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l. Introduction

It was a great forward step to interpreat all of our material sarroundings in
terms of a few elements (now, we have already known about 103 kinds of ele-
ments and a lot of their isotopes). An obvious further step was the hope of in-
terpreting these elements in turn in terms of two kinds of particles, the proton and
the electron. As new particles were diseovered this hope of the late 1920°s slow-
ly faded away, the number of reuugniéad elementary particles was doubled with
the discovery of the positron and the neutron in 1982. Information laaﬂing to
- the discovery of these was made possible by the development of modern techni-
ques of studying the characteristics of particles, one of the most notable of these
techniques being that of the the clond chamber. With these improved techniques
available still another particle was discovered in 1936 (Cf. below). This particle
being called now the mu meson, or muon, is the first of the unstable particles to be
‘discovered. Now, there are about 30 of the new fundamental particles have been
discovered in cosmic radiation. Some were also produced later in the laboratory
in reaction induced by artificially accelerated particles. Although among most of
them we have still not known well about their properties, but we do have the
evidence to identify their existence. The number may be much larger—conceiv-
ably infinite. Because most of the new particles are unstable and have very short
hali-lives, they are not easy to be detected. It is disturbing to have to hypothe-
size so many particles. What we need is a theory of matter that will allow us
to predict the masses and other properties of them.

The muon, weighing some 200 times as much as an ele&l:run, above all the
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new particles is most I:ra.a:l;ahle in the laboratory because of its rclauvel}r long life
(2.2 x 10-° seconds, Cf. below) and the case with which it can be produced. It
“has been studied in more detail than any other unstable particle. In this article,
the writer intends to take a brief discussion on the properties and the decay modes
of which this fundamental particle possessed. '

Il. Discovery of muon and its artificial production

Physicists had been lauhng for a particle of mass like the muon since its ex-
istance was pastulated by the Japanese theoretical physicist, Yukawa (7). He had
shown that such a particle could explain the enormous strength of the forces that
holds together the protons in the nucleus in spite of the mutual repulsion’ of their
positive charges. The particle that acconnts for the electromagnetic force field is
the photon, which has no mass; by analogy, the nuclear force field should also
have its particle, but this particle should have a certain amount of mass, hecause
nuclear forces, unlike electromagnetic fomns, extend only a short distance from
the nuclens. The finite range of the nuclear force field indicated that its parti-
cle would have a mass about 200 times that of electron. _

Shortly after Anderson discovered the positron from cosmic radiation, the same
investigator and his co-worker @) announced that they had found still another un-
known particle. They found that cosmic rays include electrical particles which
‘make tracks in a clond chamber much like those left by elmtmn;,'l:mt which ap-
peared to have other characteristics differing from those of the electron. These
new particles were unusually penetrating; they did mnot knock electrons out of mat-
ter as readily as the usual electron; they often prnoeeded through lead platcs with-
out producing any perceptible secondary effects.

The evidence for existence of this new particle found by Anderson P_Lad come
principally from two types of studies. Both of these have grown out of cosmic
ray investigations. - The one line of evidence came from studies of the rate of
absorption of the radiation, and the other, from studies of thepa,ths left by par-
ticles as passing through a cloud chamber. These stadies have become sufficient-
ly numerous that there can be no question as to the existence of a heavy clect-
‘ron {(as named mu meson or muon) having a mass some 200 times ﬂ1e mass of
the normal electron. @ -

For several years the muons were thuughl: to be the parhnle pmtulatﬁd by Yu-
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kawa. But its weak-interaction (Cf. below) with nuclei and strong penetrating
power through matter puzzled physicists who want to identify it with Yukawa’s
particle. The cosmic-ray muons is the most abundent uumpunznt. of sca-level
cosmic rafliation traveled easily through the atomosphere, penetrated lead plates
‘and could even be detected in mines. Such behavior was unbecoming to
the hypo'tb;ﬁna.l Yukawa parti or to produce strong nuclear binding, Yuka-
wa’s particle must have quite strong nuclear interaction and therefore relatively
small penetrating power.

This difficalty was resolved by Lattes et al. @ who found another meson
named as pi meson or pion), a component of cosmic radiation in the high atmo-
sphere. Now, pion is reg'ardbd as the true Yukowa particle—its mass is about

270 me (electron mass), its spin integral, and its interaction with nuclei quite’

strong. R

The pions of Lattes et al. are positive and negative charged particles with a
mean-life of 2.5 x 10-® seconds. This is in fact that the source of the muons
that one finds at sea level in the cosmic radiation; a high énerg',r nucleon incident
at the top of the atmosphere collides with a nitrogen or oxygen nucleus and pro-
duces many pions, some of which decay into mnons.

- This fact leads to find a method to produc: artificially the pions and the
muons in the laboratory. If pions are the guanta of the nuclear force field, it
onght to be possible to produce them by a strong acceleration of a nucleon, in much.
the same way as X-rays (light quanta) are produced when electrons are accelera-
ted. The required acceleration can be produced in a nuclear mllmun, provided
sufficiently energetic partu:lm are avallable To pruwdc the rest energy correspond-
ing to the mass of 2?{] me , mucleons of at least 135 Mev are required.

Fig. 1. Target snd detestor arrangemeot
for observation of artificially produesd
megons. There iz a magnetie field per-
pendicnlar- to the figude. (Gardmer and
Laltes () -

The first successful experiment of this kind was carried out with the Berkely
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184-in. synchrocyclotron with a beam of 380-Mev a-particles bombarding a car-
bon target. (3 As shown in Fig. I, the cyclotron beam, circulating inside the
dee, struck the edge of the target. Any ntgaﬁ-.fe meson ejected from the target
in the forward direction would be deflected through a semicircle by the magni:!ic
field of the cyclotron and would strike -the or. This detector consists of a
stack of nuclear emulsions, set at an angle ol fto the plane of the meson tra-
jectory, so that mesons entering the surface would be stoppsd in the emulsions. A
m[mua production of mesons was observed, as many as 50 useful tracks being ob-
tained in each emmlsion in a 10-min exposure, The mass could be determined
from the curvature in the magnetic field and the range in the emlsion, proved to
be about 300 me , indicating that the particles were pions. As was expected, the
great majority of the negative pions which stopped in the cmulsion gave rise to
stars: no = — u decays were observed. Laterly, the Berkely group (@) succeeded in
detecting positive pions also, coming from the target. These they found almost
jnvariably ended up by decaying into muons; in no casc was star production by
a positive meson observed. .

It has been found that mesons can be produced with a varicty of bombard-
ing agents and target nuclei. Pions have been observed with e-particle, proton,
neutron, and y-ray bombardment of various elements, including hydrogen, beryl-
linm, and carbon. But, we have not ever find a direct methud to produce the
muons artificially except those fiom the decaying of pions.

M. Charge of the muons

Both positive and negative muons are observed: at sea level there are about
20 per cent more positives. The magnitude of the charge can be determined with
fair accuracy h‘ji a comparison of the specific jonization of hagh-energy muon and
electron tracks, since the minimum ionization prodaced by such a partiele is pro-
portional to the square of the charge. '

In fact, the meson theory of nuclear forces implies strongly that the electric
charge of a meson is exactly equal to that of a proton or electron. It is assumed
that a proton, for example, can transform into a neutron with the emission of a
positive meson, The meson takes off the electric charge. There is no reason to

"believe that any part of the charge can be created or distroyed, so that natural
theoretical presumption is that the electric charge of a meson is exactly equal to
that of a proton or electron.
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The measurement of the charge of a muon has been made by Hazen @. He
compared the density of ionization of @ particles from P* with penetrating cosmic
ray particles of momentum about 400 Mev/c. From his data it seems fairly sure
that the ionization of muons does not differ from that of electrons by more than
10 per cent. Since the ionization is proportional to the square of the charge, the
two charges cannot differ by more than 5 per cent.

-Using the same gtneral procedure, Frost's measurements @ have reduced the
possible difference somewhat farther. As shown in Table I, the final column gives
the ratio of muon charge to electron charge. In no case is it significantly differ-
-ent from unity, and the estimated errors indicate that the difference from unity
cannot be greater than about 2 per cent. Another additional data obtained from
the investigations of nuclear interaction of mesons (Cf. below) indicated that the
muon charge is identical to the electron charge. Strong indirect evidence is ob-
tained from the fact that different methods of measuring nmon masses give con-
sistent results if muon charge is assumed equal to that of an electron, and would
not be consistent otherwise.

It should be remarked that no evidence has been found for the existence of a
neutral muon, Presumably such evidence would be difficult to gather because a
neutral muon would. possess many of the properties of a neatrino. (Spin %, ex-
tremely weak interaction with matter, etc.)

Table |. lonization by electrons and muons according to Frost &

. . . . .. | Ratio of min. .
Minimarh densityMinimum density : - | Ratio of
. Gas |of ionization for|of ionization fo- h:;ﬁ‘? ﬂ;;:z Char mion
giectron  muon | :l‘bctmn to Llectron
Hydroge ., ~  6.48 ' 6.78 - 1046 [ LOZ +0.03
Heliom a8.13 8.20 1.009 1.005 4+ 002 |-
Argon 53.1 55 2.039 1.017 4+ 0.03

IV. Mass of the muon

The mass of an energetic meson, like muon, is not easy to determine with
precision. The curvature of the track of a meson in a magnetic field gives at once
its momentum, since the charge is known. To find the mass, either the speed or
the energy must then also be known. The speed can be inferred, if it is not too
great, from the degree of ionization produced; the energy can be inferred from
the range, provided the end of the trajectory can be located.
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Leprince-Ringuet and his co-workers (@ made one of the earliest precise de-

terminations of the muon rest mass. They were lucky enongh to get a clond-
chamber pictare that showed a muon in a magnetic field having an elastic colli-
sion with an clement; just afterwards it passed thfuugh a lead plate with a mea-
surable energy loss. Analysis of the collision gives 240 + 40 me for the rest mass
of the muon. '
' In the years 19461950 an extensive study of the masses of the mesons ob-
served at sea level was carried ont by Brode et al. Gd. In these measurements,
two cloud chambers, one above the other, were used, The upper chamber was in
a strong magnetic field and served to determine the momentum of the particles;
the lower was provided with a series of horizontal lead or copper plates in which
the range could be determined. The result of these measurements was a mass of
206 -+ 2 me (. ' ' '

The best “accelerator’ value of the positive muon (u*) mass has been deriv-
ed by Barkas @ from a measurement of the mass ratio of the =%yt meson (de-
termined by magnetic curvature and range) and the value of the absolute momen-
tam of u* (derived from pions decaying at rest). Barkas finds m (p*) =209.6 + 2.5
me . The negative muon (u~) possesses the same mass as p* within experimental
erl;ur, according to a cloud-chamber measurement of Lederman et al. @; by study-
ing 25 7~ — p~ decays in flight in a 16-in. cloud chamber subjcctud to a magnetic
field, they derived a value 209.8 4 2.2 me for the mass of u, assuming the =~
mass to be 276.1 + 1.3 me @@ More recent determinations of the mass of artifi-
cially produced positive muons give the value m(p)=207+1 me.

The most accurate method of measaring the mass of munon, which must be
combined with the measurement of the magnetic moment to obtain the “g-factor,”
(5 was first derived by L. J. Rainwatter. It consists of measuring the energy of
XM-rays (or photons) emitted. when a negative muon cascades down through its al-
lowable orbits around a nuclens. The energy follows the same laws that govern -
the energy of the photons emitted by electrons when they make similar transi-
tions, and this energy depends directly on the mass of the particle. It happens
that when X—rays are directed at an absorbing target, rays having a certain nar-
row range of energies are absorbed. These sharp changes in absorption, known

as “edges,” ocour when an X-ray has just enough energy to knock an electron oc-
cupying a particular energy level clear ont of an atom. By coincidence X-rays
emitted by muon in a certain step of its cascade from orbit to orbit around a
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phosphorus nuc]eus have an energy corresponding to an edge in lead lmnfnm as
the “K edge.” This edge is not absolutely sharp but changes over a narrow en-
ergy interval. By allowing X-rays from phosphorus mesic atoms to be absorbed
in lead, one can determinc just where is this energy interval the X-ray line is
located. From this it is possible to caleulate that the mass of the muon is 206.76
+ 0.2 me @ While this is a remarkably precise value as mass measurements go,
it still leaves a tantalizing uncertain of 10 per cent in the value of the “g-factor.”

V. Spin of the muon

It has not yet proved possible to make any measurements of meson spin
which are as direct and clear-out as those on the mass and charge. Theoretical
considerations indicate that if the meson is responsible for nuclear forces it may
well have a spin; since the nuclear forces are dependent upon the orientation of
the spins of the nucleons mvulved, the meson field must, therefore, take aceount
of those orientations in space. This cannot be done by a purely scalar field, but
requires a field for which more than one quantity must be specified at each point.
One way of accomplishing this would be to assign an internal coordinate which
1s to be specified in addition to the meson’s position in order that its state be de-
- termined; that is, a meson spin.

Most eﬁpc:rimental observations of particle spins are really observations of the
effect of the magnetic moment associated with the spin. One observes, for atom-
ic electrons, that the spectral lines are split up by applying a magnetic field, and
one can then infer values of angular momentum and spin. The effect is observ-

~able because of the encrgy difference between different spin orientations in a mag-
netic field. The energy differences are small, however, and no one has noticed
‘them in the case of mesons, whose energies, when observed, are usually many or-
ders of magnitude greater than those of atomic electrons. In addition the num-
ber of mesons available to observe is usnally of the order of “1”, whereas in the
‘case of atomic electrons it is 10"® or more. The problems involved are quite dif-
ferent, and the methods used for measuring spins of other particles have not so
far been applicable to mesons.

As a matter of fact the most mnviﬁcing information concerning muon spins has
been obtained from that interactions of muons with other particles of known spin.

- The various decay and absorption phenomena (CF, below) in which the muon
'~ participates are all extremely suggestive of spin 4 for the muon. In particular,
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the acceptance of zero cutoff at the high-energy end of the electron spectrum from
muon decay as an experimental fact enables one to exclude spin 3/2 for the muon.
This is so because all direct couplings of a spin 3/2 mmon with a spin % elec-
tron and two spin & neutrinos lead to electron 'spectra with  finite cutoffe @.
Spin 0 lor the mmon is also excluded since zero cutoff yules out all spin 0
theories except one, and the over-all shape of the electron spectrum from p
decay appears sufficient exclude this one possibility, These statements follow
only if one believes the p decay spectrum of Sagane et al. @@ If a finite cutoff
tarned to correct @, after all, spin 4 would still be plausible but the g decay ex-
periment would not constitute a measarement of the muon spin. The question
still remains, therefore, whether there is any other type of experiment which yields
a more direct determination of the muon spin.

Christy and Kusaka @ were the first to point out that a careful analysis of
certain cosmic-ray experiments on the frequency of large bursts of ionization pro-
duced by very energetic muons (the so-called “burst pl;oduutiun" by the penetrat-
ing component of the cosmic radiation) would throw light on the muon spin.
Their theoretical calcnlations showed that there were two processes by which mes-
ons could create large electromagnetic showers, the production of high-energy
knock-on electrons and bremsstrahlung photons. The latter process is the smore
important one, :

The calculations with spin 0 or 4 were a better fit to the experimental va-
lues than those with spin 1. They compared their calculations with the data ob-
served by Schein and Gill. @ As shown in Fig. II, the data appear te be in excel-
lent agreement with the spin 0 case, but the accuracy of calculations and data is
such as to rule out spin 4. For one thing, the muon mass assumed in the cal-
culations was 177 me . The bremsstrahlung cross section is inversely proportional
to the square of the mass, as having been calculated for muons of spin 0, %,
and 1, @ so that use of the improved value of muon mass (215 me , by Brode),
would reduce the calculated values by about 32 per cent @, which would make
the spin 4 curve agree best with the experimental data. Other uncertainties ren-
der this conclusion uncertain as well. All that can be said is that spin 1 does
not appear to be a pu'ssibi'litj;r.

The main question concerning the experimental data is that of whether the
bursts recorded really are showers created by mmons. Qmnalitatively it is evident
that this is the most likely process. There are four main possibilities for the pro-
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duction of bursts: (a) nuclear events (stars) in which heavily ionizing tracks
are given off; (b) showers produced by mesons; (c) showers produced by high-energy
photons or electrons; (d) groups of particles (air showers) incident on the ion
" chamber. (a), (¢), and (d) are favored by going to high altitude, (a) and (d)
tend to be important in thin-walled chambers where there is little chance for
shower formation. Shower produced by muons appear to be the main canse of
bursts in well-shielded ion chamber at sea level.

(T
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Fig, II. Calculated and Observed burat
frequencies for different mesons, from
Christy and Kusaka @ Freguencies ara
given in bursts per cm® from a thicklayer
of lead. Sizes are given in number of par-
ticles, assuming the bursts comsist of large
numbers of minimum lomization particles,
Circles are experimental points of Schein
and Gill &h.

g
=

Bursts pir secand per cm®

)
F—

W

Size of burst expressed a3 Mumberof perticles

If high-energy mesons were the only caumse of such bursts, one would expect
the burst frequency to change very little between sea level and mountain altitudes.
Schein and Gill @ found, however, that the rate was several times as high at .
3350 M. as at sea level. They interpreted this as an additional burst formation
at the high altitade, probably due to high-energy photons and electrons. No such
assumption is necessary at sea level since the calculations of Christy and Kusaka
indicate that mnons can account for all the bursts observed. If there is really a
small contribution to the rate of occurence of bursts at sea level due to photons,
electrons, or nucleonic component, this fact would make even stronger the conclu-
sion that the muon spin is 0 or %, but not 1 or greater. ‘These conclusions re-
lative to bursts and muon spin have been substantiated by a more detailed inves-
tigation by Lapp @. He has shown that bursts in ion chambers at sea level with
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shielding of 12 em of lead and 35 ¢m of iron were both consistent with prodm:-
tion by muons of spin 0 or %,

Fahy @b has actually worked the argument the other way; assuming that the
muon possesses spin } (on the basis of the decay experiment), he infers from a
comparison of the theoretical spin 4 curve and the (d) curve in Fig. III that 55
per cent of the large bursts under 35 cm of iron at sea level are produced by
muons. Since the theoretical spin 4 curve is parallel to the l:xperime;nﬁl curve,
it is reasonable to assume that the fractional contribution to burst production by
muons is roughly constant over the range of burst size given. It follows, fm
the slope of the experimental curve that the integral muon spectrum in the energy
region 10" to 10" ev iz of the form defe'"".
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Fig. IIL ‘Pheoretical frequency-size distritm-
tlons for burst produmetion corresponding to
different assumed #pins for muonm; curve (a)
aorresponds to spin 0, (b) to apin %, (8 to
spin 1. Ourve (d) represents the sxperimental
rosolts of Lapp @ at sea level using & 36-em
iron absorber.
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Fahj' @ has measured the burst-production rate at an altitude of 3500 M.
under thick absorbers consisting of (a) 10.7 cm of lead surrounding an ionization
chamber and (b) 26.7 ¢m of lead surrounding the top hemisphere of the ioniza-
tion chamber and 10.7 cm surrounding the bottom hemisphere. His integral size-
frequency curves are shown in Fig. IV, together with sea-level curves obtained by
Lapp @& under 10.7 cm of lead. It is seen that there is a factor of 8.5 between
the sea-level and mountain-altitude rates under a 10.7 cm lead absorber and a fac-
tor of 1.6 at mountain altitade between the two thicknesses of lead absorber. From
the fact that 55 per cent of the burst production under 35 cm of iron at sea level
is caused by muons and the assumption that the remaining 45 per cent of the
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", burst-producing radiation which does not consist of muons is made up of a radia-
tion whose cross section for burst production is proportional to A*® (A is the
atomic weight), it is possible to reduce that 68 per cent of the bursts obtained at
sea level under 10.7 cm of lead are produced by muons.

16°
1
=3
Fig. IV. Measursd Irequemcy-size dis- ,1‘-“"
tributiona for burst produstlon wunder - "
different thiskness of lead sbsorber mnd 5
st two altitndes. Curve {8} corresponds -
to 10.7 ém of Pb at 3500 M., (b) to 26.7 i’ _
em of Pb on top and 10.7 em of Pb on B
bettom at 8500 M., (¢} to 10.7 ¢m of Pb i 10 3
at sen level,
(]
()
n-l
: o : w - LI - ot

Number of particles.

As an over-all conclusion, then, we may say that a spin of 0 or 4 seems to be
indicated for the majority of muons at sea level, but this is by no meams an un-
alterable conclusion if strong contrary evidence should be presented. Other evi-
dence presented in the decay of muon favors a spin of 4. (Cf. below). ‘

_VL Meaﬁ‘r‘i{:e of the muon

According to Yukawa’s theory, a free meson should decay into an electron
( + or — ) and a neutrino; a meson which is captured by a nucleus should interact
strongly with the nucleus and give rise to a violent disintegration. That the de-
~cay of the muon might be responsible for certain anomalies in the absorption of
the hard component of cosmic rays was first suggested by Kulenkampff in 1938,
It had been observed by a number of workers that cosmic rays are more strong-
ly attennated in the atmosphere than in condensed materials of the same eiqu.{va;l-
ent thickness, measured in grams per square centimeter. This behavior could be
accounted for if the meson in the atmosphere desayed with a life of the same or-
der as the time required to stop them by ionization loss; in condensed materials,
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the time required to traverse a given number of grams per square centimeter is
much smaller and the decay is less important. :

In a series of experiments undertaken to provide qltanutatwe data on this
point, Rossi et al. €9 have measured the muon intensity at several altitudes in the
atmosphere, and compared the apparent absorption with that observed in 87 grams
per em® of carbon. Since carbon has the same number of electrons per unit mass,
and roughly the same atomic number as air, the true absorption due to ionization
lose should be the same for layers of carbon and air having the same mass. The
result of these experiments was that, at all altitudes, the apparent absorption co-
efficient in air is about twice as great as in carbon, indicating that about half of
the loss of muons in air is to be attributed to decay. The mean life they obtain-
ed for the mnons pmng through their apparatus was r=3.2 x 10~ sec. In a
coordinate system at rest with respect to the muon, the proper mean life =, i
given by @& |

e [ — . Wo
To=rT l.— =T W .
~ Where W is the total energy and W, the rest energy, M. c®. The effective energy
of the muons could be estimated from the known energy spectrum as 1.3 Bev.
Thus from this experiment, the mean life of muon at rest was determined to be
about 2.7 + 0.2 x 107" sec. :

A direct determination of the lifetime of mmon at rest was undertaken by
Rasetti and by Nereson. et al. @. They used the method of delayed - coinciden-
ces and obtained the value r+=2.154-0.07 x 10-* sec. Alvarez et al. @ have
measured the lifetime of the u+ by detecting, with scientillation counters operating
in delayed eoincidence, the decay of the u* arising from artificially produced =*;
they found v+ =2.09 4+ 0.03 x 10~® sec. from a curve covering an intensity varia-
tion of a factor of 10% The different values agree within their statistical errors,
and we may use 2.2 x 10~° sec. as the lifetime of the muon.

According to the theoretical and experimental studies on the dcmy of slow .
g~ physicists €} have already found the effect on the p~* lifetime of competition
from nuclear absorption. All evidence pﬂmt to an equality of x~ and p* lifetimes -
in the ahsence of matter.

Vll. Decay products of the muon
Furalnngnme,jtwazﬂmnghtthatam]mndecaysmto an elmtrau and a
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neutrino, each departing with about 50 Mev apiece. In 1947, Anderson et al. @
obtained two cloud-chamber photographs, each showing a muon decaying into an
“¢lectron with an energy of about 25 Mev. Soon thereafter, many experimental-
ists secured evidence for the nonuniqueness of the electron energy (two-particle
decay should lead to a uniu_ué energy), and it is now certain that the muon emits
a continuous spectrum of electrons. This fact implies that the decay of mmon is
accompanied by the emission of at leat two neutral particles in addition to an
electron. ' '
Lﬁghton et al. §) have measured the electron spectrum from muon decay
with a clond chamber in a magnetic field of about 7,000 gauss exposed to the
cosmic radiation; 75 decay electron tracks were measured, and it was found that
the electron spectrum extends from 9 to 55 Mev. The observed upper limit of
the spectrum implies a muon mass of 217 & 4 me assuming the decay scheme

,u-—-w—}e-l-ﬂp'

(v is a neutral particle of mass 0, presumably a neutrino), although it was not
clear, in view of the experimental error, whether the spectram at the upper limit
had a finite or zero cutoff. The mean electron energy tarned out to be about 35
Mev (about one third of the muon rest mass) and therefore argued against more
" than two neuatral particles (in addition to the electron).

Further evidence for a contimuous spectrum was obtained by Davies et al. @
~ using photographic plates. They measured the energies of 81 decay electrons and
obtained a peak in the energy distribution somewhere between 35 to 40 Mev,
The observed spread of encrgies was definitely outside the statistical spread which
would have resulted from a single decay encrgy. The upper limit of the spec-
‘tram was not so sharply defined as in the cloud-chamber experiment but never-
“theless led to a reasomable mass 204 & 19 me for muon. Another photographic
" measurement of the electron spectrum from u decay has been made by Bramson and
Havens gD thesr results, based on 117 decays, are shown in Fig. V. If the aver-
age electron energy is taken as one-third of the total available energy, the mass
. of muon can be inferred from Fig. V and turns out to be 209.3 & 22 me . They
believe that their points imply a.finite cutoff at the high-energ; end (in disagree-
ment with Sagane et al. — Cf. below), although the statistical natare of multiple
scattering measurements (by means of which the electron energies were determin-
- ed) must make this conclusion questionable.
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The most accurately determined electron. spectram from u* has been obtained
by Sagane et al.” &3 using a spiral-orbit spectrometer. Their spectrum is shown
in Fig. VI inclading the correction due to the finite resolution of the spectrometer,
This experimental spectrum is in excellent agreement with the theoretical “Dirac”
electron spectrum predicted from p decay, which attains completely unique shape
as following &i: '

W =1 g ]
Pw)dw =G, YNL (D +D)u e — W) dw

T T T L APE—
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Fig. V. Meagured elostron
spectrum from g6+ desay (Bram- 2ol
son and Havensl; the solid g
eurve represents the beat fit 3
to the experiméntal pointadi. -
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Fig, ¥I. Measnred eltetron spest-

ram from g+ decay (Bagane &t al); _E‘ )
the selid enrve represants the theors- = 60%
tical  “Diras™ elestron-spectrum 'E

showing the best fit fo experiment-
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It points ont: (a) the maximum energy = 53 + 2 Mev, from which one derives a
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mentam scale; (¢) the intensity is zero at the upper limit of the spectrum within
the experimental accuracy (10 per cent of the maximum intensity).

The best dqnmnat'.tatian that shows the charged particle resulting from the muon
decay indeed possesses electronic mass, comes from an experiment by Hincks and
Pontecorvo 5. They investigated the penetration of the charged decay particles
from muons through various absorbers, and found two components in the decay
radiation, one of which was maore penetrating than the other. The soft component
is the charged particles whereas the hard component is the bremsstrahlung radia-
tion associatied with the charged particles constituting the soft component. The
actual intensity of the hard component requires a mass less than 2 me for the
 charged ‘decay particle. Further sapport for the electronic nature of the charged
decay particle from muon comes from an observation of the collision of one of
the decay patticles with an electron in a photographic emulsion and a measure-
ment of the energies before and after the collision by means of the scattering me-
thod @ It turns out thac the mmervatmn law requires the nhargad decay particle
to be an electron.

] To identify the nature of the neutral particles resulting from the decay of a

muon, Hincks and Pontecorvo @) have performed a direct experiment (looking for
coincidences between decay electrons and materialized r rays) in order to decide
definitely whether or not one of the neutral decay particles is a phomn but their
result was completely negative.

All the quoted experimental results lead to the following unique decay scheme
for muon pt ——> e+ + 2v, where v represents a neutrino. Myre recently, many
experimental works @ have identified the conclusion that a neutrino and an an-
tineutrino are emitted in the decay of a muon, rather than two neutrinos or two
antineutrinos. Several other decay modes of muons have been also predicted and
investigated by many physicists @, but it is still questioned to make a definitely
successful conclusion.

VIIl. Interaction of muon with matter

A munon interacts with matter through its electric charge and magnetic mo-
ment @, and through the g-decay interaction. Therefore a wmon loses energy
throagh ionization of the matter through which it passes. In fact, ionization is
virtmally the only means by which muons lose energy, since their relatively large
-nass leads to quite small scattering by atomic nuclei, so that bremsstrahlung is

—_15 —
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quite unimportant, and their nuclear interaction is extremely weak. Due to this
inertness muons leave them as the major constituent (about 80%) of the cosmic
rays at sea level; and nucleons are removed by nuclear collisions.

If a muon is brought to rest by traversing matter, its fate depends upon its
sign of charge @. A positive muon, being repelled by atomic nuclei and attract-
ed by electrons, may borrow an outer electron from an atom and with it make -
a hydrogen-like “atom”, the muon being the “nuclens”. This phase of its life is
short; for the muon decays into an electron and two neutrinos with a mean life
expectancy of but 2 p-sec.

On the other hand, a negative muon iz attracted by atomm nuclei and, in vir-
tue of its mass being so much greater than that of an electron, it readily displaces
an electron from an atom and forms what iz called a “mesic atom™, The meson
drops from one bound state to another §@, emitting quanta as it goes, until it at-
tains the Is-state. This capiure process takes only about 10-** sec., so that, once
broaght to rest in matter, nuclear capture is virtnally certain. From this state the
muon has two choices: It niay decay into a negative electron and two neutrinos
as it would do if free, or it may induce a ﬁ-transmnn in the nucleus by the pro-
cess, which is so called “forced decay”: :

pt + w——n + »

(where p* is the proton and n is the neutron). The probability of occurrence of
this kind of decay is found experimentally to vary approximately as Z' for low
and medium atomic namber (Z), and to compete equally with spuntéuheous decay
at Z=I1. _ , '

The energies of low-lying bound states of a mesic atom are virtually unaf-
fected by the atomic electron clond because the wave function of the meson is
so strongly localized near the nucleus, but they are greatly modified by the pene-
tration of the meson inside the nucleus itself. This property renders the muoon
quite valuable as a “test particle” with which to probe the structure of the nu-
clear charge distribation 3.

Another most interesting phenomenon which stems from the relatively great
mass and small nuclear interaction of the muon is the mesic catalysis of nuclear
reactions @. Consider a p-mesic hydrogen atom _WmIPOBﬁd of a proton and a ne-
gative muon. This stracture is quite small because of the large muon mass and,
being neutral, is able to penetrate inside other atoms, just as a neutron can.
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When the mesic atom closely approached another proton, tht‘. mmon may be “shar-
ed™ between the two protons to form a “mesic E}rdrogn:u molecule ion”. The inter-
proton distance of such a molecule will be comparable with the size of the charge
clond in the mesic hydrogen atom, namely, about

A, =dreel’ Mo 4 —956x10- m.
- mye ™

Although this separation je rather large compared with the “range” of nuclear forces,
there may still be an appreciable probability of nuclear reaction between the
protons within 2.2 p-sec lifetime of the muon. If such a nuclear reaction does
oceur, the muon should usnally be expelled, and might repeat the whole process.

Nuclear reactions of the above general type have been observed in the liquid
hydrogen of a bouble chamber by Hugh Bardner @§ and are believed to result
from the following sequence of events: A negative muon is bronght to rest .in
the hydrogen and forms a mesic atom with a proton. This mesic atom wanders
about till it enconnters a deuterium atom (ordinary hydrogen contains about ] per
cent of deuteriﬁm), whereupon the nmon leaves the proton and attaches itself to
the deuteron. The mesic denterium in turn wanders about until it forms an “H-D”
mesic molecule ion, and the proton and deuteron combine to form °He, ejecting
the muon with several Mev energy.

IX. The comparison between muons and electrons

Muons, electrons, and neutrinos are classified as a kind of light particles, called
“leptons”, whose interaction with baryons (or massive particles, namely, p, n, A°®,
S+, 5°, -,8", etc.) and mesons (particles of intermediate mass, namely,onw™, »,
%, K"’,'K_", K=, etc.) is considerably weaker than that between baryons and mesons.
According to this classification, muon is no more considered to be a meson .

Except the lifetime and mass, the muon in so far as the weak interactions gu,
behaves much like a heavy electron. As shown in Tablc II, there are many
similarities between mmons and electrons:

" (a) There are two kinds of muons, positive and negative; as there are positive and
negative electrons. There are no nentral muons and no neutral electrons.

. (b) The muon’s intrinsic angular momentam (spin) appears to be ¥, as is the

spin of the electron. Curiously, the experimental evidence for this fundamental

property is not strong, but since so many of the detailed properties of the muon

—_— 17 —
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satisfy the theory for a particle of spin of 4, there seems little reason to doubt
that 4 it is. ' o -

(c) Both muons and electrons together with neutrinos, obey a conservative law
stating that the number of leptons in the universe is a constant. This may seein
strange inasmuch as there are many processes in which these particles are created
and distroyed. If we count correctly, however, assuming the value of +1 to the
electron, the negative muon and the neutrino, and a value of — 1 to the positron,
-the positive muon and the antinentrino, then the number of leptons at the beginning
and the end of any reaction is the same. For example, when a positive muon
decays into a positron, a neatrino and an antineutrino, the total number of h:ptona
is — 1 both before and after the decay.

(d) The muon and the electron have approximately the sammtr:ngth of magnetic
moment, The value of the moment is often expressed in terms of a g-factor which
is equal to the ratio of the actual magnetic moment in magnetons to a value that
is half a magneton. The most recent measurement from the “g-2 apparatux" of
C. E. R. N. (the European Organization for Nuclear Research) shows that the g--
factor of the muon is 2.001145 - .000022. The theoretical prediction is 2.001165.
Experiment therefore confirms, to an accuracy of 1 per cent in the anomalous part
of the g-factor, that the muon behaves exactly like a heavy electron; '

The only baffling question is: If the muon is identical to the electron in its
interactions, why should it be 200 times heavier? — Physicists believe that the mass
of a particle is a.mnseqmce of its interactions; when two particles display iden-
tical interactions, there is no mechanism that can be invoked to explain a difference
in their masses.

Soonafter the discovery of the breakdown of the parity @, workers in muon
physics now have a powerful means of studying this particle. A series of experi-
ments have been initiated at Columbia Univ., the Univ. of Chicage and at C. E.
R. N., to study the magnetism of the muon. It is of great interest to measure
the magnetic mement of the muon ty determine if the theory that works so well
for the electron is applicable. A deviation from the predicted value could give an
important clue to the structure of the muon and hence to the origin of its mass.

The mystery of the muon mass has d&cpcncd and there are no very helpful
suggestions as to where ph)fsmsts can tarn for e:nllghtcument The best hope seems
ta lie in scattering experimedts using the higher energy muons, for example, from
the new 30-Bev accelerators at C. E. R. N. and at the Brookhaven National La-

— 18 —
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boratory. In such nltraenergetic collisions, there isi[wayt a chance that something
new will be turn up to explain further the similarities between the muon and the

elec.trun

(D
2)
(3
(4

(5
(6)

Table Il. The Comparison Beiween Muon and Electron

Electron Muon
Date Discovered 1897 1936
Mass 1 207
Mean Lifetime (Sec) Infinite 2.2 x 10-%
Electric Charge —1 (+D) —1 (+1)
Lepton Number 1 (=1 1 (=1
Spin + ¥
- Modes of Interaction Electromagnetic Electromagnetic

and “Weak” and “Weak”
Predicted Anomalous
Magnetic Moment* 2.0011596 2.001165
Measured Anomalous 2 0011609 2 001145
Maguetic Moment* +.0000024 +.000022

* Expressed as the g-factor valne.
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