 
muons which a re  fully po larized  on en tering  the ta rg e t. F o r 
positive muons we have

a+ =  P t-P + .a+
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E le 
ment

Nu
clear
spin

— a P I ,  % Reference

h 2 0.01 ±0.01 3 ±3 56]
C 0 0 .0 4 0 + 0 .0 0 5 14 ±4 56]

0.054 ±0 .006 19 ±3 [57]
0.069 ±0.011 24 ±4 .58]

O 0 0.043 ±0.005 15 ±4 56]
F 0.011 ± 0 .010 4 ±4 [58]
Mg 0 0.058 ±0.008 20 ±5 .56]

0.053 ±0 .009 18 ±4 [58]
Si 0 0.046 ±0 .009 16 ±4 [58]
S 0 0.042 ±0.006 15 ±3 ’56]

0.040 ±0 .006 14 ±3 [58]
Zn 0 0.056 ±0.011 19 ±5 .56]
Cd 0 0.055 ±0 .012 19 ±5 [56]
Pb 0 0.054 ±0 .013 19 ±6 [56]

Pi re p re se n ts  the kinem atic depolarization  of the positive 
m uons. Assum ing that th is p a ram e te r is the sam e for muons 
of e ith e r sign, and reca llin g  that a =  a*, we obtain

P 2 = % P l

To find the po la riza tion  of negative muons at the instant of 
decay, we m ust th e re fo re  know the asym m etry  coefficient 

and the re s id u a l po lariza tion  P% in a given ta rg e t. Table
6.1 shows that fo r g raphite  a j =  -0.229 ± 0.008 and P\ = 0.79 
± 0 .0 7  (Lynch et al. [40]). The corresponding values of Pi 
a re  given in Table 6.3. It is evident from  these data that 
hydrogen and fluorine will depolarize stopping negative 
muons alm ost en tire ly , w hilst the rem aining  m a te ria ls  de
p o la rize  negative muons m ore effectively than positive 
muons by a fac to r of about 5.

A negative muon decays in m a tte r from  the K shell of the 
m esonic atom and th e re fo re  the m echanism  responsib le  for 
depo lariza tion  is very  d ifferen t from  the m echanism  in the 
ca se  of positive m uons, which decay e ith e r from  the free  
s ta te  o r a fte r form ing muonium. The h isto ry  of a negative 
muon in m a tte r  may be considered  in the following stages:

1. Slowing down to velocities at which cap ture into an 
o rb it of a m esonic atom becom es possib le .

2. T ran sitio n  from  the continuous spectrum  to a bound
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s ta te  in one of the d istan t o rb its  of the m esonic atom  
with la rg e  n and /•

3. C ascade tran sitio n s to the ground s ta te  of the K she ll in 
which the negative muon decays.

The f i r s t  of these  stages does not contribute appreciably  
to depolarization. D epolarization in the la s t two stag es is 
determ ined  m ainly by the sp in -o rb it in te rac tio n  and, if the 
nucleus has a spin, th e re  is also a contribution due to the 
hyperfine in teraction  between the spins of the muon and the 
nucleus. The magnitude of depolarization  on cap ture  to 
higher levels and in the p ro cess  of cascade tran sitio n s  was 
calculated for sp in less nuclei by Shmushkevich [50], D zhr- 
bashyan [51] and Mann and Rose [52], who a rriv ed  at the 
following conclusions. A fter the in itia l cap tu re , the negative 
muon re ta in s  about 1 /3  of its in itia l po lariza tion . In light 
e lem ents, th is is followed by the em ission  of a few Auger 
e lec trons until the negative muon reach es a s ta te  with p r in 
cipal quantum num ber 3 or 4. F u rth e r rad ia tiv e  tran sitio n s 
take the negative muon to the ground s ta te  and as a re s u lt  
it  lo ses a fu rth er 50% of the rem ain ing  po lariza tion . The 
final po larization  of the muon is th e re fo re  about l / 3  x 1 /2 , 
approxim ately 17% of its  in itia l value. This figure is in 
good agreem ent with the m agnitude of P~ obtained for sp in 
le ss  nuclei (Table 6.3). If the spin of the nucleus is not ze ro , 
the sp in -sp in  in teraction  between the muon and the nucleus 
gives r is e  to additional depolarization  in the K shell. U berall 
[53], Lubkin [54] and Bukhvostov and Shm ushkevich [55] 
have shown that th is additional depolarization  is  equal to

\
3 (21 -|-'l)2

when only the hyperfine sp litting  of the IS level is taken into 
account, w here 1 is the spin of the nucleus. F or a nucleus 
with I = 1/2 th is amounts to 50%. It follows tha t the expected 
value of Pi for fluorine nuclei is 8%. This is consisten t with 
the experim ental re s u lt  4 ± 4% (Table 6.3).

Liquid hydrogen is another m edium  with very  low res id u a l 
po larization . The m echanism  responsib le  for the d ep o lariz 
ation of negative muons stopping in liquid hydrogen was e lu c i
dated by Bukhvostov et al. [55], who showed that the m ain 
p ro cess  was the sca tte rin g  of neu tra l m esonic atom s of 
hydrogen by pro tons:

(p"H) +  H (p-H) +  H
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T here  is  a high probability  for proton exchange and the s im 
ultaneous tran sitio n  of the m esonic hydrogen atom to a low er 
hyperfine s ta te  ch a ra c te riz ed  by zero  to tal angular m om en
tum . Since the exchange probability  in liquid hydrogen 
(approxim ately 109 sec"1) is la rg e r  by th ree  o rd e rs  of m ag
nitude than the decay probability  of the negative muon (0.45 
x 106 sec"1), the m esonic atom s w ill all undergo tran sitio n s 
to the hyperfine ground s ta te  during the life tim e of the neg
ative muon. This p ro ce ss  w ill re su lt in the depolarization 
of negative muons.



Chapter 7

COSMIC-RAY MUONS

7.1 ORIGIN OF THE MUON COMPONENT

T here a re  two so u rces of muons: cosm ic ray s  and pi on 
beam s produced by acce le ra to rs . D espite the fact that the 
muon intensity in cosm ic ray s is  low er by se v e ra l o rd e rs  
of magnitude than the in tensity  which can be produced with 
m odern a c ce le ra to rs , all the main p ro p e rtie s  of the muon, 
such as charge, m ass, decay schem e, spin , mean life tim e , 
and even the nature of its  in teraction  with nuclear m a tte r , 
w ere estab lished  before the advent of la rg e  a c c e le ra to rs . 
Throughout th is book we have not re fe r re d  to co sm ic -ray  
experim ents to any g rea t extent because a c c e le ra to r  data 
which w ere obtained subsequently a re , of co u rse , m ore 
accu ra te .

In th is final chap ter, we shall rev iew  the m ain p ro p e rtie s  
of the muon component of cosm ic ray s . This com ponent is 
of secondary  orig in  since it is  produced by the decay of 
h igh-energy  pions. Muons penetra ting  the atm osphere  c a rry  
tra c e s  of the c h a ra c te r is tic  fea tu res of the in te rac tio n s in 
which the p rim ary  pions w ere produced. Studies of the p ro 
p e rtie s  of the muon com ponent, such as its  varia tion  with 
altitude, its  energy sp ec tru m , geom agnetic effects and its

306
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genetic connection with other co sm ic-ray  com ponents, may 
throw  light on the elem entary  p ro ce sse s  leading to the 
form ation  of pions and o ther p rim ary  p a r tic le s . This la tte r  
p rob lem , how ever, lies outside the scope of th is book.

This chap ter is concerned mainly with the p roperties  of 
the muon com ponent as a sou rce  of m uons. In som e re sp e c ts , 
th is  is a m ost convenient source . The spectrum  of cosm ic- 
ray  muons extends from  low m om enta of the o rd er of 10 
M eV/c to an enorm ous value of the o rd e r of 106-10g M eV/c. 
This m eans tha t experim ents can be c a rr ie d  out e ith er 
with slow  m uons, which can be brought to r e s t  in a few 
gram m es of m a tte r , o r with h igh-energy muons which are  
capable of penetra ting  hundreds of m e tre s  of dense m ate
r ia l .  The range of phenom ena corresponding  to th is energy 
sp ec tru m  is also  enorm ous: at one end, fo r exam ple, th e re  
a re  the p ro p e rtie s  of muonic atom s and, at the o ther, 
se a rch es  for anom alous phenom ena in the in teraction  of 
h igh-energy  muons with m a tte r.

7.2 MAIN COSMIC-RAY COMPONENTS

The basic  experim ental fact about cosm ic rays in the 
e a r th ’s atm osphere is that they consist of a hard  and a 
soft component. This can be easily  dem onstrated  by m eas
u rin g  the absorption of cosm ic ray s with a G eiger-counter 
te lescope together with additional devices consisting  of 
sm a ll counter hodoscopes fo r reco rd ing  cascade show ers 
produced by h igh-energy  e lec tro n s in lead p lates as they 
p ass  through the te lescope. This method may be used to 
show that the soft com ponent is com pletely absorbed by 
10-15 cm of lead and co n sists  m ainly of e lec tro n s. The hard 
com ponent, which am ounts to about 80% of all p a rtic le s  in
ciden t on the in stru m en t at sea  level, co n sists  of high-energy 
m uons, a p roportion  of which a re  capable of penetrating  
enorm ous am ounts of m a tte r.

L et us consider som e of the data on the absolute intensity 
of the hard  com ponent. F or exam ple, at sea  level near the 
geom agnetic la titude 50°N the intensity  of the hard  com po
nent in the v e rtic a l d irec tion  is l y =  0.89 x 10 ■ sec  1 cm 
s te ra d "1. At 4300 m above sea  level /v = 2.50 x 10 2 sec 
cm"2 s te ra d "1.

Fig. 7 . 1 , w hich is taken from  Puppi’s review  [1], illu s tra te s  
the com position and the altitude varia tion  of cosm ic rays.
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1 — protons and a partic les
2 —electrons; 3 —mesons;  
4 —total intensity

Fig, 7.1 Altitude variation 
of the main components of 
cosmic radiation for 50°N. 
The intensity is plotted as 
a function of the depth in 
in the atmosphere

The intensity  of the various com ponents is shown as a 
function of depth / in the atm osphere (sea level c o r r e 
sponds to t — 1030 g /cm 2). Curve 1 gives the in tensity  of 
protons and a p a rtic le s  which fo rm  the m ain p a r t of the 
p rim ary  cosm ic rad iation  incident on the e a r th ’s a tm os
phere from  outer space. Curve 2 gives the in tensity  of the 
electron-photon component of cosm ic rad ia tion  which is 
alm ost en tire ly  absorbed by 10 cm of lead. This com po
nent is of secondary orig in , having been produced m ainly 
from  the decay of neu tra l pions into h igh-energy  photons 
and muons into e lectrons and neutrinos in accordance with 
the decay schem es

ji° - >  y +  Y 

p —v e +  v -|- v

and subsequent electrom agnetic  cascade p ro c e s se s . Curve 
3 shows the altitude varia tion  of the in tensity  of the m eson 
component of cosm ic rays which consists  m ainly of muons. 
In fact, the mean life tim e of muons is about 2.2 p sec , which 
is longer by roughly two o rd e rs  of m agnitude than the life 
tim es of pions and kaons. M oreover, muons have a very
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w eak in te rac tion  with nuclei, while the in teraction  range 
fo r pions is of the o rd e r  of 100 g /c m 2. T h ere fo re , only 
muons su rv ive  and p en e tra te  la rg e  th icknesses of m a tte r, 
while pions and kaons decay, o r a re  absorbed, n ea r the 
point at which they a re  produced.

7.3 MUON ENERGY SPECTRUM AT SEA LEVEL

The energy spectrum  of muons at sea  level is  the m ost 
thoroughly investigated c h a ra c te r is tic  of cosm ic ray s . Most 
of the ea rly  m easu rem en ts, i.e . those ca rr ie d  out p rio r  to 
1948, w ere review ed and unified by R ossi [2]. Most of them  
w ere  perfo rm ed  with W ilson cloud cham bers in m agnetic 
fie ld s . The final spectrum  obtained in th is review  extends 
to m om enta of pc «  2 x 1010 eV /c and is shown in Fig. 7.2 
(solid curve) on a logarithm ic sca le . The spectrum  obtained 
by R ossi p asses  through a m aximum in the region (4-6) 
x 1 0 8 eV /c and falls off rapidly  with in c reasin g  m omentum. 
F o r m om enta g re a te r  than 4 x 109 eV/c it may be re p re 
sen ted  by a power law M (p) dp «  p~ndp, with n ~  1.8. 
G lase r et al. [3] extended the m easured  muon spectrum  to 
7 x l 0 10eV /c  using  two cloud cham bers separated  by a 
m agnetic field produced by an electrom agnet. By m easu r
ing the m agnetic deflection for 1547 p a rtic le s  of the hard  
com ponent they showed that the spectrum  may be described  
by the pow er law p~ndp , with n =  1.8 ± 0.2 for (2.5-10) 
x 109 eV /c  and n =  2.1 ± 0.6 for (10-70) x 109 eV /c.

An im portan t disadvantage of the cloud-cham ber method 
is  the sm all re la tiv e  ap e rtu re  which m akes it difficult to 
accum ulate adequate s ta tis t ic s  at la rg e  m om enta, and also 
appreciab le  d isto rtio n s of the tra je c to ry  in the filling gas, 
which r e s tr ic ts  m easurem en ts of high m om enta. Large 
hodoscope system s consisting  of G eiger counters in a m ag
netic  field a re  fre e  from  these  disadvantages. This method, 
which was f i r s t  used  by Alikhanyan e t al. [4], led to a very  
rap id  in c re a se  in the available s ta tis t ic s  and to an in c rease  
in the m axim um  m easu rab le  m omentum by sev e ra l o rd e rs  
of m agnitude. The experim ent is illu s tra ted  in Fig. 7.3, 
w here N ,S a re  the poles of the perm anent magnet (pole a rea  
50 x 12.5 cm 2, a ir  gap 8 cm , field 3840 gauss). The f ir s t  
th re e  row s of coun ters w ere used to determ ine the coord i
nates of the tra je c to r ie s  of the p a rtic le s  which passed  
through the in strum en t and w ere deflected by the m agnet.
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Fig. 7.2 The Rossi spectrum based on measurements per
formed up to 1948 and the spectrum of Caro et al. obtained 
with the Melbourne magnetic spectrometer

C ounters in the la s t (fourth) row could be used  to d istinguish  
the soft component from  the hard , which co n sis ts  m ainly of 
muons. The soft com ponent, which co n sists  m ainly of e le c 
trons , can be identified m ore efficiently  by adding one or 
m ore hodoscope counters sep ara ted  by lead a b so rb e rs . In 
such a sy stem , hodoscope counters detect cascade m u ltip li
cation of e lec trons in lead , while muons p ass through the 
te lescope as single p a rtic le s .

Fig. 7.2 also shows the muon sp ec tru m  obtained with the 
la rg e  m agnetic sp e c tro m e te r built by C aro  et al. [5]. This
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N, S — magnet poles;  1, 2—hodoscopic counters  
defining particle track direction; 3 -  counters  
defining the deflection  of the particle in the 
magnetic field; 4 —counters for the separation  
of the soft  and hard components; A —absorber

Fig, 7.3 Principle of the cosmic-ray spectro
meter (Alikhanyan and Alikhanov)

sp ec tru m  extends to 5 x lO 10 eV /c . The R ossi and Caro sp ec 
t r a  a re  in good agreem ent fo r m om enta below 1010 G eV /c . 
At h igher m om enta the sp ec tru m  m easured  with the m ag
netic  sp e c tro m e te r  fa lls  off m ore rapidly  than R ossi’s 
sp ec tru m . T his is probably due to  an underestim ate  of 
the u n ce rta in ty  in the ea rly  m om entum  m easurem ents 
which a re  included in R o ssi’s sp ec tru m . These uncerta in ties 
m ay be d u e , am ong o ther th in g s , to tu rbulence in the cloud 
cham ber.

S im ila r m easu rem en ts w ere c a rr ie d  out by the M anchester 
group in the m om entum  range (0.5 <  p <  20) x 109 eV /c 
[6, 7]. T h e ir m agnetic sp ec tro m e te r consisted  of two e lec 
tro m ag n e ts , one above the o th er, and counter hodoscopes. 
They exam ined the sp e c tra  of 60 000 p a r tic le s  and because of 
the im proved s ta tis t ic a l p rec is io n  these  m easurem ents may 
be taken as s tan d ard s  in th is range. The resu ltin g  spectrum  
is shown toge ther with the R ossi sp ec tru m  in Fig. 7.4.
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Fig. 7.4 Muon momentum spec
trum obtained by Owen and 
Wilson with the Manchester spec
trometer in the range 0.5 x i0 8-2  
x 10i0eV/c. Broken curve shows 
Rossi’s spectrum. The two spec
tra are normalized to p = 109 eV/c

spectrum  fo r m esons a rr iv in g  
in the v ertica l d irec tion  have been extended by Pine et al. 
[8] to h igher m om enta (Cornel U niversity), Holmes e ta l. [9] 
(M anchester) and Ashton et al. [10] (Durham sp ec tro m ete r). 
All th ese  experim ents used  la rg e  m agnetic sp ec tro m e te rs  
and the muon sp e c tra  w ere estab lished  up to m om enta equal 
to 1.75 x i o 11, 1.16 x 1012 and 1.7 x 1012 eV /c respective ly . 
In the M anchester sp ec tro m e te r [11] cloud cham bers w ere 
placed above each of the G eiger-coun ter tra y s . The upper 
window of each cham ber c a rr ie d  a coordinate g rid  and the 
m easurem en ts involved the determ ination  of the coord inates 
of the point at which the tra je c to ry  cut the grid . The p rincip le  
of these m easurem ents is  c lea r  from  Fig. 7.5, w here the 
shaded regions show the m agnetic fields produced by the 
upper and low er e lectrom agnets and A,B,C are  the points 
of in te rsec tio n  of the tra je c to ry  with the cloud cham bers. 
A s im ila r  method has been used  by the Cornel group. The 
spectrum  repo rted  by Ashton et al. was obtained with a 
la rg e  m agnetic sp ec tro m e te r 5-m  long and the m axim um  
m om entum  m easured  was about 1012 eV /c . The deflection 
of muons by the m agnetic field was m easu red  with the aid 
of G eiger counters and neon-filled  tubes [12].

The in tensities of the muon com ponent p e r unit so lid  
angle in the v e rtica l d irec tion  obtained with th ese  th ree  
sp ec tro m e te rs  a re  shown together in Fig. 7.6. Below 10u 
eV /c the s ta tis tic a l u n ce rta in ties  a re  v ery  sm a ll and the 
corresponding  experim enta l points a re  th e re fo re  not shown

M easurem ents of the muon
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aa', bt/, cc  -  plane Wilson cham
bers; AB'C — straight line join
ing the points of entry and exit  
of the muon; ABC — muon 
trajectory

Fig. 7.5 Principle of the Man
chester experiment. Shaded 
area corresponds to the region 
occupied by the magnetic field 
of the upper and lower electro
magnets

Fig. 7.6 Muon momentum spectrum ob
tained by Pine et aL, Holmes et al. and 
Ashton et al. Experimental points are 
indicated only for momenta greater than 
80 GeF/c. The spectra are normalized 
to p = 109 eV/c
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in this figure. The in tensity  d ec re a se s  very  rapid ly  with 
increasing  momentum and can be describ ed  by a power 
law of the form  o~ndp with n between 2 and 3 for m om enta 
between approxim ately 10” and 1011 eV / c.

7.4 THE ENERGY SPECTRUM OF MUONS AT 
LARGE ZENITH ANGLES

The in tensity  of the muon com ponent is a m axim um  in the 
v ertica l d irection . Its to tal in tensity  fa lls  off very  rap id ly  
with increasing  angle to the zenith. As an exam ple, consider 
the data of Allen and A postolakis [13] obtained with a m ag
netic sp ec tro m ete r at sea  level. T hese re su lts  a re  shown 
in Fig. 7.7 in which the in tensity  of muons with m om enta 
g re a te r  than 109 eV/c is  plotted as a function of the zenith 
angle. It is evident that with in c reasin g  zenith  angle th e re  
is an exceedingly rap id  reduction in the to ta l in tensity  of 
the muon component.

Very in te restin g  data w ere obtained on the in tensity  and 
energy spectrum  of h igh-energy muons a rr iv in g  at la rg e  
angles to the v ertica l. Such muons a r r iv e  from  an a lm ost 
horizontal d irection  and o rig inate  from  pions trav e llin g  in 
th is d irection. The pions a re  produced in the ra re f ie d  gas 
of the upper atm osphere and those trav e llin g  horizon ta lly  
have a much longer path before in te rac tion  than those 
trav e llin g  vertica lly . Pions trav e llin g  in the horizontal 
d irection  th e re fo re  have a much g re a te r  p robab ility  of 
producing decay muons than those a rr iv in g  in the v e r t i 
cal d irection . The muon energy sp ec tru m  will th e re fo re

so so

Fig. 7.7 The intensity of muons 
with momenta greater than 109 
eV/c as a function of the zenith 
angle ( Allen and Apostolakis)

Zenith angle, deg
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become enriched with h igh-energy muons as the zenith  angle 
in c re a se s , and the muon in tensity  at very  high m om enta m ay 
even exceed the muon in tensity  in the v e r tic a l d irec tion . 
This effect was f ir s t  pointed out by Jakem an [14] who m e a s 
ured  the in tensity  of muons with m om enta g re a te r  than 400 
GeV/c arriv in g  in the horizontal d irec tio n  at sea  lev e l. He 
showed that the intensity  was much g re a te r  than the in tensity  
of h igh-energy muons in the v e rtic a l d irec tion . A s im ila r  
re su lt was obtained by Wilson [15], Fig. 7.8 shows the r e 
su lts of Ashton and W olfendale [16] who deflected muons 
arriv in g  at 80° to the zenith in m agnetized iron . The muon 
spectrum  for the v e rtica l d irec tion  is  shown toge ther with 
the theo re tica l spectrum  obtained by A postolakis and Allen
[13] on the assum ption that the only so u rce  of muons is 
Ji—p decay. It is  evident that the in ten sitie s  a re  equal fo r 
m omenta of the o rd e r of 1011 e V /c , and that muons a rr iv in g  
at 80° have a h a rd e r  spectrum . Sheldon and D uller [17] used

* spectrum for vertical direction (Ashton  
et a 1.); 2 — theoretical spectrum obtained  
from curve 1 by A p osto lak is  and Allen

Fi&‘ 7.8 The spectrum of muons arriving at a 
zenith angle of 80° (experimental points)
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a counter te lescope to determ ine the in tensity  of the muon 
component at d ifferent depths underground fo r a zenith 
angle of 69 ± 3°. They showed that, at depths g re a te r  than 
about 140 m of w ater equivalent, the muon in tensity  begins 
to exceed the in tensity  of the muon com ponent a rr iv in g  in 
the v ertica l d irection  through the sam e la y e r  of m a tte r.

It follows from  the above data that in te rac tio n s involving 
muons with energ ies g re a te r  than about 1011 eV a re  b est in 
vestigated  with muons a rriv in g  at angles n e a r  the horizon tal.

7.5 ENERGY SPECTRUM OF LOW-ENERGY 
COSMIC-RAY MUONS

The muon energy sp ec tru m  shown above exhibits a rap id  
reduction in intensity  with in c reasin g  m om entum , and can be 
described  by the power law p ndp, w ith n between 2 and 3, 
fo r m om enta between 109 and 1011 eV / c  .

We will now consider the low -energy end of the sp ec tru m , 
to the left of, o r n ea r, the m aximum. It is th is  p a rt of the 
spectrum  which is the sou rce  of slow muons in experim ents 
in which muons a re  brought to r e s t  in a ta rg e t in o rd e r  to 
study decay o r capture reac tio n s.

The m axim um  in the muon m om entum  sp ec tru m  is due to 
the fact that as the muon energy d e c re a s e s , th e re  is an in 
c re a se  in the specific ionization loss and a reduction  in the 
re la tiv e  im portance of the re la tiv is tic  tim e d ilatation  effect 
so that the lifetim e approaches the life tim e of the muon at 
r e s t  ( t0 «  2.2 (.i sec). T hese two fac to rs  lead  to a reduction  
in the num ber of slow m esons, and the sp ec tru m  fa lls  off 
rapidly with d ecreasing  m om entum  below (4-6) x l 0 8eV /c 
(see Fig. 7.2). Fig. 7.9 shows m easu rem en ts of the hard  
component in the range (2-20) x 108 eV /c [18] at a height of 
3250 m above sea  leve l, using  the sp e c tro m e te r  illu s tra te d  
in Fig. 7.3. Again, th e re  is a c lea rly  defined m axim um  at 
about 6 x 108 eV /c , with a rap id  d ec re ase  in in tensity  with 
d ecreasing  m om entum .

At low m om enta, the usual absorption m ethod, o r  the 
absorption method operated  in conjunction with delayed 
coincidences, becom e just as effective as the m agnetic d e
flection method in m easurem en ts of the in tensity  and energy 
sp ec tru m  of the muon component. In the sim ple  absorption 
method, the d ifferen tia l range sp ec tru m  is de term ined  by 
counting the num ber of m esons which have p assed  through
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Fig. 7.9 Muon momentum spec
trum obtained at 3250 m above 
sea level (I — p ++ II — p +, 
III — p~). Particles included in 
this spectrum passed through 
6.6 cm of lead and 8 cm ot 
graphite. Electrons were sep
arated with the aid of absorption 
and multiplication in a 1.5-cm 
lead filter placed under the third 
row of counters (cf. Fig 7.3)

0  5  70 75 20
Momentum, J08eV /c

an ab so rb e r of th ickness R and those which have stopped 
in the next lay e r AR . The method of delayed coincidences 
is s im ila r  to the la s t m ethod, except that muons stopping 
in the  lay e r AR a re  observed  by detecting delayed counts 
produced by decay e lec tro n s leaving the lay er AR . This 
m ethod is  p a rtic u la r ly  useful fo r elim inating  p artic le  
im p u ritie s , e.g. pro tons.

To obtain quantitative inform ation on the in tensities of 
slow  pions and m uons, we will consider the re su lts  of 
Fotino [19] who used  a cy lindrical p la stic  sc in tilla to r of 
height 7 cm and volum e 600 cm 3 to determ ine the slow - 
muon in tensity  at 91, 3260, and 4310 m above sea  level. 
His re su lts  a re  shown in Fig. 7.10, w here the intensity 
given is averaged over all d irec tions. It is evident from  
th ese  data tha t at sea  level the num ber of slow muons 
stopping in the sc in tilla to r  exceeds the num ber of pions 
by a fac to r of 15. Even at a height of 3410 m th is facto r is 
s ti l l  2.5.

D etailed m easurem en ts of the in tensity  of the  meson and 
pro ton  com ponents of cosm ic rays for ranges equivalent to 
10-300 cm  of a ir  w ere  perfo rm ed  by C onversi [20], at 
heights between sea  level and 10 km and at geom agnetic 
la titudes between 9 and 50°N. Some of the data a re  given 
in Fig. 7.11, which shows the intensity  of slow m esons
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Fig. 7.10 Intensity of slow pions and muons at 
sea level and at high altitudes

and protons as a function of altitude for the geom agnetic 
la titude 50°N. Muons o r protons which penetra ted  15 cm 
of lead and cam e to r e s t  in a following 10-cm  lay e r of 
lead w ere  reco rded  in these m easurem en ts. It is evident 
that n ea r sea  level the m eson component has a much higher 
in tensity  than the proton component in the sam e in te rva l of 
range: at se a  level they differ by a fac to r of 6. The altitude 
varia tion  of in tensity  is well approxim ated by the form ula

N (t) dt ' e~,/Ldt

w here L is approxim ately equal to 150 g /c m 2 for m esons 
and 280 g /c m 2 fo r protons. B ecause of th is d ifference , the 
two com ponents a re  equal in intensity  at about 500 g /c m 2, 
and at h igher altitudes the proton com ponent p redom inates. 
C onversi also investigated  the la titude effect fo r slow 
m esons. At a height of 10 km , the muon in tensity  in the 
mom entum  band 315-348 MeV/c changes by a fac to r of 
1.87 ± 0.12 between 9° and 50° latitude. T hese re su lts  a re  
shown in Fig. 7.12.

The latitude effect fo r slow muons n ea r sea  level was



Fig, 7.11 Altitude variation in the intensity ol 
slow muons and protons at geomagnetic latitude 
of 50°N, (Conversi). The intensity is plotted as 
a function of depth in the atmosphere in g/cm2

Z.0 -

Geomagnetic latitude
Fig. 7.12 Latitude effect for slow mesons with ranges 
15 cm Pb<R<15 cm Pb + 10 cm graphite at a height 
of 10 km. The ratio of the intensity at latitude A to 
the intensity near the chamber is plotted as a function 
of the geomagnetic latitude A



320 Muons

determ ined by Sabram anian et al. [21] who c a rr ie d  out 
m easurem ents under a depth of 800 g /cm 2 of the atm osphere. 
They showed that the in tensity  of slow muons (ranges 47-64 
g /cm 2) at a la titude of 50 °N is g re a te r  by a fac to r of 3 than 
the in tensity  at the Equator. The la titude effect fo r slow  
muons is much g re a te r  than the latitude effect averaged 
over the en tire  energy spectrum  of co sm ic -ray  m uons, 
which amounts to about 10-15%. This re su lt is  explained by 
the fact that low -energy muons a re  generated  m ainly by 
re la tive ly  low -energy p rim ary  cosm ic ray s  which a re  m ore 
sensitive  to the e a r th ’s m agnetic field.

Finally we will d iscuss data op the absolute in tensity  of 
slow muons at sea  level. D el-R osario  and D avila-Aponte [22] 
have found that the in tensity  of muons with res id u a l range 
of 100 g /cm 2 at a latitude of 29°N is (4.25 + 0.13) x lO ^ g '1 
cm2s e c '1 s te r a d -1. M ishra and Sinha [23] have used  a m u lti
plate Wilson cloud cham ber to determ ine the m ean in tensity  
of muons with ranges between 15 a n d 6 0 g /cm 2. T heir re s u lt  
was (5.90 ± 0.15) x 10"6 g"1 cm 2sec"1 s te ra d -1.

It is  c lea r  from  th is data that cosm ic rad ia tion  at sea  
level, and to a g re a te r  extent at high a ltitudes, is  a so u rce  
of slow muons with in tensity  which is  adequate fo r many 
experim ental purposes. A bsorbers used  in co sm ic -ray  
stud ies to b ring  slow m esons to r e s t  (m etal p la te s , liquid 
and p lastic  sc in tilla to rs  and so on) can eas ily  have volum es 
of the o rd e r of 10 l i t r e s ,  so that many experim en ts  on the 
decay and absorption of slow m esons can be perfo rm ed  
with co sm ic-ray  muons.

7.6 POSITIVE EXCESS IN THE MUON COMPONENT

An in te restin g  fea tu re  of the muon component is an ap p re
ciable excess of positively  charged p a r tic le s . T his positive 
excess may be ch a rac te rized  by the ra tio  r = N ^ / N ^ - ,  
which is considerably  g re a te r  than 1 over p rac tica lly  the 
en tire  momentum range exam ined to date. Most of the 
m easurem ents of the positive excess w ere  c a rr ie d  out 
using m agnetic deflection to determ ine the muon charge 
with sim ultaneous determ ination  of the energy spectrum . 
Fig. 7 .1 3  shows the po sitiv e-ex cess  sp ec tru m  obtained by 
W eissenberg [18] at an altitude of 3250  m. The upper curve 
gives the positive excess for un filte red  cosm ic ray s  from  
a ir ; the low er curve gives the sam e plot fo r the hard  com -
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Fig. 7.13 Spectrum of positive excess at 3250 m 
above sea level

ponent f ilte re d  by 9 cm of lead. We see that th e re  is no 
positive excess fo r m om enta below 2 x 108 eV / c. In th is 
p a r t of the sp ec tru m  the soft e lec tro n -p o sitro n  component 
has an appreciab le  in tensity . This component is genetically 
re la ted  to y rays from  neu tra l pion decays and one would 
expect an equal num ber of e lec trons and positrons in the 
sp ec tru m  at these  mom enta.

In the sp ec tru m  of un filte red  rad iation  the positive excess 
com m ences n ea r 2 x 10s eV /c and in c rease s  rap id ly , re ac h 
ing a m axim um  of r = 2 in the region of 5 x 1 0 8eV /c . The 
appearance of the positive excess begins n ea r the minimum 
proton  m om entum  reco rded  by the apparatus (the total wall 
th ickness of the coun ters in the m agnetic sp ec tro m ete r was 
0.2 mm of copper which corresponds to a proton momentum 
of 2.4 x l o 8 eV/c ) .  This m eans that at low m om enta the p o si
tive excess appears as soon as the reco rded  p a rtic le s  in 
clude protons. F u rth e r  in c rease  in the momentum ( p >  5 
x 108 eV/c  ) leads to a slow reduction in the ex cess , which 
tends to approach a steady value of 1 .5-1.6. It might be ex
pected that the en tire  excess was due to p ro to n s , but an 
analysis of the sp ec tru m  of the hard  component con trad icts 
th is conclusion. In fact, the spectrum  of the positive excess 
in the hard  com ponent (see Fig. 7.13) does not include 
pro tons with ranges of le ss  than 9 cm of lead , i.e . protons 
with m om enta le s s  than 7.7 x 108 eV /c . Com parison of the 
sp e c tra  of positive excess for un filte red  rad iation  and fo r 
the hard  com ponent c lea rly  shows that a considerab le p a r t  
of the positive ex cess  in the spectrum  of un filte red  rad ia tion
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is connected with pro tons. However, it is c le a r  from  th is 
curve that a fte r the protons have been absorbed (and the 
e lec tro n -p o sitro n  com ponent has been rem oved) th e re  r e 
m ains a fin ite  positive excess which m ust be a sc rib ed  to 
the m eson com ponent. This positive excess is  r =  1.25 ±0.06 
in the momentum band (2.4-7.7) x 1 0 8 e V / c .  Alikhanyan and 
W eissenberg [24] have extended th ese  m easu rem en ts to 
2 x 1010 e V /c . Fig. 7.14 shows a sum m ary  of m ost of the 
published m easurem en ts of the positive excess in the muon 
component [5, 6, 8, 11, 25, 26, 27].

A nalysis of the above data shows that in the m om entum  
range (1-50) x 109 eV /c the excess lie s  between 1.2 and 1.3, 
and p asses  through a broad m axim um , falling  to ze ro  at 
h igher m om enta. The ex istence of a positive excess in the 
muon component and the natu re  of its  d istribu tion  over the 
sp ec tru m  has a sim ple qualitative explanation: it is due to 
the fact that the p rim ary  radiation  is positively  charged. 
Owing to charge conservation , th is excess is tran sm itted  
from  pions generated  during in te rac tions between p r im a r ie s  
and atm ospheric nuclei to muons produced in th e ir  decay.

O Holmes ef al. [ 9]
•  Owen and Wilson [ 6] 
A Caro et al. [ 5]
X Filosofo et al. [ 25]

° Moroney and Parry [ 26] 
▼ Brode and Weber [ 27]
* Pine et al. [ 8]

Fig. 7.14 Spectrum of positive excess in the muon 
component at sea level
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It is c lea r that the magnitude and energy sp ec tru m  of th is 
excess should be connected with the pion generation  m ulti
p licity . For la rge  m ultip lic ities the excess is d istribu ted  
among the large num ber of secondary m esons, and should 
th e re fo re  decrease  with increasing  p rim ary  energy, i.e . 
with increasing  m ultip licity . Since with in c reasin g  m ulti
p licity  th e re  is an in c rease  in the energy of the secondary 
p a r tic le s , the positive excess should d ec rease  with in c re a s 
ing muon energy. Fig. 7.14 shows that th is is in fact the 
case. The positive excess is also found to d ec rease  with 
decreasin g  muon energy. For muon energ ies of about 108 eV 
it is about 1 o r even slightly  le ss  than 1. This rapid  reduction 
in the excess at low en erg ies again has a sim ple  explanation. 
Slow muons orig inate  in the decays of slow  pions produced 
in the low er atm osphere w here the p rim ary  component has 
alm ost com pletely d isappeared  through absorption. Slow 
pions a re  the re fo re  produced by secondary  n u c lea r-ac tiv e  
p a r tic le s , half of which are  neutrons. Pions produced by 
neutrons do not exhibit a positive ex c ess , thus explaining 
the reduction in the excess with d ecreasin g  muon energy.

7.7 MUON INTENSITY AT GREAT DEPTHS

The final point which we m ust d iscuss is the co sm ic -ray  
flux at g rea t depths underground w here it co n sists  m ainly 
of muons. Underground m easurem ents of the v ertica l muon 
flux have been perfo rm ed  by many w orkers beginning with 
E hm ert [28] who used  G eiger-coun ter te lescopes. They 
have been made to depths approaching 2 x 105 g /c m 2 w ater 
equivalent and a re  sum m arized  in Fig. 7.15, which is based 
on all m easurem ents between 1937 and 1955 [28-33]. The 
extension of these m easurem en ts to la rg e r  depths in troduces 
sev e ra l problem s. The p rincipal difficulty is to find a su ffi
ciently  deep shaft in which the natu ra l rad ioactiv ity  of the 
surrounding rocks is low. Even in the m ost su itab le  shafts 
the flux due to rad ioactive contam ination with an energy 
g re a te r  than a few cen tim etres  of w ater equivalent is  9-10 
o rd e rs  of magnitude la rg e r  than the muon flux.

Barton [34] has c a rr ie d  out underground m easurem en ts 
of the v ertica l muon flux at depths of 1660, 3280 and 5050 m 
w ater equivalent, using  a w ide-angle te lescope consisting  of 
two row s of G eiger counters with an in te rm ed ia te  p lastic  
sc in tilla to r . According to B arton , the co sm ic -ray  in tensity
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Fig. 7.15 Hard component of cos
mic rays at large depths under
ground. Solid curve shows the results 
of under-ground measurements. 
Experimental points represent in
tensities deduced from momentum 
spectra at sea level and the muon 
range-energy relation

at the f i r s t  two depths, at which it probably consists  en tire ly  
of m uons, is 3 x 10“5 and 10“6 of the in tensity  at the e a r th ’s 
su rface respective ly . No cosm ic rays w ere observed  at 5050 
m w ater equivalent, and as an upper lim it of the in tensity  
Barton gives the figure of 10 '7 of the in tensity  at sea  level. 
Underground m easurem ents of co sm ic-ray  in tensity  at such 
g rea t depths are  in fact m easurem ents of the in teg ra l range 
spectrum  N ( >  R) of the muon component of cosm ic ray s . 
This range spectrum  may be obtained from  the m easured  
muon spectrum  at sea  level and the ran g e-en e rg y  re la tio n  
fo r h igh-energy muons. Com parison of the sp e c tra  will 
verify  the validity of assum ptions about the m echanism  r e 
sponsible fo r energy lo sses  experienced by muons tra v e rs in g  
la rg e  amounts of m a tte r. Calculations of such lo sses  have 
been perform ed by Ashton [35], George [36], B a rre tt  et al. 
[37], and o thers.

Ashton derived an expression  fo r the energy loss (in MeV
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g 1 cm 2) of fast muons in the ground. He assum ed that the 
average values of the atom ic num ber Z , the atom ic weight 
A and density q w ere 10, 20 and 1.9 g /c m 3 respectively . 
Ashton’s form ula is

— 1.51+0.0766J i n ,+  - — ■Emdx \ m^c2 4 £  _f. m^c2R , F ) (7a)
+  0.15-10 e£ In— 2 —0.23 +  2.1-1 MeVg-'cm2

w here the f i r s t  two te rm s  describe  ionization energy losses 
with a co rrec tio n  fo r the F erm i density effect. The quantity

E2
Em = p-j_m C2/2 mg is the m axim um  energy which a muon of

m ass m,, can tra n s fe r  to an e lec tro n  of m ass me . The th ird  
te rm  in th is form ula gives the muon energy lost through 
b rem sstrah lu n g :

dE  ̂ = 0 .1 5 -10"6£  (in — — 0.23
dx j

b r e m s
m̂ c

MeVg' 'em

The main contribution to the la s t te rm  in th is form ula is 
due to energy lo sses  through p a ir  production:

dE
dx

«  1.6- 10”eFMeVg*1cm2
p  a i r

All of these en e rg y -lo ss  m echanism s involve the usual 
e lec trom agnetic  in te rac tions. They are  calculated subject 
to various approxim ations, and depend on the assum ed 
average values of the atom ic weight, atom ic num ber and 
density  of the ground. Calculations repo rted  by o ther 
w orkers may th e re fo re  d iffer from  those given above by 
10-20%. This d iscrepancy  is not, how ever, too im portant 
since the s ta tis tic a l e r r o r s  in the m easured  muon energy 
sp ec tru m  a re  la rg e  at high e n e rg ie s , and the accuracy with 
which the co sm ic -ray  in tensity  is m easured  at g rea t depths 
underground is th e re fo re  not very  high.

The la s t te rm  in the above form ula includes a contribution 
due to ‘n u c lea r’ in te rac tions of muons which we d iscussed  
e a r l ie r .  According to approxim ate es tim a tes  c a rr ie d  out by
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Ashton this is of the o rd e r

^ 0.5 10_6£ MeVg^cm2 (7.2)
n u c l

Experim ental data confirm ing the existence of th is 
m echanism  for h igh-energy muons have been confirm ed 
by many w orkers . They have been review ed by George 
[36] and Fowler and Wolfendale [39]. It has been shown 
that high-energy muons give r is e  to nuclear d isin teg ra tions 
in m a tte r, and that the c ro ss -se c tio n  for th is p ro cess  
in c rease s  logarithm ically  with in c reasin g  muon energy. 
The observed phenomena can be explained as a non- 
c lass ica l e lectrom agnetic effect with the fram ew ork  of 
the W eiszacker-W illiam s theory. In th is effect the motion 
of a charged m eson gives r is e  to the appearance of a 
field of v irtual photons which in te rac t through the nuclear 
photo-effect with the nuclei in the m edium. Assum ing that 
the v irtual photons a re  equivalent to the e lectrom agnetic  
field of the high-energy muon, and that the c ro ss -se c tio n  
for the photo-nuclear p ro cess  is constant and roughly 
equal to 2 x l 0 '28cm -, we a re  led to the expression  given 
by (7.2). This m echanism  can be used to explain all the 
nuclear in teractions of fast muons known at p resen t. We 
note that as the energy of the muon in c re a se s , the re la tiv e  
im portance of non-ionization lo sses  in c re ase s  rap id ly . F or 
exam ple, at energ ies of about 200 GeV, ionization lo sses  
amount to about 80% of the total energy lo s s , w hilst at 
1000 GeV the fraction  is only about 40%.

Fig. 7.16 shows the range-energy  ra la tion  for fast muons 
obtained by Ashton on in tegrating  Equation (7.1). He used 
th is rela tion  and the muon spectrum  at sea  level obtained 
with the la rg e  Durham sp ec tro m e te r (curve 3, Fig. 7.6) to 
deduce the expected muon intensity  at various depths u n d er
ground (experim ental points in Fig. 7.15). This is com pared 
with the re su lt of an analogous analysis perfo rm ed  by P ine 
e t al. who used th e ir  own spectrum  (curve 1, Fig. 7.6).

T hese data confirm  the validity of the assum ed energy- 
loss m echanism s for fast muons. The sa tis fac to ry  a g ree 
m ent of the muon in tensity  p red ic ted  from  the ran g e-en e rg y  
re la tion  and the se a -lev e l spectrum  with experim enta l data 
on the in tensity  of the muon component underground shows 
that no substan tia l lo ss  m echanism s have been ignored in
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Fig. 7.16 Range-energy relation for high-energy 
muons

th is calculation. It is evident from  the curves of Fig. 7.6 
that this re su lt is valid up to muon m om enta of the o rd e r  
of 1012 eV /c , although in this region s ta tis tic a l u n certa in ties  
in the re su lts  a re  high, so that the ex istence of the photo- 
nuclear m echanism  for muons at th is energy cannot as 
yet be established.

In addition to the in teg ra l intensity  of the hard  component 
at g rea t depths underground, th e re  have recen tly  been som e 
m easurem ents of the muon momentum sp ec tru m  in u n d e r
ground lab o ra to ries  at depths of about 40 m. The m ost 
detailed m easurem ents of th is kind have been c a rr ie d  out 
with magnetic sp ec tro m ete rs  by Day on and Potapov [40], 
Ashton et al. [41] and Cousins and Nash [42]. Com parison 
of su rface  sp ec tra  with those obtained at these  re la tive ly  
sm all depths has again confirm ed the absence of muon 
in teractions other than those due to e lec trom agnetic  effects.
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