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Elementary Particles

4.1. Fundamental properties of elementary particles. Ele-
mentary particles are characterized by the following parameters: mass,
spin, electric charge, magnetic moment. . '

The mass is best defined as the constant, m, that enters in thg relations
between the total energy, U, the momentum, p, and the velocity, Bc, of
the particle, such as U = me/V1 — g, U? = pic + mct, ete. A mmul-
taneous measurement of two of the above quantities, therefore, yields
the value of the mass. )

The spin represents an intrinsic angular momentum of the partlc.le.
The natural unit for the spin is# = h/2x, the angular momentum of a point
mass moving along an orbit with azimuthal quantum number one. In
terms of %, the spins of elementary particles are reprgsented by integer
or half-integer numbers. The value of the spin determines the .numbgr of
possible orientations of a particle with respect to a predetermined dl.reen
tion; for a particle of spin s this number is 25 + 1.*  Elementary part%cles
with half-integer spin obey Pauli’s exclusion principle,. whereas particles
with integer spin do not. Therefore the average behavmr. of a large nurlx}-
ber of identical particles with half-integer spin is described by Fe.rrr'ns
statistics; that of particles with integer spin is described by Bose’s statistics.

The electric charge and the magnetic moment determine the effects of an
electromagnetic field upon the particle. Thus, in the f.rame of reference
where the particle is at rest, the product of the electric chgrge and the
electric field intensity gives the force acting upon the .p'd,rl,lc.le, whereas
the product of the magnetic moment, the magnetic field intensity, and thg
sine of the angle between the two gives the torque. The natural unit
for the electric charge is the charge, e, of the electron (§4.3). The naturé'Ll
unit for the magnetic moment of a particle of charge e and mass m is
e#/2me.  This represents the orbital magnetic moment of the particle

under consideration in a quantum state with azimuthal quan’%um number
one. The quantity, efi/2m.c, where m, is the electron mass, is called the

* septi this rule because their spin is 1 and yet they

have I;:;);otxjor;ﬁgiissl?;?e:;:tciggg r(ISZZ §4.2). This anomalous behavior is connected

with the fact that their mass is zero.
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Bohr magneton. The quantity, eh/2M,c, where M, is the proton mass,
is called the nuclear magneton.

Tn the transformations of elementary particles as wcll as in the inber-
actions of elementary particles between themselves and with atoms, the
total electric charge, the total energy, the - total momentum, and the
total angular momentum are conserved. Since the orbital angular mo-
mentum of a system is always an integer multiple of #, it follows from the
conservation of angular momentum that no resction ean change the
number of particles with half-integer spin from odd to even or vice versa.
This, of course, does not imply that the resultant spin moment is conserved,
because the spin of any one particle can flip during an interaction, or two
particles with spin § may give rise to a particle of spin zero.

The parameters listed above do not describe the properties of ele-
mentary particles completely because elementary particles may interact
with one another through forces of non-electromagnetic character, the
so-called nuclear forces. It has not been possible as yet to describe nuclear
forces completely by means of one o1 several parameters.

4.2. Photons. Photons, or y-rays, considered as elementary parti-
cles, have zero mass, as shown by the fact that their velocity is always
equal to ¢ and their energy to ¢ times their momentum. Photons have
integer spin, because they are emitted in transitions between quantum
states of atoms in which the angular momentum changes by an integer
multiple of 4. Photons obey Bose’s statistics, as shown by the fact that
application of Bose’s statistics to photons in thermodynamic equilibrium
yields the correct expression for the spectrum of the black-body radiation
(Planck’s law). The assumption that the spin of photons is 1 is in agree-
ment with the selection rules for radiative transitions. A photon in a
state of definite spin orientation correspouds to a circularly polarized
wave. The spin may be either parallel or anti-parallel to the direction
of motion and has therefore only two possible orientations, as pointed
out in §4.1.

Photons have no electric charge and no magnetic moment.

4.3. Negative and positive electrons. Negative electrons (neg-
atons) are among tho constitucnts of ordinary matter. Their elevtric
charge is accurately known (for instance, from oil-drop experiments)
and has the value ¢ = 4.802 - 10~ e.su. Their mass is also accurately
known (for instance, from deflection experiments in electric and magnetic
fields yielding the ratio of the electric charge to the mass) and has the value
me = 9.105 . 107% g The corresponding value of the rest cnergy i
mec’ = 0.51079 Mev. Analysis of atomic spectra shows that the spin of
negative electrons is s = & and that their magnetic moment equals one
Bohr wuguelon (ef/2mqc).- Because of their half-integer spin, negative
electrons obey Fermi’s statistics. This is in agreement with experimental
data on the atomic structure and on the hehavior of electrons in metals.
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materialization of y-rays from radioactive sources (CI33.1) and are also
emitted by artificially produced radioactive isotopes (CI33.2).

Since materialization of a neutral photon gives rise to a positive and
a negative electron, the principle of conservation of electric charge insures
that the charge of positive electrons is, in absolutc valuc, identical to that
of negative electrons. -

The first quantitative determination of the mass of the positive elec-
trons was made by Thibaud (1J34), who measured the ratio e/m by the
trochoid method and concluded that the masses of positive and negative
electrons could not differ by more than 15 per cent. Later experiments

Positive electrons (positons) do not exist in xpatter becau§e.as soon
as they are slowed down, they undergo annihilation by combmmg with
negative electrons. In this process, which may be regarded as the inverse
of pair production, the positive and the negatlve.e!ect.rons disappear zimd
their energy is converied iuto photons. The annihilation of the two eleo-
trons gives rise, in most cases, to two photons, more rarcly'to a single
photon. One-photon annihilation can oceur or}ly if the negative glectron
is tightly bound to a nucleus, as the palnrtlmpatxon of the nucleus into the
process is necessary for the conservation of momentum. Two-photon
annihilation may occur instead if the negative electron is free. Often

the annihilation process takes place after the positon. has pra.ctical.ly come
to rest. In this case the two photons are emitted in opposite directions

with equal energies.

Fig. 4.3.1. Cloud-chamber picture of a positive electron. From Anderson (ACD33).

Positive electrons were discovered by Anderson (ACDS?;.ACD?:S.)
in the course of cloud-chamber experiments on co;mic rays. Figure 11s
the reproduction of a cloud-chamber picture obtained b.y Anderson. It
shows a positive particle entering a 0.6-cm lead plate with a momentum
of 6.3 - 107 ev/c and emerging witl « luonxentun.i of 2.3 - 107 (Ev/c. On'e
can set an upper limit to the mass of this particle by assuming ?hat it
loses energy only by collision. This limit is 20m.. From the ev1d'encler
provided by this and by other similar photographs, Anderson tentative )t
asserted the existence of positive particles with mass nearly equal to tha
of ordinary electrons. This conclusion was soon confirmed by (']mld.—
chamber observations of Blackett and Occhialini (BPM33). Shortly after-
wards Curie and Joliot found that positive electrons can be generated by

by Spees and Zahn (SpA40) by means of a mass-spectrographic arrange-
ment showed that the two masses are the same within 2 per cent. More
recently DuMond and his collaborators (DMJ49.1) measured very accu-
rately the wave length of the annihilation radiation. Within the experi-
mental error of the measurement (0.2 per cent) they found the value
predicted under the assumption that positive and negative electrons have
identical masses.

Conservation of angular momentum, applied to the pair-production
process, shows that positive electrons have half-integer spin and obey,
therefore, Fermi’s statistics. It is reasonable to assume that their spin is
4 as is that of negative electrons.

4.4. Prgtons and neutrons. Protons and neutrons are the constitu-
ents of atomfic nuclei and are therefore often referred to as nucleons.
Neutrons have no electric charge. Protons have a positive electric charge
equal in magnitude to the charge of electrons. This is shown by the fact
that atoms are neutral. The proton mass, M,, is aceurately known from
direct mass-spectographic determinaiions. Its value is 1836 times the
electron mass. The corresponding rest energy is 938 Mev. The mass of
neutrons, M, is known from mass-spectrographic determination of the
mass of the deuteron (which is formed by one proton and one neutron)
and from the weasurement of the hinding energy of this particle. Its
value is slightly greater than that of the proton mass. The corresponding
difference in rest energy is about 1.3 Mev.

The hyperfine structure of hydrogen shows that the proton has spin 4.
The hyperfine structure of deuterium shows that the deuteron has spin 1.
Therefore the neutron must have half-integer spin aud it is natural to as-
sume that it has spin §. This assumption is confirmed in & very direct
way by experimental data on the scattering of slow neutrons by ortho-
and para-hydrogen (SwJ40; SRB47).

The magnetic moments of the proton and the neutron have been deter-
mined by magnetic resonance mothods; i.e., by means of cxperiments in
which one measures the energy difference for a particle oriented either
parallel or antiparallel to a magnetic field (KJM39; AWR46; the quantity



150 ELEMENTARY PARTICLES §4.5

actually measured is the frequency corresponding to this energy difference).
The values thus found were:

for the proton: 2.7896 nuclear magnetons;

for the neutron: —1.9103 nuclear magnetons.

The minus sign for the magnelic moment of neutrons means that the
magnetic moment and the spin have opposite directions. That protons
and neutrons have magnetic moments of opposite sign was first shown by
the finding that the deuteron has a spin equal to the sum of the spins of
the proton and the neutron but has a magnetic moment approximately
equal to the difference between the magnetic moments of the two parti-
cles. The signs of the magnetic moments of the proton and the neutron
were later determined directly by Rogers and Staub (REH49).

4.5. The beta decay and the neutrine. It has been known for a
long time that nuclei can emit positive or negative electrons (8-activity).
One interprets this phenomenon by assuming that one of the protons of
the nucleus changes into a neutron and produces a positive electron or
that one of the neutrons in the nucleus changes into a proton and produces
a negative electron. Outside of a nucleus, only the transformation of a
neutron into a proton is energetically possible, as the rest energy of the
neutron is larger than that of the proton. Such transformaticn has been
observed (SAH50; RJM51), and the mean life of free neutrons seems to
be approximately 13 minutes (RJM51).

Since protons, neutrons, and electrons have spin %, conservation of
angular momentum rules out the possibility that an electron and a proton
are the only products of the disintegration of a free neutron, or that, in
the B-decay, only one electron is emitted by a nucleus. Moreover, it
has been shown that the electrons emitted in the g-decay of a given radio-
active isotope have a continuous energy distribution. The maximum
electron energy corresponds to the difference in binding energy of the
parent and daughter substances, but the average electron energy is con-
siderably smaller than this difference. Thus, the principles of conservation
of energy and of angular momentum require the existence of a neutral
particle of half-integer spin, which is produced simultaneously with the
electron in the f-decay and which carries the balance of the energy re-
leased in this process. This particle is called the ‘“neutrino.”

If we indicate protons, neutrons, electrons, and neutrinos by the
symbols p, 7, ¢, and » respectively, the disintegration of a neutron is rep-
resented by the equation:

n—p+e-t v ’ )

The mass of the neutrino is known to be less than 2 per vent of the
electron mass (HCC49). Its spin is supposed to be 3. The interactions

of neutrinos with matter are very weak, as shown by the fact that no such

interactions have been detected so far. This means that the magnetic
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moment of the neutrino is probably zero, certainly very small compared
with the Bohr magueton. .

4.6. The discovery of mesons.* The discovery of mesons, unlike
that of positive electrons, was not the result of a single observation, but’
rather the conclusion of a long series of experimental and theoretical
investigations.

In 1932 Rossi (RB32.1), using the coincidence method invented by
Bothe and Kolhorster (BW29), had shown that the cosmic radiation ob-
served at seal level consists, in part, of particles capable of penetrating
as much as one meter of lead. Shortly afterwards he also called attention
to the existence of two different components of cosmic rays. The parti-
cles of the first component (penetrating component) could traverse large
thicknesses of matter and were absorbed by different substances in approx-
imate proportion to their mass. The particles of the second component
(shower-producing component) were readily absorbed, especially by heavy
elements, and their absorption was accompanied by abundant production
of secondary rays (showers) (RB33.1; RB33.2; RB34). Cloud chamber
cxperiments of Anderson and Neddermeyer (ACD34) on the passage of
cosmic rays through lead plates also suggested the existence of two different
types of cosmic-ray particles. These experiments showed that, whereas
the average energy loss of cosmic-ray particles in lead was of the order of
magnitude of the computed collision loss (§ 2.5), some of these particles
suffered considerably larger losses.

In 1934 Bethe and Heitler (BHA34) published the theory of radiation
losses by electrons and pair production by photons (§§ 2.11 and 2.19).
The properties of the more “absorbable” particles observed by Anderson
and Neddermeyer were found to be in agreement with the properties of
electrons predicted by the theory of Bethe and Heitler, the large energy
losses being explained by radiation processes. Also, the properties of the
shower-producing radiation ohserved by Rossi could be cxplained under
the assumption that this radiation consists of high-energy electrons and
photons (see Chapter 5). On the other hand, if one granted the validity
of Bethe und Heitler's theory one was forced to the conclusion that the
“penetrating” particles in Rossi’s experiments and the less “absorbable”
particles in Anderson and Neddermeyver’s experiments were different from
electrons. Indeed, since the theoretical energy loss by radiation is in-
versely proportional to the square of the mass, it was necessary to assume
that the prenctrating particles were Licavier than electrons.

The possibility of a breakdown of the radiation theory at high energies
was seriously taken into consideration. As an alternative, Williams in
1934 suggested that the penetrating particles in cosmic rays might be of
protonic mass (WEJ34). A difficulty of this assumption was that it re-
quired the existence of negative as well as positive protons, because cloud-

* On this subject, see also ref. (NSH39).
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chamber experiments had shown that penetrating particles in cosmic rays
have charges of both signs. Moreover, in sorne of the cloud-chamber
pictures taken by Anderson and Neddermeyer (AC})M) one could see
particles that did not radiate like electrons and yet did not seetm to be as
massive ae protons. Thus hy the end of 1936 it appeared very hke!y that
cosmic rays contained, in addition to electrons, particles gf a hitherto
unknown type, presumably particles with mass intermediate l?etWeen
those of the electron and the proton. One may also add bhaﬁ in 1935
Yukawa, on purely the(lretical grounds, had predicted the existence of
such particles. ) o

Direct experimental proof for the existence of particles with inter-
mediate mass came in 1937 from the observations of Neddermeyer and
Anderson and those of Street and Stevenson.

The experiments of Neddermeyer and Anderson (NSH37) were a con-
tinuation, with improved technique, of the work on the energy loss of
cosmic-ray particles mentioned above (ACD34; ACD36). They were
performed by means of a cloud chamber separated into two halves by a
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Fig. 4.6.1. Momentum loss per centimeter of platinum .of cosmi(%—ray partic!es,
—dp/dz, plotted as a function of incident momentum, p. [ B smgl.e particles ﬁraversmg
the absorber without producing secondary effects. A single parmoles‘producmg show-
ers in the absorber. O: particles occurring in groups a:nd' .traversmg the s,bsorl.)er
without producing secondary effects. A: particles occurring in groups and producing
showers in the absorber. krom Neddermeyer and Andefson (NSHST).

_and penetrating particles are present.
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1-em-thick platinum plate and operated in a magnetic field. The mo-
mentum losses of individual cosmic-ray particles were determined by
measurement of the track curvature above and below the plate (§3.13).
In Fig. 1 each point represents the result of a separate measurement. The
abscissa is the momentum of the incident particle in Mev/c and the ordi-
nate is its momentum loss in Mev/c per centimeter of platinum. One
will notice that the points fall rather distinctly into two groups: an “ab-
sorbable” group for which the momentum losses are comparatively large
and increase in proportion to the initial momentum, and a “penetrating”
group for which the momentum losses are comparatively small and do not
depend strongly on momentum.

The absorbable particles can easily be interpreted as electrons. This
interpretation is strengthened by the observation that the absorbable
particles, unlike the penetrating particles, often give rise to secondary
offects in the platinum absorber and mostly occur in groups of two or
more. This is what one should expect, because many of the electrons
observed with an arrangement of the type used by Neddermeyer and
Anderson are part of showers produced in the neighboring materials.
With regard to the nature of the penetrating particles, the two most
Muminating results obtained by Neddermeyer and Anderson are the
following:

(1) Even though absorbable particles are relatively more abundant
at low momenta and penetrating particles are relatively more abundant at
high momenta, there exists a momentum interval in which both absorbable
Thus the difference in behavior of
the two kinds of particles cannot be accounted for by a difference in en-
ergy. This result rules out the possibility of identifying penetrating parti-
cles with electrons and explaining their behavior by a breakdown of the
radiation theory at high energies.

(2) There exist a number of penetrating particles with momenta smaller
tean 200 Mev/c that do not 1onize more heavily than a singly charged particle
near the minimum of the ionization curiv. This means that the penetrating
particles in cosmic rays are considerably lighter than protons, as a proton
of less than 200 Mev/c momentum has a specific 1onization about ten
times minimum.

Street and Stevenson (SJC37) attempted to estimate the mass of
cosmic-ray particles directly by simultaneous measurements of momentum
and specific ionization. They used a cloud chamber triggered by an anti-
coincidence arraugement of Geiger-Mueller counters designed to select
particles near the end of their range. The chamber was operated in a
magnetic field of 3500 gauss and the expansions were delayed about one
second to permit drop-counting (§3.12). Among a large number of pic-
tures, Street and Stevenson found one of exceptional interest, which
is reproduced in Fig. 2. This picturc shows the track of a particle of
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The experiments described above proved beyond any doubt that the
penetrating particles in cosmie rays are actually heavier than electrons and
lighter than protons. Moreover the experiment of Street and Stevenson
provided the first approximate evaluation for the mass of this new particle,
which we may now call by its accepted name of meson.*

4.7. The instability of mesons. Determination of the mean
life. Early experiments on the variation of intensity of cosmic-ray
particles with altitude and with zenith angle had shown certain anomalies
that were difficult to explain in terms of energy loss in the atmosphere
(FDH36; AP37; EA37). Cosmic-ray particles appeared to undergo a
stronger absorption in air than in condensed materials, when layers of the
"ame mass per unit area were compared. Also, the decrease of cosmic-ray
intensity with increasing zenith-angle appeared to be steeper than one
would have anticipated by simply considering the greater mass of atmos-
phere traversed by particles coming from inclined directions.

In 1938 Kulenkampff (KIH38) pointed out that one could explain these
anomalies by assuming that mesons are unstable (as suggested by Yukawa’s
theory; § 4.18) and have a mean life comparable with their time of flight
‘n the atmosphere. Indeed, if this is the case, some of the mesons traveling
n the atmosphere will disappear by spontaneous decay before reaching
the end of their range. In condensed absorbers, instead, decay will play
a negligible role because of the much shorter distance in which mesons are
brought, to rest by ordinary energy losses. Therefore the apparent ab-
sorption per g em—2 will be greater in air than in condensed absorbers.
Moreover the absorption in air will increase with decreasing density.
The latter effect explains the fact that the intensity is greater at the depth z
in the vertical direction than it is at the depth z cos 8 in a direction forming
and angle @ with the vertical. In both cases the thickness (in g cm=)
of the atmosphere in the direction of observation is the same. But the
wverage density of air is greater along the vertical path at the depth =
vhan along the nclined path at the depth x cos 8.

In the subsequent years Rossi and his collaborators (RB40.1; RB41.2;
RB42.1) as well as other experimenters (NWM40; NWM41; NHV40;
PMA40; AM40; DGN 40; BG41) made a systematic investigation of the
absorption anomalies. Their measurements confirmed the disintegration
hypothesis aud provided a first quantitative estimate of the mean life of
mesons.  Rossi, Hilberry, and Hoag (RB40.1) for example, used a cosmic-
ray telescope, selecting particles (for the most part mesons) incident in
nearly vertical directions and capable of traversing 12.7 em of lead. They
took measurements near sea level and at various altitudes in the moun-
tains, both with and without a layer of 87 g em™ of carbon above the in-
strument.  Their results are shown in Fig. 1, where the abscissa represents

* Earlier names, now outmoded: barytron, yukon, mesotiun (Lhe last, however. is
still used by some authors). :

~
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the total thickness of matter (air plus carbon) ‘above thie instrument and
the ordinate is the logarithm of the cor'respondmg counting rate rgcorded
by the cosmic-ray telescope. The solid curve gonnectmg gxpgnmental
points obtained without carbon represents essentially the variation of the
vertical meson intensity with depth helow the .’mp of the atmosph?re.
The dashed lines connecting pairs of point.s .optamed at any one lopathn
with and without earbon absorbers give the initial slopes of the logarlrthml-c
absorption curves of mesons in carbon. One sees that these slopes are
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Fig. 4.7.1. Comparison between the absprption of c?smic~Fa?' mcsoys in lar:rla\ai
carbon. The solid line represents the logz}rlthm of the intensity U{, meao:—.s,esent o
arbitrary units), as a function of atmospheric depth, z. Tflle dashe?{]:x:(e)slr)epr
result of absorption measurements in carbon. From Rossi et al. ( .1).

only about one-half as large as the corresponding slopes of the absprptlt)ln
curve in air. Since collision losses in air and carbon. are appmxnma%_y
the same (§ 2.6), this result indicates that the absorption of mes.onslm alsr
is due in approximately equal parts to decay and to normal enfaxgyf O.SSS 3
The above measurements, along with a reasonable assumpglson for he
momentum distribution of mesons, gave a value of 2.5 - 108 microsec-
onds/ev for the ratio 7/me? of the mean life to the rest eqnergy of rr;%ssonj:
With the presently accepted value off the rest energy (me® = 1.07 - ev;
§ 4.13) the corresponding mean life is r = 2.7 microseconds.
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The following is a more rigorous discussion of the decay of mesons in flight. Con-
sider a meson ‘traveling vertically downward through the atmosphere. Let m be its
macs and p(e) its momentum at the atuospleric depth . Assume that the meson is
observed at the depth ;. We ask for the probability, w(z1,a2), that this meson does
not decay before reaching the atmospheric depth z,.

If = is the mean lifc of the mcoon at rest, the apparent meau life uf 4 meson moving
with a velocity Bc is 7/v'1 — 82 The average distance traversed by the meson before
it disintegrates is thus;

_ _Bor __pr 1)

24 T w

and the probability for the meson to disintegrate while traversing an infinitesimal layer
of thickness dz has the expression:

de _ zamds

pzg TP T
where p is the density of air at the depth  and z, = z/p. One thus obtains for w the
following differential equation:

—dw = P, @
b ™ z

Integration of Eq. (2) with -the boundary condition w(z,z) = 1 (expressing the

assumption that the mecon has not decayed before reaching the depth z;) yields:

z2
2 m_ds ®
() z

EA

—In w(z,z.) =

Because of the collision loss, the momentum p of the meson is a decreasing function of z.
The quantity z is a constant in an isothermal atmosphere. In the real atmosphere z,
is a slowly varying function of = (see Appendix 6). If the depth interval from z; to z»
is not too large we may consider z as independent of z. If, moreover, the meson is not
too close to the end of its range when it reaches the depth z, we may assume the mo-
mentum loss to be independent, of z and use for p the expression:

p@) = p(z1) — alz — =),

where a is a constant. Eq. (3) then becomes:

2
“mw@e) =2 [
A 7 [p) — alz — z)]z
L
from which one obtains:

—ln wiz,z,) = 22 “1_}_ po In [gg @), 4
1

7 pla) 71 p(z2)

One will notice that the survival probability, w, depends on the ratio 7/m. Thus
from measurements on the decay of mesons in flight one cannot determine the value
of the mean life of mesons directly, but the ratio of the mcan life to the mass (o the
rest energy) of the mesons.

Final proof of the meson decay hypothesis came from direct observation
of the decay products in cloud-chamber pictures and by means of delayed-
coincidence experiments,
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The first cloud-chamber picture of meson decay was obtained by
Williams and Roberts in 1940 (WEJ40.1). This picture shows a track
identifiable as that of a meson coming to rest in the gas of the chamber
and the track of what appears to be a positive electron coming out of the
ond of the meson track.® A clear example of a similar event, photographed
several years later by Thompson (TRW48) is reproduced in Fig. 2. This
cloud-chamber picture, taken in a magnetic field of 1680 gauss, showe the
track of a positive particle with minimum or nearly minimum ionization
that becomes very heavily ionizing after traversing a 0.63-cm aluminum

Fig. 4.7.2. Stereoscopic photographs of a meson stopping in the gas of a cloud
chamber and disintegrating with the emission of an electron. From R. W. Thompson
(TRW48).

plate, in which it apparently loses most of its energy. The particle then
comes to rest in the gas of the chamber and the track of a positive particle
with minimum ionization is seen to originate from the point where the
track of the first particle ends. The momentum of the incident particle
ahove the aluminum plate cannot be measured with sufficient aceuracy
to afford a precise mass determination. It is certain, however, that the
incident particle is a meson, because a proton with range approximately
equal to 0.63 cm aluminum would have a specific ionization about 5 times
minimum and would not exhibit any appreciable curvature in a magnetic
field of 1680 gauss. Similarly, from the curvature and the specific ioniza-
tion of the secondary particle one can conclude that this particle is con-
siderably lighter than a meson, and it is thus almost certainly an electron.

* For other carly pictures of meson decay, see (WEJ40.2; JTH42; SRP42).
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The delayed emission of charged particles from absorbers in which
mosons have come to rest was first observed by Rasetti in 1941 (RF41).
Rasetti’s experimental arrangement is shown schematically in Fig. 3.
Circles represent Geiger-Mueller counters; counters designated hy the
same letter are connected in parallel. With the lead absorbers placed
in the positions shown by the diagram, coincidences between counters 4
B, C, and D are mostly due to moesons. Some of these mesons stop in a;
block or iron or aluminum marked “absorber” and thus fail to discharge
counters . When this happens, an anti-coincidence (ABCD ~ F) occurs®
Suppose that the mesons, after coming to rest in the absorber, disintegrate

Fig. 4.7.3. Experimental arrange-
ment used by Rasetti to demonstrate
the decay of mesons (RF41). (Expla-
nation in the text. The black area
represents lead; the two counters, G,
are connected in anti-coincidence and
serve to decrease the effect of side
showers).

o

0 20 cm

with a finite mean life and give rise to secondary electrons, as shown by
the cloud-chamber pictures. The decay electrons have a certain probabil-
ity of discharging one of the lateral counters, ZI. Consequently some of
al'lti—coincidcnce (ABCD — F) will be followed, with small delays, by
discharges of counters E. Rasetti succeeded in demonstrating the exist-
ence of this effect by recording coincidences between events (ABCD — F)
and pulses of counters simultaneously with three circuits of different
resolving times, approximately 1, 2, and 15 microseconds respectively.
He found that the I-microsecond channel recorded fewer coincidences
than the 2-microsecond channel, and this channol recorded fewer coluci-
dences than the 15-microsccond channel. - In other words, there were
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pulses of counters E following (ABCD — F) events with delays from 1 to
2 microseconds and from 2 to 15 microseconds. From the ratios of the
coincidence rates in the three channels (corrected for chance coincidences)
Rasetti obtained an estimate of 1.5 microseconds for the mean life of mesogs
in the absorher

Rossi and Nereson (RB42.3; NNG43) as well as other experimenters
(CR44; CM44; THK48.1; THK48.2) investigated the delayed emission
of electrons with improved experimental techuiques and thus succeeded
in determining the mean life of mesons accurately. The arrangement
of absorbers and counters used by Rossi and Nereson was similar to that
used by Rasetti (Fig. 3). The pulses of the counters recording the ar-
rival of mesons upon the absorber, and those of the counters detecting
the emission of decay electrons from the absorber, were fed to the two
separate inputs of a time-measuring circuit. This circuit gave an output
pulse whose amplitude was a function of the time separation between the
two input pulses. A pen-writing instrument registered the output pulses
of the time-measuring circuit and thus recorded the time of survival in
the absorber of all mesons whose decay electrons discharged one of the
lateral counters. -

Rossi and Nereson experimented with absorbers of lead, brass, and
aluminum. For reasons that will become clear later (§ 4.9) we consider
here only the results obtained with brass and lead. These are shown in
Fig. 4, where the abscissa represents the time interval, ¢, between the
arrival of a meson upon the absorber and the emission from the .absorber
of the corresponding decay electron, and the ordinate represents, on a
logarithmic scale, the total number of events for which ¢ is greater than
the corresponding abscissa. The curves drawn through the experimental
points have exactly the same meaning as the disintegration curves ‘of radio-
active substances. Indeed, they give the mumber of mesons whose life
span in the absorber is greater than a certain time iterval £. One sees
that, within the experimental errors, the disintegration curves of mesons
in brass and lead are represented by straight parallel lines on the semi-
logarithmic plot, which means that.mesons decay exponentially, much as
radioactive atoms do, and that the mean life of mesons in the two absorbers
is the same. Analysis of the experimental data by the method of least
squares gave tho following value for the mean life of mesons:

7 = 2.15 + 0.1 microseconds, )

where the error corresponds to statistical inaccuracy.

The variable spontaneous time-lags of Geiger-Mueller counters (§ 3.6)
make it impossible to follow the disintegration curve of mesons much
below 1 microsecond. On the other hand, one can show that these time-
lags do not affect the shape of the disintegration curve for values of ¢
greater than t;, where f; represents the maximum value of the spontancous
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Fig. 4.7.4. Integral disintegration curves of mesons in lead and brass. Each point
represents the observed number, N, of decay events for which the delay is greater
than {. From N. Nercson and B. Rossi (NNG43).

time-lags.* Thus the existence of spontaneous time-lags in Geiger-Mueller
counters does not introduce any error in the determination of the mean
life of mesons if delays smaller than ¢, are disregarded.

Values of 7 in substantial agreement with that obtained by Kossi and
Nereson were reported by Chaminade, Freon, and Maze (CR44), by
Conversi and Piccioni (CM44), and by Ticho and Schein (THK48.1;
THK48.2).

Several years later the artificial production of mesons (see §4.10)
made it possible to determine the mean life of these particles with greater

precision than one can obtain from cosmic ray experiments. Preliminary

*The reason for this is, essentially, that if a function, f(t), is proportional to
exp (—¢/r), the function f(t + %) with & constant is also proportional to exp (—¢/7)
(RB42.3). For a more detailed discussion of the effect of spontaneous delays, see
also (BD49).




162 ELEMENTARY PARTICLES §4.8

measurements with artificially produced mesons by Alvarez and his col-
laborators (ALW50) gave the result:

7 = 2.09 % 0.03 microseconds. (6)

-
1.8. The w-meson and the u-meson. In 1947 Latbles, Occliiulini,
and Powell (LCM47.1), working with the newly developed Ilford Nuclear
Research emulsions (§ 3.14), observed several events of the type repre-
sented in Fig. 1. In this picture one sees the track of a particle (marked )
entering the emulsion from the outside and coming to rest in the emulsion.

Fig. 4.8.1. Mosaic of microphotographs showing a r—pu decay in Ilford C2 emulsion.
From Lattes et al. (LCM47.1).

10 micras s

Fig. 4.8.2. Mosaic of microphotographs showing & 7—u—e decay. Kodak NT4

clootron eensitive emulsion.  From Brown ¢f al. (BRII49.2).

The direction of the motion is indicated unambiguously by the gradual
increase in grain density, which accompanies the decrease in velocity of
the particle. Comparison with proton tracks recorded in the same emul-
sion shows that the particle in question is a meson. From the point wherc
this meson comes to rest the track of another particle originates, marked p.
This track also ends in the emulsion and again can be identified as that
of a meson.

However, accurate measurement of grain density as a func-

§4.9 ELEMENTARY PARTICLES 163

tion of range (§ 3.16) shows that the particle marked u is somewhat lighter
than the particle marked .

Lattes, Occhialini, and Powell interpreted their observations as proof
for the existence of two different, kinds of mesons with somewhat different,
masses, of which the lighter arises from the heavier through a spontaneous
decay process. They called the primary (heavier) meson n-meson, the
secondary (lighter) meson, u-meson.

The meson with 2.1-microsecond lifetime, which, according to the ex-
perimental results described in § 4.7, is the main constituent of the pen-
etrating component of cosmic rays, cannot possibly be identified with the
7-meson, because when it disintegrates it gives rise to an electron and not
to a secondary meson. Lattes, Occhialini, and Powell tentatively iden-
tified the 2.1-microsecond meson with the w-meson. If this is correct,
p-mesons, after coming to rest in the emulsion, should give rise to electrons
by spontaneous decay. The emulsions used by Lattes and his collaborators
were not sensitive to particles with minimum ionization and, therefore,
could not record the decay electrons, if any were produced. Later, how-
ever, Brown, Camerini, Fowler, Muirhead, Powell and Ritson (BRH49.2),
working with electron-sensitive erulsions, succeeded in detecting the ex-
pected disintegration of u-mesons and thus confirmed the assumption
concerning the nature of these particles. An example of the events re-
corded by Brown and her collal -rators is reproduced in Fig. 2. This
picture clearly shows a 7-meson that comes to rest in the emulsion and
gives rise to a p-meson, which, in turn, comes to rest in the emulsion and
gives rise to a particle with minimum ionization, presumably the decay
electron. ’

The above results naturally suggest the hypothesis that the u-mesons
present in cosmic rays arise entirely from the decay of m-mesons. If this
is the case, from the large ratio between the numbers of y-mesons and
m-mesons in the atmosphere one must necessarily eonclude that the mean
life of 7-mesons is much shorter than that of g-mesons. Direct measure-
ments, to be discussed in § 4.1x, confirm this conclusion.

4.9. Nuclecar absorption of p-mesons and w-mesons. In 1940
Tomonaga and Araki (TS40) pointed out that positive and negative
mesons should behave differently after coming to rest in matter. A
positive meson (whether = or 1) slowed down to thermal velocity by in-
elastic collisions is repelled by atomic nuclei. Therefore it can never
approach a nucleus at a sufficiently closc distance for an interaction tq
oceur, and it eventually disappears by spontaneous decay. A negative
meson, however, is promptly captured into a Bohr orbit in the neighbor-
hood of 4 nucleus and has, therefore, a chance of being absorbed by the
tucleus before it undergoes spontaneous decay.

COI‘IVeI‘Si, Pancini, and Piccioni (CM45; (CMA47) were the first to demon-
strate experimentally the different behavior of positive and negative mesons
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ab rest. They used cosmic rays as a source of mesons and consequently
their observations refer to u-mesons. The aforementioned authors, fol-
lowing a method originated by Kossi in 1931 (RB31), tovk advantage of
the deflection of charged penetrating particles in magnetized iron to build
a “magnetic lens;” ie, a device that, depending on the direction of mag-
netization, concentrates either positive or negative slow mesons upon an
absorber. The experimental arrangement is shown schematically in Fig. 1.
A, B, and C represent Geiger-Mueller counters.  F1 and F; are two bars
of iron, magnetized in the two opposite directions parallel to the axes

®

| ABSORBER
COOO—{ B

[o] 10

20cm

Fig. 4.9.1. Schematic diagram of the experitaental arrangement used by Conversi
et al. (CM45; CM47) to investigate the behavior of positive and negative mesons at
the end of their range. Fyand F: are two bars of iron magnetized in opposite directions.
A, B, are Geiger-Mueller tubes selecting mesons.  Below B there is an ahsorber where
the mesons come to rest. C are Geiger-Mueller t:.ves detecting decay electrons.

of the Geiger-Mueller counters. Counters A and B are connected v a
coincidence circuit. Counters C are connected in parallel. The pulses
of counters C and the output pulses of the coincidence circuit (AB) go toa
“delayed coincidence circuit.” This circuit registers a coincidence when-
ever a pulse of the coincidence circuit (4.B) is followed by a pulse of count-
ers C with a delay longer than a predetermined ininbmum value, fmi
and shorter than a predetermined maximum value, lmex (in the experiments
in question, fmin = 1 microsecond, fmax = 4.5 microseconds). Thus the
experimental arrangement is capable of detecting u-mesons that traverse
counters A and B, come to rest in the absorber, and subsequently decay
giving rise to electrons that discharge counters C.  Suppose that the iron
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bars are magnetized as shown in Fig. 2; i.e., with the magnetic induction
vector B pointing toward the observer in the bar to the right (F;) and away
from the observer in the bar to the left (). One will see that the mag-
netic field deflects positive mesons in such a way as to ¢ncrease the number
of those.traversing counters A and B (Fig. 2a), whereas it deflects negative
mesons in such a way as to decrease the number of those traversing these
counters (Fig. 2b). The opposite situation exists when the field is re-
versed.

Conversi, Pancini, and Piccioni designed their experimental arrange-
ment so that it would reject almost all mesons of the wrong sign and with

Filetalede]m

0
/\

Fig. 4.9.2. Tllustrating the operation of a magnetic lens.

sufficiently small energy to be stopped by the absorber.* In a first experi-
1jnent (CM45), they showed that when p-mesons are brought to rest in
iron, .only the positive ones undergo spontaneous decay. In a second
experiment, however, (CM47), they showed that in a carbon absorber, both
posﬁti ve and negative y-mesons underga spontaneous decay. These r,esults
H}dmated that negative p-mesuns, after coming to rest in an absorber of
hlgh' atomic number, mostly undergo nuclear absorption, whereas, after
coming to rest in an absorber of low atomic number, they mostly undergo
spontaneous decay. ’

The results described above were extended and made more precise by
the work of Valley (VGE47; VGE49), Sigurgeirsson and Yamakawa
(S:T47), Ticho and Schein (THK48.1), Valley and Rossi (VGE48), and
Tlcho. (TIIXX48.2). Defore discussiug these experiments it may l;’e ap-
propriate to consider in more detail the expected observable results of a

o " Note that ?n all me@ia, including ferromagnetic media, the deflecting force on a
Cuz‘s,img cf}:;t]rge is detem}med by the magnetic induction, B. For a quantitative dis-

on of the operation of magnetic lenses the reader may consult - by ini
and his collaborators (BGA5). ¥ consult & paper by Bernardind
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competition between spontaneous decay and nuclear absorption of nega-
tive u-mesons.

Theoretical considerations show that, in all elements, the time for
capture of a negative meson into a Bohr orbit is a negligible fraction of
the wean life of u-mesons before decay (WJA47; FEA7.1; FE17.2). Thus
we may assume that a negative p-meson coming “to rest” in an absorber
becomes immediately part of an atom, replacing one of the atomic elec-
trons. Its wave function has a certain finite density at the nucleus;
therefore the meson may interact with nuclear particles, if it is at all
capable of such interaction.

Let dt/7, represent the probability for an interaction leading to the
disappearance of a negative y-meson to occur in the time interval, d¢; thus
o Tepresents the mean life before nuclear absorption of negative u-mesons.
During the same time interval, the probability for the meson to undergo
spontaneous decay is dt/7, where r is the natural mean life of u-mesons.
One sees immediately that the ratio between the number of mesons that
undergo spontaneous decay and the number of mesons that undergo nuclear
absorption is 7./7, so that the fractional number of those that decay is:

f=—Tle (€Y}
=+
The total probability for the meson to disappear during the time interval,
dt, either by spontaneous decay or by nuclear absorption, is:
1
@%—@ = a’t(- +1—>
T Ta T Ta
It follows that the probability of survival of negative u-mesons in an ab-
sorber where nuclear absorption occurs is still an exponential function of
time: exp [—¢/r]. The apparent mean life, 7, however, is shorter
than the mean life = for spontaneous decay and is given by the equation:

NS @
¢ T Ta

By combining Eq. (1) with kq. (2) one obtains the following relation be-
tween the apparent mean life of negative p-mesons, 72, and the fractional
number, f, of negative u-mesons that undergo spontaneous decay:

(=)
A, 3)
T
These conclusions were submitted to test by various experimenters
(THK4R 1; THK482; VGE48; VGE49). To separate positive from neg-
ative mesons, Ticho and Schein used a magnetic lens similar to that used

by Conversi and his collaborators; Valley and Rossi, instead, used a cloud
chamber in a magnetic field.

PO ——
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The experimental arrangement of Valley and Rossi is shown in Fig. 3. CC repre-
sents a cloud chamber, which is operated in a magnetic field of about 6,000 gauss;
1, 2, and 3 are threc trays of Geiger-Mueller counters forming a vertical ’cosmic-ray:
telescope; ' is the absorber under investigation; D are Geiger-Mueller counters, which
detect the electrons produced by the disintegration of mesons stopped in Sy The
cloud chamber is oxpanded whenever a cuinvideuce (1,2,3) marking the arrivz.a,] of a
meson upon the absorbers is followed by a pulse in one of counters D after a time longer
than 1 and shorter than 9 microseconds. The actual time interval between the arrival
of the meson and the emission of the olectron is recorded by an electrunis device whose
output operates a ballistic galvanometer. The galvanometer dial is photographed

OO

2

Fig. 4.9.3. Experimental arrange-
ment used by Valley to measure the
disintegration curves of positive and
negative mesons. The Geiger-Mueller
trays, 1,2,3, form a telescope selecting
nearly vertical mesons. S is the ab-

3 sorber in which the mesons come to
rest. The Geiger-Mueller counters, D,
surrounding the absorber, S, detect
electrons produced by decaying mesons.
C.C. is the cloud chamber operating in
a magnetic field of about 6,000 gauss.

sifnuitfaneousl)' with the cloud chamber. Thus from each individual picture one ob-
tamsA information on the sign and on the momentum of the meson that has come to
rest in the absorber as well as on its time of survival. The measurement of the mo-
r{nerjtum together with the knowiedge of the absorber thickness enables one to set
limits to the mass of the particles absorbed and thus to check that these particles are
actually p-mesons. .

) Ticho and Schein as well as Valley and Rossi measured the diéintegra-
mpn curves of positive and negative mesons separately in substances of
dificrent atomic numbers. They found that each di%integmtion curve
f{)llf)\vs an exponential law, within the accuracy of the experiments. The
dl‘Smtegmtinn curves of positive mesons in all substances were consistent
\Ylth a mean life of 2.1 microseconds. The disintegration curves of nega-
tive u-mesons showed that the mean life of these particles decreases gradu-
ally as the atomic number Z increases. It is practically identical to the
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mean life of positive u-mesons around Z = 4 and becomes small compared
with 1 microsecond around Z = 20. )
Figure 4 shows, as an example, a set of disintegration curves for pusi-
tive and negative u-mesons, obtained by Valley in aluminum. Ln(:ier
the asstmpticn that nuclear capture of hegative p-mesons does not give
rise to particles capable of discharging Geiger—l\lugller‘counters 8 4..12)
extrapolation to ¢ = 0 of the disintegration curves in F1g.l4 (and of sim-
ilar curves measured in olher substances) gives the relative numbers of
negative and positive mesons that have undergone spontaneous dccgy
during the time of observation. From these numbers, and from the ratio
of negative to positive u-mesons near sea level® one can compute the frac-
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Fig. 4.9.4. Disintegration curves of positive and negative K-mesons in aluminum;
measured by Valley with the experimental arrangement shf)wn in Fig. 4.9.3. ] Th48
straight lines correspond to mean lives of 2.06 and 0.81 microseconds, respectively.
(Private communication.)

* This ratio is probably somewhat less than 1, but its value is not known accurately.

h luate f with great
Also, it may depend on the meson energy. Thus one cannot eva ]
precision. Other sources of errors that should be considered and corrected for are

mentioned in ref. (VGE48).
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tional number, f, of negative u-mesons that undergo spontaneous decay
in the various substances.

The experimental results obtained by Ticho and by Valley are sum-
marized in Table 1. The approximate equality between the values of

Table 4.9.1. Mean lives, 7, of negative u-mesons and fractional numbers, f,

of negative y-mesons that undergo spontaneous decay in various substances.

- )

SUBSTANCE Z  (microseconds) /7t f Author
H.0* 8 1.89 £ 0.15  0.877 £ 0.069 0.833 + 0.083§ H. K. Ticho
(THK48.2)
NaFt 101 128 £0.12  0.595 + 0.060 0.602 + 0.060§ H. K. Ticho
(THK48.2)
Mg 12 0.96 £0.06 0446 +0.032 0.558 + 0.044§ H. K. Ticho
(THK48.2)
Al 13 0.75 £ 0.07 034 +0.03 0.40 + 0.03§ H. K. Ticho
(THK48.2)
Al 13 0.81 + 0.06 0.40 + 0.03 043 + 0.049 G. E. Valleyt
S 16 0.54 +£0.12 025 + 0.04 0.28 + 0.03§ H. K. Ticho
(THK48.2)

* Ouly oxygen is effective; when the meson stops in the vicinity of a hydrogen nucleus
the two particles form a neutral system. Within the lifetime of the p-meson, this system
makes several thousand collisions with oxygen nuclei, in which the meson may attach itself
to the oxygen (THK48.2).

t Computed under the assumption that the probability for a meson to stop in the neigh-
borhood of any atem in a compound is proportional to the atomic number of this atom
(FE47.2).

1 Private communication.

§ Computed under the assumption that the number of positive mesons is 20 per cent
greater than that of negative mesons.

€ Computed under the assumption that the numbers of positive and negative mesons
are equal.

7&/7 and the corresponding values of f confirms the assumption that the
shortening of the mean life of negative u-mesons is actually due to competi-
tion between nuclear absorption and spontaneous decay.*

The dependence on atomic number of the mean life before nuclear ab-
sorption, which manifests itself in the rapid change of 7™ with Z, has a
simple theoretical explanation (WJA47). The prohability of nuclear ab-
sorption for a meson that has been captured into a Bohr orbit is propor-
tional to the number of protcas in the nucleus and to the probability for
the meson to be in the nucleus. The number of protons is equal to the
atomic number. As the atomic number increases, the dimensions of the
Bohr orbit decrease and therefore the amplitude of the meson wave func-
tion at the nucleus increases. On both accounts, the probability of nu-
clear absorption is an increasing function of the atomic number.

" Further experimental results on the capture probability of x~mesons in heavy
elaments are described in ref. (HFB51).
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Tor light elements, the radius of the nucleus is small compared with
the Bohr radius of the meson orbit.* Therefore the nucleus may be con-
sidered as a point charge. In this case the Bohr radius is inversely pro-
portional to Z, which makes the amplitude squared of the meson wave
function at the nucleus proportional to Z%. Thereforc the probability of
nuclear absorption is proportional to Z° - Z = Z*.

For heavy elements one should expect important deviations from the
Zt-law because the dimensions of the nucleus are not small compared with
those of the Bohr orbit, so that the meson is, for a considerable fraction
of the time, inside the nucleus. Wheeler (WJA49) has computed the
dependence of the capture probability on atomic number, taking into
account the finite dimensions of the nucleus. The results of the computa-
tion contain a constant, Zo, which depends on the strength of the inter-
action between p-mesons and nucleons and whose value may be found by
comparison with the experimental data. The values of +™ computed by
Wheeler with Zo = 7 and Z, = 10 are listed in Table 2, along with the

Table 4.9.2. Theoretical and experimental values of the mean life of negative
p-mesons in various substances. [From Table 4.9.1 and from the computations
of Wheeler (WJA49).]

7O(Zy = 10) TONZy =T) (2 Experimental

ELEMENT Z (microseconds) (microseconds) (microseconds)

Be 4 2.10 1.96

B 5 2.04 1.75

C 6 1.93 1.47

N 7 1.80 1.18

(6] 8 1.62 0.91 1.89

F 9 1.43 0.70

Na 11 1.07 0.41

Mg 12 0.91 0.32 0.96

Al 13 0.77 0.25 0.75-0.81

S 16 0.48 0.137 0.54

Fe 26 0.142 0.036

Zn 30 0.103 0.026

Br 35 0.074 0.018

Ag 47 0.043 0.011

I 53 0.036 0.0088

Ra. 56 0.033 0.0081

w 74 0.024 0.0058 v

Pb 82 0.022 0.0052

U 92 0.020 0.0048

Large 0.013 0.0027

* Note that the radius of a meson orbit is smaller than that of the corresponding
electron orbit in inverse proportion of the masses of the two particles.

fam e
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(b)

grations praduced by the nuclear absorption of negative w~mesons.

Fig. 4.9.5. Disinte

(») D. H. Perkins, Ilford Bl emulsion (PDH47).

(PCF49). (b) Powell, Tlford €2 emulsion
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experimental values of +©, taken from Table 1. The experimental data
favor the choice Z, = 10. With this choice of the constants the agreement
between theoretical and experimental results is satisfactory.

The results discussed above show that if one wishes to determine the mean life of
p-Mesons against devay without sclecting positive mesons magnetically, one should
use as an absorber either an e'ement sufficiently heavy that practically only the decay
of positive mesons is observed, or an element sufficiently light that the nuclear absorp-
tivn of negative mosons is nogligible. For elements of intermediate atomic numbers,
the disintegration curve of g-mcsons is the sum of two exponentials, corresponding to
the mean lives ~ and 7. If the measurements are not very aceurate, and if (7 is
not very different from 7, the resulting curve may simulate a simple exponential and
yield an apparent mean life intermediate between r and +(?. For this reason, in § 4.7
we have disregarded the disintegration curve obtained by Rossi and Nereson in alumi-
num, even though this curve shows only a minor deviation from the natural disintegra-
tion curve of u-mesons and yields practically the correct value of the mean life.

We have discussed so far the nuclear absorption of negative up-mesons.
The first experimental evidence for the nuclear absorption of negative -
mesons came from observations of cosmic-ray events in photographic emul-
sions. In 1947 Perkins (PDH47.1) and Occhialini and Powell (OGP47.2)
obtained several pictures of the type shown in Figs. 5a and 5b. In both

pictures one sees the track of a particle that, by the grain density and the -

scattering, can be identified as a slow meson. The change in grain density
along the track determines the direction of the motion. The large density
at the end of the track indicates that the particle has slowed down to a
very small velocity and has presumably come to rest in the emulsion.
At the place where the meson track ends there appears a “star’’; le., a
group of divergent tracks that may be identified as those of protons or
other charged nuclear fragments. The star was interpreted as a nuclear
explosion subsequent to the absorption of the meson at rest (presumably
a negative meson) by a nucleus of one of the elements in the emulsion.

Turther experiments by Lattes, Occhialini, and Powell (LCM47.4)
showed that the number of mcsons giving rise to nuclear disintegrations
at the end of their tracks was of the same order of magnitude as the num-
ber of those giving rise to the m—p decay process described in § 4.8. This
observation made it appear likely that mesons ending in stars were nega-
tive w-mesons rather than negative p-mesons. Observations on artificially
produced mesons, to be described in §4.10, fully confirmed this inter-
pretation. .

In §4.12 we shall return to the Guestion of the nuclear absorption of
negative mesons and discuss the reason why negative p-mesuus, “when
absorbed by nuclei, do not give rise to stars similar to those produced by
negative w-mesons.

4.10. Experiments on artificially produced mesons. Experi-
ments by means of artificially produced mesons have greatly added to our
knowledge of the properties of these particles. Artificial production of
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mesons was first obtained at Berkeley in 1948 (GE48) by bombardment of
various elements (beryllium, carbon, copper, uranium) with 380-Mev
a-particles from the 184-inch cyclotron. Shortly afterwards, mesons were
produced by means of high-energy protons, neutrons, and y-rays (SFM50.1;
GES50; MME49.1; MME49.2). '

In the experiments on meson production by a-particle bombardment,
the target in which mesons were produced, as well as the photographic
plates used for their detection, were placed inside the vacuum chamber
containing the circulating beam of a-particles. Positive and negative
mesons emitted from the target were deflected in opposite directions by

POSITIVE

MESONS TARGET

—

o .1 NEGATIVE
2m MESONS

Fig. 4.10.1. Production of mesons in the internal a-particle beam of the Berkeley
cyclotron. From J. Burfening ef al. (BJ49).

COPPER SHIELDING

STACK OF
PHOTOGRAPHIC
PLATES

o-PARTICLE BEAM

Fig. 4.19‘2. S?hematic diagram of an apparatus used for placing photographic plates
below the circulating beam for exposure to both positive and negative mesons. From
J. Burfening et al. (BJ49).

the magnetic field of the cyelatron (see Fig. 1). In the first experiments,
only negative mesons were detected. In later experiments the photo-
graphic plates were so arranged as to detect both negative and positive
mesons. Figures 2 and 3 show the details of two target-and-detector
assemblies used in these experiments (BJ49).

In the apparatus shown in Fig. 2, the plates to receive positive and
negative mesons are placed symmetrically on opposite sides-of the target,
slightly below the plane of the a-particle beam and parallel to this plane.
Thus the apparatus detects mesons that leave the target at a small angle
downward from the dircetion of the beam.
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The apparatus shown in Fig. 3 makes use of only one stack of photo-
graphic plates, placed in the plane of the a-particle beam, outside of the
circle covered by it. The plates receive negative mesons leaving the
target in the forward direction on one edge, and positive mesons leaving
the target in the backward direction on the other edge

COPPER SHIELDING POSITIVE MESONS

STACK OF
" PHOTOGRAPHIC
PLATES

& -PARTICLE BEAM

TT—NEGATIVE MESONS

Fig. 4.10.3. Schematic diagram of an apparatus used for placing photographic plates
in a position to receive negative mesons that leave the target in the direction of the
beam, and positive mesons that leave the target in a direction opposite to the direction
of the beam. From J. Burfening et al. (BJ49).

The first observations on artificially produced mesons showed that
large proportion of the negative mesons stopping in the emulsion gave rise
to stars, while none of them appeared to disintegrate into secondary mesons.
Of the positive mesons, instead, many ended in 7—>u processes while none
gave rise to stars. These observations confirmed the early conclusion that
only negatively charged mesons produce nuclear disintegrations after
coming to rest. They also showed that artificially produced mesons must
contain a much larger proportion of w-mesons than natural cosmic-ray
mesons. Only in this way could one explain the fact that mesons giving
rise to m—u decay processes were relatively so much more abundant
among artificial mesons than among natural mesons.

In later experiments, measurement of range in the emulsion, accom-
panied by accurate grain counting on the meson tracks or by a determina-
tion of the radius of curvature of the mssons in the magnetic field of (e
cyclotron, afforded & clearer separation between - and y-mesons. Also,
the introduction of a semicircular channel between the target and the
plates made it possible to determine whether or not the observed mesons
came from the target directly. The results obtained in these experiments
may be summarized as follows:

(a) Both 7~ and p-mesons arrive upon the photographic plates. Nega-
tive and positive m-mesons come directly from the target. Some of the
positive p-tnesons come from the target, whereas none of the ‘negative
p-mesons do. This is easily understandable if one assumes that w-mesons
are the only product of the interaction between the a-particles and the
target material. Positive r-mesons that come to rest in the target and
subsequently decay are the source of the positive wu-mesons emanating
from the target. Ncgative r-mesons, comiug tu rest in the target, how-
ever, undergo nuclear absorption before they have a chance to disintegrate.

N
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Therefore the negative u-mesons that arrive upon the photographic plates
are all produced by =-mesons in flight and oviginate at some distance
from the target. )

(b) About 99 per cent of the positive m-mesons are seen to disintegrate
into p-mesons® after cuiuiug Lo rest in the emulsion. The difficulty of
observing secondary p-mesons traveling at a steep angle through the emul-
sion possibly accounts for the small number of events in which positive
w-mesons appear to stop in the emulsion without giving rise to secondary
particles. In any case, it is certain that, if any alternate disintegration
process of m-mesons exists, it is improbable compared with the 7—x decay.t

(¢) About 73 per cent of the negative m-mesons give rise to stars at the
end of their tracks in the emulsion (GE50). It appears likely that all
negative r-mesons produce nuclear disintegrations after coming to rest
in the emulsion but that in 27 per cent of the cases the nuclear disintegra-
tions result in the emission of neutrons only.

(d) There is no evidence for the production of stars at the end of the
tracks of negative y-mesons. Thus star production by nuclear absorption
of p-mesons is at best a very rare event (see, however, § 4.12).

One should note that the emulsions used in the experiments described
above were not sensitive to particles with minimum ionization. Therefore
they could not provide information on the spontaneous decay of y-mesons.

The significance of the striking difference between the effects of the
nuclear absorption of negative - and u-mesons will be discussed later in
some detail (§ 4.12). At this point we wish only to call attention to the
fact that negative 7-mesons appear always to undergo nuclear capture and
never spontaneous decay after coming to rest in photographic emulsions.
Since photographic emulsions contain light as well as heavy elements,
this means that negative r-mesons are more likely to undergo nuclear ab-
sorption than spontaneous decay in all substances, whereas for negative
#-mesons this is true only in substances of high atomic number.

4.11. The masses of the r-meson and the u-meson. The
following experiments have contributed most directly to our present knowl-
edge of the masses of 7 and ;-mesons.

(a) Momentum and range measurements on cosmic-ray mesons by
Brode and his collaborators (FWB46; BRB49; RJG49; MTC50).§

(b) Mowmentum and range measurement on artificially produced mesons
by the Berkeley group (VRL49; GE50; SFM50.2).

* Private communication from the Berkeley group to the author (December 1960).
1 The possibility of the disintegration of a m-meson into an electron and a neutrino
has been suggested on theoretical grounds (SL149.1; SL149.2). Friedman and Rain-
water (FHL51), working with electron-sensitive emulsions, have claime recently not
to have observed any single case of ¢ decay at the end of 829 tracks clearly recog-
nizable as those of r-mesons. All of these tracks appeared to end in mu cvents. F. M.
Smith (SFM51) has given a value of (0.3 # 0.4) - 1072 for the ratio of r-e to mu decays.
tTor a critical analysis of carly mass determinations, see refs. (WJA4l; BHA46).

§AA measurement based on a similar method has been described by Peyrou and
Lagarrigue (PC50).
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(c) Comparative measurements of grain density on the tracks of -
and u-mesons by the Bristol group (LCM47.2; LCMA48; BRH49.2) and
on the tracks of mesons and protons by the Berkeley group (BJKS0;
BWHS51). )

(a) Figures 1 and 2 show schematically two of the experimental ar-
rangements used by Brode and his collaborators. The first arrangement
(RJG49, see Fig. 1) consists of two cloud chambers, CH; ‘and CH.. The
upper chamber, CHy, is placed in a magnetic field of 4,750 gauss produced

a——
0O 10 20cm
Fig. 4.11.1.  Schematic
ment of cloud chambers (CIL, OIH)
and counters (Cy, Ci Cs) used by

Retallack and Brode for measuring the
mass of cosmic-ray mesons (RJCG49).

- Fig. 4.11.2. Schematic  arrange-
o ment g=of chambers, ('H,;, CH., CH,
counters, C, Cs, and magnet used by
Brode and his collaborators for meas-
uring the mass of cosmic-ray mesons

(BRB49).

by an electromagnet. The lower chumber, CIIZ,-oontaina 15 lcad plates
0.63 cm thick. The two chambers are triggered simultaneously whenever
 charged particle passes through the Geiger-Mueller counters Cy, Co, Gy,
thus producing a threefold coincidence. The curvature Aof the track llln
the upper chamber determines the momentum of the partlcle: Wl@n the
particle stops iu the lower chamber, obscrvation of the plate in which the
track ends determines the range. Knowledge of momentum and range
vields the mass of the particle.
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The second arrangement (BRB49; see Fig. 2) consists of three cloud
chambers, triggered by the coincidences of two Geiger-Mueller counters
placed, respectively, above the top chamber and between the middle
chamber and the bottom chamber. Between the top chamber and the
middle chamber the particles pass thraugh the gap in a permanent magnet
producing a field of about 5,000 gauss. The momentum of a particle is
determined by the angle between the directions of its trajectory in the
upper and in the middle chamber respectively. Its range is determined in
the bottom chamber containing 13 lead plates, each 0.6 ¢cm thick.

If one assumes, in each case, that the stopping point of the meson is
at the center of the plate where the trajectory ends, the limiting error in
the determination of the range equals one-half the thickness of the plate
divided by the cosine of the angle of incidence. The error in the measure-
ment of the momentum results partly from scattering, partly from instru-~
mental distortions (§3.13). From the computed values of these two
errors, one may estimate the error in the individual mass determinations.
For the best experiments, the probable error turns out to be about 12 per
cent. However, it is likely that uncontrollable factors often introduce
considerably larger errors.

Histograms showing some of the experimental results obtained by
Brode and his collaborators are reproduced in Fig. 3. Most of the ex-
perimental data are grouped around a mass value of about 200 electron
masses. The small number of observations lying outside of the main
group may be explained by instrumental errors and cannot be taken as a
proof for the existence of mesons with anomalous masses. In a private
communication to the writer (October 1950), Robert Brode indicated the
figure of 206 electron masses (with a probable error of 2) as the best value
for the meson mass obtained from his measurements and those of his
collaborators. This figure is based upon the assumption that all mesons
observed have the same mass. At sea level, where the observations were
made, almost all cosmic-ray mesons are y-mesons; the average mass value,
therefore, must come very close to the mass of these particles. It is true
that the accuracy of the individual measurements was not sufficient to
detect the possible presence of a small number of w-mesons. However,
the error in the average mass value due to the inclusion of these particles
is probably small compared with the other expcrimental crrors.

(b) The mass measurements on artificially produced mesons were made
with experimental arrangements of the type shown in Figs. 4.10.2 and
4.10.3. With these arrangements one observes mesons emitted from the
target and entering the emulsion on the edge of the plates after describing
part of a circular path in the magnetic field of the eyelotron.. The point
of incidence and the direction of the track when it first enters the emulsion
determine the radius of curvature of the path in the magnetic field and
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therefore the momentum. When the particle comes to rest in the emulsion,
the total length of its track determines the range. From the valugs of
momentum and range one computes the mass. Th.e mc't-l.wd described
can be applied to the measurement of the masses of pos1tnfe T-Mesons,
negative w-mesons, and positive u-mesons (there are no negative u-mesong
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Fig. 4.11.3. Mass spectra of cosmic-ray mesons obtained by Brode and his collaborators
(BRB49).

coming from the target). To achieve more accurate results.the authors
did not trust the momentum-range relation obtained wn}h independent
mecasurcments, but compared, in the same emulsions, the ranges of protons

and mesons of approximately equal velocities. N
The mass values determined by this method were (SFM50.2; BWHS51):

positive m-mesons: m, = (277.4 & 1.1)m,,
negative r-mesons: m, = (276.1 «+ 1.3)m,,
positive py-mesons: m, = (210 & 4)m,.

(¢) Measurements of mass ratios from range and grain density (] § 3.1:)
were reported by the Bristol and the Berkeley groups. The Bristol group
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used this method for comparing the masses of - and w-mesons associated
in m—u disintegration processes (see Fig. 4.8.1). Measurements of this
kind can yield fairly accurate results, provided one considers only those
events in which the r-meson track is sufficiently long. The fact that the
two fracks to be compared are produved practically at the same time and
in the same region of the emulsion eliminates any possible error due to
fading or to lack of homogeneity of the emulsion. Early experiments,
made in part on r-meson tracks not very suitable for grain counting, gave
a value m,/m, = 1.65 for the mass ratio of = and p-mesons (LCM48).
Later experiments (BRH49.2), in which a more rigorous selection of the
pictures was made, gave My/m, = 1.33 & 0.05 in good agreement with
the results described above.

The Berkeley group used the grain-counting method to compare the
masses of 7- and u-mesons with the mass of the protons. Measurements
by Bowker (BJK50) on positive r-mesons gave m, = 264(1%) electron
masses.

412. Products of the nuclear absorption of negative m-mesons
and p-mesons. We have mentioned repeatedly that most of the nega-
tive 7-mesons that come to rest in photographic emulsions produce nuclear
stars at the end of their tracks. The nuclear explosions responsible for
the observed stars require energies of the order of 100 Mey, ie., of the
same order of magnitude as the rest energy of m-mesons (140 Mev).

These observations can be interpreted easily if one assumes that when
a negative w-meson is absorbed by a nucleus, it combines with one of the
protons in the nucleus, changing the proton into a neutron:

Ttron e

Since the rest energies of the proton and the neutron are nearly equal,
the reaction considered here releases an amount of energy practically equal
to the rest energy of the r-meson.

Note thai the process described by Eq. (1) cannot conserve energy
and momentum without the participation of other particles. Therefore
it cannot take place if the proton is free, but only if the proton is bound
to a nucleus, so that other nucleons may participate in the interaction
and insure the momentum balance.* It follows that the neutron resulting
directly from the absorption of the meson does not acquire all of the en-
ergy released by the disappearance of the meson, even though, under
favorable conditions, it may acquire a large fraction of it.

In any case the absorption of a negative 7-meson by a nucleus causes
a small number of nucleons in the nucleus to acquire kinetic energies total-
ling 140 Mev Usually these nucleons will collide with other nucleons,
distributing most of their energy among them and thus giving rise to &

*The nuclear absorption of a-mesous i hydrogen will be discussed separately in
.16.

$4
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violent nueclear explosion. Occasionally, however, they. may escape fFOH(;
the nucleus without further collision, leaving the nucleusin a Ifnzhﬂy exm:e d
3 v ioned that aboul 27 per cent of the negativ
state.  In § 4.10 we have mentione: : ] k
:— mesons f:il to produce visible stars at the end of their 1thk§ 111)1 Il{ﬁrdd(;?
rnlsion f the energy released by the dis-
smulsions. In these cases, presumably, oy d b :
;m;)‘e:r(;?:ce of the w-meson is carried away by neutmn.s [perha',ps, toa lakl) g(e;
)!:tent by the neutron resulting directly from the mteractl.on describe
(:)y Eq’ (1)], or by protons of energy groater than the maximum energy
ted by electron-insensitive emulswns: N
dem’lc‘he st\}xldy of the absorption of negative m-mesons by n]uclel 1ts orie of
i i st ith the problem of the nuclear structure.
at interest in connection with t. ' tur
%;Zi'ever a detailed discussion of this phenom_enon goes bl?yond the hr%nts
of the pr’esent volume, whose main objective is a descrlp?lon of the ?wﬁ)—
erties of elementary particles. We wish only to mention som«;l oh the
results obtained by Menon, Muirhead, and Rochat (MNGS50) with photo-
hic emulsions. R -
gm!')l‘liz'ie authors examined 1337 nuclear stars caused by artlﬁc_l-ally pro
duced m-mesons and 1216 nuclear stars caused by 'n.atural - -meior;ls,
They used the following methods for separating the dlsmtegra.tlons o the
heavy nuclei (Br,Ag) and of the light nuclei (C,N,0) contained in the
Ision: . )
emu(IS;OObservai‘,ions with “sandwich plates,” Le., ;?Iates cov_er?d Wltlh
alternate layers of normal emulsion and of pure gelatine (containing only
i ts); ] o o
hgh(t;);le]?:fg"g; measurements on the a-particles occurring in puclear 'Sm“f
a-particles of energy appreciably smaller than the potential barrier o
ine must arise from the light nuclei; )
bmgl)neoll?servations on the occurrence of low—energy_electrons in nuglgar
stars: these electrons (which ecan be detected only in electron—senalltwe
;amul;ions) are explained as the result of an Auger effect that takes place
1 leus.
rh _meson is captured by a heavy nuc )
) e’;h::e ';hree methods described above gave mutually consistent re?ugls.
They showed that in normal nuclear emulsions 46 4 5 per cent o (;
tarZ due to the capture of 7—-mesons correspond to.the dlﬁl‘lltcglumon of
Ti‘ ht nuclei, 54 = 5 per cent correspond to the dlsmtf'egratlon of geaw;
nic]ci Ta.,hle 1 gives the distribution of stars accor‘dmg to nlum erv:11
ronés for stars originating in light and heavy nuclei separately as wb X
. for ;H stars. In agreement with previous results (§.4..10), .thc nUfn.bi,
I(tf ~_mesons that come Lo rest in the emulsion without giving rise to visible
=
£ s found to be 28 = 2 per cent. ) .
%ar’i‘l‘l‘;aresults of Menon and his collaborators, in agreement with tthi)sz
f Cheston and Goldfarb (CWB50), showed that about. 10 per c'ent o he
O~ esons ending in the emulsion give rise to protons w1th' energies gr;/a[l rv
:rh:: 30 Mev. Among these, some have energies as high as 80 Mev.
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Table 4.12.1. The percentage of stars with different nu

mbers of prongs pro-
duced by the absorption of 7—

-mesons in the light (L) and in the heavy (H)

nuclei present in photographic emulsions. {Not considered here are those absorp-

tion processes of w-mesons that do not give rise to visible stars (28 + 2 per cent of
the total).] From Menon of al. (MNG50). *

NuMBER Number of Stars
oF Prongs T H L+ II

1 11 27 37
2 13 18 31
3 15 -4 20
4 6 4 10
5 1 1 2
6 — — _—

Totals: 46 54 100

The existence of protons with such large energies is a direct proof that a
large fraction of the rest energy of the r—-meson goes into
and thus confirms the assumption about the mode of 7
by Eq. (1).
Negative p-mesons behave very differently from negative m-mesons
when absorbed by atomic nuclei. This fact was first indicated by the
experiments of Lattes, Occhialini, and Powell (LGM47.4) already men-
tioned in §4.9. In Ilford C2 emulsions exposed to the cosmic radiation,
these observers found that the number of mesons either ending in stars
or giving rise to secondary mesons was a very small fraction of the number
of those that did not produce any visible event at the end of their r-
Most of the mesons stopping in the emulsion were, of course,
Since the emulsion used in these experiments was insensitive to electrons,
it could not detect the spontaneous decay of positive y-mesons. How-
ever, ahout half of the u-mesons coming to rest in the emulsion were
negative u-mesons and many of them were certainly absorbed by the heavy
nuclei of the emulsion (silver, bromine). If most of these mesons had
given rise to stars (as 7~-mesons do), the relative number of meson tracks
ending in stars should have been much greater than was actually observed.
The above results were later confirmed by the observations ou the
behavior of artificially produced mesons described in §4.10. They were
also confirmed by cloud-chamber experiments showing that u-mesons
often stop withoul giving rise to either decay electrons or ionizing nuclear
fragments.*
Wang and Jones (WKC48), for example, working with a cloud chamber
containing two lead plates, each 0.63 cm thick, and five

a single nucleon,
—-capture expressed

ange.
u-mesons.

aluminum foils,

( * For a review of experimental evidence on this subject prior to 1948, see ref.
PO48.1).
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0.08 cm thick, observed 20 mesons stopping in lead and 20 mesons stopping
in aluminum. In 19 cases they detected a lightly ionizing particle, pre-
sumably a decay electron, coming out of the absorber in which the meson
had stopped. There was one event that could be interpreted either as a
meson stopping in an aliminum foil and giving rise to a low-energy proton,
or as a meson undergoing a large-angle scattering in an aluminum foil
and emerging from it with very small velocity. In all other cases there
was no evidence for the emission of ionizing parlicles from the end of the
meson track.

Tn a similar experiment Chang (CWY49) observed 45 mesons stopping
in thin metal foils inside a cloud chamber without giving rise to visible
secondary events of any kind. During the same experiment he also ob-
tained 26 pictures of decay processes and onc picture that appeared to
show a meson stopping in a foil and producing a single low-energy proton
by a nuclear interaction. However, the interpretation of this picture is
not entirely unambiguous, according to the author.*

In the same connection one may also mention the results of some
experiments by Voorhies and Street (VHG49) on p-mesons stopping in a
crystal of silver chloride. Under appropriate conditions, such a crystal
operates as & ‘“‘solid”” ionization chamber and is thus capable of detecting
whatever heavily ionizing particles may be emitted by the nuclear absorp-
tion of negative p-mesons. The result of this experiment was negative,
again showing that most negative u-mesons do not produce ionizing sec-
ondary particles when absorbed by nuclei.

In contrast, but not in contradiction with the experiments described
above, recent observations of George and Evans (GEP51) have shown that
a small fraction of the u-mesons coming to rest in photographic emulsions
do give rise to visible stars.  These workers used Ilford G5 electron-
sensitive emulsions prepared, stored, and developed underground, at depths
of 2000, 3400, and 6000 g em™? below sea level. The number of a-mesons,
relative to that of w-mesons, is much smaller underground than above
ground. This is so because, in cosmic rays, short-lived w-mesons arise
from locally produced nuclear interactions whose rate of occurrence de-
creases with increasing depth much more rapidly than the intensity of
p-mesons (§ 8.4). Therefore, if any stars are produced by the nuclear
absorption of wmesons, they can be detected mare easily underground,
where the background due to =—-mesons is smaller than above ground.

In an examination of their plates, Greorge and Evans found 1014 p-
mesons ending in the emulsion without producing visible disintegrations,
5 w-mesons showing m—u decay processes, and 30 mesons producing stars
at the end of their tracks. The following arguments prove that most

* On the subject of cloud-chamber observations on mesons at the end of their range,
see also (CRIL49).
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of the 30 star-produci i
of the 30 producing mesons are negative u-mesons and n
4 (a) T.he number-prong distribution of the stars observed under d
is very different from that of the stars observed above gro/und ¢ dgr}(:un
a much larger proportion of stars with siuall numbers of prongs, e stons
(b) The number of star-producing mesons is much grea%e.r th h
number of mesons giving rise to T—u decay processes o the
(¢) The 30 star-producing mesons like the 1014 u:mesons endi
e.ve‘ntfullly are strongly collimated around the vertical whéreas the mg‘un_
giving rise to m—u decays are distributed nearly isotvr:)picall mesons
George and EV&US tentatively identified 5 of the 30 Z;ar— roduci
mesons as negative m-mesons and the remaining 25 as nega;,ive p-m oy
Of these, 3 produced 2-pronged -stars and 22 broduced 1~pron#ed esbons.
George and Evans further estimated that 265 negative u-mesons hgad . ?l“"&
gone .nuclear absorption without producing visible stars. The s eri_
th this concl'usion by considering the total number of ;;-mesori’s arr;i",e(
in thej emulsion, by assuming a value of 1.27 for the ratio of osi:in H’;g
negative p-meson.s, and by taking into account the fact thaf;’ neg;:ivz
ir}xlzss(;nz ;st;:lt;gedbm gg I\;:verBr mc(l)stly undergo nuclear absorption whereas
h ; y C, N, O, and H mostly und
Table 2 shows the distribution in numberyof proerig;) fsﬁogtt;rze;ﬁse (tiscsz :

ot negative

Table 4.12.2. The number of stars with different numbers of

by the absorption of u- e produced

h -mesons in the heavy nuclei present in photographic
emulsions (u"-mesons are not appreciably absorbed by light nuclei)
From George and Evans (GEP51). ’

Number of prongs 0 1 2

Number of stars 265 22 3

clear absorption of negative u-mesons, according to George

;[i‘i}el (vhffere?c‘ev between the distributions shown if Tables 1ganzn§ i‘sls:cs—
ely, 15 very marked. One may add that most of the star yart' dl
produced by the nuclear absorption of x~-mesons have 11 reies of
the arder of several Mey. e eneries, of
nucngro:%bz;r)lg’ Elear cfv1dencg for the occasional production of stars by the
pulew FXPCH; elﬁxt) to negative u-mesons was available, Piccioni carried
pmduceé per o mvesug'ate. whether or not, high-energy photons are
produce en p-mesons stop‘m iron (PO48.2). The result was negative
emitcrzzénigr; i;zo;dmg t? an estimate of the author, ,

‘ or! - i
heori e & m of y-rays is less than 20 Me

thal the average energy
V per negative u-meson
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Also, several experimenters investigated the .possibility thatsnegtrons
be produced by the nuclear absorption of nggatlvg u-mesons. 1 ar a,ri-
his collaborators (SRD48.2; SRD49) u§ed.tor t.hxs purpose the ez&tpunq
mental arrangement shown in Fig. 1, which is de.SIgned to detect m(eiu c’ronn
o stopping of ionizing particles in I'ead.l A, Bt, f:;l coazt;g

v Geiger-Mueller counters. N are proportional counter >
E?yt;eofnsideg\vith boron enriched in BY (§3.4). They are emb(eid(‘ifj ir(:
a large paraffin block, which brings moderately fa?xt uelzli-nr:nst dob e
thermal or epithermal energies, where they are effectively detected by

associated with th

00000

Paraffin

——)
[o] 5 ocm

angement used by Sard ef al. to investigate the produc-

i imental arr:
By 4 B e by stopping of mesons in lead (SRD48.2).

tion of neutrons

boron counters. Ionizing particles stopping in the lead absorb«,ar. bQ.tSszz
B and C give rise to anti-coincidences (AB — C).. Each a(?tl—comm eulge
initiates, with a 4-microsecond d(?lay, an .80—m10rosecon fsi‘}l,ljr:m},)tr(;n
(“gate’”), which is placed in (;uim_ndence with the pulses 3 t, e ,the
detectors. Neutrons originating in the lead absorber an el; e.t g he
paraffin hinck take several microsecopds to reach thermal vel §c1 yr;gi) nd
the mean life of the thermal neutrons m a'parafﬁn block of th? .unte; e mt;
shown in Fig. 1 is of the order of 150 mwrose(?onds. There met ho late
start of the “gate’” does not result in an appreciable lass of counts for

igati ile it elimi ious
phenomenon under investigation, while it eliminates a number of spur:

Effe(lﬂ;:- 181 hours of operation the instrument recorded 61 cuincidences
between (AB — C) events and neutron pulses [events ({,‘13 — C:N)].
o 50 hours of operation when the
thick cadmium shield (which
result showed that the
In anothor test run,

No such coincidence was recorded in
neutron counters were surrounded by a 1-mm- :
is completely opaque to slow neutrons). Th,ls
observed effect was actually caused by ueulrons.
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Sard and his collaborators removed the high voltage from the anti-coinei-
dence counters so as to make them inoperative and found that the counting
rate of the cosmic-ray telescope increased by a factor of 30 while the rate
of (AB — C:N) events increased only by a factor of two. This result
proved that the (AR — (':N) events recorded with the anti coincidence
counters in operation were not caused, to any appreciable extent, by sec-
ondary effects of penetrating particles that traversed the lead absorber
between B and C but failed to discharge tray C. Thus the experiment
described gave convincing evidence for the production of neutrons by the
stopping of ionizing particles in lead. These neutrons had energies of
less than about 10 Mev, for the thickness of the paraffin block was not
sufficient to slow down to thermal velocities neutrons of substantially
higher energies.

It was still necessary to investigate whether or not the particles giving
rise to neutrons at the end of their range were actually p-mesons. One
had, indeed, to consider the possibility of neutron production by nuclear
interactions of protons; for proton energies up to several hundred Mev,
the secondary ionizing products of the interaction have a very short
range and a correspondingly small probability of emerging from the lead
absorber.

One can distinguish between the effects of u-mesons and protons by
means of underground measurements, because the number of protons
decreases with increasing depth much more rapidly than the number of
slow p-mesons (see §8.4). In this manner Sard and his collaborators
were able to show that about one-half of the (AB — C': N) events observed
at sea level were actually due to nuclear absorption of negative u-mesons
(SRD51). They also found that, on the average, the absorption of a
negative u-meson by a lead nucleus is followed by the emission of 2 neu-
trons with energies between 0.1 and 10 Mev [see also (GG51)].

Groetzinger and his collaborators (GG48; MGW49) confirmed the ex-
perimental results obtained by Sard’s group. Moreover, they provided a
final check of their interpretation by separating negative from positive
mesons magnetically and showing that only the former produce neutrons
after coming to rest in matter.

In conclusion, the available experimental data prove that negative
w-mesons, when absorbed by nuelei, do not produce violent disintegrations
comparable to those following the absorption of negative z-mesons. A
nucleus that has absorbed a p-meson emits ordinarily only a few neutrons
of several Mev energy, more seldom a proton of equally low energy, and
very rarely more than one ionizing particle. In all cases the total energy
of the disintegration products is a small fraction of the rest energy of
©-Tesons.

This behavior, which is so strikingly different from the behavior of
negative m-mesons, can be understood only if one assumes that the nuclear
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absorption of negative u-mesons brings the nucleus into an ;)gurt%ghsetizi
not more than 10 or 20 Mev above the ground level. As Iziote.: 3u0h ":a()re
(WJA49), an excitation energy of this order of magmt,u‘ e‘ is mf ! mor
likely to produce the emission of tneu.trons t::;l itrlileweilr;:}slmz)ﬁle of é)o‘ﬂomk;
i 1 f large atomic num) d ‘

;;I;;:;:]]);S]L;Eme&id? of cgourse, in F?ements of sm.all atoxlmo rutl)mber
negative u-mesons have a small probability of undergoing nuc ea? j; ;3?13-
tion.) The above assuiuplion, hﬂweve'r, means that a -cimp;c“atioi
small portion of the rest energy of negative p-mesons goes }in (v; e ctation
of the nucleus. This would be difficult to understand if t he t1rec g (rem
of the absorption of a negative p-meson by a nucleus ‘fvas't e transforma-
tion of a proton into a neutron according to the reaction:

vt p—on.

The most natural interpretation of the observed behav'ior lies in the
assumption that the interaction of the negative u-meson with the proton
gives rise to a neutron plus a neutrino:*

wmt+p—onto @)

In this case it can be shown, on general theoretical grounds{) t}tlit she
neutrino almost always takes a large part of thf> energy se? fl;ee t}y : ; :::
appearance of the meson, leaving a small fraction available for the excit
“"“I;’;tf};‘: 1:zlslc’lc(;:::.prol')ert,ies of elementary particles are concerned, 1';he
most important result of the experiment_s described in the 1?rels)er11ﬁ sleictlgr%
is the evidence in favor of the interactions rep.resentec‘i sy‘m olical gra‘yv
Eqs. (1) and (2). From the character of th?se interactions one can gy
some important conclusions regarding the spin ?f - and u—?escvmst.ha.t e
both the proton and the neutron .have spin %, Eq. (1) s‘owsh i
w-meson must have integer spin. Since, moreover, t‘he neutrlnf) asE 5 er?i
Eq. (2) shows that the u meson must have half-integer slpm. Ol_ogmb
mental results to be described in §§ 4.13, 4415., and 4.16 suppt}}f1 c;)r;hA -
ing evidence in favor of the above cox}clusmns and show tha sonb : Dpiq
of the w-meson is probably zero. As for the spin of the ;~me s tio;l
simplest to assume that it has ﬂf Vahllle? % Ong (;Zl(lillc; ttf)s; fp rlsb?SEizzs "
1 ally by measuring the collision an 1es

;T;}ir::;;tv ;Zmésons. As shown 'in §§ 2.3 and 2.1‘4, thefse Profablslgfsz
are much greater for particles of spin § tha.n for pa'rtlclefno bspg;:“umcd e
experiments that have a bearing upon this question will be disv

; 6131") Disintegration products of m-mesons and u- ";fsons.ulg,ﬁz
observations by means of cloud chambers and photographic emuls

5 iscussion
*V'ITl;i< process was first suggested by Sakata and Inoue (SS46). For a discussio
of the egperlmenbal evidence, see also (PDH49).
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described in §§ 4.7 and 4.8 show that when a m-
only one charged particle is emitted in each case. When the disintegrating
particle is a w-meson the secondary particle is a p-meson; when the dis-

integrating particle is a p-meson the secondary particle is an electron,
The principles of econservation

or a p-meson disintegrates,

of cncrgy and mouentum, however,
require that two or more particles be produced when a meson disappears,
so that, in the frame of reference in which the meson is at rest, the mo-
menta of the disintegration products may cancel vectorially while their
energies add up to the rest energy of the original meson. Therefore the
disintegration of both the - and the y-meson must be accompanied by the
emission of one or more neutral particles.

If there is only one neutral particle, this and the charged particle
must carry equal and opposite momenta in the frame of reference of the
original meson. Therefore the charged particle arising from the disinte-
gration of a meson at rest will always have the same kinetic energy, F;.
The conservation principles yield for this energy the following value:

2 2 __ 2
B - = me) — (e M

where m is the mass of the primary particle, 7, is the mass of the secondary
charged particle, and m, is the mass of the secondary neutral particle.

If there are two or more neutral particles arising from the disintegration
process, then the energy, Ei, of the secondary charged particle is not de-
termined. In this case one should expect a continuous distribution of
values for this energy, from zero to a certain maximum, as in the case
of the B-decay (§ 4.5). E, is a maximum when all of the secondary neutral
particles are emitted in the same direction, opposite to the direction of
emission of the charged particle, and with the same velocity. This maxi-
mum value is given by Eq. (1), where my now represents the sum of the
masses of all the neutral particles.

Consider first the case of the = »w decay.  Bxperiments by the Bristol
group (LCM47.2), later confirmed by those of the Berkeley group (BJ49),
showed that the ranges in the emulsion of the secondary u-mesons are dis-

500 660 -microns
Fig. 4.13.1. Distribution in range of the -
of r-mesono at rest, us ubserved in Tlford

O
400

mesons produced by the spontaneous decay
C2 emulsion. From C. F. Powell (PCF49).
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tributed over a very narrow interval. This is illustrated by the histogram
in Fig. 1, taken from a paper by Powell (PCF49). In fact, the observed
spread in range can be fully explained by straggling (§ 2.8) under the as-
sumption that the u-mesons arising from the disintegration of w-mesons
ab rest all have the same kinefie energy. According to the data sum-
marized in Fig. 1, the average range in the emulsion is 613 microns; the
corresponding kinetic energy (see Fig. 3.15.2) is:

B, = 4.17 = 0.06 Mev. @

Note that since the energy-range relation is insensitive to the mass of
the particle, the experimental uncertainty in the mass of u-mesons (see
§4.11) does not affect the value of E; appreciably.

The fact that the secondary u-mesons all have the same energy shows
that the w—pu disintegration process gives rise to one and only one neutral
particle. One can use Eq. (1) and the experimental values of F1, m(= m,)
and my(= m,) to compute the mass, mo, of this neutral particle. One
finds that mo is small compared with the mass of p-mesons and could be
zero within the experimental error. One can easily show that the as-
sumption me = 0 is consistent with the experimental results, by computing
E, from Eq. (1) under this assumption. With m = m, = 276 (from the
Berkeley measurements on artificial mesons; §4.11) and my = m, = 206
(from Brode’s measurements on cosmic-ray mesons; §4.11), one obtains:
E, = 4.5 Mev. This value agrees with that obtained from direct meas-
urement, within the experimental uncertainties of the two values.

In conclusion, the experimental values of By, m,, and m, indicate that
the neutral particle produced simultaneously with the p-meson when a
r-meson decays is either a neutrino or a photon. On the other hand,
in §4.12 we have shown that r-mesons have integer spin and wp-mesons
have half-integer spin. Conservation of spin then -assigns half-integer
spin to the neutral disintegration product of a m-meson and therefore shows
that this particle is & neutrino. The disintegration of a m-meson is thus
represented schematically by the following equation:

o pE 4 (3)

If our conclusions are correct, the true values of m,, m,, and E, are
reluted by the equation obtained from Eq. (1) with the substitutions:
m = m,, m =m, m =0 We shall adopt in our discussion the fol-
lowing values:

m, = 276m,; m, = 209m,; B = 418 Mev; 1

mec? = 141 10%ev; m,c* = 1.07 - 10% ev;

J& 4
a—“ B .

I

= 1.32
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These val.ues satisfy the condition specified above and are consistent with
the experimental determinations, within the probable errors of the latter

We next turn our attention to the decay of u-mesons into electrons‘
Measurements on the energy distribution of the decay electrons have been.
reported by Teighton, Anderson, and Seriff (LRB49).* These experi-
mfnters used an ingenious device, originally suggested by Wilson and
Wilson (WCT35), i.e., a cloud chamber placed between the pole pieces of
an electromagnet, which is allowed to fall freely after the expansion has
taken place and is photographed some distance below the magnet. This
type of clouv; chamber eliminates the need of a mirror in the magnet gap
or of‘ a hole in the magnet core (§ 3.13) and thus simplifies the problem of
0bt§1n1ng a strong and uniform magnetic field. Note that the accelerated
motion of the chamber during the free fall effectively removes gravitational
forces and, therefore, eliminates track distortions arising from the free
fall of the droplets and from convection currents in the gas.

G CEE)

o 10

20cm

L .Fig. 4.13.2. Schematic diagram of cloud chamber and counters used by R. B.
eighton et al. for the measurement of the spectrum of decay electrons (LRB49). P ié

a carbon plate: C is a Geiger-Mueller tube wh itiv i
the whaden oo > whose sensitive voliume is represented by

The experimental arrangement is shown schematically in Fig. 2. The
c[opd chamber contains a carbon plate, £, 2.0 g em™ in thickness and a
Geiger-Mueller counter, Cs, whose outer envelope consists of a square
S_Opper box of 0.87 mm \vz'zll thickness. The chamber is triggered by those
simultaneous pulses of this counter and of the upper counter tray, Cy, that
are not accompanied by pulses of the lower counter tray, vé; y(anti-‘

* For a discussion of earlier measurements see ref. (RB49). )
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coincidences CiC: — Cs). This method of triggering favors the record-
ing of ‘‘slow” u-mesons. ' ) , .

Out of a total of 15,000 photographs obtained in a..7250-ga,u55 magnetic
field, 75 showed mesons that stopped either in the gas, in the wall of CO}mter
(., in the carbon plate, or in the walls of the chamber and gave rise to
secondary electrons whose energy could be~determ1ned. .The energy
distribution of these 75 electrons is shown in Fig. 3. The estimated error
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Fig. 4.13.3. Differential energy spectrum of electrons arising from the decay of
p-mesons. Each point represents the number of electrons per energy interval of 10 Mev.
Standard statistical errors are indicated. From Leighton et al. (LRB49).

in the individual energy measurements is between 1 and 2 Mev. Figure 3
clearly demonstrates that the electrons arising from the decay of p-mesons
do not have a unique energy. From the argumen‘?s developed above, it
then follows that fwo or more neutral particles originate frm the decay of
each p-meson. The maximum energy of the decay electron is:

E, = 55 + 1 Mev. (5)

This result together with Eq. (1) shows that the t/ol,al mass of the neutral
particles is small compared with the mass of p-Tesons and could l:e zero
within the experimental errors. In fact, Eq. (1) with m = m, = 209m,,
my = m., and my = 0 gives By = 53 Mev, which comes close to the experi-
alue. ]
mensti';al experimenters investigated the possibility that the neutral dlS-.
integration products of the p-meson may be photons (SRDIALS&; HEP{IS ;
"P048.2). The results of these exper1mcnt§ were negative.* Tt t s
appears likely that the neutral disintegration pro.d}mts are nfeut11nos.
The simplest assumption is that each u-meson disintegrates into one
electron and two neutrinos:

R i 2 (6)

i f electrons and mesons
* We may add that measurements on the relative pqmbers ol
in the‘ aetmos}phere near sea level also rule out the possibility that photons are produced
by the decay of w-mesons (GKI43).
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The maximum of the energy spectrum occurs around 40 Mev. The
measured average energy of the decay electrons is 34 Mev, which comes
close to one-third of the rest energy of the u-meson. This would indieate,
that, on the average, the energy of the disintegrating u-meson is divided
equally among the three disintegration particles.}

One particularly interesting picture obtained in the experiment just
described shows a decay particle deflected by the magnetic field in such a
way as to traverse four times the carbon plate before coming to rest within
the plate. The values of the momentum of this particle after each trav-
ersal were measured. From the momentum losses thus determined, as
well as from an estimate of the specific ionization toward the end of the
path, the authors were able to place an upper limit of 10m, to the mass
of the decay particle. This is perhaps the clearest piece of experimental
evidence so far available in support of the assumption that the charged
particles produced by the decay of p-mesons are indeed electrons.f

The disintegration scheme of u-mesons represented by Eq. (6) confirms
the conclusion concerning the spin of x-mesons reached in § 4.12. Indeed,
since electrons and neutrinos have spin %, the finding that one electron
and two neutrinos arise from the decay of each wp-meson shows that
p-mesons have half-integer spin.

The discussion in this section has centered in the disintegration of mesons at rest.
For future reference, we develop here some relations concerning the decay of mesons in
flight.

Consider first the case of a two-particle disintegration. Let m be the mass of the
primary particle, 7 that of one of its disintegration products. The total energy and
the momentum of the secondary particle in the frame of reference in which the primary
particle is at rest have constant values, that will be called U* and p,* respectively.
In the same frame of reference, let 6* be the angle of emission of the secondary particle
measured from the trajectory of the primary particle. In the laboratory system,
let U, p, and § be the total energy, the momentum and the velocity of the primary
particle; let Uy and py be the total energy and the momentum of the secondary particle.
The Lorentz transformation yields:

Ui* 4 Bep* cos6* _ U

- * 4 P oog 0%
Vi-g T ome U+ m i cos 0%, @

U, =

from which one abtains:

Ubnia = U2 = fepr” - U B o

B
VI g mer m P

8)
(U eae = D2t Bep® U U 4P
Dnax i—g e Ut

1 Further experimental data on the energy spectrum of electrons arising from the
decay of u-mesons will be found in refs. (SgR51) and (BrH51). The effect of Bohr

orbit binding on the decay spectrum of negative u-mesons has been computed by Porter
and Primakoff (PCE51).

1 On this subject, see also ref. (HEP50).



192 ELEMENTARY PARTICLES §4.14

In the frame of reference of the primary particle, the probability of emission of the
secondary particle is the same in all directions. Therefore the average value of cos 6*
is zero and the average valuc of U, is given by the following equation:

7 *
U = 7T7——= =5 Ui, 9)

The fractional number, dn, of secondary particles emitted at an angle between ¢*
and 6% + do* in the frame of the primary particle is:

dn = } sin 6* do*. [¢5))
In the laboratory system, the energy of these particles lies in the interval between U
and U; + dU, where 6* and U, are related by Eq. (7). Differentiation of this equation
yields, in absolute value:

au, = & py* sin 6* do*, ()
which, together with Eq. (10), gives:
1mdU,
= 12
dn Ip ot (12)

Thus, in the case of a two-particle disintegration, the differential energy spectrum for
each secondary particle has a constant value between the limits (U)min and (U)max

given by Eqs. (8).

If the disintegration particles are more than two, then Uy* and pi* are not constant.
However, Eq. (9) still holds, provided Uy* is interpreted as the average energy of the
secondary particles of a given kind in the frame of reference of the primary particle.

4.14. The mean life of m-mesons. Independent and practically
simultaneous experiments by Camerini, Muirhead, Powell, and Ritson
(CU48) with cosmic-ray mesons and by Richardson (RJR48) with artifi-
cially produced mesons provided the first, direct, even though crude, esti-
mates of the mean life of m-mesons.{

Camerini and his collaborators exposed a stack of photographic plates
to cosmie rays at 3450 meters altitude. The plates were suspended under
a light roof, 2 meters above a concrete floor, with the emulsionsin a vertical
plane. Of the mesons ending in the emulsions, most came from above,
some, however, from below. The latter, presumably, were mesons pro-
jected upward by nuclear interactions ocecurring in the matter beneath
the plates. In the upward stream of mesons, both 7- and p-mesons wete
present in comparable numbers. If one assumes that only 7-mesons are
produced in nuclear intoractions, the p-mesons must arise from the de-
cay of w-mesons in flight. Trom the measured relative abundances of
- and p-mesons in the upward stream, and from an estimate of the mean
distance from the plates of the point of origin of mesuus, one can thon
roughly evaluate the mean life of ~-mesons. The value thus obtained was:

7. = 0.6 - 10 ®sec.

t For previous indirect estimates of this quantity, see refs. (MRE47) and (GKI48).
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‘ Rlc.hardson used as source of w-mesons a thin graphite target placed
in the m_temal a-ray beam of the Berkeley cyclotron. The a-ray beam i
ina horizontal plane. In the magnetic field of the cyclotron, the meson:
sp}ral upward or downward depending on the direction ]of emission
Rm}.m.'r:dsnn selected an upward-spiralling group of mesons by means of .
s?ml—cxrcular helical channel that rose 1.25 cm vertically in one semi
circle (180°). At the end of the channel he placed six photographic plates
}.{e ~also selected a group of mesons spiralling downward by meang of a
s1.m11ar helical channel, which, however, extended for one and one-half
circles (540°). At the end of this second channel he placed another stack
of photographic plates. The ratio of the numbers of mesons found in th

two sets (?f plates, when corrected for geometry, gives the loss of mesonz
by dcca;{ in the time corresponding to one revolution in the magnetic field

. If GBlls the magneti'c induction, p the momentum of the mesons, and 8
Ehg s}:liiela ::g:zizn their trajectory and the magnetic field, the radius of

I
R eGBsm@.

On the other hand, the mean path length before decay for a r-meson of
momen.tlilm p, from Eq. (4.7.1), is 2¢ = pr,/m,. Therefore the survival
probability after one revolution is:

2rR 2mm,
w = exp| — = LTt
P ( Zasin 0) P ( e¢Br, ) ®
One sees that the .survival probability is independent of the momentum
of the mesons and is a function of the ratio of their mean life to their mass

With the experiments described above, Richardson found the following
value for the mean life of the negative r-meson:

e = (L1 §35) - 1072 sec. (2)

Latfar. Martinelli and Panofsky (MEA50) used a similar method for
determining the mean life of positive w-mesons. They achieved greater
aceuracy by using a stronger source of mesons and by taking two points
instead of one on the decay curve. For this purpose they selected the
downward-spiralling mesons with a channel extending over two and one-
h.alf turns and made measurements with photographic plates placed at
e;ther 540° or 900° ir‘: this channel. In the upper channel the plates were
: r:’zlaiz)z r}:lafmsr’lig 3:3;?0 . The value of the mean life obtained by Martinelli

e = (L97 T 81D - 1078 sec. 3)

A more precise method for the measurement of the mean life of
m-mesons was developed independently by Kraushaar, Thomas, and Henri
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(KWL50) and by Chamberlain, Mozley, Steinberger, and Wifegand (9050),
This method is similar, in principle, to that used by Rossi and l\greson
and by other experimenters for the determination of the mean life of
u-mesons (§4.7).

Figure 1 shows schemalically the experimental arrungcr.ncnt used by
Kraushaar and his collaborators. A description of the experiment follows,
in the words of the authors: “Mesons are produced in a carbon or beryllium
target T by v-rays from the M.LT. synchrotron. Some of the T-mesons
pass through an absorber 4,(0.63 em Pb + 0.63 cm Al), traversea 2 g Cm‘;
stilbene crystal X; (facing a LP21 photo-multiplier, Pi), a % g cm
bakelite absorber, 4, and stop in a 1-g cm™? stilbene crystal, X. (facing

Fig. 4.14.1. Experimental arrange-
ment used by Kraushaar et al. for de-
tecting the m—p—e decay by means of
scintillation crystals (KWIL50). Black
areas represent the lead shield.

—1
o] S 10 cm

a 5819 photo-multiplier, P»). Practically all of the u-mesons (range
0.1 g em?) arising from the decay of the stopped 7r+-m0501'1s come t? rest
in the same crystal, X, and subsequently decay, giving rise to positons.
The arrival of the =+-meson, the disintegration of the *-meson, and the
disintegration of the u*-meson produce light flashes that ure detected I‘Jy
the photo-multiplier P.. The resulting pulses are amplxﬁgd by a dis-
tributed constant. amplifier, delayed 107 seconds by a coaflal cabl(‘:, and
displayed on a high writing-speed oscilloscope. The over-ail resoh}'uon of
the crystal and electronic equipment is sufficient to measure the time be-
tween arrival and decay of 7*-wesons when this time is 3 - 10-8 seconds
or greater. The pulses from P are also presented on a second slower
oscilloscope for the purpose of observing the decay electron from the
w-meson. The sweeps of the two oscilloscopes are triggered simultaneously
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by coincidences between Py and P;. The two oscilloscopes are photo-
graphed with the same camera on a continually moving film.”

In a preliminary set of measurements, Kraushaar and his collaborators
selected 57 pictures, each showing a double pulse on the “fast’” oscilloscope
as woll as an additional pulsc on the “slow” oscilloscope. They found thal
the number of these events was consistent with the number of w-mesons
stopping in the crystal X,, as computed from the observed number of
mesons ending in the emulsion of a control plate placed near the crystal;
they also found that the time distribution of the pulses recorded by the
slow oscilloscope was consistent with the known mean life of u-mesons.
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Fig. 4.14.2. Differential decay curve of =*-mesons obtained by Kraushaar et al.
The ordinate indicate the numbers, n, of events per 1078 sec time interval. The solid
dots are the uncorrected experimental data. The circles are experimental data cor-
rected for accidentals. The straight line corresponds to a mecan lifc at 1.65-10~* sec.

The standard errors indicated are those for the corrected data (KWL50).

There was thus little doubt that the events recorded actually represented
r—u—e decay processes. Figure 2 shows the observed distribution of
time intervals between the two pulses of the pairs corresponding to 7—u
decays. Both the uncorrected data and those corrected for accidentals
are given in this figure. The corrected points give the differential decay
curve of positive w-mesons. By fitting an exponential curve to these
points, one finds a value of (1.65 & 0.33) . 1078 sec. for the mean life.
Chamberlain and his collaborators, using the Berkeley synchrotron
as a meson source, made an essentially identical experiment but achieved
a much greater statistical accuracy. Their results are shown in Fig. 3
both in the form of a ditterential and in the form of an integral disintegra-
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Fig. 4.14.3. The integral decay curve (solid dots) and the diﬂerenbial.decay.curve
of 7+-mesons (open circles) obtained by Chamberlain et al. The zero time point on
the integral curve represents all observed m-u decays. The zero time point on the
differential curve represents m-u decays with delays between 2.17 and 3.98-107% sec,
the next point those with delays between 3.98 and 5.79-107% sec, ete. | Standard sta-
tistical errors for the differential curve are indicated. The straight lines correspond

to a mean life of 2.65-107% sec (CO50).

tion curve. From the logarithmic slope of these curves one finds the fol-
lowing values for the mean life of positive m-mesons:

-, = (2.65 + 0.12) - 10~3 sec. 4)

Lastly, we wish to mention the preliminary results obtained by Leder-
man, Booth, Byfield, and Kessler (LLM51), who studied, by means of
a cloud chamber, the decay in flight of 90-Mev w—-mesons produced in the

Columbia cyclotron. . :
from the total track length ol wesons they obtained the following value

for the mean life of negative 7-mesons:

7. = (2.92 == 0.82) - 10~* sec. (5

The results described above make it appear likely that positive and
negative w-mesons have the same mean life and thai Lhis is close to the

From the number of m—u decays observed and .
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value of 2.65 - 108 sec. measured by Chamberlain and his collaborators.
One must probably ascribe to systematic errors the lower values found
in carlier experiments. .

4.15. Neutral m-mesons. Since the discovery of charged mesons,
the possible existence of neutral mesons has been the subject of many
speculations. In 1947, Oppenheimer focused the attention of the physi-
cists upon this problem by suggesting that neutral mesons may be the main
saurce of the electronic component of cosmic rays and, in particular, of
the electronic component of extensive air showers [(OJR47); see also
(LHW48)].

According to the picture presented by Oppenheimer, nuclear interac-
tions of high-energy particles give rise to comparable numbers of charged
and neutral mesons. The latter then disintegrate spontaneously into
photons with a very short mean life.

Experiments by means of ionization chambers (BHS47), cloud cham-
bers (FWB48; FWB49.1; CCY49; GPB30), and photographic emulsions
(KMF49; CAG50) showed that indeed high-energy photons occur fre-
quently among the products of nuclear interactions of cosmic rays. More
definite evidence for the existence of neutral mesons, however, came from
experiments with high-energy protons and y-rays from artificial sources.

Bjorklund, Crandall, Moyer, and York (BR50) at Berkeley were able
to detect the production of photons in various targets bombarded with
protons of energies ranging from 175 to 350 Mev, and to measure crudely
the energy distribution of the photons emitted in different directions.

_They found that the y-radiation produced by 175-Mev protons was very

weak. Both its intensity and its energy distribution could be explained
in terms of an ordinary radiation process (bremsstrahlung) of protons.
Already at 230 Mev proton energy, however, the photon yield greatly
exceeded that predicted for proton bremsstrahlung. This yield continued
to increase rapidly with increasing proton energy and at 340 Mev it was
about 100 times greater than at 175 Mev. There was thus strong evi-
dence for the production of photons through a process, different from
bremsstrahlung, that became effective for proton energies greater than
about 175 Mev. Bjorklund and his collaborators tentatively identified
this process with the production of neutral mesons (hereafter to be denoted
as 7°) immediately followed by their decay into photon pairs:

™=+ 7. 1)

Measurements on the energy distribution of the photons emitted in
different directions provided additional support for the suggested inter-
pretation. This energy distribution was found to be very different from
that of y-rays produced in ordinary radiation processes. The photon
intensity, instead of decreasing uniformly with increasing photon energy,
rose to a maximum and then decreased again. With a proton beam of




198 ELEMENTARY PARTICLES §4.15

340 Mev energy, the maximum occurred at about 120 Mev for the photons
emitted in the direction of the incident protons and at about 60 Mev for
the photons emitted in the opposite direction.

Under the neutral-meson hypothesis, the difference in energy between
the photons emifted in the two opposite directions is easily explained as
a Doppler effect. Indeed it is reasonable to assume that the mesons are
produced with an average velocity in the direction of the incident proton
beam. From the ratio between the energy of the photons emitted in the
forward direction (~120 Mev) and the energy of the photons emitted
in the backward direction (~60 Mev) one finds that the velocity of the
mesons is about 1 the velocity of light. On the other hand, the total
energy of a meson that produces a 120-Mev photon in the forward direc-
tion and a 60-Mev photon in the backward direction is 120 + 60 = 180
Mev. From 8 = % and U = 180 Mev one computes a value of 170 Mev
for the rest energy of the neutral meson. This is only a crude estimate,
but it shows that the proposed interpretation does not Tequire an unreason-
able value for the mass of the neutral meson.

More recently Steinberger, Panofsky, and Steller (8J50.2) obtained
crucial evidence for the existence of neutral mesons and for the disintegra-
tion scheme represented by Eq. (1) with an experiment in which they
detected the pairs of photons arising from the decay of individual mesons.

Before discussing this experiment we shall elaborate in some more
detail the assumption of the two-photon decay. In the frame of reference
of the meson, the two photons are emitted in opposite directions and each
has an energy equal to one-half the rest energy of the meson. In the
laboratory frame of reference the two photons, in general, have different

Ez
Fig. 4.15.1. Disintegration of a
neutral w-meson into two photons of G2 pc ¥
energy E; and Ea. A It

energies. The principles of conservation of energy and momentum yield
a simple rclation between these energies and the angle enclosed by the
trajectories of the photons. Let p represent the momentum of the meson,
mo its mass; let E, and E. be the energies of the two photons and 6, 02
their angles of emission with respect to the trajectory of the meson Fig. 1).
The following equations hold:

Fysin ¢, FEysin 6, =0, (2)
E, cos 8, + E»cos b = cp, 3
P+ omeet — (D + E,). 4)

S S —
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From Egs. (3) and (4) one obtains:
my¥ct = E2sin? 8, + Eo? sin? 0, + 2E\E, — 2E,E» cos 6, cos 6,,
which, together with Eq. (2) yields:

0.4 O 3 -
my’ct = 2ELEy sin 6y sin 6, | 2E\E;  2FE,F; cos 6, coo 8,

.6 MoC?
or: sin g = —F—— 5
2 oVEm ®
where: 0 = 6; + 6.

The angle 6 is a minimum when E, = E, = U/2, where U represents
the total energy of the neutral meson. For this minimum angle, Eq. (5)
yields the following value:

sin 9% = 75
In the frame of reference of the meson, each photon has an energy
equal to mec®/2 and a momentum equal to mec/2. Therefore from Eq.
(4.13.12) one obtains the following expression for the fractional number of
cases in which either one of the two photons has an energy between E;
and E; + dE; in the laboratory system:

dE;

Omin i
e (6)

dn = &2 7
£ g
25 \

\ | !
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Fig. 4.15.2. The quantity dn/dé given by Eq. (4.15.8) plotted as a function of ¢ for
Vaf’lOuS values of U/moc2. The graphs represent the distribution in angle of the photon
pairs produced by the decay of neutral mesons of differont total cnergics, U.
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Tn order to determine the distribution in angle of the pairs, one onlry
needs to combine Eq. (7) with Eq. (5), considering that Ey + B2 = U.
A simple calculation yields the following result:

dn _ mec cos (0/2) . ®)
6= p 2sint (6/2)V (U /mec)sint (9/2) — 1
Equation (8) shows that the distribution function dn/t?ﬁ bec_omes infinity
for sin (8/2) = moc?/U, or 8 = Umia. The graphs in Fig. 2 illustrate the
behavior of this function for different values of the energy of the neut.ral
meson. One sees that in all cases most photon pairs are produced with
an angle close to the minimum angle defined by Eq. (6).

L a@b\c\

SCINTILLATION COUNTERS
2% 2" 13"

¥a'pb CONVERTER

Fig. 4.15.3. Experimental arrangement used by Steinberger et al. for‘ the detection of
the photon pairs arising from the decay of neutral mesons (8J50.2).

The experimental arrangement used by Steinberger and hlS‘ collal.)-
orators for the detection of the photon pairs is shown schematically in
Fig.3. Gamma raysfroma synchrotron operated at 330 Mev pass through
two collimators and then fall upon a beryllium target. Each of the two
photon-detectors consist of three scintillation counters, arrapged one afﬁer
the other as shown in the picture, and numbered 1, 2, 3. in orde.r of in-
creasing distance from the target. Lead plates, 0.63 cm thlckr are inserted
between counters 1 and 2 in each detector. A‘ photon coming from the
target and incident upon one of the detectors is hkely to traverse cm}ntgr 1
without interacting and to undergo materialization in the lead, projecting
one or both of its secondary electrons through counters 2 and 3. -VVhen
this happens, counters 2 and 3 will register simultaneous pulses with r}l}o
pulse recorded by counter 1. Jf neutral mesons are produced by'tbe
synchrotron beam in the target, and if these neutral mesons deua._): in: :
photon pairs, one will observe coincident pulses of the two pairs of coun
ers 2 and 3 not accompanied by pulses in either of the two co_unters 1. ]

Such events were indeed observed. As expected, the counting rate was
o sensitive function of the angle, 6, between the axes of the two det/ect(;;s‘;
With the plane of the axes perpendicular to the y-ray beam (= =/2), the
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optimum value of 6 was close to 90°.  According to Fig. 2, 90° approxima-
tely represents the mean angle of the photon pairs produced by the decay
of neutral mesons whose kinetic energy is about one-half the rest energy.*
This corresponds to a total energy close to 200 Mev, if the rest energy of
neutral mesons is close to that of charged m-mesons. Consequently one
should expect the mean energy of the observed photons to be approx-
imately 100 Mev.

To test this conclusion, Steinbherger and his callaborators changed the
thickness and the material of the converters between counters 1 and 2.
The corresponding changes of the counting rate were quite consistent with
the assurmption that the observed events were due to materialization of
100-Mev photons. They also found that lead absorbers, inserted between
the target and counters 1, caused the coincidence rate to decrease by a
factor consistent with the known absorption coeflicient of high-energy
photons.  Lastly, measurements with aluminum absorbers placed between
counters 2 and 3 gave an average range of the secondary electrons close
to that of 50-Mev electrons.

Thus the experiment described above shows beyond any reasonable
doubt that neutral mesons exist, that their mass is close to that of the
charged m-mesons, and that the decay of each neutral meson gives rise
to two photons, according to Eq. (1).

Photons have spin 1 and therefore Eq. (1) shows that neutral mesons
have either spin 0, in which case the two photons arising from the decay
of each meson have anti-parallel spins, or spin 2, in which case the photons
have parallel spins. The existence of an elementary particle with spin 2
seems to be only a very remote possibility and we thus conclude that
neutral w-mesons have almost certainly spin zero.

There appears to be an intimate relationship between neutral mesons
and charged w-mesons. Indeed, both kinds of mesons are produced
directly and with comparable abundance in nuclear interactions. Also,
their masses are very similar (§ 4.16). Thus the fact that neutral mesons
have spin zero gives indirect support to the assumption that the spin of
charged mmesons is also zero, rather than one.

The mean life of neutral mesons, ro, has not yet been dctcrmined.
However, one can place an upper limit to its value. In an experiment
performed with the 184-inch Berkeley cyclotron, neutral mesons were
produced in a 0.0025-cm wolfram wire placed in the circulating 380-Mev
proton beam and the photons arising from their decay were observed by
means of a pair-detector. A uranium block was inserted gradually he-

* It is hardly necessary to point out that, even if the m0-mesons were monoenergetic,
the function describing the dependence of the counting rate on the angle, 6, between
ﬁ}.le axes of the telescopes would not coincide with the distribution functiou, dr/d6,
given by Eq. (8). The latter represents the distribution per unit plane angle. The

former, instead, gives the distribution per unit solid angle, further modified by the geom-
etry of the instrument.
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tween the source and the detector. The shadow cast by this block was
found to be very sharp, indicating that the source of photons did not have
dimensions appreciably greater than the target where the neutral mesons
originated. It was thus possible to conclude that the neutral mesons did
not travel, on tho average, a distance greater than about 0.0025 cm before
disintegrating. If one recalls the expression for the mean distance before
decay Eq. (4.7.1), and considers that the average momentum of the neutral
mesons produced by 380-Mev protons is of the order of myc, one obtains
from this experiment an upper limit of the order of 10~ sec for the mean
life of neutral mesons.*

Observations on high-energy photons associated with nuclear inter-
actions of cosmic rays lead to a similar conclusion. These photons, as-
sumed to be the decay products of neutral mesons, reveal their existence
by producing electron pairs or by initiating showers. From the average
distance between the point where the nuclear interaction occurs and the
point where photons manifest themselves one can estimate an upper limit
for the mean life of neutral mesons. In this way Bradt, Kaplon, and
Peters (BHL50.3) tound 7o < 10-% sec and Gregory and Tinlot (GBP51)
found 7o < 1072 sec.

In a recent paper, Carlson, Hooper, and King (CAG50) pointed out
that one can obtain more precise information on the mean life of neutral
mesons through a careful study of electron pairs appearing in photographic
emulsions near the point of origin of high-energy nuclear interactions.
The trajectory of the photon responsible for a given electron pair is inter-
mediate between the trajectories of the two electrons of the pair. There-
fore the bisector of the angle between the tracks of the two electrons
determines the direction of motion of the parent photon with an error not
greater than half the angular aperture of the pair. If the photons are
produced by the decay of neutral mesons of finite mean life, the lines of
flight of the photons will pass some distance from the origin of the nuclear
interactions. From the mean value of this distance one can obtain an
estimate of the meson mean life.

The method described above is considered capable of measuring mean
lives as short as 2 - 107 seconds. Preliminary results indicate thal the
mean life of neutral mesons is not much greater than this value and is
probably shorter than 5 - 10-% sec. Tndeed, the authors quote a figure
of 3. 10~ sec. as the most likely value for the mean life of #’-mesons.

4.16. Capture of = -mesons by protons and deuterons. We
have already mentioned in § 4.12 that a free proton caiiol vapture o neg-
ative m-meson and change into a neutron without at least another particle
being produced. The presence of this particle (or particles) is required by
the conservation laws of energy and momentum. If only one additional

* Reported by H. York at the April 1950 meeting of the American Physical Society
in Washington.
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particle is produced, it must have integer spin. It could thus be a photon
or, a8 suggestfaq by Marshak and Wightam (MRE49), a neutral m-meson
which then disintegrates into a pair of photons. Symbolically, the two
processes are: ’ ’ ’

p+rm—onty, ®
ptr—nt+r—ont+y+a (2)

The total energy released in each process equals the rest energy of the
charged T-meson (mgc® = 141 Mev; § 4.13), minus the difference between
the rest energies of the neutron and the proton (A = 1.3 Mev; § 4.4):

myct — A =~ 140 Mev. 3)

In a process of the first kind, this energy is subdivided among a photon
and alneutron, in such a manner that the two particles acquire equal (and
opposite) momenta. If E, is the energy of the photon, £, the kinetic
energy of the neutron, and M, the mass of the neutron, the two followin,
equations hold: ’ £

E, 4 Bn = m.c® — A, @
E
== VaM.E,, ()

W.’hfeer Y% 2Mn11j,, 1'el?resents the momentum of the neutron in the nonrela-
tivistic approximation. From these two equations one obtains:

E, ~ 131 Mev, E, ~ 9 Mev. 6)

Thus mo.'st of the available energy goes into the photon. A process of
the second kind can .take place only if the neutral meson is lighter than the
chargcd meson and if the difference between the rest energies of these two
particles:

8 = Mt — mct - (7)
is equal or greater than the difference, A, between the rest i
X en
proton and neutron. ' erefes of the
; If :h: A(i the i-mesons are produced at rest and the phofons arising
rom their decay have all the same energy, equal to 2/2, g
imately 70 Mev. » sl or approx

If 6 > A, the #°-mesons are i ineti
produced with a kinetic energy F; gi
by the equations: By o e

Eod E.=8—A, (®)
VM LB, = V2mE,, ©

there it has been assumed that Ey << mqoc? so that the momentum of the
-meson, as .well as that of the neutron, can be expressed by means of the
nonrelativistic approximation. From Eqs. (8) and (9) one obtains:
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E‘,:‘?_—;‘[. (10)
14

The neutral mesons are produced at random in direction. Therefore
the intensity as well as the energy distribution of the photone arising from
their decay are the same in all directions. The energy spectrum of the
photons observed in any given direction is thus identical to the energy spec-
trum of the photons emitted by a parallel beam of n%-mesons of kinetic
energy Eo, averaged over all directions. From the considerations developed
in § 4.13 it follows that if Fo < mec?, the minimum and maximum energies

of these photons are:
Eoi = (moﬂz + Ey) _ EomnC'“’,
min = 5 T /—T

_ (mge? 2—}— Ey) 4

Ernwx =

1
Eomw{
2

1t also follows that the energy spectrum of the photons is flat between the
two limits Emin and Emsx. Equations (11) yield the following expression
for the energy spread of the photons:

Euax — Emin = vV 2Eqmoc?. (12)

Theoretical arguments indicate that when a =—-meson is captured into
a Bohr orbit of a proton, the probability for the occurrence of process (1) or
process (2) (if the latter is energetically possible) is much greater than
the probability for spontaneous decay. Regardless of whether = -mesons
disappear through process (1) or process (2), one should expect y-ray
emission to follow the absorption of negative m-mesons in hydrogen.

This effect has been demonstrated experimentally by Panofsky and his
collaborators (PWK50.1; PWK50.3; PWK51). Figure 1 shows the ar-
rangement used in the latest experiments of these authors. 330-Mev
protons in the internal beam of the 184-inch Berkeley cyclotron strike a
wolfram target. Some of the negative m-mesons produced in the inter-
actions of the protons with the wolfram nuclei come to rest within a high-
pressure tank of hydrogen gas (H,) placed close to the target. The y-rays
arising from the capture of these mesons ave analyzed by means of a pair
spectrometer.

Materialization of the photons takes place in a tantalum foil (Ta).
The positive and negative electrons arising from each materialization
process are deflected in opposite directions by a magnetic field (from 5,000
to 10,000 gauss) perpendicular to the plane of the drawing. If these
electrons have energies within appropriate limits, they may pass through
the proportional counters Py, Py, P;, P, giving rise to a fourfold coinci-
dence. ‘T'he fourfold coincidence aclivates a register recording the pulses
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of 32 individual Geiger-Mueller counters arranged in two trays, C1 and Ca.
From the record one can discover which pair of Geiger-Mueller counters
has been discharged by the two electrons arising from each materialization
process and can thus determine the energies of these electrons within
narrow limits.

Preliminary results obtaiued by Panofsky and his collaborators showed
that the photons emanating from the hydrogen tank were not monoener-
getic (PWK50.1). There appeared to be a group of photons of about
70 Mev energy and another group of about 130 Mev energy, although the
poor resolution of the instrument did not afford a sharp separation of the
two groups.

§-RAYS
COLLIMATOR

Fig. 4.16.1. Experimental ar-
rangement used by Panofsky et al.
for the detection of photons arising
from the absorption of negative
x-mesons in hydrogen (PWK51).

. g

Later and more accurate measurements yielded the y-ray spectrum
shown in Fig. 2 (PWK51). The shape of this spectrum clearly indicates
that both of the reactions discussed above actually occur. The peak at
the higher energy corresponds to the reaction represented by Eq. (1),
which gives rise to a monoenergetic group of photons. Indeed, the width
of this peak can be ascribed wholly to the finite resolution of the pair
spectrometer, and its position yields for the photon energy a value very
close to the expected value of 131 Mev.

The peak at the lower energy corresponds to the reaction represented
by Eq. (2). The width of this peak is somewhat greater than that due.
to the finite resolution of the instrument, indicating that the photons
responsible for this peak are not monoenergetic. It thus appears that
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the neutral mesons arising from the capture of #~-mesons in hydrogen have
a finite kinetic energy. The experimental data are consistent with a con-
stant distribution of photons belween the limits Emm — 54 Mev and

280

240

200

160

120

80

40

-80
30 50 70 90 1o 130 150 170 Mev

Fig. 4.16.2. Gamma-ray spectrum from the absorption of negative =-mesons in hydro-
gen. The probable errors are indicated. From Panofsky ef al. (PWKS51).

Eoax = 84 Mev. The energy spread is thus 30 Mev. From this result,
together with Eqgs. (10) and (12), and considering the experimental uncer-
taintics, one obtains the following values for &:

§ =5+ 1Mev. (13)

The corresponding values of mec® and Hy are:
mec? = 136 Mev, (14)
E, = 3 Mev. (15)

From these values and from Egs. (11) one obtains:
Emin + Emax = moc® + Eo = 139 Mev,

in agreewmerb with the assumed values of Foa and Fa... This checks
the internal consistency of the analysis.
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Note that the width of the photon distribution is a very sensitive func-
tion of &, so that a crude knowledge of Emax ~ Emin suffices to establish
the wass of the neutral meson quite accurately.

By measuring the areas under the two peaks and considering that two
photons are emitted by the decay of each m°-meson, one can determine the
ratio of the probabilities for the two competing processes represented by
Egs. (1) and (2). The experimental value of this ratio turns out to be
very close to one.

It is interesting to note that experiments performed with hydrogenous
compounds (polyethylene, lithium hydride) in place of pure hydrogen failed
to reveal any detectable y-radiation (PWKS50.1). Presumably the reason
is that the 7#®mesons are initially captured by the hydrogen nuclei into
highly excited Bohr orbits. The neutral systems thus formed diffuse
through the lattice and make many collisions with the heavier nuclei of the
compound before the 7—mesons can fall into Bohr orbits sufficiently close
to the proton for the meson-proton reaction to occur. During these colli-
sions the m—-meson has a large probability of being captured by one of the
heavier nuclei, with consequent production of a nuclear star (PWK50.1).

With the experimental arrangement described in Fig. 1, Panofsky and
his collaborators investigated also the stopping of negative r-mesons in
deuterium gas (PWK50.4; PWK51). They found that this process is
accompanied by the emission of a continuous spectrum of y-rays, extend-
ing to an energy close to the rest-energy of m-mesons, and with a sharp
maximum near the upper end. This result shows that the absorption of
r—mesons by deuterons oceurs, at least partially, according to the reaction:

d+r—n+n+t+ (16)

The v-ray spectrum does not exhibit a secondary maximum at about
m,c2/2, and one must thus conclude that the reaction

d+rm—»nt+nt+r®>nt+tnt+y+y an

_either does not occur or is much less frequent than the reaction (16).

However, a comparison between the y-ray intensities observed with
hydrogen and with deuterium, respectively, indicates that only 30 per
cent of the absorption processes occur according to (16). The remaining
70 per cent of the events do not give rise to v-rays and correspond pre-
sumably to the reaction:

d+ " —n+n (18)

As already pointed out in 4.9, the nonradiative capture of 7—-mesons
is practically the only type of absorption process occurring in heavier
nuclei.

4.17. New unstable particles. Various observers have described
observations suggesting the existence of unstahble particles different from
those considered thus far in this chapter.
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L. Leprince-Ringuet (LRL44) obtained a mass value of 990 from ap-
plication of the principles of conservation of energy and momentum to a
cloud chamber picture of a collision of a positive particle with an electron.

Brown and her collaborators (BRH49.2), working with electron-sensi-
tive cmulsions, reported the observation of a particle with apparent mass
near 1000 electron masses, that came to rest in the emulsion. From the
end of its trajectory, three particles seemed to originate, all of which were
certainly heavier than electrons and probably lighter than protons. One
of them could be identified as a =—-meson because it gave rise to a star
after stopping in the emulsion. The trajectories of the three secondary
particles were coplanar within the experimental uncertainty. This event
and two similar events reported by Harding (HJB50) were tentatively
interpreted as the decay of positive “heavy”’ mesons (r-mesons) into
groups of 3 w-mesons.

Leprince-Ringuet (LRI149.1) observed what might have been a nega-
tive “heavy’”’ meson; i.e., a particle that, after coming to rest in the emul-
sion, seemed to undergo nuclear absorption and to produce a star of such
a character as to require an energy release of at least 700 times the electron
rest energy. An event of similar type was reported by Forster (FHH50.1).

In a series of experiments performed at 3250 meters above sea level,
Alichanian and his collaborators (AAT48) selected cosmic-ray particles
with different ranges in lead and measured their magnetic deflection.
They used a large number of Geiger-Mueller counters arranged in different
{ayers above and below the magnet to study the trajectories of the parti-
cles. From their experimental results they concluded that mesons of many
different masses exist. To these mesons they gave the name of “varitrons.”
Despite the confirming evidence from observations in photographic plates
reported by workers of the same group (AAI49), the interpretation of the
experiment described above appears incorrect, especially in view of the
results of Brode and his collaborators described in § 4.11.

Ferhaps the most convincing cvidence for the existence of new kinds
of particles comes from the cloud chamber observations of the so-called
«V_tracks.” These tracks are interpreted as showing either the decay of
neutral particles (V' _particles) into pairs of positive and negative particles,
or the decay of charged particles (V*-particles) into pairs of charged and
neutral particles.

The first observations of this kind were reported by Rochester and
Butler (RGD47.1), who obtained the two pictures reproduced in Figs. 1
and 2 with a magnet cloud chamber operated at sed level. In the first
picture one sees two jonizing particles, @ and b, the first positive, the second
negative, diverging at . wide angle from a point in the gas a short distance

Fig. 4.17.1 (opposite page). Cloud-chamber pictures obtained by Rochester and
Butler (RG:D47.1), interpreted as showing the decay in flight of V-particles. (1) A neu-
tral V-particle decays into two charged particles (a) and (b). (2) A charged V-par
ticle (a) decays into a charged particle (b) and a neutral particle.
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below a 3-cm lead plate placed across the chamber. Supposedly these
two particles are the two charged products of the decay of a neutral
V-particle. In the second piclure one sees an ionizing positive particle
entering the chamber from above (track a) and undergoing a sudden large-

angle deflection in the gas; the deflected particle (track b) goes through -

the lead plate without producing secondary effects and undergoing only a
small amount of scattering. Supposedly track a represents a positive
V-particle and track b represents ite charged disintegration product. Note
that in both pictures the V-particle appears simultaneously with pene-
trating particles from nuclear interactions occurring above the chamber.

In 1950 Anderson and his collaborators (SAJ50) reported the observa-
tion of 30 additional pictures of the first type (Fig. 1) and of four addi-
tional pictures of the second type (Fig. 2). These pictures were obtained
partly at sea level, partly at 3,200 meters altitude with a magnet cloud
chamber containing a 2-cm lead plate and triggered by an arrangement of
counters selecting penetrating showers. More recently, Bridge, Harris,
and Rossi (BHS51.1), Fretter (FWB51.1), and Armenteros, Barker, Butler,
Cachon, and Chapman (ARS51) obtained further evidence of the neutral
and charged V-particles.

The following arguments show that the V-tracks represent spontaneous
disintegration processes rather than collision processes. Firstly, the prob-
ability for their occurrence appears to depend on the distance traveled
and not on the amount of matter traversed. If it were not so, for each
event occurring in the gas one should observe hundreds of events occurring
in the metal plates contained in the chamber. The results of Rochester
and Butler as well as those of the other experimenters, definitely show
that this is not the case, even if one considers that events occurring in
a solid plate are more difficult to recognize than those occurring in the gas.
Secondly, if one tries to interpret the events of the second type (Fig. 2)
as scattering processes due to collisions with nuclei, one finds that in most
cases the nuclous ehould have received sufficient momentum to produce a
short but detectable track. No such recoil appeared in any picture.

With regard to the nature of the charged secondary particles, the
following information 1s available. (a) These purticles are singly charged,
as shown by their specific ionization. (b) They are heavier than electrons,
booause none of those that went through lead plates appeared to produce
cascade showers. (c) Some of the particles arising from the decay of
Vo-particles are lighter than protons; some, however, seem to have protonic
mass (AR5L). (d) In some cuses, one of the charged particles arising from
the decay of a V'-particle appears to undergo nuclear scattering on trav-
ersing a metal plate (SAJ50; AR51). In one case the charged particle
arising from the decay of a charged V-particle undergoes nuclear scatteriug
in an aluminum plate, traverses several other lead and aluminum plates,
and then cowes to rest in the chamber (BHSAT; see Fig. 8.1.21). From
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ionization and scattering, the particle manifests itself as a meson. Since
u-mesons do not interact with nuclei appreciably, it must be a m-meson

There is no direct information as yet concerning the nature of the.
neutral particle that must be produced simultaneously with the charged
particle by the decay of a V*-particle.

The available experimental data are not sufficient to determine the
mode of disintegration of the V-particles, nor to establish their identity.
Among the disintegration schemes that have been suggested are th(;
following: o

VWort o (1);

Vop @

VE— gt 2t (1)
VE—on + 2t (2).

. S(:he@e (1) would not explain the presence of protons among the dis-
integration products .of Ve-particles. On the other hand, the observations
of Armenteros and his collaborators (AR51) have shown that occasionally
r+-mesons are produced by the decay of V'-particles. X
be accounted for by scheme (2).

) Of course, there may be more than one kind of neutral and charged
V-particles. A.ISIO, one must consider the possibility that, in some cases
at lgast, the disintegration may give rise to more than two secondary
particles (e.g., VO —n + =+ 4 7).

In the pictures showing the decay of neutral V-particles (Fig. 1), one
can measure the angle, 8, between the trajectories of the two secondary
particles. Let m; and m. be the masses of the secondary particles. Let
my be the mass al?d pr the momentum of the primary particle. Under
the assumption of a two-body disintegration, the conservation laws of
energy and momentum yield the following equations:

] 1
E]im.inajLion of pr yields a relation between py, ps, my, me, my.

ASImllarly, in the pictures showing the decay of charged V-particles

(Fig. 2) onc can measure the angle, 6,, between the trajectory of the primary

pa-rti(.zle and that of the secondary charged particle.
principles then yield the two following equations:

This effect cannot

P+ pt + 2pipe cos 8 = pr?,

Vep® + mict + Vept + mct = Vepy + mplch

The conservation

o

Elimina-

pr? + pi — 2pepi cos b = Pt

Vet - et — N ot ; ;
v + e Vetp? + oyt = \/09p2“ + ma?ct,

W:here the 1_ndex 2 refers to the neutral disintegration product.

tion of py gives a relation between py, py, my, My, Mo,

" Thus in both cases one can determine the mass, my, of the V-particle

1 ’ f ist :
one knows the masses, m; and m., of the two disintegration products
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and if one measures the momentum (or any other energy-dependent param-
eter) on each of the two “visible” branches of the V-track.

The values of my determined in this manner are of the order of 1000
electron masses for V-particles disintegrating according to (1) and of the
order of 2200 electron masses for V-particles disintegrating according
to (2).

Anderson and his collaborators attempted to estimate the mean life of
V-particles by observing the distribution of the decay points along the
lines of flight. For the neutral V-particles, they arrived at a tentative
value of (3 &= 2) - 107 sec. The charged V-particles appeared to have
.a somewhat shorter mean life.*

4.18. Mesons and nuclear forces. Several years before the dis-
covery of mesons in cosmic rays, Yukawa predicted, on theoretical grounds,
the existence of particles with mass intermediate between those of the
electron and proton (YuHB35). Crudely, the argument leading to this
prediction may be described as follows:

The attraction and repulsion between electrically charged particles is
a consequence of the electromagnetic ficld that originates from the charges
and, in turn, acts upon the charges. Application of quantum laws to the
electromagnetic field leads to the conclusion that its energy is subdivided
into discrete quanta. The equations that give the probability of detecting
one of these quanta at a given time and in a given region of space coincide
with those describing the motion of a particle with zero rest mass in the
language of quantum mechanics. Thus the existence of an electromagnetic
field, together with the general laws of quantum theory, necessarily implies
the existence of particles with zero mass. These particles, of course, are
the well known “photons.”

Nuclei are held together by forces different from electromagnetic forces.
One of the main features of nuclear forces is that they act only at very
short distances (of the order of 1070 cm). If one tries to describe these
short-range forces in the frame of field theory, one obtains again equations
that imply the existence of particle-like radiation quanta. However, the
quanta corresponding to the nuclear field, or “Yukawa particles,” unlike
those corresponding to the electromagnetic field, have a finite mass, 7.
Between this mass and the range of nuclear forces, R, there exists the
following relation:

R =~ L 1)

me X

From the experimental value of K one obtains for m a value of about 300
electron masses.

1t is not completely sure that the Yukawa particle coincides with any
of the experimentally known mesons. If it does, however, it must be

« More recont rosulte on V-particles (which do not alter essentially the picture pre-
sented above) are contained in refs. (BHS51.2), (TRW51), (LRB51), and (FWB51.2)-
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iéontiﬁed Witb the w-meson, not with the g-meson. In the first place
Yukawa particles must be produced by the direct interaction betweer,
two nucleons, the way that photons are produced by the interaction bej
h.veen charged particles. Experiments indicate that w-mesons are th
direct products of nuclear collisions of protons or neutrons whereaz
u-mesons appear to originate from the spontaneous decay of ;r~mesons
Also, YuI.(aWa particles must interact strongly with nucleons, the way that.
photons interact strongly with electrically charged particle; (photoéﬂevt
Compt9n effect, pair production). The experimental finding that t}lle;
mean life before nuclear capture is much smaller for negative m-mesons
at rest than for negative u-mesons at rest is a proof that nuclear interactions
of mmesons are much stronger than nuclear interactions of u-mesons
fias.tlydofne may also mention that the mass of the Yukawa particle, as.
r::;; eof tr}tl);n:‘)n?l;ss)lg., comes closer to the mass of the 7-meson than to the
From a historical point of view, it is interesting to note that Yukawa
also predicted, on theoretical grounds, the instability of mesons. Even
t,‘hough tbe theoretical arguments leading to this prediction appe;u' ues
tionable in the light of our present knowledge, it is nevertheless trueqtha;;

Yukawa's pr ediction was Iargel e e experl t 'y
respons1bl for th g Vel
. y experimen al disco y




