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PREFACE

This volume is written mainly from the standpoint of carly 1955,
although some reference to later work will be found.

It includes two reviews concerning problems of the unstable
nuclear particles in which the emphasis is predominantly upon ob-
servations in thc cosmic radiation. The rapid progress of experi-
mental techniques associated with the study of artificially produced
particles makes it certain that the emphasis of subsequent reviews
in this field will be very different. The present reviews accordingly
provide a record of the extent to which the problems set by the
heavy mesons and hyperons were resolved in the phase during
which the work depended almost exclusively upon natural sources.

J. G. WILSON
Leeds, May 1956
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INTRODUCTION

In 1987 Schmeiser and Bothe pointed out that measurements
of the Rossi transition curve (the frequency of coherent groups of
particles vs. thickness of solid matter placed above the detector)
always yicld a positive intercept at zero thickness, and that this
implies the occurrence of showers in the free air (BoTue et al.
[1987]). ScHMEISER & BoTHE [1938] demonstrated that particles
in the showers had separations up to at least 40 cm; but withina
short time, Aucer, Mazg & GrivET-MEYER [1938] and KoLHOR-
STER, MArTHES & WEBER [1938] had measurcd coincidences
between counters several tens of meters apart. The phenomena
responsible for such coincidences have come to be known as
extensive air showers, abbreviated as EAS.

By 1939 much of our present experimental information about
the EAS had alrcady been accumulated, largely by the efforts of
the Paris group working with Auger. The decoherence curve
(coincidences between counters as a function of their horizontal
separation) had been measured out to 300 m (AuGer, MazE &
Rosrry |1989]){ The EAS has bheen observed in a cloud chamber
containing a lcad plate, in which the multiplication of particles
established their predominantly electronic nature (Janossy & Lo-
VELL [1938]). Slow proton tracks had also been scen, from which
the presence of a nuclear active component consisting of protons
and neutrons was inferred (AuGkR, MazeE, EHRENFEST & FrEON
[1939]; AUGER, EHRENFEST et al. [1939]). Transition effects and
absorption curves measured with counters had demonstrated the
predominant abundance of electrons and photons in EAS as well
as the presence of a small penetrating component capable of
traversing more than 20 em of lead (AuGERr, MAZE et al. [1989];
AUGER, KNRENFEST ¢t al. [1989]). The strong altitude variation
and barometric coefficient had been measured. The frequency of
EAS as a function of the density of particles had been deseribed
qualitatively (JanNossy & LoveLn [1938]; AuUGER, MAzE et al.
[1989]), and many estimates had been made of the total number
of particles in the EAS and of the primary encrgies.

It was already clear at this time that some of the showers
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represented effects of primary cosmic rays having extraordin-
arily high energy. More recent investigations have verified that
the frequency as a function of shower sizc is sufficient to permit
practical measurements on events with primary cnergy up to at
least 1017 eV. This fact accounts for the two principal motives
for continued study of the EAS: to gather information related to
the origin of the primary cosmic rays, and to investigate the nature
of the interactions of extremely cnergetic particles.

The origin of the primary particles, the nature of any subsequent
acccleration that they may experience, and the properties of the
space in which they travel before reaching the earth determine
several features of the local intensity that may be observable:
the charge spectrum of the primaries; the shape of the cnergy
spectrum; fluctuations of the intensity that may be correlated
with disturbances on the sun or clsewhere outside the earth; and
a possible asymmetry of the directional distribution in space, ap-
pearing as a periodic variation of the local intensity with solar or
sidereal time owing to the rotation of the earth. In all of these
respects, the primary rays that have cxtremely high energy,
exceeding 10 eV, may be expected to differ from the much more
abundant particles of comparatively low energy; and observation
of the differences may shed light not only on the problem of the
origin of cosmic rays but on various related astrophysical matters.

At low primary cnergies, the incident spectrum and the di-
rectional distribution are distorted by the magnetic field of the
earth and by magnetic or electrical disturbances occurring in its
immediate vicinity. These would have no appreciable effect on
the primaries of the EAS.

Secondly, the energy density and isotropy of the bulk of the
primary cosmic rays apparently cannot be accounted for without
the existence of a trapping mechanism, generally believed to be a
magnetic field, that prevents escape of the particles to regions
of low stellar density. Storage of the particles in the neighborhood
of their sources both enriches the density, permitting the sources
to be weaker than otherwise, and also randomizes the dircctions.
But if the trapping mechanism is so effective as to contain within
the galaxy the primaries of the biggest air showers, it appears
likely that the more ordinary primaries would be constrained to
exist in small regions near their places of origin. The average
primaries may therefore refleet chiefly the production of cosmic
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rays at the sun and other local stars, while the high energy
primaries may be expected to come from more distant regions,
and to retain certain asymmetries that can give information about
gradients of the cosmic ray density in the galaxy and the mecha-
nisms of the retention and acceleration of the particles.

The rctention must be expected to break down ultimately,
when the cnergy is so high that the particles can no longer be
effectively trapped. This will occur when the radius of curvature
of the particles is of the same order as the dimensions of the
scattering elements. Hence an upper limit of the energy spectrum
must be foreseen, depending not only on the magnetic field
strengths, but on the size of the magnetic clouds and the degree
of order in their orientation.

Furthermore, lcakage from a magnetic field depends on the
magnetic rigidity rather than the total energy of the particles;
therefore the cut-off would occur at a higher cnergy for heavy
nuclei than for protons, and it is conceivable on this account
that the most energetic primaries may all be heavy. On the other
hand, if the energy is acquired through a gradual process of
acccleration, the most energetic particles will be those that have
the longest lifetimes within the galaxy, and the heavy nuclei
may be expccted to have shorter mean lives than the protons,
owing to the greater probability of suffering collisions with inter-
stellar atoms.

Little information is available as yet on these matters, but it
can be seen that many interesting questions remain to be answered
by future explorations of the frequency, the time variations and
the charge of the particles which initiate the largest of the air
showers.

For sevcral ycars it was thought that the EAS, as distinguished
from other cosmic ray phenomena, represented the effects of
primary clectrons or photons of very high energy. The small
numbers of mesons and nucleons in the EAS were considered to
be secondary to the more numerous photons and electrons. How-
ever, in the last decade both theory and experiments have indi-
cated that there are practically no electrons or photons of high
cnergy in the primary radiation. Although they are the most
numerous clements of EAS at maximum development, it has be-
come evident that the photons and electrons are themselves a
secondary component, while the EAS are initiated and dominated
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in their development by the nuclear-active particles. Besides, it is
now recognized that the EAS are not a distinct type of cosmic
ray phenomenon, but represent the common chain of events
following the incidence of any high energy proton or heavy
nucleus on the atmosphere. The only distinguishing feature of
the EAS is the magnitude of the primary energy: when this is
great enough, the cascade of nucleons, mesons, photons and electrons
proceeds without exhaustion until a considerable density of parti-
cles is devcloped, sufficient to make the simultaneous detection
of more than one particle in a small volume of the atmosphere a
probable occurrence. Thus, in enquiring about the events near the
origin of the EAS, it is now evident that one is investigating
interactions involving nuclear forces rather than electromagnetic
processes.

The feasibility of constructing laboratory machines that ac-
celerate particles up to energies on the order of 101° eV has made
accelerators by far the most efficient and precise means of studying
nuclear interactions up to such energies. In the range 10'° to
1014 eV, it has been demonstrated that stacks of emulsions flown
near the top of the atmosphere can provide much better infor-
mation than can any indirect experiments performed lower in the
atmosphere on the secondary effects of the primaries. But at
higher energies the emulsion technique is defeated by the low
primary intensity. For instance, the total intensity above 101¢ eV,
according to the spectrum derived later in this chapter, is 5 - 10-8
m-2sec-!sterad-1. An emulsion stack usually constitutes about
10-2 m? arca, remains aloft about 3 - 10% see, and has a sensitive
angle of about 3 steradians. Thereforc one may only expect to
see a primary of 1016¢V about once in 20,000 emulsion stack
experiments, each of which involves considerable expense both
for the balloon flight and for the scanning of the emulsions. In
contrast, single air shower experiments have succceded in detecting
secondary effects of primaries of 10'® eV with a frequency ex-
ceeding one per hour.

The sole reason for this efficiency is that the EAS contain very
many secondary particles dispersed over a large area. Consider
for example an event of primary energy 10 eV. At 3200 m ele-
vation the electron shower is not far from its maximum develop-
ment and contains about 6 - 108 electrons. Out to a distance of
120 m from the axis, the density of the electrons exceeds 20 per
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square meter, enough to be measured easily with a sct of counters.
Thus the shower can be detected if its axis falls anywhere within
an area on the order of 5 - 104 m2 around the counter set, and the
rate of such events is about 10 per hour.

If one considers still higher energies, the reduced frequency of
the primaries is somewhat compensated for by an incrcase of the
radius within which the density is measurable. Thereforc EAS
excceding 107 ¢V can be detected about once every two hours,
and, barring the occurrence of a cutoff in the primary spectrum,
one might expect to record EAS of more than 108 eV several
times per week.

Returning now to the motives for continued study of EAS,
one can see that if the purpose is to investigate the frequency of
primary cosmic rays as a function of energy and of direction in
space, it may be sufficient to detect only the secondary electrons
which are scattered far from the axes of the showers. In this case
the efliciencies estimated above are realizable. By sampling the
density of the elcctrons at several places in cach shower one can
estimate the total number of elcctrons and thereby the primary
encrgy; while by observing the average direction of the electrons
and knowing the time of the occurrence, one can determine the
direction of motion of the primary with respect to the stars.

However, if the purpose is to study the nature of nuclear
interactions and meson production at very high energies, one is
in much greater difficulty. The very existence of an EAS implies
that many successive interactions of the particles have occurred.
The multitude of clectrons and photons and even the less numerous
mesons and nucleons that are distributed over wide regions of
space have originated in interactions of comparatively low encrgy,
suffered by shower particles many generations removed from the
primary of the EAS. The energy distribution and the angular
and lateral distributions of this multitude of secondaries are de-
termined mainly by the laws governing low energy interactions
and coulomb scattering. Such particles and processes can be dupli-
cated in the laboratory with accelerating machines, and are more
efficiently studied that way than by measurements of EAS. The
only property of the primary which is directly and sensitively
felt by the low energy secondaries is the total energy, which is
reflected in the total number of secondaries at a given depth in
the atmosphere.
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The inherent difficulty of the situation is well illustrated by the
fact that the gross features of EAS have been accounted for in
theories based on the assumption of primary electrons, completely
ignoring the nuclear-active component.

To gain information about ultra-cnergetic nuclear interactions,
therefore, just detecting the showers and observing their gross
features is not enough. One cannot be content with first approxi-
mation experiments, nor with qualitative agreement between a
theory and a limited amount of experimental data. The showers
must be studied in as much detail as possible, and a theory must
agree with all the features of the showers before it is considered
acceptable.

Some of the most critical experimental information pertains
to a small region in the KAS very near the central axes, and
pertains to the high energy mesons and nucleons that are only a
minute proportion of all the particles. When such information is
sought, the efficiency of detecting the showers is much less than
has been estimated above. A practical upper limit of the primary
energies of events that can be studied in such detail is 10 to
1018 ¢V rather than 1017 or 10!8 eV, because of the limited fre-
quency with which shower axes occur very close to a complex
piece of detecting equipment.

Even more serious than the handicap of low frequencies is the
usual necessity of using methods of indirect inference in pro-
ceeding from experimental observations of EAS towards con-
clusions of a fundamental nature. Such methods can never be as
satisfying as the well-defined, direct interpretations of experiments
that are possible at lower energy. But the lack of simple clarity
in the analysis of EAS cannot justify abandonment of the effort
to comprehend them. In the foreseeable future, there is probably
no other way to reach an understanding of the ultra-energctic
particles or to confirm theories of their behaviour.

In spite of the diflicultics, some progress in this direction has
been made. The lateral distribution of the particles near the
central axis, for instance, has been related to the angular distri-
bution of the secondary mesons and nucleons cmerging from the
most energetic nuclear interactions occurring in the shower. The
propagation of the showers in the lower atmosphere has been
shown to be dependent on the nuclear processes, being influenced
by the rate of degradation of the energy of the most energetic
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particles that are responsible for the propagation of the nuclcar
cascade. The abundance of mesons and nucleons in the showers,
compared with the electrons, reflects the distribution of energy
between the various kinds of secondaries produced in the carly
nuclear encounters. Showers of u-mesons dctected far under-
ground arc strongly affected by the multiplicities of particle pro-
duction, the nature of the produced particles and the division of
energy among them, occurring in the early stages of EAS develop-
ment,

In reaching satisfactory explanations of these phenomena, only
rough beginnings have been made; and the account given in the
present chapter must of necessity be vague and incomplete in
many respects. Little emphasis will be given to the existing
theoretical calculations related to the nuclear cascade, because
the bases of these calculations are not yet well established, and
some of the approximations in the treatments can be misleading.
A summary will be given of the results of the electron cascade
theory, since it rests on a sound foundation and is basic to the
interpretation of all the experiments. Otherwise, chief emphasis
will be placed on an assembly and comparison of experimental
observations of the EAS. Where it is possible, brief discussions
will be given of the connections between these observations and
the more fundamental problems that provide the current moti-
vation of the experiments.

1. Longitudinal Development of Electronic Cascades

The EAS are detected and studied mainly by means of the
clectron component, not because the behaviour of the eleetrons is
of particular interest, but because these are by far the most
numecrous particles near the axis of a large air shower, and are
thercfore the easiest particles to detect. Thus, although the chief
concern may be about the nucleonic cascade of which the electron
cascade is an outgrowth, it is necessary first to understand the
development of the electronic component, in order to be able
to make use of the experimental measurements.

Following the customary subdivision of the problem, the
solutions for the longitudinal development and for the lateral and
angular distribution of the particles will be summarized separately.
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1.1 THE ANALYTICAL APPROXIMATIONS

vAt the outsct, it merits emphasis that the theoretical expressions
for all the elementary processes occurring in electronic cascades
(with the possible exception of pair production by electrons) !
have been confirmed by experiments, and in every case the basis
of the theory has been established as sound. The only difficulty
in the shower problem has been one of combining the formulae
for the elementary processes in a way that could be trcated ana-
lytically with simple mathematical expressions. This has led to
the adoption of various simplifications of the problem.

In “Approximation A”, all processes are neglected cxcept
bremsstrahlung and pair formation, and these are described with
the asymptotic formulae valid under complete screening of the
atomic nuclei. For air showers, the most important omission is
the ionization loss of the electrons. On this account, the results
are accurate only for particles of cnergy E -~ g, where ¢, is the
“critical energy”.

Pair production by photons and bremsstrahlung by clectrons
in the electric field of atomic electrons are taken into account by
replacing Z2 in the radiative collision formulae with Z(Z + 1).
Thus onc obtains 37.7 g. em~2 for the radiation length in air, and
84.2 MeV for the critical energy (Ross1[1952]).

The solutions of the shower problem that are useful in analysis
of EAS are derived from diffusion equations by the use of Laplace
and Mellin transforms. The methods of inversion of the transforms
limit the solutions to being accurate only for thicknesses ¢ large
compared with one radiation length, and for secondary particles
of energy £ much less than the primary energy W,.

“Approximation B” is the same as Approximation A, except
that the ionization loss of electrons is taken into account, under

1 Some recent observations of tridents in high energy cascades (FREIER &
NAUGLE [1953], NAUGLE &FREIER [1953], Kosmmsa & Kaprron [1955]) cast
doubt on the theory, suggesting that the trident process is much more
important than the theory indicates. Other observations, however (Camac
[1952], Hoorkr et al. [1952], Brock et al. [1954]), have been consistent with
the theory; and the fundamental similarity between trident formation and the
processes of bremsstrahlung and pair formation, together with the success
of electromagnetic theory in accounting for the latter processes, encourages
one to maintain confidence in the theory—at least until the present evidence
of a contradiction is extended and improved.
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the assumption that it is continuous and equal to a constant
amount, £, per radiation length. Processes which are still neglected
include trident production by the electrons, Compton effect and
nuclear interactions of the photons, and the production of sccond-
ary electrons by knock-on collisions.

Some of the above simplifications are quite harmless. The cross-
section for nuclear interaction of high energy photons with air
nuclei, for instance, is only a few millibarns, while the pair
production cross-section is about 200 times greater. In regard to
the trident process, electromagnetic theory predicts that the
direct production of pairs by eclectrons is about 100 times less
important than the indirect creation of pairs by bremsstrahlung
and subscquent conversion of the photons (BHaBHA [1985], Racan
[1937], RAVENHALL [1950]) 1. Similarly, the energy transfer from
high energy clectrons to secondary electrons by knock-on collisions
is so small, in comparison with the radiative energy transfer to
photons, that the production of electrons by the knock-on process
is always of very minor importance. This has been confirmed even
in the low energy region by the calculations of RicHARDS and
Norpuem [1948]. The use of a constant for the ionization loss
introduces very little crror, because the ionization loss varies
slowly with electron energy, and because accuracy in this term
is only important at encrgies near the critical encrgy.

Bernstcin has investigated the error due to the use of asymptotic
formulae for the radiation and pair creation processes (BERNSTEIN
[1950]). Insertion of the correct probabilities as a function of
energy was found to reduce the number of electrons at the
cascade maximum by a small amount (of the order of 109, at
modcrately high energy, the correction decreasing with increasing
primary cnergy), and to increase the number of electrons at
thicknesses far beyond the maximum. Practically the entire modi-
fication resulted from taking into account the decrease of the pair
formation cross section at low energies. This correction attributes
to the photons longer ranges before conversion into electrons, and
hence ‘“‘stretches” the showers. Bernstein neglected the Compton
effect. In air, the sum of the Compton and pair cross-sections is
nearly constant down to an energy of about 0.1 ¢, IIence, con-
sideration of the Compton eifect would compensate for the vari-
ation of the pair cross-section. We therefore infer that the un-

1 See footnote p. 10.
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corrected results under Approximation B are more accurate than
the modified treatment by Bernstein, and that the error due to
the use of inaccurate cross-sections is negligible.

The reason for the insignificance of the variation of the brems-
strahlung cross-section with energy is that the ionization loss of
electrons is dominant over the radiation process at all energies
where the asymptotic radiation formula is inaccurate.

All of the solutions under Approximation B have the property
that the total track length of all the electrons (i.e., the number
of clectrons intcgrated over the length of the shower) is equal to
Wy/eq, which is correct within the accuracy involved in the
assumption of a constant for the ionization loss. Onc may conclude
from this and from the arguments given above that the average
behavior of electronic showers in air, calculated under Approxi-
mation B, can be trusted within about 109, in regard to the total
number of electrons and in regard to the cnergy spectrum at
energies exceceding the critical energy. The shape of the energy
spectrum might be expected to be inaccurate for energies less
than ¢, because of the neglect of the Compton effect and the use of
inaccurate cross-sections for bremsstrahlung and pair formation.
More detailed calculations to be discussed below, however, show
that even in this cnergy range the errors are small.

It needs emphasis that this high degree of accuracy can only
be attributed to the shower theory in light elements. It cannot be
extended, for instance, to showers in lead, where the critical
energy is so low that the errors in the asymptotic radiation and
pair formation cross-sections are very serious. Such accuracy also
cannot be inferred, even for showers in air, very near the origin
of the showers or far out in the tail. Fortunately, in applying the
results of the shower problem one is primarily concerned with the
intermediate region where the number of particles is large.

1.2 ANALYTIC SOLUTIONS

Analytic solutions for the average behavior of showers under
Approximation B have been given by SNypEr [1938, 1949]),
SERBER [1938], TaAMM & BELENKY [1946] (also BELENKY [1941,
1944]), and BuaBHA & CHAKRABARTY[1948]. These and the so-
lutions under Approximation A have been thoroughly discussed
by Rossi (Ross1 & GREISEN [1941], Rossr [1952]). The solutions
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given by Bhabha and Chakrabarty and by Snyder [1949] are
equivalent but different in form, the former being more convenient
for the calculation of the number of electrons above a finite energy,
and the latter being more convenient for the calculation of the
total number of electrons. For the convenience of the reader, the
total number of electrons as a function of depth and primary
encrgy, in air showers initiated by single photons, has been com-
puted from the Snyder formulae and is displayed graphically in
Fig. 1, 2 and 8.
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Fig. 1 — Total number of electrons as a function of the thickness of air in

radiation units (837.7 g.cm~2) for showers initiated by single photons of

various energies, according to SNYDER [1949]. The numerical energy para-

meter attached to each curve is the natural logarithm of the ratio of the

primary energy to the critical energy (84.2 MeV). The radial lines indicate
values of the age parameter, s.

The solution of the shower problem under Approximation A is
simply related to the equation for the total number of electrons,
derived under Approximation B; therefore Fig. 1 to 8 can also
be used to obtain the number of electrons above an arbitrary
energy E as a function of atmospheric thickness, provided
Wy > E > &,. One need only substitute E for &y and divide the
numbers of electrons indicated in the figures by the function
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K(s, -s), which is defined in the references on the shower theory
(e.g., Rosst & GREISEN [1941]). This function is given to an ade-
quate approximation by 2.29 [1 + 0.4 (s—1)]. Appropriate values
of the age parameter, s, can be obtained by interpolation between
the values indicated by the radial lines drawn in Fig. 1.
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Fig. 2 — Total number of clectrons as a function of primary photon energy
after various thicknesses of air, according to SNYDER [1949].

In principle, numerical calculations or methods of successive
approximations are required in order to compute accurately the
shape of the energy spectrum in the low energy region. Ricuarps &
Norpaem [1948] have carried out such calculations of the track
length distribution, which is equivalent to the energy spectrum
at the shower maximum. Since the shape of the low energy part
of the spectrum does not vary strongly with position near the
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maximum of a shower, the results can be applied without serious
error throughout the region that is of importance in EAS experi-
ments. Accurate cross-sections were employed for pair formation
and bremsstrahlung, and the Compton effect and gencration of
electrons by knock-on collisions were taken into account as well
as the ionization loss. Fig. 4 represents the integral spectra of
clectrons and photons, normalized to one electron of £ > 0.
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Fig. 3 — Primary photon energy required to produce showers having various

total numbers of electrouns, as a function of the-thickness of air through

which the showers have developed, according to SNyDER [1919]. The number

attached to cach curve is the logarithm to the base 10 of the total number of
electrons.

The remarkable fact brought out by these calculations is the
large fraction of the particles that are of low energy. Indeed, the
photon spectrum diverges as E — 0, because of the shape of the
bremsstrahlung spectrum, while about 8/4 of the electrons have
energy less than &,.

The cnergy spectrum has also been caleulated, with a different
mathematical approach, by the Padua group, (DaLraPorTA &
CLEMENTEL [1946], DALLAPORTA & Po1aNI [1947], CLEMENTEL &
FaBricuesI [1948, 1949]). For secondary particles of low energy,
the Compton effect, ionization loss, and the decrease of the pair
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production cross-section were taken into account. The solution
has the advantage of representing the shower as a function of
depth, rather than only at the maximum or averaged over the
totallength. Averaged over thelengthin air, their electron spectrum
and that of Richards and Nordheim are in excellent agreement,
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Fig. 4 — Integral energy spectra of electrons and photons, integrated over the

length of the shower or at the shower maximum, according to RicnArDs

and NorbHEmM [1948]. The ordinates give the number of particles with
energy exceeding F, per electron in the shower.

while the photon spectra, although not identical, are in reasonable
accord.

Because the Compton effect and the decrease of the pair cross-
section somewhat compensate for each other in air (as contrasted
with lead), the results of the Padua group for air showers do not
differ greatly from those of BHABHA & CHAKRABARTY [1948]
(derived under Approximation B), which are more easily accessible
for calculations becausc of the tables and graphs that have been
presented.
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1. 3 APPROXIMATE EXPRESSIONS

Attention is called to the shower age, s, a parameter that
enters into the solutions of the diffusion equations representing
the showers. Fig. 1 shows how s varies throughout the growth and
decay of showers. At the origin of an event initiated by a single
particle, s = 0; at the maximum, s = 1; and when s has reached
2.0 the number of particles has again been reduced to less than one.

The curves drawn in Fig. 1 are well represented, in the region
where the number of particles is large, by

N(W,,0,1) 2 %ﬁ} exp [t(1— } In 5)]
(1)

with s« and By = In (Wy/e,) .

8t
t 4 28,

One may compute the approximate number of particles having
an energy exceeding E, provided W, > E > g, from Eq. 1 by
replacing the coefficient 0.81 with 0.135 and substituting for §, the
quantity f = In (W/E).

The gradual increase of s describes the progressive softening
of the energy spectrum of the particles, the number with energy
exceeding F being proportional to (W /E)* over limited intervals
of E. The variation in number of particles as a function of depth
is also given in first approximation by a simple relation involving s:

2N dy(s) 2 s —1 —81ns). @)

An analytic expression for the integral cnergy spectrum and
the number of electrons at the maximum of a shower has been
given by Tamm and Belenky (BELENKY [1941], TAMM & BELENKY
|1946]):

0.31 Wo/e,
[T (W ojeo) 1 %) » (3)

where 9(¢) = 1—ee![—Ei(—e)], ¢ = 2.8 Efe,, and ——Ei(—s). =

Nma,x(Wo, E) =

= J dz ¢-*/x is the well-known exponential integral. By using

asymptotic expressions for —Ei(—e), Eq. 8 may be expanded:

1 e
— et [ln — 5 .4, 1
o (e) Sl ee[lnye-l—a gogy Tl €< 4)
8 -2(1—3—}-...),8}1.

In Eq. 4, y is the Euler constant, 1.7811; In y = 0.5772.
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The Tamm-Belenky function e(e) happens to agree well with
the spectrum calculated numerically with accurate cross-scctions
by Richards and Nordheim (Fig. 4).

1. 4 FLUCTUATIONS IN THE LONGITUDINAIL. DEVELOPMENT

Once a large shower is well under way, further fluctuations in
the development are small because of the great number of particles
that interact independently of each other. The place where the
fluctuations are most serious is near the origin, where chance vari-
ations in the behavior of one or a few particles may rctard or
accelerate the entire subsequent shower development. For instance,
a primary photon having an cnergy of 10! ¢V gives rise on the
average to 550 electrons in the first 8 radiation lengths; but since
this thickness is only 2.8 pair conversion lengths, 109, of the
showers will still have no clectrons at all.

After the first pair creation there are two elcetrons, cach of
which radiates many photons in a radiation length. Therefore to a
first approximation the fluctuations of large showers initiated by
single photons may be ascribed solely to variations in the depth
at which the first pair creation occurs.

In this crude model, the root mean square variation of the
effective thickness through which the shower has propagated is
1.3 radiation lengths, the reciprocal of the pair formation pro-
bability per unit length. Over small intcrvals, the number of
particles can be considered to vary exponentially with thickness,
according to Eq. 2, with s treated as a constant. The root mcan
square variation of In N is therefore given roughly by < 21In
N >«20.7(s—1—81Ins). At shower maxima, s =1 and the
fluctuations arc negligible; but in other regions the effect is by no
mcans small. Many of the KAS studied near sca level, for instance,
have s « 1.4; for these, < dIn N > is about 0.4, which corre-
sponds to a factor of 1.5 in the number of electrons. This is a
minimal estimate of the fluctuations, since only the variations in
behavior of the primary photon have been considered.

An elegant solution of the fluctuation problem under Approxi-
mation A has been given by Janossy & MESSEL [1950]. At the
shower maximum, they found the fluctuations to be a minimum,
and to be consistent with the Poisson formula. Fractional devi-
ations of this order (1/V'N) are negligible in large showers. Before
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and beyond the maximum, the deviations were found to be
larger, leading Janossy and Messel to propose the concept of
fluctuations in the effective depth of initiation of the showers,
which has been applied above in a very simplified form.

Bhabha and Ramakrishnan have independently derived a so-
lution of the fluctuation problem under the same assumptions
as thosc of Janossy and Messel, but with very different results:
{N2—(N)2t was found to be on the order of N rather than (N)t
(BHABHA & RAMAKRISHNAN [1950], RAMAKRISHNAN & MATHEWS
[1958]). These results seem unreasonable by qualitative arguments;
and Wilson’s Monte Carlo calculations for small showers agree
much better with the results of Janossy and Messel (WiLson
[1952]).

The evidence available up to the present points to multiple
production of mesons at the origin of EAS, with the decay
7° — 2y being responsible for initiation of the electronic component
of the showers. At high primary energy, the multiplicity of
photons at the origin of a shower probably reduces to a great
extent the importance of the fluctuations in the development of
the purcly electronic cascades. On the other hand, additional
sources of variation in size of showers having a given primary
energy must be considered: fluctuations in the depth at which
the first nuclear interaction occurs, statistical variations in the
types of secondaries produced and in the distribution of energy
among them, and chance variations in the behaviour of the first
generation of high energy sccondaries. Since the nuclear interaction
length is about two radiation lengths, the first of these sources
of deviation alonc overshadows the effect of fluctuations in the
purely electronic cascade development.

2. Angular and Lateral Distributions in Electronic Cascades

/Cou]omb scattering of electrons is the only mechanism of lateral

and angular spreading that has been taken into account in the
existing calculations of the distributions. The dominant process
is called multiple scattering, which is the cumulative effect of
many random scatterings through small angles; although single
large-angle scatterings, occurring with low probability, are the
principal source of unusually large deflections in small thicknesses
of matter.
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2.1 APPROXIMATIONS IN THE CALCULATIONS

Many qualitative properties of the distributions are under-
standable on the basis of the mean square multiple scattering of
relativistic electrons of energy E in a small thickness d¢:

<o0r> = (5) o, (5)

where t is measured in radiation lengths and E, is a constant
equal to mc¥4x - 187)t = 21.2 MeV (Rossi & GREISEN [1941]).
Quantitative computations of the distributions, however, must
take into account simultaneously the scattering, the energy losses,
and the creation and absorption of particles.

The published calculations are of two types: calculations of the
even moments of the distributions, <72 >, <7t >,..., < 62>,
< 0* >,... (EULER & WERGELAND [1940], LANDAU [1940], BE-
LENKY [1944], MOLIERE [1942, 1946, 1953], RoBERG & NORDHEIM
[1949], Poiani & Virrr [1952b], BorserLriNo [1950], JaNossY
{1948, 1950], NisHIMURA & KamAaTA [1950], EvcEs & FERNBACH
{19511, FerNBACH [1951], GREEN & MESSEL [1952]), and calcu-
lations of the distribution functions themselves (MoLIERE [1942,
1946, 1953], NisHIMURA & KamaTa [1950, 1951, 1952], EycEs &
FErnBACH[1951] EYGESs [1948], FERNBACH[1951], Po1rant & ViLLi
[1952a]). The starting point in either case has almost universally
been the diffusion cquations sct up by Lanpau [1940], which
may be written as follows under Approximation B of the cascade
theory:

on , E? } ) 9 on
at=—‘4“+B7’+4l«'=(ao=+ae=) (0”55:‘*‘0"53})“‘*'8051‘«:)

f—{——C’n——ooy—( ”bw+0"@)7' ’

(6)

In these equations, 4’, B’, C' and ¢, are the operators of the
longitudinal cascade theory representing loss and gain of particles
by bremsstrahlung and pair formation, #(E, 2, y, 0., 0y, t) is the
differential spectrum of electrons, while y is the analogous function
for photons; ¢, is the critical energy, and ¢, Jn/JE reprcsents the
ionization loss under Approximation B.

The terms in Eq. 6 involving (6,d/dz 4 0,d/dy) describe the
change of the distributions as a result of displacements occurring
in df, owing to scattering angles 0, and 0, acquired prior to the
depth ¢. The term involving (22/d0% + J%/02)n describes the effect
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of the change of direction of the electrons owing to coulomb
scattering in the thickness dt. This term should include an integral
over all values of 0., 6., of the function n(E, z, y, 0, 0,) times the
probability of suffering a scattering in dt that changes the angular
coordinates from 0, 6; to 0,, 6,. By expanding the function # in a
power series about the coordinates 0,, 0,, and dropping terms
beyond the sccond order, one obtains the expression contained in
the Landau equations.

It has been pointed out by GREEN & MESSEL [1952] that
although the omission of the higher order scattering terms does
not influence the second moments derived from the Landau
equations, it directly affects all the higher even moments, the
error growing worse with increasing order.

MoLiEre [1954] has remarked, however, that the Landau
equations include the full effect of multiple small angle scattering,
and that the omitted higher order terms arc concerned primarily
with the effects of single large angle scattering. The single scatter-
ing and the higher moments which are affected by it are of sig-
nificance only for a very small proportion of the particles: com-
putation of the fourth and higher order moments of the distri-
butions weights the functions with a factor that vanishes rapidly
for small r and 6, where most of the particles are to be found, and
grows enormous in regions of large r and 0, where there are practi-
cally no particles and accuracy in the distribution functions is not
very important.

Furthermore, even the second order term in the Landau
equations would diverge logarithmically, if there were not a cut-
off of the scattering probability at large angles (because of the
radius of the nuclear charge distribution); but the higher order
terms are extremely sensitive to the exact form of the cut-off,
which is not well known.

Moli¢re’s approach to the problem has been to calculate the
major part of the distribution from the Landau equations, and to
consider the effect of single scattering separately. Another ap-
proach is to admit that the higher order moments derived from
Eq. 6 have errors increasing with the order, but to insist that a
distribution function derived directly from Eq. 6, or reconstructed
from the moments bascd on these cquations, will not contain
appreciable errors except in the region of large r and 0, where the
number of particles is inconsequential.
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The Landau equations contain another error, insofar as they are
applied to air showers, owing to the implicit approximation of
constant density of the scattering medium (GrREEN & MESSEL
[1952]). This error does not influence the angular distribution, but
has a significant effect, to be discussed later, on the lateral
distribution.

2.2 SOLUTIONS FOR ALL ELECTRONS ABOVE ZERO ENERGY

Lateral and angular distributions of all electrons at the maxi-
mum of a shower have been calculated by MoLIERE [1942, 1946,
1953]. His method was accurate in principle for the high energy
particles; but he treated the shower down to the critical encrgy
under Approximation A, and took into account the particles of
lower energy with the ARLEY [1938] approximation, which is
admittedly inexact. Thus, the number of particles with energy
near g, is overestimated and the number with lower cnergy under-
estimated. These errors are partially compensating, leading to
good agrecment of the Molitre results with later, more exact
treatments of the problem.

Nisnimura & KamaTa [1950, 1951, 1952] have more recently
obtained a solution of the Landau equations for the total number
of particles at any depth in the shower, without neglecting or
approximating the effcct of the ionization loss term. They have
given graphs of numerical results for the latcral distribution at
depths represented by s = 1 (the shower maximum) and s —= 1.4
(rather old showers). These results are reproduced in Fig. 5.

The natural unit of length in scattering calculations at high
encrgy is E,/E radiation lengths, and the natural unit of angular
measure is E,/E radians. In these units, particles of all high
energies (K > ¢,) scatter similarly. However, in discussing the
distributions of all particles irrespective of energy, the natural
units are r, == E,/e, radiation lengths = 9.5 g. cm-2? for air, and
0, = E,/eq = 1/4 radian. These are called the “scattering units”
or “Moliére units” of length and angle. Lengths measured in
scattering units will be designated by the symbol 2.

The ordinate in Fig. 5 is the quantity zf(z), so normalized
(o]

that f 27z f(x) dz = 1. The function f is related to the electron
0 -~
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Fig. 5 — Lateral distribution of all electrons in showers at their maxima
(s = 1) and in showers of age s = 1.4. The solid curves represent the calcu-
lations of NisuiMura and KamaTa [1951], made under Approximation B;
these curves are well reproduced by Eq. 11, The dot-dash curve is a much-
used analytic approximation (Eq. 10) to the Molitre distribution (s = 1)
for small values of r/r,. The dashed line is the contribution of single scattering,

integrated over the shower or at the maximum, as calculated by Evces
oo

[1948]. Normalization is such that [ 2mzf(z)dr = 1.
0
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density 4 by 4 = N f(z)/r?, N being the total number of electrons
in the shower.

NisHIMURA & KamAaTA [1952] have verified that their theory
yields the same total number of electrons as the one-dimensional
calculation of SNYDER [1949]. A comparison of the lateral distri-
bution for s = 1 with that of Moli¢re reveals good agreement
for # < 2 and fair agreement out to z = 6 (N1sHIMURA & KAMATA
[1951]). Beyond 2 = 6, the Nishimura-Kamata distribution is
higher than that of Moliere, despite the neglect of single scattering
by Nishimura and Kamata. The discrepancy is probably due to
Moli¢re’s approximate treatment of the low energy particles.

A slight ambiguity, important in the interpretation of recent
experiments, must be recognized in the graphs of the Nishimura-
Kamata results. Their evaluation proceeds by way of a saddle-
point integration, in the course of which the following defini-
tion of the paramecter s is cvolved (N1sHIMURA & KamaTA[1950]):

A(s)t + In(Ey/eg) + Inz 2 0. (7

Except at r = 7y, this differs from the usual definition encountered
in the one-dimensional calculation of the total number of electrons:
namely, 2i(s)t 4 In(Ey/eg) © 0. The function 4i(s), which is
tabulated in references on cascade shower theory (JANossy
[1948], Ross1 & GREISEN [1941], SNYDER [1949]), is represented
approximately by 4i(s) « #(1 —3/s); hence s is given, according
to Nishimura and Kamata, by

$L3 ln(E.jeto) T2z (8)

Thus, for a fixed primary E, and thickness ¢, ¢ is not &« constant,
but increases with decreasing r. This corresponds physically to
the fact that the maximum of a shower is reached carlier for the
high energy particles near the axis than for the low encrgy particles
far from the axis.

Eq. 7 and 8 are closely related to the expression found in the
longitudinal cascade theory for the age of a shower as a function
of the energy, E, of the particles under consideration: A;(s)t +
In(E/E) L 0 for particles such that E > &,. If one combines this
relation with the expression for the characteristic radius as a
function of E; namely, r(E) = E,/E radiation lengths = r; ¢(/E,
. the relation becomes identical with Eq. 7.
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In principle, therefore, the lateral distribution of a single shower
should not be calculated with a fixed s, as was done by Nishimura
and Kamata for the graphs reproduced in Fig. 5. This would
only be justified if In(Ey/ey) > In(rmax/rmin), where E, is the
primary energy and rmax, 7min limit the range of » over which the
theory is applied. In a realistic case of a common EAS, say
In(E,/e,) = 15 at t = 15 (i.e., near the maximum of a shower with
primary cnergy 8 - 101 eV), the distribution should have a shape
corresponding to s == 1.26 near z = 0.01, 1.11 near z = 0.1, 1.0
near # = 1.0 and 0.91 near # = 10. This would produce a distri-
bution appreciably less steep near the shower axis than that
calculated for s = 1 throughout the shower, and one that falls
off more steeply at large distances.

2.3 DBEHAVIOUR OF THE DISTRIBUTION NEAR THE AXIS

According to NisHIMURA & Kamara [1950], the behavior of
the density distribution of all clectrons near r = 0 is given by
f(zx) o< z*-2. This asymptotic form agrees with that derived earlier
by PoMERANCHUK [1944] and by MiepAL [1945], except that as
defined by Pomeranchuk and Migdal, s was independent of 7,
whereas in the Nishimura-Kamata theory s increases slowly with
decreasing r, reducing the divergence of f as r — 0.

When s becomes cqual to or greater than 2, the density distri-
bution becomes flat. This condition defines a region in which the
position of the axis of a shower is indeterminate, owing to Coulomb
scattering of the few particles of highest energy which remain in
the narrow core region. One can calculate the ‘““radius of the core”,
e, from Eq. 7. At s = 2, 4] = —1/4; thereforc

Te/ry = (go/Ey) €t*. (9)

For instance, if In(#y/e,) == 15 and ¢ = 28 (near sea level), one
finds 7 L 8 em. This is quite small, but for radii out to one meter,
s > 1.7, which is so close to 2.0 that the distribution may be
experimentally indistinguishable from flat.

Many experiments have sought and failed to find clear evidence
of multiple cores in EAS. The above considerations suggest that
the negative results may be due to the diffuseness of the single
cores, rather than to an absence of multiple cores or to a very
close superposition of them.



26 THE EXTENSIVE AIR SHOWERS

The lateral and angular distribution of electrons having a given
energy are much less strongly divergent at the axis than are the
distributions of all electrons: e.g., according to Moliére, for s = 1
the density of monoenergetic electrons goes as -2 near the axis,
while that of all electrons goes as r-1. The difference is even more
striking in the case of the angular distribution, which is finite for
monoenergetic electrons, but diverges as 0-! for all electrons. The
divergence of the total radial and angular densities is due to the
integration over energy: since the area and aperture containing
the particles of energy E are inversely proportional to k2, the
energy spectrum ki-¢+1) dE leads directly to the forms r*-2 and
6+-2 for the density variation near r = 0 or 0 — 0 (with s defined
by Eq. 7 in agreement with Nishimura and Kamata). Thus, the
high density ncar the axis is accounted for by the most energetic
particles in the shower.

Caution must be exercised in applications of the asymptotic
expression f(r) o< r*-%, partly because the high encrgy particles
pass the maximum in their shower development very early (i.e.,
s varies rather rapidly with r near r = 0, never being as small as
1 at r = 0), and partly because the dependence of the density
on r departs rapidly from the asymptotic expression as r increascs.
[f(r) is already appreciably steeper than -2 at r/r;, = 0.02.

2. 4 APPROXIMATE FORMULAE FOR THE LATERAL DISTRIBUTION
OF ALL ELECTRONS

Bethe (quoted in WrLLiaMS [1948]) has suggested the following
analytic expression, which approximates the Moliére distribution
for small values of the argument z:

z f(x) = 0.45 (1 + 4x) exp(—4 2%3) . (10)

The dot-dash curve in Fig. 5 rcpresents this approximation.

The following empirical formula fits the Nishimura-Kamata
distributions well, both for s = 1 and for s = 1.4, over the entire
range of r/r, shown in Fig. 5:

zf(z) = c(s) x*~1 (z + 1)-45. (11)

This expression also has the correct dependence on r near r = 0
for all s. Since the correct function must vary smoothly with s,
it is likely that Eq. 11 can be used without great error for values
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of s intermediate between 1 and 1.4, and slightly outside this range
as well—say, 0.8 < ¢ < 1.6, which covers the region of principal
significance in experiments on EAS.

Some values of the normalization constant c(s) are given in
Table 1. They are approximated for s < 1.6 by 0.448 $%(1.90 —s),
or for s < 1.8 by 0.866 s%2.07 —s)54, They were derived under
the approximation of s being independent of r; hence they are
only highly accurate for very large values of E/z,,.

TABLE 1

Normalization constant c(s) in the approximate
expression of the lateral distribution, Eq. 11.

s c(s)
0.50 16/(10 n?)
075 231/(256 )
1.00 5/(4 m)
1.25 45/(32 n)
1.50 4/n?
1.75 7/(8 7)
2.00 3/(8 =)

2.5 EFFECT OF SINGLE SCATTERING

The lateral distribution arising from single scattering has been
computed for the shower maximum by Molitre, using the Arley
approximation for the number of low energy particles. The integral
of the single scattering contribution over the length of the shower,
which is nearly the same as the contribution at the maximum,
has been computed by EvcEs [1948], using the Belenky formula,
Eq. 8, for the low encrgy spectrum. A similar calculation has been
made by Poranr & ViLur |1952a], using the longitudinal theory
of the Padua group (CLEMENTEL & FaBRrricHEsI [1949]). In all
of the calculations the form of the distribution was found to be
z f(z) = const. z-2 for z > 1. Moliére’s treatment, which under-
estimated the number of low energy clectrons, yielded 0.015 for
the value of the constant, while Eyges obtained 0.026, and Poiani
and Villi obtained the value 0.024. The Eyges results are shown
by the dashed line in Fig. 5.

Apparently, single scattering is not the dominant factor deter-
mining the density of electrons until very large distances from the
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shower axis are reached. When the effect is predominant it is
mainly due to low energy photons, which after emission by
singly scattered electrons travel a long distance from the axis
before releasing Compton clectrons.

Evces ([1948], p. 1806) has pointed out a source of error in
these calculations, which if corrected would ultimately make the
distribution fall off in approximately exponential fashion, allowing
all the moments to converge. The correction is not easily evaluated,
and without it, as has been mentioned, the second moment and
all higher moments diverge.

2.6 LATERAL AND ANGULAR DISTRIBUTIONS AS FUNCTIONS OF
ENERGY

Moliére has given for the shower maximum, and Nishimura
and Kamata as a function of the shower age s, expressions for
the angular and lateral distributions of particles having an cnergy
E such that Approximation A of the shower theory is valid: i.e.,
g9 < E < E,. The Nishimura-Kamata cquations have not yct
been cvaluated numerically.

Evces & FERNBACH [1951] and FErRNBACH [1951] have derived
the moments of the distribution functions from the Landau equa-
tions, under Approximation A and under Approximation B, obtain-
ing in the latter case semi-convergent series that can be used for
energies down to about 2 g,. Their calculations under Approxi-
mation B apply to the average of the distribution functions over
the length of the shower; the results are therefore applicable also
at the shower maximum (i.e., the depth where thc number of
particles of the cnergy under consideration is a maximum-—not
the depth of the maximum in the total number of particles). The
calculations under Approximation A have been made not only in
the average over the shower, but also for s = 0.6 and s = 1.5,
corresponding respectively to rather young and old showers
(see Fig. 1).

Eyges and Fernbach have found that the lateral and angular
distributions can be reconstructed from their first few even mo-
ments if the shape of the functions near the origin (i.c., the order
of the singularity) is known by some other means. For s == 1
and E > g, the solutions given by Molitre were assumed to be
accurate near the origin. For other values of s and for low energy
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particles, the assumed behavior at the origin was essentially a
guess.

The distributions derived by Eyges and Fernbach corresponding
to s = 1 are shown in Fig. 6 and 7. The normalization, which
differs by a factor of 2z from the original publications, is such that

(=] oo
f P(z)2rn2zdz =1 and f P(y)2rnydy =1,
0 0

where 2 =rE[E, = (r[r;) (E/e,) and y = 0 E/E, = (0/6,) (E/e,).
Thus, for instance, the relation between P(z) and the density of
electrons having energy between I and E + dE is:

A(E,r) dE = (}%)” P[z(r)] = (E) dE,

where n (E) dE is the total number of clectrons with energy in
(E, dE).

The roots of the moments calculated by Eyges and Fernbach
for s = 0.6, s = 1.0 and s == 1.5 appear to be simply related:
that is, the ratio <r*(s;) >U» = < rn(sy) > is practically the
same for all the values of n. This implies that under Approxi-
mation A, within the accuracy of the Eyges-Fernbach calculations,
the variation of s produces only a scale change of the radial coor-
dinate. This inference has been verified graphically with the
distributions tabulated by Fernbach. It is reasonable to conclude
that the inference applies not only to s = 0.6, 1.0 and 1.5, but to
other values of s as well, at least to intermediate ones. The vari-
ation of the shower geometry with age (for particles of a given
high energy) ! can thereupon be treated in an elementary fashion
as a simple stretching of the scale; and the scale factor can be
derived from knowledge of only the second moment of the
distribution, which has been extensively and accurately calcu-
lated (sece Fig. 8 and 9).

BorseLriNo [1950] has independently derived, from the Landau
equations under Approximation A, expressions identical to those
used by Eyges and Fernbach for all the radial and angular
moments of the distributions as functions of the age parameter.
His tabulated values of the second moments are the ones repre-

1 The lateral distribution of all the electrons changes with shower age in
a more complicated way than the distribution of particles having a given
energy. because of the change of the shape of the energy spectrum with age
of the shower.
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Fig. 6 — Angular distributions of photons and electrons of various energies,
derived by Eyges and Fernbach from the moments of the distributions
averaged over the length of the shower, under Approximation B.

JP(y) 2ny dy = 1.
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sented in Fig. 8. The same expressions for the second moments
have also been obtained independently by Janossy |[1950a].

It is interesting to note (Fig. 6, 7, 8) that the photons of a
shower travel at smaller angles to the axis than the electrons,
and yet are more abundant than the elcctrons at large distances
from the axis. The reason for the smaller angles is that photons
of a given energy retain rather accurately the direction of their
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Fig. 8 — Root-mean-square radial and angular displacements of particles of
energy [ as functions of the shower age, calculated for pure electronic
showers in a medium of constant density, from the Landau equations under
Approximation A (BorstLLiNo [1950]). Single scattering has been neglected.

parent electrons, which had higher cnergy. The reason for the
comparatively large distances of some of the photons from the
axis is the possibility of a photon travelling a long way without
encrgy loss. This effect becomes most pronounced at low energy
(10’—10% eV), where the photon absorption cross-section is a
minimum while the electrons have very short range on account
of the ionization loss.

No lateral and angular distributions as functions of cnergy are
available at this time for particles between zero energy and twice
the critical energy. This is the interval in which even Approxi-
mation B is not accurate. However, Roberg and Nordheim have
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calculated the second moments averaged over the shower length,
without neglecting any of the important interaction processes,
and without the approximation of asymptotic cross-sections, but
ignoring single scattering and the variation of atmospheric
density (RoBere & NorpuEIm [1949]). Some of their results are
graphed in Fig. 9. Analogous calculations leading to similar
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Fig. 9 — Mean square radial displacement of electrons as a function of the

energy, averaged over the length of a shower; from the numerical calculations

of Roserc and NorpHEIM [1949]. Single scattering and the variation of
the density of the air have been neglected.

results have also been carried out by Porant & Vi [1952b] on
the basis of the longitudinal theory devcloped by the Padua
group (CLEMENTEL & FABBRICHESI |1949]).

According to Roberg and Nordheim, electrons of energy less
than 4 McV have < 02>> = 1, meaning that thesc electrons diffuse
in random dircetions instead of following the axis of the shower.
Cloud chamber picturcs of KAS show these scattered electrons
very commonly. According to the spectrum of Richards and
Nordheim, they comprise about 1/6 of all the electrons in the

showers.
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2.7 EFFECT OF ATMOSPHERIC DENSITY VARIATION

The variation of the density of the atmosphere along the path
of a shower affects the radial distribution of the particles in a way
that can be discussed with reference to Fig. 10. The various
symbols ¢, ¢, . ., used in describing the development of the number

of particles in the shower, re-

-fﬂr———‘fop" of the otmosphere present atmospheric thicknesses
N in mass units (radiation lengths).
)] Lovel whare showar In all of the calculations descri-
T 1s inihated bed above, the radial displace-
ments of particles at £, have been

v computed essentially by multi-

_l_ ___Intermediate stage plying the angular scattering of

In shower their parents, occurring at inter-

to ' mediate levels of the shower, by
the lever arm ¢, and integrating

—’——-l—l-evel of observaton  over all the intermediate levels

Fig. 10 — Illustration of symbols  between ¢, and ¢,.
representing atmospheric  thick- Let the unit of radial displace-
nesses involved in the discussion of . e 4.
. ment be the gcometrical radiation
shower development in an atmo- & i R
sphere of varying density. length computed with the density
of air at t,. Then for an iso-

thermal atmosphere the correct lever arm is not ¢, but 4z, where
dx=toln, oo =11 +3 ) +3(5) +
~ 0 to—t — . 2 to 3 t LI .

The computed radii are therefore too small by a factor equal to
the quantity in brackets averaged over the above-mentioned
integral. An accurate solution should also take into account the
fact that the atmosphere is not isothermal: the decreasc of temper-
ature with elevation reduces the correction factor.

GREEN & MEssEL [1952] have indicated a formal approach
to the solution of the problem for an isothermal atmosphere, but
have only carried through the solution for the case ofanassumed
power law spectrum of electrons incident on the top of the at-
mosphere (and neglecting ionization losses). This solution has
little resemblance to showers initiated within the atmosphere by
single photons.

An estimate of the correction factor can be made by reviewing
the calculation of the mean square radial displacement of electrons,
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averaged over showers in all stages of development.Physically,
the averaging corresponds to weighting with equal probabilities
showers that begin at all possible levels ¢, (see Fig. 10); hence the
results only have meaning for large values of ¢,. The integrand
occurring in the solution of this problem (for an atmosphere of
constant density) has been calculated and shown graphically by
JaNossy (|1948], p. 322). By numerical averaging of the correction
factor to < r? >; i.c., (43/t)?, over the integral with respect to ¢,
one finds that the average value of the correction factor is very
nearly equal to (1 —4/t,)-! for all large ¢,. Within the limitations
of Approximation A of the shower theory, this result is indcpendent
of the primary energy of the shower and the energy of the second-
ary particles under consideration.

For showers detected in the lower part of the atmosphere,
the indicated modification of the lateral distribution can be
cffected by merely evaluating the geometrical radiation length
with the air density two radiation lengths back along the shower
axis from the point at which the showers are observed. It is
obvious, however, that a correction such as this is not precise,
and can only be used reliably where the correction is small and
precision in it is not required, namely at low altitudes.

2. 8 MAGNETIC DEFLECTIONS

It has been remarked by Coccont [1954b] that deflections of the
secondary electrons by the earth’s magnctic field produce a
lateral dispersion which is not very small compared with that
due to Coulomb scattering. The magnetic deflection bends the
positons towards the east and the negatons towards the west.
Thus the lateral distribution loses its azimuthal symmetry and
the showers are stretched from a circular shape into one that is
roughly elliptical.

The calculated factor by which the east-west axis of a vertical
shower is stretched by the horizontal component of the earth’s
field is [1 4 0.05 (cos 4/P)?%] for particles of all encrgies (4 is the
geomagnetic latitude and P the pressure in atmospheres). This is
a very small correction near sea level, even if the rough calculation
should be considerably in error. But at airplane altitudes the
factor 1/P2 may be in the range 10—20; and at these altitudes
showers frequently arrive with large inclinations, in which case
the vertical component of the field, as well as the horizontal
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component, contributes to the magnctic deflections. Thus, at
240 g. cm-? pressurc and 45° latitude, for showers coming from
the north at 45° relative to the zenith, the magnetic cffect exceeds
the coulomb scattering, making the east-west stretching factor
about V3. The distribution function at this altitude will not only
by highly asymmetrical, but will differ strongly for inclined
showers arriving at different azimuths.

CHaLoupka [1954] has sought to detect the magnetic effect at
2634 m clevation, by recording EAS with two parallel, unshielded
counter telescopes, inclined at 45° relative to the zenith. As
expected, the coincidence ratec was found to vary with the azi-
muthal angle, being 109, greater than the average when the
telescopes pointed to the east or west and 109, smaller than the
average when they pointed to the north or south. Although the
obscrvations cannot easily be submitted to a quantitative com-
parison with the theory, they suggest that even at low elevations
the magnetic deflections are not cntirely negligible.

2.9 SUMMARY

In review, it appears that the shower thcory of Nishimura
and Kamata, supplemented by the energy and age dependence
of the distributions calculated by Kyges and Fernbach, Roberg
and Nordheim, Poiani and Villi, and Borsellino, gives a reasonably
adequate description of the lateral distribution in pure electronic
showers, provided that the following restrictions are maintained:
(1) the theory should only be used for showers observed in the
lower half of the atmosphere, because it does not properly account
for the variation of atmospheric density or the deflections due to
the earth’s magnetic field; (2) a first-order correction for the
density variation should be made by evaluating the radiation
length at an elevation 2 cos 0 radiation lengths above the level of
observation (thus, for vertical showers the scattering unit of
length, X o#4,/¢y, should be taken as 79 m at sea level and 120 m at
3250 m elevation, assuming at both elevations a temperature of
0 °C. two radiation lengths above ground level); and (8) the theory
should not be applied for (r/ry) (E/ey) >> 1, nor should the higher
moments of the distributions be relied on for accuracy, because
of possible errors at large values of r where single scattering is
important.
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3. Experiments on the Lateral Distribution of Electrons

Numerous measurements have provided information on the
lateral distribution in overlapping intervals of the distance from
the shower axis. We omit cxtensive discussion of the simple
decoherence curves of counters or ion chambers—the frequency
of coincidences as a function of separation—because the inter-
prctation depends on too many other factors besides the lateral
distribution, and is not very sensitive to the distribution itself.
The dircetly indicative experiments, summarized below, are those
in which the density of particles was measured either at known
distances from the axis or at more than one point in each recorded
shower.

8.1 MEDIUM DISTANCES, 0.03 < r/r; < 2

Coccont, TonNcIoRGI & GREISEN [1949b] used a combination
of an unshielded counter and four counters under 9 cm of lead
as a “core selector”- -henceforth abbreviated C.S.—-at 8260 m
elevation. It is not obvious whether nuclear-active particles or
high energy photons and electrons contributed most to the
triggering of a C.S., but the results of the experiment and the
rapid decrease of the coincidence rate of two C.S. with increasing
separation show that each C.S. discriminated strongly in favor of
showers whose central axes fell within a small number of meters of
the C.S. At two different distances from the C.S., groups of
unshielded counters were disposed by which the electron density
could be measured within a factor of about two as long as the
density lay between 2 and 500 particles per squarc meter.

Fig. 11 shows the frequency with which different relative
densities were mcasured at the various pairs of distances investi-
gated in the experiment. The widths of the distributions can be
accounted for, except for a few isolated cvents, by the expected
errors in density measurement without assuming any errors in the
location of the shower axes (although the average value of the
smallest radial distance, taken as 4 m, must nevertheless be
somewhat in doubt). This consistency not only confirms, as
mentioned above, that the C.S. fulfilled their intended function,
but also shows that the density decreases smoothly with distance
from the axis, without large fluctuations due to local concen-
trations of particles.
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The latter conclusion is of importance to the methods of
estimating the magnitude and the primary energy of EAS. It
follows that if one measures the density at a known distance
from the axis of an EAS, or if the density is determined at several
positions, so that the location of the axis can be deduced from the
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Fig. 11 - Frequency with which various relative densities were measured at
different pairs of distances from the axes of EAS at 8260 m elevation; from
the data of Cocconi, ToNGIORGI and GREISEN [1949b]. Fluctuations in the
measurements cause a slight bias, associated with cases where the density
at the greater distance is too small for measurement or the density at the
smaller distance is too great for mcasurement. Kstimates of the corrections
in the two situations where the bias is greatest are shown by the dashed
curves.

relative densities, one can safely infer the total number of electrons
in the shower. From this, one can presumably compute an approxi-
mate value of the primary energy.

The average relative densities obtained by Cocconi et al. are
plotted as a function of r in Fig. 12, where they are compared
with the theory of Nishimura and Kamata for several values of
the age parameter. The cxperimental uncertainty at the extremes
of the radial distance range is estimated to be a factor 1.5, as
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shown on the graph. The results are observed to be in excellent
agrcement with the theory for either s = 1.0 or s = 1.2.
The smallest of the showers included in these measurements
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Fig. 12 — Relative density of particles in showers of 10°-10® electrons as a
function of distance from the central axis, at 3260 m above sca level. The
points are taken from the data of Cocconr, ToNG10RGI and GREISEN [1949b].
The curves are drawn according to the theory of Nishimura and Kamata,
under the assumption that each shower has but a single axis and that the
lateral displacements are entirely due to Coulomb scattering of the electrons.

had the minimum measurable density, 2 m-2, at 48 m, corres-
ponding to a shower of 10° electrons. The largest showers, of which
very few were recorded, had densities of 500 m-2 at 96 m, corres-
ponding to a total of 10® electrons. If one assumes that all the
showers were initiated at the same pressure level, about 100
g. cm~2%, one finds from Eq. 8 that the variation in both r and E,
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should have caused s to change from about 0.9, for the largest
showers at the biggest distance from the axis, to about 1.5 for the
smallest of the events at the shorter distances.! Each point on
the graph represents an average over shower sizes, howcver,
making the expected variation of the apparent age with r smaller,
about 1.1 to 1.4. While the data are not accurate enough to
preclude this, they agree better with still less variation of s, say
from 1.2 to 1.0, or with no variation. This observation appears
to be related to the nuclear origin and propagation of the showers,
and will be discussed later, after the assembly of more infor-
mation bearing on the subject.

On the other hand, if each shower represented a superposition
of numerous cascades having axes distributed uniformly over a
radius as large as 5 m, the density distribution for small valuecs
of r should have been considerably flatter than was observed.
Also, the decohcrence curve of the C.S. should have levelled off
at small spacings, whereas, on the contrary, it remained steep
down to one or two meters. One must conclude that if showers
of ~ 108 electrons are inherently multiple at the origin, the axes
are concentrated within a radius of a few meters.

At sea level, an experiment very similar to that of Cocconi et al.,
using the same kind of core selectors, has been reported by Fu-
JIoKA [1953]. Relative densities were determined at distances
from the C.S. ranging from 5 to 47 m, in showers containing
10°—107 electrons. The results are shown graphically in Fig. 13.
As suggested in the figure, one should make allowance for a slight
underestimate of the smallest distance from the axes of the KAS,
owing to lack of precision in the core selection.

Measurements of the lateral distribution at sea level have also
been made by HADDARA & JAkEMAN [1953], with results that
are shown together with those of Fujioka in Fig. 13. Haddara
and Jakeman employed a core selection device that in principle
is superior to the one of Cocconi and of Fujioka: cores were
identified by the occurrence of cascades of at least 9 particles,
entering a cloud chamber from a 5-cm lead shield. Such events
require the presence of a high energy photon or electron, which
presumably implies proximity of the central axis of the shower.

! In making this calculation, an estimated multiplicity of photons was

assumed at the origin of the shower. The results are not very sensitive to the
accuracy of this estimate.
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Unfortunately, the counting rate was very low (onc every two
days), so that the results had to be inferred by a statistical
analysis of only 86 cvents. Each point is represented doubly in
Fig. 13, in keeping with the reported estimate of the maximum
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Fig. 13 - Relative density vs. distance from the axis of showers at sea level.

The points represent measurements by Fuvgioka [1958] and by HADDARA

and JAKEMAN [1953], while the curves are drawn according to the theory of

Nishimura and Kamata. Normalization was made at r/r, = 0.3 (r = 24 m).
Most of the recorded showers contained 10°-10° electrons.

systematic error (certainly an overcorrection) in the location of
the shower axcs.

The smooth curves in Fig. 18 represent the theory of Nishimura
and Kamata. The results of Fujioka agree well with s == 1.4 or
1.5, while the points of Haddara and Jakeman agree better
with s = 1.2; but both sets of points arc quite consistent with a
smooth curve corresponding to s = 1.8. Even if the showers were
initiated by primary electrons, this would be a very reasonable
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value for the age parameter of showers of ~ 108 particles at sca
level in the radius interval 0.03 to 0.5 r,; and there is no indication,
even at distances as small as 8 m from the axis, of an excessive
flattening of the lateral distribution, such as might be expected
to result from a multiplicity of shower cores.

8.2 LARGE DISTANCES, 0.4 <7r/r; <5

BarreTT, BoLLINGER, CoccoNi, EISENBERG & GREISEN [1952]
located the axes of air showers at sea level by observing with a
hodoscope the directions of u-mesons detected at 1600 m water
equivalent underground. To pcnetrate that far underground the
mesons had to be created with an average cnergy near 102 ¢V.
It was shown that the trajectories of the mesons were accurately
parallel to the axes of the EAS, by observing that showers of
mesons detected undergrond were very narrow. By projecting
the track of a meson to the surface, the distance could be computed
between the axis of the associated EAS and four trays of unshielded
counters located on the surface of the ground above the meson
detcctor.

Invariably, it was observed that the counter tray nearest to
the projected axis of the shower was the one in which the most
counters were discharged. This confirms other indications that
there are no distinct, widely separated multiple cores in the EAS,
but that the density decreases smoothly (except for statistical
fluctuations) with distance from the axis.

The frequency with which the unshielded counters were dis-
charged, as a function of the distance of the counters from the
axis, depended on both the lateral distribution and the size
distribution (i.e., distribution with respect to number of electrons)
of the showers in which mesons were detected undergrond. The
shape of the size distribution could be deduced separately from
the records of the relative frequency, averaged over all distances
from the shower axes, with which various numbers of counters
in the trays were discharged. Thereafter, with an assumed lateral
distribution function, and with the known angular resolution
function of the underground telescopes, it was possible to compute
numerically the expected number of coincidences as a function of
the apparent distance from the axis. Computations made with
the Nishimura-Kamata theory corresponding to an age s = 1.4
agreed well with the observations throughout the range 80 to
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800 m from the axis. Similar computations made with the Molitre
function or the Nishimura-Kamata thcory for s = 1 disagreed
with the data, but any value of s in the range 1.4 4 0.15 would
probably have been satisfactory.

The size distribution in the above experiment was rather flat
because of the bias introduced by requiring a meson far under-
ground. Thus the inferred age represents an average over a very
wide range of shower size, about 102 to 107 particles. Except for
the presence of the high energy mesons, the experimental results
could be consistent with the hypothesis of primary electrons
originating the EAS.

In Russia, at 3860 m elevation, ZATsEPIN and his collaborators
[1958] madc use of multiple counter trays in hodoscope arrange-
ment for the simultaneous measurement of density at widely
distributed points in individual showers. Density measuring sets
were placed at the corners and center of a diamond-shaped arca
with diagonals of 600 and 1000 m. The relative densities made
possible the locating of the central shower axcs and thus the
determination of density as a function of distance from the axis.

Between 200 and 600 m from the axis (i.e., 1.5 = r/r; < 4.6),
the density of charged particles was found to vary as r—" with
2.7 < n < 8.1. The proportion of the particles that arc mesons
was also determined, and was found to increase linearly with 7,
attaining the value 0.25 at »r = 600 m (scc Fig. 28). By subtracting
the mesons, the electron density is found to vary approximately
as r—*' with 2.9 < »’ < 8.8. This variation is slower than that
expected of showers at their maximum development, but agrees
with that expected of showers having an agc parameter of
1.25 - 0.12.

The showers with mcasurable density at such large distances
are great in size (2> 107 particles); hence the question arises as
to whether it is reasonable for such large showers to be beyond
their maximum development at mountain elevations. Partial
justification is provided by the expectation that the very big
showers should have axcs inclined at large zenith angles, on the
average, and the mean thickness of the atmosphere through which
the showers have developed should be greater than the vertical
depth. A more important factor probably arises from the fact
that the showers are not caused by single high energy photons
or electrons, but by a succession of groups of lower energy photons,
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created both in the initial collision of the primary and in the suc-
cceding chain of nuclear interactions.

8.3 SMALL DISTANCES FROM THE AXIS

Numerous investigations have been made of the density distri-
bution near the central axis, in an cffort to obtain information
about the multiplicity and angular distribution of the secondaries
emerging from the primary interaction. The experimental results
have, in general, been compared with predictions calculated from
the Moliere theory. Within a few meters of the axis, significant
discrepancies have been noted: the electron density has not been
found to diverge as r-1, but to have a somewhat smaller gradient.
Beyond a few meters from the shower axis, the discrepancies
with the Moli¢re theory have generally not been discernible.

The experiments may be summarized briefly as follows:

(1) Cloud Chamber Obscrvations

From pictures of EAS taken with a large cloud chamber at
3000 m clevation, HazeEN [1952] selected and analyzed those
which most nearly resembled the expected appearance of showers
in the ncigborhood of their central axes. The cases exhibiting
the biggest density gradients probably represented small showers
(10*—10°% electrons) with axes inside or within 1/2 meter of the
chamber. The density gradients, however, were found to be much
smaller than those predicted by the Molicre theory.

On the other hand, RELF [1955] observed EAS at sca level with
a very large diffusion chamber (two squarc meters of horizontal
sensitive area), and obtained a few events in which the axes
appeared to be ncar the chamber and the density gradients
seemed large enough to be consistent with the Moli¢re theory.

(2) The Burst Ratio Distribution

CampBELL & PrEscorT [1952] have shown that the frequency
with which two nearby ionization chambers register simultaneous
bursts having a size ratio excceding A, as a function of 4, is sensi-
tively dependent on the lateral distribution function, f(z). Under
the approximation f(z) o< x*-2, their measurements, made at sca
level, indicate s = 1.28 -|- 0.09. If this result is corrected for the
error in the approximation f(z) o< 2°-2 at finite values of z, the
value of s is increased to 1.38 - 0.10.
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(8) The Ionization Chamber Decoherence Curve

The frequence of coincident bursts in two ionization chambers
as a function of their scparation has been measured by WiLLiams
[1948] at 3050 m elevation and by CampPBELL and PrEscoTT [1952]
at sca level. Williams’ data have been analyzed by Bratr [1949],
and the same analysis was followed by Campbell and Prescott.
In both cases the decoherence curve calculated with the Molicre
distribution was found to be too steep in the region of small
chamber separations (less than 5 m).

The contributions to the rise of the curve in this region are
cxpected to be madec by rather small showers, which should
normally be old. Blatt has shown that if f(2) o< #*-2 near » ==
and if y is the exponent of the number distribution, the curve
should be horizontal at zero scparation provided s =2 2 —yp-1 ~
1.33.

(4) Frequency vs. Density near the Shower Axis

Kasnrtz & Srrrr [1954] used counters in coincidence and anti-
coincidence, at 3260 m elcvation, to select showers with axes
striking close to a cloud chamber and a counter hodoscope, with
which the shower density could be determined. The relative
frequency as a function of density was found to correspond to
an age s = 1.24 for small showers of 10*—10° clectrons, s — 1.20
for showers of 105—108 electrons, and s = 1.15 for large showers
of 108 --107 clectrons. The remarkable feature of these results is
the smallness of the variation of age with size of the shower, a
feature that also appecared in the lateral distribution at larger
radii according to the data of Cocconi et al. and of Zatsepin ef al.

(5) Hodoscope Measurement of f(x).

With five trays of unshielded counters connected to a hodoscope,
StTTE, STIRRWALT & Kowsky [1954] selected showers whose axes
struck close to the central tray, and determined the relative
clectron densities at distances of approximately 2 m, 4 m and
8 m from the axes. With the aid of further trays of lightly shielded
counters, the showers were classified into different age groups on
the basis of the apparent energy spectra of the clectrons and
photons. The youngest showers, which presumably had an age
less than 0.8, had distributions in agreement with the Molicre
function (s = 1.0). The other age groups, regardless of the ap-
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parent age, were found to have almost identical lateral distri-
butions corresponding to s ~ 1.2. (It is possible that the apparent
variation of age, deduced from the energy spectrum, was in part
spurious, being influenced by small variations of the distance
between the shielded trays and the shower axcs).

(6) Multiple Ionization Chambers

With the aid of an assumed lateral distribution function, the
coincident pulse heights registered by three ion chambers can
determine the locations of the axes of individual showers and the
sizes of the showers. If more than three chambers are used, the
results are overdetermined, and the consistency is a test (although
not a very sensitive one) of the correctness of the assumed distri-
bution. The method is only applicable to the showers whose axes
fall near or within the array of ion chambers.

With this method, WirLLiams [1948] analyzed 28 showers
dctected at 3050 m elevation, and found them all to be consistent
with the assumed Moli¢re distribution function. The chambers
were at the vertices and center of an equilateral triangle 12.2 m
on a side, and the usable events were rather large showers,
108 — 108 clectrons.

HazeN, Wirriams & RanpaLn [1954] later applied the same
method to smaller showers with axes at smaller distances from the
ion chambers: five chambers were used in this case, four of them
at the vertices and center of a triangle 2.2 m on a side, with the
{ifth chamber 8.6 m from the center. The elevation was 8260 m.
The data were observed to be consistent with the Moliére distri-
bution in 809, of the events. These corresponded to shower
axes between 0.5 and 4 m from the nearest detector. At distances
less than } m, the results indicated a much flatter distribution.

3.4 INTERPRETATION OF OBSERVATIONS NEAR THE SHOWER AXIS.

The indications that the lateral distribution near the shower
core is flatter than that predicted by Molicre have occasionally
been discussed as evidence of the multiple production of high
cnergy secondaries at the origin of the EAS. However, a consider-
ation of the Nishimura-Kamata theory, and in particular of the
variation of the age parameter with r, indicates that the obser-
vations described above can all be accounted for without any
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lateral spreading owing to the initial nuclear interaction or the
subsequent nuclear cascade.

Consider a typical instance, involving a shower of 105electrons de-
tected 16 radiation lengths below the point of origin. If the shower
is imagined to be due to a single high encrgy photon, In(E/¢,) ~ 14
and s = 1.1 for the shower as a wholc; but at different radii,
8 ~ 1.1[1 4 0.045 In(r/ry)]-2. At one meter from the axis, the
appropriate value of s would be 1.4, and the expected gradient of
the density, owing to Coulomb scattering alone, would be much
less than that given by the Moliere theory. If the shower is im-
agined to be due to, say, ten identical, colinear photons at the
origin, the expected gradient would be even smaller, since the age
would be 1.2[1 + 0.05 In(r/r,)]-, which is about 1.6 at onc meter
from the axis.

Indeed, the greatest difficulty in interpreting the experiments
described above, in view of the nuclear origin of the showers,
lies in explaining why the lateral distributions are as steep near
the axis as the experiments have indicated. One must at the same
time cxplain why the small showers, on the average, do not have
much flatter distributions than the large showers.

The latter point cannot be accounted for under the old hypo-
thesis of clectron primarics, all of which would interact at the
top of the atmosphere. Two properties of nuclear initiation help
to reduce the difference in apparent age between small and large
showers. One is the variation in the depth of initiation of the
showers. Since the cfficiency of detection is greatest for showers
near their maxima, the smaller of the detected showers will have
points of initiation lower in the atmosphere, on the average, than
the larger showers. The other factor is the nuclear cascade, which
can assist in the propagation of the showers and retard the
advancement of the age.

To account for the stecpness of the distributions near the axis,
it is necessary to conclude that at the origin of a shower of 10°
or more electrons, the most cnergetic photons and secondary
nuclear-active particles are contained in a cone of half-angle not
excceding 2 - 10-4 radians. It is also nccessary to conclude that
as the nuclear cascade progresses, the particles that contribute
materially to the electronic shower retain a lateral distribution
that is strongly peaked within a few meters of the axis.
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8.5 MULTIPLE SHOWER CORES

The experiments described above have given no clear indications
of the existence of multiple cores in the EAS. The data have been
remarkably consistent with a smooth decrease of the density
with distance from the axis. The local fluctuations have in most
cases been about equal to those expected from a Poisson distri-
bution of independent particles (ReLr [1955], Hazen [1952]
HeiNEMAN & HazeN [1958] HAZEN et al. [1954] S1TTE et al. [1954]
WirrLiams [1948]).

In a small number of instances, however, the ionization chamber
data have indicated a distinctly ‘“‘lumpy” distribution (Iazenx
et al. [1954]). Unusual examples of this phenomenon have been
obtained by Heineman, Hazen and Davis (HEiNEMAN & HAzEN
[1958], HEINEMAN [1954], DAvVIS et al. [1954]) with a set of 20
parallel, adjacent ionization chambers. One may seck to explain
these few occurrences by heavily ionizing particles released from
stars created in the gas or the chamber walls, since it is known
that the EAS contain many ncutrons and other N-component
particles capable of star production. But the presence of so much
N component in the EAS, in itself, assures that the electron
component should have a complex origin. The ensemble of indi-
vidual cascade showers in an EAS seems usually to add up to a
smooth distribution, especially at distances more than a few
meters from the axis. The few observed cases of lumpy distri-
butions may well represent young cascades created locally by the
high energy N-component, resulting in apparently distinct axes
among the clectron showers.

The usual failure to recognize multiple cores in the EAS, cven
near the central axis, can be accounted for by the fact that at
small radii, comparable with the separation of the multiple
shower axes, the component electron showers are generally very
old and do not have strongly divergent density distributions.
Evr-Morty [1953] has attempted to overcome this difficulty by
recording the decohercnce curve of two ionization chambers under
water, at depths of 185 and 274 cm (5 and 7.4 radiation lengths);
while BARRETT efal.[1952] have mecasured the decoherence curve of
the showers of mesons that penetrate to 1600 m.w.e. underground.

The underwater experiment, performed at 2765 m elevation,
was inconclusive in regard to the cxistence of multiple cores in the
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air. The coincidence rate was observed to decrease strongly as the
separation of the chambers was increased from 0.9 to 6.5 m. An
analysis made by HAzrN [1954] has shown that the theoretical
decoherence curve, calculated for a pure electronic shower with a
single axis, is not as steep as was originally supposed, and is not
in grave disagreement with the measurements. Furthermore, many
of the coincidences were probably not due to high energy photons
and electrons incident on the water, but to local showers generated
in the water by the N-component that is present in the EAS.

Although multiple cores are not required to explain the data
of El-Mofty, the cxperiment shows that if multiple cores are
present (i.e., if there are laterally separatcd concentrations of
high energy photons and electrons), the width of the distribution
is no more than a few mecters. Moreover, the expcriment affirms
that the high energy N-component also has a distribution that is
strongly peaked in the neighborhood of the central axis.

Barrett et al. found that showers of 102V mesons have a
radius of about 13 m at a depth of 600 m underground. The
mesons may originate not only from the primary nuclear inter-
action, but also from second and third generation processes of the
nuclear cascade. The mean energy of the interacting particles that
produce the mesons was estimated to be of the order of 4 - 1013 eV;
and the experimental results suggest that the secondaries of such
interactions are contained in a cone of half-angle 10-3 radians.
This conclusion should apply not only to the charged z-mesons
that decay into u-mesons, but equally to the n"-mesons that
decay into photons initiating subsidiary cascades in the EAS.

3.6 THEORETICAL IMPLICATIONS

There is no doubt that the soft component of an EAS is of
complex origin, and therefore that the central region should have
some structure. The z-mesons (or any other secondaries that
give birth to the soft component) of comparable energies, created
at or near the origin of the EAS, must give risc to overlapping
electronic showers, the axcs of which diverge by angles that are
determined by the velocity of the center of mass of the nuclear
collisions and the angular distribution in the c.m. system. Whether
or not the axes of the overlapping showers are separately dis-
tinguishable depends on the number of secondary z°-mesons of
comparable energy and on their average spacing, as well as on the
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background growing out of later gencrations of the nuclear
cascade. But the shower cannot have one and only one centre
of high density gradient. Either there are multiple centres or there
is a single diffuse centre in which the particle density is high but
the gradient is small.

The composite shower may be less concentrated around the
central axis than are the electronic showers that develop from the
primary nuclear encounter, but not more concentrated. The slow
variation of apparent age with shower size suggests that the
contribution of later generations of the nuclear cascade is im-
portant even near the central axis. The ensemble of subsidiary
showers must be diffuse within a region at least as wide that
determined by the angular spread of the nuclear-active secondaries
emerging from the initial collision. Therefore the observations of
the lateral distribution of particles near the axes of EAS permit
one to sct limits on the angular divergence of sccondarics in the
primary nuclear interactions.

If the secondaries were created isotropically in the e.m. system,
the angle of half-maximum intensity in the laboratory frame of
reference would be @ = 0.64/L, where L = (1 —f?)-t, the Lorentz
factor of the moving system. Within the cone of half-angle @,
the energy variation introduced by the coordinate transformation
would be only a factor of V2; hence @ would define the cone
containing secondaries of approximately equal energy and uni-
form density. The radius of the base of the cone, R, is estimated
by multiplying @ with 15 km, an approximate average of the
distances from the points of initiation of the showers to the levels
where they have been studied in detail.

For single nucleon-nucleon encounters at high energy, L =
(Eo/2Mc?)t. Thus for Ky, =10 eV, ® ~9-10~* and B ~ 18 m,
while for E, = = 4:101%eV, @ ~ 4.4 - 10® and R ~ 66 m.
These radii are five times too large to fit the observed steepness
of electron distributions a couple of meters from the central axes
of EAS, and to fit the width of the meson showers measured far
underground.

The discrepancy is somewhat worse than these figures suggest,
because when a primary nucleon interacts with a nucleus of air,
more than one nucleon of the target nucleus is apt to be involved.
In view of the strong collimation, the average number of target
nucleons participating in the interaction is about 4% where 4
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is the atomic weight. The successive collisions within a nucleus
occur before the products of the first interaction can leave the
interaction volume. Hence the collisions are not distinct as in a
cascade process; instead, a single excited volume is probably
formed, containing all the nucleons that have been swept into
the interaction. Within that concept, L-! ~ (2Mc24}/Ey)t. Thus
the above estimates of @ and R should be increased by a factor of
about A%, which for air is 1.56.

If the primary particle is not a single nucleon but a nucleus of
atomic weight 4,, the energy per nucleon corresponding to a
given total energy E, is reduced. Laterally separated nucleons of
the incident nucleus suffer independent collisions with trans-
versely separated nucleons of the target nucleus; but the nucleons
lying along a line in the direction of the motion will more likely
plunge into single interaction volumes. By pursuing this concept,
one obtains

L1 v [2 A% A3 McYE ]} .

Thus for given valucs of E,, the estimates of ® and R are further
increased by a factor 43.

Fermi [1951] has pointed out, in connection with his statistical
model of nuclear intecractions, that in non-central collisions
between single nucleons the angular distribution of the secondaries
cannot be isotropic in the c.m. system because of the nced to
conserve angular momentum. Application of this condition reduces
the average angular spread of the secondaries in a theoretical
model that would otherwise predict isotropy. Goap [1953] has
shown that in the Fermi model the r.m.s. value of @ for secondary
particles having a high energy in the laboratory system is
(1 — @)tL-1, where g is a parameter related to the impact distance.
The median value of ¢ for nucleon-nucleon collisions is 0.959;
hence @ ~ 0.2 L-%, about 1/3 of the value for isotropic emission.

This factor is not quite large enough to bring about agrecment
with the observations. Moreover, it applies only to single nucleon-
nucleon encounters, which occur principally in glancing collisions
of the primaries with air nuclei. When a primary nucleon makes a
tunnel through a nucleus, the complex collision is more nearly
central, on the average, than are single nucleon-nucleon collisions;
consequently the predicted angular distribution is more nearly
isotropic in the c.m. system.
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Thus there remains a significant disagreement between the
experiments and the angular distribution given by the Fermi
theory. The thermodynamic concept of nuclear interactions need
not be cast aside because of this discrepancy, but some modi-
fication of the details of the Fermi picturc seems to be called for.

Arguments for such modifications have also been proposed on
theoretical grounds. BuaBuA [1958], for instance, has suggested
that the mass of a nucleon may not be cntirely of field origin,
but partly contained in a central core. The nucleon-nucleon
collision time is too short, at ultra-high energies, for signals to
travel from onc core to the other when the collision is not head-
on; therefore the core of the incident nuclcon would usually
intereact only with part of the meson field of the struck nuclcon,
and would emit mesons while moving forwards more rapidly than
the center of mass of the two nucleons. The result of such a collision
would be two narrow jets in the forwards and backwards directions
in the c.m. system, in addition to a spray of mesons emitted at
wider angles owing to the mutual interaction of the two meson
fields.

HEISENBERG [1958] & LaNDAU [1953] have proposed other
modifications of the Fermi theory, arising from a consideration
of the interactions occurring between the secondaries during the
expansion of the interaction volume. The result is an angular
distribution strongly dependent on the energy of the emitted
mesons; the particles of the highest energy in the c.m. system
are expected to emerge in very narrow forwards and backwards
cones.

A model bearing some resemblance to that of Bhabha has also
been proposed by Krausuaar & Marks [1954]. This model, too,
leads to the prediction of a narrower distribution than that given
by the Fermi theory.

The data on the lateral distribution of EAS do not as yet
permit a choice among all of these modifications of the Fermi
theory, more than one of which probably contain elements of
truth; but further guidance may possibly be obtained from other
aspects of the EAS, to be discussed below.

The needed alteration of the Fermi angular distribution is
greater if the showers are generated by heavy nuclei than if they
are produced by protons. On the other hand, studies of high
energy showers in emulsions have given evidence that the Fermi
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theory is not very far from correct (KarPLON et al. [1949), LorD
et al. [1950], Pickup & Vovvobpic [1951], LAL ¢t al. [1952], Kap-
LoN & Ritson [1952a, b], MarsHAK [1952], Coccont [1954a]). If
one accepts this evidence, the stcepness of the electron distribution
in EAS and the narrowness of the meson showers far underground
suggest that the KAS are initiated by protons, and possibly by
alpha particles, but not often by heavy nuclei.

4. Density and Number Spectra of EAS

If individual particles of a shower are sufficiently independent
of each other in position and in the probability of occurrence, it
is meaningful to define the local density, 4, of an EAS by
dP —= A do, where dP is the probability that a charged particle
should cross an elementary area do normal to the shower axis,
and 4 is rclated to the number of particles in the shower and to the
lateral distribution function by 4 = N f(z)/r}. The validity of the
assumption of local independence of the particles is aflirmed by
the experiments alrcady described on the lateral distribution;
further experimental tests will be recounted below. In brief, the
assumption is justified in the open air, but not beneath roofs or
screcens of dense material in which local multiplication of the
particles can occur.

The density spectrum of EAS means the frequency of occur-
rence of showers having a particle density between 4 and 4 4 d4
at a particular place, irrespective of the sizes and locations of the
axes of the showers. This function will be designated by i(4) d4,
and the corresponding integral spectrum by H(4).

The number spectrum means the frequency of showers con-
taining a total of N to N 4 dN charged particles and having a
central axis that crosses a unit area. The differential number
speetrum will be indicated by k(N) dN, and its integral from N
to infinity by K(N).

Most of the showers in the lower atmosphere are nearly vertical.
For the moment all showers will be considered to arrive in di-
rections so near the vertical that the cosine of the zenith angle can
be approximated as 1.0. With this understanding, the spectra
h(4) and k(N) include showers arriving in all directions.

Empirically, the density spectrum has been found to follow
rather accurately a power law, represented by

H(4) = Hy 4, (12)
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(Coccon et al. [1948, 1944], DaubpiN [1948, 1944b]), where y and
H , may be taken as constant at a given altitude over a wide range
of 4, and the exponent y changes very little with altitude. Since y
and H, are not strictly constant, it must be noted that y is
defined in analysis of experimental data by y = —d (In H)/2 (In 4),
and H, is adjusted to give correct values of H, following the
determination of y.

In first approximation, the density spectrum is simply related
to the number spectrum. Suppose that the number spectrum is
given by a power law,

K(N) = K, N, (13)

and assume that the lateral distribution of showers is independent
of N, postponing until later a consideration of the effect of the
slight error in this assumption. Then the frequency of showers
having a density exceeding 4 is given by

H(4) = [ 2ar dr K [134/f(@)]

= 20,20 VAVE, [ [f@)) 2 da. (14)

Thus, at a given altitude H(4) = (const) 4-*’, indicating that Eq.
12 follows from Eq. 18 or vice versa, and that the two exponents,
»’ and y, are equal.

4.1 DETERMINATIONS OF THE DENSITY SPECTRUM

In determining H(4) experimentally, one must use detectors
of finite area and, except in cloud chamber experiments, one
must use two or more horizontally separated detectors in order
to distinguish EAS from other phenomena. Some of the recorded
showers have central axes sufficiently near the apparatus that the
variation of 4 from one part of the apparatus to another is quite
appreciable. The question arises as to whether the ignoring of the
density gradient over the apparatus leads to significant errors in
determining the shape of H(A4).

Under the assumptions that the shower particles are locally
independent and that the shower geometry is independent of N,
there are at least two methods of determining the exponent y
that are unaffected by the density gradient.
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One method is measurement of the frequency of coincident
pulses in a set of ionization chambers, each pulse being required
to cqual or exceed the size corresponding to n particles crossing a
chamber, with » > 1 so that fluctuations can be ignored. (One
can equally well require that the average pulse height exceed
that due to n particles). In each event, the smallest of the pulse
sizes (or the average size) is equal to the total number of particles
in the shower times a factor depending only on the location of the
shower axis relative to the apparatus and the geometry of the set
of ionization chambers. The frequency of coincidences as a function
of n is therefore n-” times a purely geometrical integral, and the
logarithmic derivative of the frequency with respect to n yields
the exponent y directly.

In other words, the shape of the spectrum of average or mini-
mum densities over finite areas is the same as that of the hypo-
thetical density spectrum at an infinitesimal area, despite the
density gradients.

More frequently, the density spectrum has been determined
with GM counters, because this method is applicable to lower
particle densities, which occur with greater frequency. If one adds
to the assumptions made above the further assumption that the
individual counters or counter trays are so small that the variation
of 4 over single counting units can be ignored, onc can demonstrate
that when the areas of all the counters are changed in the same
proportion, the coincidence rate of any combination of them will
vary with the arca according to

z—rlﬁ—cs = (15)
(Ise & FrReETTER [1949], SinGEr [1951]). Verification that the
logarithm of the coincidence rate varies linearly with the logarithm
of the counter arca has been the most accurate method of sub-
stantiating the power law form of the density spectrum, Eq. 12.

By ignoring the gradient of the density, not only over single
counters but also over the entire array, one may calculate the
frequency with which a set ¢ of counters is discharged while a set j
fails to be discharged as follows:

Fy = [ dA WA IT(1 —e5:4) [T (e-5+4), (16)
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where the S, are the areas of the individual counters or counter
trays. The relative values of F' for different numbers of counters
in the sets ¢ and j are sensitive functions of y alone, from which,
by comparison with experiment, y may be determined.

This method can lead to serious errors for certain geometrical
arrangements of the counters, such that the average particle
density is appreciably greater at the counters of set ¢ than at the
counters of set j (TREAT & GREISEN [1948], ISE & FRETTER [1949],
BROADBENT et al. [1950]). But such a bias can be avoided by
properly locating the counters with respect to each other. For
instance, Coccont & ToNGIORGI [1949] determined y by comparing
the 8-fold coincidence rate of counters at the vertices of an
equilaterial triangle with the 4-fold coincidence rate between these
counters and a fourth located at the center of the triangle. The
values of y thus found were in good agreement with those derived
in the same experiment by the method of area variation.

Cloud chamber studies of the density spectrum have been made
by triggering a chamber with coincidences of a set of counters
spaced around it. The type of counter coincidence can be expected
to determine the probability of observing various numbers of
tracks in the pictures. For instance, if the trigger represents the
discharge of p counters of area S while ¢ counters of the same
area are missed, the predicted spectrum of densitics striking the
chamber is proportional to

A0+ dA (1 —e-54)p ¢~054 (17)

provided the density gradients of the showers over the apparatus
are neglected. If §’ is the sensitive area of the cloud chamber, the
average probability of observing exactly n tracks under such a
trigger should be
oo
[ (n1) (S’ Ay e-5'4 (1 —e-S4)» £~084 A~(r+1) dA
0
P(n) = o5 -
J (1 —e-84)» e~a54 A-r+1) dA
0

na 1 (i y—D! & (1F OIS + q + Ry
= (%) -- (18)
n—y— & (1FCia + kY

where Ck = (p! W1 is the binomial cocfficient.
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Thus, with an assumed value of y, the relative frequencies have
been calculated with which 0, 1, 2, 8, ete. tracks should have been
seen in the cloud chambers, and the calculations have been
compared with the observations (AuGer & DAuDIN [1945], CHOW-
DHURI [1948], CRESTI ¢t al. [1958]). At sca level and at 2000 m
elevation, in the density range 50 to 5000 m-2, satisfactory
agreement has been obtained with a single value of y, equal to
1.5, although the data do not preclude a slow variation of the
exponent.

The principal conclusions from the cloud chamber observations
are that the cohercnce which exists among the particles has very
little effect on the density distributions, and that expression such
as 14 — 18, which treat the particles as if they were independent,
give an adequate representation of the fluctuations of the local
particle density.

4.2 VARIATION OF THE INDEX ‘‘p”

Many of the reported measurements of y, made with counters
and ionization chambers at sea level and at mountain elevations,
are assembled in Figs. 14 and 15.

The way in which an “average” density was assigned to the
individual mcasurements was as follows. It was considered that
the coincidence rate of n identical counters of area S essentially
represents the integral density spectrum H(4,), where 4, is defined
by

H(4,) = [ dA i(4) (1 —c-52) ;

(4:8)7 = —(—)! & (1) Ch b (19)

For instance, for n = 8, 4, is very nearly 1/S, and for n = 4,
4, is about 48/3. If the area § is changed or the number of counters
in coincidence is varied, one essentially determines the shapc of
H(A) between the two corresponding values of 4,; and the experi-
mental exponent y is considered to represent most closely the
correct value at a density which is the geometric mean of the
involved values of 4,. For the ionization chamber measurements,
the values of 4, are given directly by the chamber calibrations
and .the minimum pulse heights accepted. In both counter and
ion chamber experiments, the values of 4, are less than the linear
averages of the densities of the recorded showers.
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Figures 14 and 15 show that y increases slowly with 4. This
trend has been observed frequently, but not universally. Unless
the range of densities is extremely wide, the use of a fixed value of
appropriate to the middle of the interval gives such an accurate
representation of the distribution, that discrepancies are difficult
to observe. The increase of y is particularly clear in the data of
Cocconi and Tongiorgi and of Zatscpin et al., which extended over
a very wide range of density.

It is obvious, a priori, that for low densities y must become less
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Fig. 14 — Measurements of the exponent 9 in the density spectrum of EAS
near sea level. L refers to Larp [1943, 1946], ion chamber measurements.
Only bursts of more than 250 particles (by Lapp’s calibration) were used in
this determination. Associated pulses in G-M counters showed that these
bursts were practically all due to EAS. The burst sizes have been corrected
with a different specific ionization and for transition effects in the walls. All
the other points were determined from counter data. C = Cocconi & ToN-
GIORGI [1949], M = MiLoNE [1952a]. H = HopsonN [1953a]. Ke = Keck &
GREISEN [1949]: the lower point corresponds to 1 m counter separation, the
upper point to 4 m separation. B = BROADBENT et al. [1950]. S = SINGER
[1951]. Kr = KrAYBILL [1949]: the lower point is for 2 to 5 m spread of the
counters, while the upper point corresponds to a spread of 13 to 16 m.
Z refers to approximate readings taken from a graph published in references
ZATSEPIN et al. [1947] and ZATSEPIN et al. [1953]. The solid line is intended
to represent the data without correction. The dashed line includes a correc-
tion for the errors in the determinations of ¥ owing to the finite derivative
of y with respect to 4.
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e ]
than one; otherwise the integral f (1 —e—S4)h(A4)d4, which is pro-

portional to the counting rate ofoa single counter, would diverge.

Measurements that have been repeated with detectors at differ-
ent spacings have yielded higher values of y, the farther the
detectors were separated (LovERDO & DAUDIN [1948], WiLLIAMS
[1948], KEck & GREISEN [1949], KraYBILL [1949]). This variation
is associated with the incrcase of y with density, since separating
the counters or ion chambers eliminates the contribution of small

zl_ 2800 to 3900 m Elsvation ! T
2

a
o
o
X
20 +
v
L]

ON--OSEI

— D S
r-3 4 ®
4
<
o
\\
Q
\1or
m\\—o-
ot \
\
\\
\
\
A
\
\
\
\
\
1 \ i

1.0 1 1

102 133 104
Loaarithmic Meon Density, m~2
Fig. 15 — Measurements of the exponent y in the density spectrum of EAS
at mountain elevations. H = Hubpson [1950]; three ion chambers (8 cm be-
tween centers) measured the density, while three trays of counters identified
events as KAS. The apparatus is described in reference Hupson [1952].
W = WiLL1aMS |1948], ion chamber measurements. The point with an arrow
attached is the average result with chamber separations of 7 and 12 m; the
other points are averages for separations of 0.2 to 1 m and 0.2 to 3 m. The
remaining determinations of y were made with counters. C = Coccont &
ToNGIORGI [1949], I = Isk & FRETTER [1949], T = TREAT & GREISEN
[1948]. (The plotted points I and T were those determined by the method
of area variation, with an upwards correction of 0.02 for the overlapping of
counter areas at large zenith angles). D = DAuDIN & DAUDIN [1958]. Z refers
to approximate readings from a graph published in references ZATSEPIN et al.
[1947] and ZATsEPIN ef al. [1958]. The solid line is intended to represent the
data without correction ; the dashed line includes the correction owing to the
derivative of y with respect to 4.



60 THE EXTENSIVE AIR SHOWERS

showers to the coincidence rate, and thus increases the average
size of the detected showers, like requiring a higher density.

The variation of y with 4 appears to be less at sea level than
at mountain elevations. The equations of the solid lines drawn
in Fig. 14 and 15 (in terms of natural logarithms) are:

y==—--%lT':lg-=a-[—bln/l, 1<A4<10tm-2- (20)
witha = 1.26, b — 0.048 at the mountain elevations and a = 1.32,
b = 0.038 near sca level.

These coefficients are in need of a small but not quite negligible
correction, owing to the fact that the derivative of y with respect
to 4 was neglected in computing the experimental values of y
from the data. The variation of 4; with area of the counters, or
with the number of counters required to be discharged in coinci-
dence, is less than the variation calculated for a constant y;
hence the plotted values of ¥ are too low. The correction has been
computed, and is indicated in Fig. 14 and 15 by the dashed lines,
which correspond to Eq. 20 with
a = 1.28, b — 0.050 at 700 -+ 50 g. cm~2 atmospheric pressure,
a == 1.33, b = 0.039 at ~ 1000 g. cm-2.

By integrating Eq. 20, one obtains the integral density distri-
bution in second order approximation:

H(4) = cA-G@ ma) | (21)

The first order approximation to Eq. 21 in the neighbourhood
of 4, is given by Eq. 12 with I =c A" and y ==a + b
In 4,.

The coefficient ¢ can be evaluated from thesc relations by
comparing cxperimental counting rates with those calculated from
Eq. 12. This has been done with the data of Cocconi and Tongiorgi
at 8260 m and 260 m elevation. A correction factor of 4/8 was
included for the loss of counts owing to the separation of the
counters (Coccont ¢t al. [1949a]). Thus for detectors with negligi-
ble separation one finds ¢ = 1.75 sec-! at 3260 m and ¢ = 0.210
at 260 m, with densities expressed in m-2. From the altitude
dependence of the shower frequency, one may infer ¢ = 0.167 at
sea level.
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4.3 TOTAL NUMBER OF ELECTRONS IN EAS

By daring to extrapolate Eq. 21 to lower densities than those
for which it has been verified, one may calculate the integral of
Ah(A4) dA4 over all densities for which the expression of h(4) is
positive, and thus obtain the total intensity of electrons in the
EAS. The extrapolation beyond the density where y becomes less
than one and the precise value of the lower limit of the integral
are not very critical, since the contributions to the integral
diminish with diminishing 4 when y is less than one.

Neglecting small terms, the result of the integration is

@@-1y -1 -2 .
onl/izce“ __{ 48 scc'm-? at 8260 m,
( 11 scc-'m-2 at 260 m.

The integral from 4 =1 to 4 = oo yieclds only 6.8 sec-m-? at
8260 m and 0.74 sec'm-% at 260 m, showing that most of the
electrons arc contained in very low density regions of the showers.
By inferring the zenith angle dependence from the altitude vari-
ation (see the following section of this chapter), the vertical
intensities of electrons in the EAS arc computed to be 48 sec—'m-2
sterad-! at 8260 m, and 17 at 260 m.

Palmaticr has measured the electron intensities at these eleva-
tions, and has succeeded in separating the part that is due to
decay and knock-on processes of u-mesons from the total intensity
(PALMATIER [1952]). The residual number of electrons having
energy greater than 81 MeV was found to be approximately
87 m-2 sec-! sterad-! at 8260 m, and 12 at 260 m. With the aid
of the Richards-Nordheim energy spectrum (Fig. 4) one may take
into account the electrons having less energy than 81 MeV but
sufficient to penetrate the counter walls. The results are I, L 150
m-2 sec-! sterad-! at 3260 m, and 21 at 260 m.

Thus the clectrons in the FAS appear to comprise about 80 to
809%, of the entire electron intensity, excluding the eclectrons
arising by decay and collisions of u-mesons. A similar extrapolation
of the number spectra, derived below from the density spectra,

(> o]
and calculation of the integrals f N k(N) dN, yields similar
1

proportions: about 50%, at 8260 m and 100%, at 260 m. The
accuracy of the extrapolations of the density and number spectra
is only sufficient to show that these proportions are not small.
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However, of all the electrons in the EAS, only 18 + 7%, are in
regions of density greater than one electron per square meter, or in
showers containing more than 104 electrons.

4. 4 DENSITY SPECTRUM AT HIGH ALTITUDES

If the EAS were sustained primarily by the high energy photons
and electrons in the cores of the showers the exponent of the densi-
ty spectrum should increase with altitude. The events of high
density are principally caused by large showers, and Fig. 1 shows
that for electronic cascades, the larger the shower, the less the
variation of its size with depth. As one goes up in the atmosphere,
it would be expected that one should detect many more small
showers, but not many more large ones; thus, the density spce-
trum should become steeper.

Nevertheless, Fig. 14 and 15 show no significant increase of y
between sea level and 8860 m elevation; nor is any significant
increase apparent in the measurements at 4800 m (TrREAT & GREI-
SEN [1948]). The first measurements at higher altitudes, reached
by means of an acroplane, actually indicated a decrease of y with
elevation (MazE & FREoN [1949]). Subsequently, the following
experiments have been reported:

(1) KravniLL [1949] determined y by comparing n-fold with
(n + m)-fold coincidences. The average result at altitude was
1.74 4- 0.02, and no significant variation of y was seen, either
with altitude in the range 9-12 km, or with spacing of the counters
in the range 2-15 m overall spread. At sea level, with the same
apparatus, y was found to be 1.52 4 0.04 for an average counter
spread of 4 m, and 1.58 4- 0.08 for a spread of 15 m. These
measurements received criticism because of the possible effect of
density gradients in this method of determining y; but the insensi-
tivity of the results at altitude to the counter spread suggests
that the error may have been small. The measurement applies to
densities centered around 200 m-2.

(2) BienL & NEHER [1951] used eight counter trays with a
spread up to 8.2 m, and determined y both by area variation
(using only two different areas) and by comparing n-fold with
(n 4 m)-fold coincidences. The results by the two methods were
in agreement, yielding y ¥ 1.54 -+ 0.05 at 6.9 km, 1.48 -+ 0.04 at
9.1 km and 1.66 + 0.05 at 10.7 km. The mean shower density
was about 80 m-2, '
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(8) Hopson [1958a] used the method of area variation, with
three counter trays having 2.2 m spread. At sea level y was found
to be 1.445 + 0.014. Between altitudes of 6.1 and 10.1 km no
significant variation of y was observed, the average value being
1.549 + 0.018. The mean shower density was 60 m-2.

(4) KraYBILL [1954] redeterminced y with the method of area
variation, using three trays with a spread of 4 m, and varying
the area by a factor of 8. The average values of y were found to
be 1.45 at 7.6 km, 1.50 4- 0.05 at 9.1 km, and 1.56 + 0.03 at
10.1 km, all much less than in the first measurements.

However, at 7.6 km, where the statistical accuracy was best,
Kraybill observed that the graph of the logarithm of counting
rate vs. the logarithm of the area was non-linear. The apparent
valuc of y was 1.25 for the larger arcas (or smaller densities) and
1.65 for the smaller areas (higher densities). The mean density
to which the results apply is 46 m-2, 26 m-2 for the low-density
interval and 75 m-2 for the high-density interval.

This non-lincarity would not have been observed by Hodson
or by Bichl and Neher, because they varied the counter area by a
smaller factor and used only two or three different areas.

A suggestion that the variation of y with A increases with
altitude has already appeared in comparing the results near sea
level and at mountain elevations. It now seems plausible that the
variation continues to grow, and becomes quite large at aeroplane
altitudes. This inference can explain the high values of y obtained
in KrAYBILL’S earlier experiment [1949] in which the average
shower density was higher than in the later measurements.

The high-altitude results described above are plotted in Fig. 16.
If the points may be represented by the solid line drawn in the
figure, the correction for the errors in the measurements, owing
to the derivative of y with respect to 4, would shift the results
to the dashed line, which is represented by y = 0.98 + 0.18 In 4.
However, the assumption of a linear relation between y and In 4
is rash in this case, and the large derivative, which determines
the correction, is very uncertain. Moreover, if the variation of y
with 4 is so rapid, the empirical density spectrum, Eq. 12, no
longer represents the density distribution well, and the signifi-
cance attached to the parameter y must be revised.

Insofar as the concept of a power law can be used in describing
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the density spectrum of EAS, the effective value of the exponent
seems to increase with eclevation for high-density showers, and to
decrease with elevation for low-density showers.

This would imply that the rate of absorption of the particles
in EAS does not diminish monotonically with shower size, as is
expected of pure electronic cascades. Among small showers, the
absorption coefficient seems to increase with the number of parti-
cles in the shower. The discrepancy with the expected behavior
of electronic cascades has been illustrated by ZATserIN ¢t al.
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Fig 16 — Measurements of the exponent p in the density spectrum of EAS
at acroplane altitudes, by KravysiLL [1949, 1954], Bienr and Nener [1951],
and Hopson [1953a]. If the solid line were considered to represent the
uncorrected measurements, the dashed line would indicate the results cor-
rected for the errors owing to the finite derivative of y with respect to A.

[1947, 1958], by computing the number of showers expected at
sca level from the number observed at 8860 m elevation. The
disagreement with the observed numbers at sea level was far less
for large showers than for the small ones, which are absorbed much
less rapidly than electronic showers of the same size would be.

In the limit, this observation would be trivial. Exceedingly
small showers have lost their electrons, photons and nuclear-
active component, retaining only a small complement of u-mesons,
which are very slowly absorbed. Such low energy showers account
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for the bulk of the meson intensity at sea level. But the measure-
ments described above are not concerned with such low energy
events. Even in the neighborhood of 4 = 1 m-2, most of the re-
corded showers have more than 10% particles, and are detected
near the shower axes, where the charged particles are predomi-
nantly electrons — which are not regenerated appreciably by the
u-mesons. These showers must be sustained primarily by the
nuclear-active particles.

The following qualitative picture seems capable of accounting
for the observations. In showers near maximum development,
the particles may be principally electrons and photons of the
cascades arising from the initial nuclear interactions. At first,
these particles are absorbed approximately as one expects the
soft component to behave. But after the initial electronic cascades
have lost their vitality, smaller electronic showers, born in later
generations of the nuclear cascade, assume increasing importance.
Although they are not of great range, their continual regeneration
gives them an apparent rate of attenuation equal to that of the
high energy N-component in the EAS. Large EAS are detected
mostly in the first, electron-dominated phase, while small EAS
are far beyond their maxima and are mostly detected in the
sccond or nuclear-dominated phase. During the transition from
one type of domination to the other, the absorption coefficient
of the particles can have a maximum.

4.5 EVALUATION OF THE NUMBER SPECTRUM OF EAS IN THE
LOWER ATMOSPHERE

There is a slight difference between the exponent y’ of the
number spectrum and the exponent y of the density spectrum,
for the following reason. The larger showers, on the average, are
“younger” than small showers, and thercfore have a more com-
pressed lateral distribution. This makes the large showers contri-
bute more efficiently to the density spectrum than do the smaller,
more dispersed showers. As a result, the decrease of H(A4) with
increasing 4 is less rapid than the diminution of K(N) with in-
creasing N. Thus, 5’ is a little bigger than y.

The magnitude of the difference, y'—p, depends on the rate
of change of thc average age with respect to the number of electrons
in the showers, Js/dIn N. The calculation of this derivative, in
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turn, depends on the model assumed for the generation and
development of the showers.

If one assumes the showers to be gencrated by high energy
electrons incident on the top of the atmosphere, the small showers
near sea level must all be very old, and the age must decrease
rapidly with In N, making the correction, y’—y, quite appreciable
(on the order of 0.1, increasing both with y and with elevation).
However, this model is highly unrealistic. As noted above, it also
predicts erroncously that small showers should be attenuated
much more rapidly than large ones between mountain clevations
and sea level, and hence that y should be considerably larger at
mountain elevations than at sea level.

In a model based on nuclear interactions of primary nuclei as
the source of EAS, the derivative ds/Jd In N tends to be smaller
for several rcasons. Firstly, as s increases, and with it the deriva-
tive —d In N/dt, showers initiated farther down in the atmosphere
assume increasing importance relative to those produced near the
top of the atmosphere. Thus, the average depth of initiation in-
creases with diminishing N, reducing the variation of s with N.
Secondly, multiple production of the particles at the origin of an
EAS, if the multiplicity increases with primary energy, reduces
the dependence of the age on the shower size. Thirdly, the nucle-
onic cascade within EAS apparently has a longer attenuation
length than the soft component, and sustains the soft component
by initiating new electronic cascades. Beyond the shower maxi-
mum, this process reduces the apparent age dilference between
small and large showers.

Measurements of the lateral distribution, described above, have
indicated that the variation of s with shower size is less than half
that which is predicted on the basis of a primary clectron spectrum.
Analysis of the altitude dependence of the EAS, described in the
following section of this chapter, suggests that the variation of s
in the lower part of the atmosphere is no more than one-fourth
of that which is computed for pure electronic showers.

Present knowledge of the details of the nucleonic cascade is not
sufficient to permit an accurate computation of Js/dIn N; but
the fact that the derivative and the correction depending on it are
small reduces the need of accuracy. Our estimates indicate that
y'—y &~ 0.02 both at sea level and at 8260 m elevation. This is
such a small correction as to be almost insignificant.
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The number spectrum can therefore be represented by an
equation like Eq. 21, which described the density spectrum. At a
given elevation,

K(N) = ko (N/N )~ + 8 m@na (22)

The power-law approximation to Eq. 22 in the neighbourhood

of N, is given by
N\ ¥ In(Ny/N,) ( N \—¥
K () )
with ' = a’ 4+ b' In (N;/N,).
In order to evaluate the constants a’ and b’, ' must be equated
to y 4 0.02, setting In N, ecqual to the average of In N over the
shower sizes contributing to H(4). These are represented by the
following integral:

(23)

[e o]
H(4) = nr? J a® k(N) dN , (24)
0
where x is related to N and A4 through the lateral distribution
function, f(z) — riA/N. Under the power-law approximation for
k(N), neglecting the variation of shower age, and with the substi-
tution z = In[f(z)|-! == In (N/r;A), Eq. 24 reduces to
+oo
H(A) — const. 4~ | 2%2) e *dx. (25)
—00

The integrand of this equation is illustrated by the curves in
Fig. 17, which were drawn for 9’ = 1.5 and three different values
of s, by using Eq. 11 to represent the lateral distribution function.
It is apparent from the shape of the curves that the average values
of In(N/r2A) are close to the values at the maxima. The corres-
ponding values of (N/r{A) are shown as a function of s for several
values of y’ in Fig. 18.

The appropriate mean values of s are estimated from the
altitude variation of H(4). According to Fig. 24, for 4, ~ 50 m-2,
§ == 1.17 at 8260 m elevation and 1.28 at sca level. In the lateral
distribution equations, s is a function of the radius z, being
somewhat larger than the s of the longitudinal theory for the
small values of z that contribute most heavily to H(4). By
averaging In z over the integral in Eq. 14, one determines s ~ 1.24
at 8260 m and 1.80 at sca level.

Thys, for ' ~ 1.50 and densities in the neighbourhood of
50 m-2, one finds N,/r{4 = 1.81 at 8260 m and 1.69 at sea level.
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Since 7, = 120 m at the higher elevation and 79 m at sea level,
the showers with density greater than 50 m-2 have on the average
9.4 - 10° charged particles at 8260 m and 5.8 - 10° at sea level.
If one sets N, equal to 108, the coefficients a’ and b’ in Eqs. 22
and 28 become
a’ = 1.50, b’ = 0.050 at 3260 m,
' = 1.58, b’ = 0.089 at sea level.

By evaluating the integral in cither Eq. 14 or Eq. 24, the
coefficient k, of the number spectrum may also be found. The
values so obtained are

5.8 - 10-7 m-2 sec-!1 at 3260 m,

ko =
7 13.5- 108 m-2 sec-! at sca level.
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Fig. 17 — Relative contributions of EAS containing various numbers of parti-

cles to the showers of density exceeding A over an infinitesimal area: i.e.,

the integrand of Eq. 25 as a function of z, or In(N/r34), for y° = 1.5 and three
different values of the age parameter s.

In these units the derived number spectra are therefore

K(N) = 5.8 - 10~ (%)‘“ oo 4t 8260 m,
26)
- 51 (
K(N) = 8.5-10-8 (il—gi) L1830 0195 In (/1% at sea level.
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These results should be applicable at least within the range
10* < N < 8-10". They agree satisfactorily with the absolute
frequency of showers of about 108 particles, evaluated by BLaTT
[1949] on the basis of Williams’ data, and with the frequency of
showers containing about 1000 electrons near sea level, calculated
by BARRETT et al. [1952].

The most sensitive point in the determination of the number
spectra was the choice of the average age parameter, s. Because
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Fig. 18 — The shower size (in units of r$4) contributing most heavily to
H(A), for various values of the average age, 3, and the exponent of the number
spectrum, .

of the variation of the lateral distribution with s, the coefficient
ko changes by about 2.7%, for a change of 0.01 in s. Since the
showers are not pure electronic cascades, there is no assurance
that the values of § inferred from the rate of absorption are
applicable to the lateral distribution. The Nishimura-Kamata
function with these values of § is consistent with the measurements
of the lateral distribution described in the previous section, but
they were not precise enough to dermine s accurately. The
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coefficients, ¢, in the density spectra were also sensitive to a
rather uncertain extrapolation to zero spacing between the
counters. Therefore, the values of &, have an estimated uncertainty
on the order of 20Y,.

The spectra determined above refer to showers arriving in
all directions, as dctected with trays of cylindrical counters spaced
far enough apart that the areas did not overlap. From the zenith
angle distributions derived below, the number spectra of the
showers arriving in the vertical direction may be computed. The
parameters a’ and b’ are not significantly different from their
values for showers arriving in all directions, but the coefficients
k, are found to be

OV 6.0 - 10-7 m-2 sec-! sterad-! at 3260 m,
© 7 | 5.5 10-8 m-2 sec-1 sterad-* at sea level.

At higher elevations, the experimental data do not permit
such a detailed evaluation of the number spectra. The approximate
variation with altitude of the coefficients I, and K, in the first-
order density and number spectra are analyzed in the next section.

5. Variation of Intensity with Altitude, Barometric
Pressure, and Zenith Angle

The change of shower counting rate with varying altitude,
varying barometric pressure at a fixed elevation, and varying
zenith angle arc closely rclated, all being due primarily to the
growth and decay of the electronic cascades as thcy traverse
increasing amounts of matter. Interest in these phenomena per-
sists nowadays because the development and absorption of the
EAS are influenced not only by the properties of pure electronic
cascades, but also by the shape of the primary cosmic ray cnergy
spectrum and the nature of the processes by which the primary
energy is transferred to the soft component, both at the origin
of the EAS and throughout the associated nuclear cascade.

5.1 ALTITUDE VARIATION

The statistically accurate measurements of the variation of in-
tensity with altitude have been made by recording coincidences
of three or four trays of counters, that have usually been held in a
fixed geometry as the altitude was varied. The data of HILBERRY
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Fig. 19 — Relative counting rate of EAS vs. altitude. The data represent
coincidence rates either of single G-M counters or of trays in which the
sensitive counter areas did not overlap. The recorded EAS were essentially
those of density excceding ~350 m-2 Points marked K are the data of
KraysiLL [1949], normalized to the smooth curve at the lowest point (KN).
o signifies the data of HopsoN [1953a], normalized at HoN. The Hir-
BERRY [1941] data are normalized to the measurements of Cocconr and
ToNGIORGI [1949a] at the point marked HiN. The curve labelled “Vertical
Showers” was inferred by means of a Gross transformation from a smooth
curve going midway between the points of Honson and KraysiLL at high
altitudes.

[1941], KrAvYBILL [1949], Hopson [1958a], and Coccont & Ton-
GIORGI [1949] are shown in Fig. 19. All of these data refer to the
frequency of showers with density exceeding about 50 m-2. The
measurements of Cocconi and Tongiorgi were exceptional in that
the spacing of the counters was changed with the elevation in
proportion to the scattering length r,.



72 THE EXTENSIVE AIR SHOWERS

The discrepancy between the data of Kraybill and those of
Hodson has not been explained. In both experiments, the relative
sensitivity to showers arriving at different zenith angles should
have been the same, since parallel, cylindrical counters were used
in both experiments, and counters connected together were spaced
far enough apart that the overlapping of sensitive areas should
not have been appreciable. In any case, the shower counting
rate has a broad maximum in the neighbourhood of 365 g.cm-2
pressure, where the rate is roughly 50 times the value at sca level.

In the lowest third of the atmosphere, the data are consistent
with an exponential attenuation, the coeflicient being (185 g.cm-2)~1
or 0.279 per radiation length. If there is any increase in the slope
between 700 g.cm-? and sca level, the change is probably less
than from 0.25 to 0.80 per radiation length.

5.2 BAROMETRIC EFFECT

The constancy of the rate of absorption in the lower atmosphere
is borne out also by measurements of the barometric effect of the
EAS. The barometric coefficient should be equivalent to the
attenuation coefficient derived from the altitude variation, cxcept
for a very small difference owing to the systematic change of
temperature with elevation. (The compression of the showers
because of the drop in temperature with elevation makes the
altitude effect larger than in an isothermal atmosphere by ap-
proximately 0.18/P, where P is the pressure).

The statistically most accurate of the determinations of the
barometric effect are listed in Table II.

It is difficult to assess the accuracy of these measurements; in
the original references a variety of methods was used with widely
varying answers. In most instances no correction was made for
the correlation between local temperature and pressure, which
can have an effect on the order of 0.5%/cm Hg. Differences ob-
served by Daubpin [1958] and CrTrRoN [1952] between measure-
ments over different periods of time show that the fluctuations are
neither purely statistical nor completely explainable in terms of
the variations of local temperature. In some of the experiments,
the barometric coefficient appeared to vary with counter spacing
or with the mean density of the selected showers, but these trends
were not borne out by other experiments. With these evidences
of possible error in mind, the determinations of the barometric
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effect are all consistent with the coefficient 0.27 per radiation
length, inferred from the slope of Fig. 19 (with a correction of
about 0.008 for the temperature variation).

TABLE II
Barometric Coefficients
Coef-
Approx. . .
Altitude No. of (ioefﬁcularlnt, ﬁcmgt’ Reference
Counts To/cm 1ig rad.
lengths)-?

Sea level 85,000 9.0 0.25 AUGER & DAubDIN
[1942]

Sea level 16,000 11.1 0.31 MiLLAR [1951]

Sea level 37,000 9.0 0.25 HobpsoN [1933a]

280 m 70,000 11.8 * 0.33 CiTRON [1952]

550 m 100,000 9.2 0.26 DAubDIN & DAUDIN
[1949]

1230 m 340,000 9.0 * 0.25 CiTRON [1952]

2860 m 70,000 11.0 0.30 AUGER & DAUDIN
[1942]

2860 m 640,000 10.2 0.28 DAuDIN & DAUDIN
[1949]

2860 m 30,000,000 10.0 } 0.28 DAUDIN & DAUDIN
[1953]

3500 m 130,000 9.8 0.27 CASTAGNOLI et al.
[1950]

* The cocflicient in the table is the average value for all the showers re-
corded. Different series of measurements yielded coeflicients varying from
9.9 + 0.3 to 12.3 4 0.2%/cm Hg at 280 m elevation, and from 7.1 4 0.7
t0 12.6 4 1.8%/cm Hg at 1230 m. An apparent dependence of the coefficient
on the mean density of the showers appeared in some of the series but not in
others.

t Corrected for local temperature variations. The corrected coefficient
varied with the season and frem year to year over the range 8.3 to 10.4%;/cm;
and the average value varied between 9.4 and 10.5%,/cm, depending on
whether the temperature correction was omitted, or was obtained from the
local temperature, from that of the 300 mb level, or from the height of the
200 mb level. These figures suggest how correlations between temperature and
pressure may justify discrepancies among the various measurements listed in
the table.

The barometric coefficient appears to be slightly higher at
2860.m altitude than at sca level. A difference in this direction
is so unexpected that one may discount it in view of the experi-
mental uncertainties. Nevertheless, it is clear that the attenuation
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coefficient does not increase appreciably as one goes from 8500 m
elevation to sea level.

This observation, in itself, is enough to rule out the hypothesis
that primary eclectrons originate the EAS. By judicious choice
of the exponent of a primary electron spectrum, one can match
the sea level absorption coefficient or match the average absorption
coeflicient between any two elevations (Bupint [1951]); but one
cannot avoid the prediction that the absorption coeflicient should
decrease rapidly with clevation.

5.3 ZENITH ANGLE EFFECT

The variation of shower counting rate with altitude is compli-
cated by a change of the zenith-angle distribution of the showers
and also by a change in their geometry, owing to variation of the
density of the air and variation of the average age of the showers.
One of these complicating factors, the zenith-angle distribution, can
be eliminated by a generalized Gross transformation, following the
method used by KrayBILL[1954] and by BieHL and NEHER [1951].

The essential assumption in the application of the transfor-
mation is that except for geometrical effects, R(k, 0) would equal
R(h/cos 0, 0), where h is the vertical atmospheric depth, 6 is the
zenith angle, and R is the counting rate of showers with axes in
the direction 0, per unit solid angle. The difference between
R(h, 0) and R(h/cos 0, 0) owing to the variation of the scattering
unit 7, with pressure and temperature of the atmospherc can be
approximated by a factor (cos 0)1-8¢-1) for an isotropic detector
of negligible extension. The change of the sensitive arca of the
counters with zenith angle contributes a factor (cos 6)*, where a
would equal zero for isotropic detectors, 1.0 for perfectly flat
rectangular counter trays, and 0.5 for separated cylindrical
counters of infinite length compared with diameter, were it not
for the influence of electron scattering. In view of the scattering
and the dimensions of the cylindrical counters that were used
to obtain the data in Fig. 19, we approximate a ~ 0.85. The
further difference betwecen R(h, 0) and R(h/cos 0, 0), owing to
variation of the separations of the counters normal to the shower
axis, we approximate with the factor (cos 0)°-2. Thus,

R(h, 0) = z* R(h/z, 0) (27)
with 2 = cos 0 and » = 1.8 (y —1) + 0.835 y — 0.2. From this
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equation one can deduce the following expression for the counting
rate of vertical showers in terms of the measured, integrated
counting rates, C:

oh (28)

R(h, 0) =(—’;@[n +1 —h““c]
T

Eq. 27 and 28 together spccify the zenith angle dependence of the

recorded showers. By dividing R(h, 6) with 2%, one obtains a more

fundamental quantity, the zenith-angle variation that would be

recorded by an isotropic detector.

By drawing a smooth curve to represent the data in Fig. 19 and
measuring the derivative as a function of &, values of C and Jln
C/dh have been obtained, with which the rate R(h, 0) has been
computed. The results, normalized to 1.0 at sea level, are repre-
sented by the lowest curve in Fig. 19.

The derived curve is not sensitive, over most of its length,
to small crrors in the valuc of n. The probable error grows with
altitude, however, for several reasons: the increasing uncertainty
in the value of y (on which n depends), the possible error in the
smooth curve representing the counting rate at high altitudes, the
increasing uncertainty of the lateral distribution function with
decreasing pressure, and the fact that » represents a larger and
larger portion of the bracketed term in Eq. 28 with increasing
clevation, particularly beyond the maximum of the curve. Thus,
in the lower half of the atmosphere the derived curve is probably
accurate; up to 850 or 8300 g.cm~2 the errors are probably not very
serious; but above 300 g.cm-? the curve must be considered
only qualitative.

Despite the possible inaccuracy at high altitudes, it is clear
that the curve rcpresenting vertical showers has a maximum
about 100 g.cm-2 lower in the atmosphere, and about 8 times less
in intensity relative to sea level, than the maximum of the intc-
grated counting rates.

Before analyzing the directional intensity further, it is possible
to compare the derived zenith-angle distributions of the showers
with experiments.

Relative intensities per unit solid angle (for an isotropic de-
tector), derived from the variation of the vertical counting rate
with elevation, are represented by smooth curves in Fig. 20-28.
In order to obtain the sea-level curve, C(h) had to be extrapolated
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Fig. 20 — Comparison of the experimental zenith angle distribution of EAS
with that derived from the altitude variation. The smooth curve is the
derived distribution per unit solid angle at 3260 m elevation. The solid
histogram represents actual numbers of showers with 4 & 300 m-2, observed
in 10° intervals of projected zenith angle by BRowN and McKavy [1949]. The
total number of EAS in this distribution is 166. The dashed-line histogram
represents numbers of showers with 4200 m-2, observed in 5° intervals
of projected angle by HazrkN, WiLLiamMs and RANDALL [1954], the total
number being 258.
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Fig. 21 — Experimental and derived zenith angle distributions at 2000 m

elevation. The curve is the spacc-angle distribution for showers of 4< 50 m-2,

derived from the altitude variation. The histogram shows the projected

zenith angle distribution, based on 191 events with /1< 400 m-2, observed
by DAubiN [1945].
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Fig. 28 — The histogram represents the space-angle distribution of EAS
having densities exceeding ~20 m-? at sea level, based on 350 showers
observed by Bassi, Crark and Rosst [1953]. The smooth curve is derived
from the altitude variation of the number of EAS with density exceeding
~50 m-3, The agreement suggests that the extrapolation of the altitude
variation beyond sea level with a constant attenuation coefficient of

0.0075 g-'cm? is approximately corrcct.
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beyond sea level; this extrapolation was made with a constant
derivative, d In C/dh, equal to —0.0075 per g.cm-2.

The computed space-angle distributions must be compared in
most cases with mcasurements of the distribution of projected
angles. The comparisons are simplified by the fact that if the
space-angle distribution is a cosine power law, the projected angle
distribution is also a cosine power law with the same exponent.
Although the derived distributions do not have exactly this form,
they approximate cosine power laws rather well in the lower
half of the atmosphere. For instance, at 708 g.cm-2 if R(0) is
arbitrarily set equal to R(0) cos™d, m is found to vary from 4 at
10° to 6 at 45° and R(0) is well approximated by cos® 0; at 815
g.cm-2, ;m varies from 5.6 at small angles to 7.4 at 45° and can be
approximated by 6.5; while at sca level, m varies from 7.4 at
10° to 9.1 at 45° and can be approximated by 8.3. However, at
290 g.cm-2 R(6) has no resemblance to a cosine power law; there-
fore at this depth the projected angle distribution was computed
from the space-angle distribution by approximate numerical inte-
gration.

One method of measuring the zenith-angle distribution has been
to compare coincidence rates obtained with counter axes vertical
and with the axes horizontal (KrAYBILL [1954], BassI et al. [1952]).
An analogous method is to measure the angles of the tracks of all
shower particles seen in a cloud chamber (CrESTI et al. [1958]).
These experiments, however, yield the angular distribution not of
the shower axes, but of the shower particles, many of which have
been badly scattered. Therefore the results are not useful for the
present purposes.

Another method has been to consider only those cloud chamber
pictures that showed high energy electrons or several nearly
parallel tracks of which the average dircction could be well
determined (WiLLiams [1948], DAubpIN [1945], DEUTSCHMANN
[1947], BrowN & McKay [1949], ADAMS et al. [1949], HAZEN et al.
[1954]). The measurements then represent the directional distri-
bution of the shower axes. In most of the experiments, because of
the orientation of the triggering counters, the cylindrical shape of
the cloud chamber, and the selection on the basis of the number
of tracks visible in the chamber, there was no significantly varying
bias as a function of projected zenith angle. In the experiment of
Daudin, where such a bias existed, corrections have been applied.
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The main limitation of the accuracy of the experiments is the
statistical errors, since the distributions are in every case based on
a small number of observed showers.

A newly developed method of measuring the angular distri-
bution of shower axes is to measure the difference in the time of
response of counters that arc scparated from cach other in a
horizontal plane. This method, which has been developed by
Bassi, (r.Ark & Rosst [1953], can yicld the space-angle distri-
bution as well as the distribution of projected angles. !

Histograms representing the experimental results at various
elevations are compared with the derived angular distributions
in Fig. 20-23. 1t apparently does not matter that the average
shower densities to which the results apply are variable, because
the altitude effect and the zenith-angle distribution arc not strongly
dependent on the shower size, at least in the lower atmosphere.
The measurements at 290 g.cm-? were made with a very large
cloud chamber and refer to a mean density about the same as in
the measurements of the altitude variation, from which the derived
angular distributions were computed.

The agreement between experimental and derived distributions
is satisfactory in all cases except the one at 290 g.cm—2. In this
case the discrepancy is strong and has not been cxplained; but
the statistical errors are large and the computed distribution is also
somewhat uncertain. It was pointed out in Section 3 that the lateral
distribution calculated for an isothermal atmosphere could not be
applied with accuracy in the upper part of the atmosphere, where
the scattering length changes radically in a few radiation lengths.
The lack of agreement in Fig. 22 suggests that the first-order
corrcction for the changing density of the atmosphere is seriously
inadequate at high elcvations.

If the discrepancy in Fig. 22 can be ignored, the remaining agree-
ment between the experimental and computed angular distributions
may be considered as evidence in support of the assumption under-
lying the Gross transformation: that the shower intensity depends
only on the amount of matter the showers have traversed. If this is

1 In this work, independent measurements were reported of the space-
angle and projected angle distributions, which were not consistent with each
other. A private communication from one of the authors has indicated that
the projected angle distribution was in error; hence only the space-angle
measurements arc shown in Fig. 23.



80 THE EXTENSIVE AIR SHOWERS

true, decay processes with long enough lifetimes to be suppressed
by nuclear absorption in the upper atmosphere do not play an im-
portant role in the initiation or development of the showers.
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Fig 24 - The attenuation coeflicient of EAS, The solid curve is the derivative
of the curve labelled “Vertical Showers” in Fig. 19. After applying corrections
for the change of shower geometry with altitude, the dashed curve is ob-
tained, which represents as a function of altitude the frequency of showers
having a given number of particles (N). By defining 4 = 2In N/at and
identifying 4 with the electronic cascade parameter A (s), the average age
of the showers as a function of depth is found, as shown by the dot-dash curve.

The finite lifetime of 7°-mesons should not suppress their decay
significantly until their cnergies are greater than 1017 eV. In view
of the evidence on multiple meson production, this suppression
would only be of importance in showers of primary energy around
10 eV or more, which have not yet been observed.
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5.4 ANALYSIS OF THE VARIATION OF THE VERTICAL INTENSITY
WITH ALTITUDE

The derivative of the vertical intensity with respect to atmos-
pheric depth in radiation units is shown by the solid curve in
Fig. 24. The derivative can be corrected for the variation of the
scattering length, r,, with pressure and temperature of the atmos-
phere by noting that the counting rate is proportional to r,-2-1),
that the cffective value of », is the value corresponding to the air
density two radiation lengths above the point of observation, and
that the temperature of the atmosphere is approximately pro-
portional to the 0.18 power of the pressure between 250 g.cm-2
and sea level. Thus, the correction is made by subtracting
2(0.82) (y -— 1)(T' — 2) from JIn Ry/JT.

A correction should also be made for the variation of the counter
separation relative to r; as the altitude is changed. The effect is
difficult to compute, however, and is compensated for by the fact
that the showers are younger at high altitudes than at low ones.
Experimentally, the variation of counting rate with counter
separation is nearly independent of altitude (BienL & NEHER
[1951], Wer & MoNTGOMERY [1949], KRAYBILL [1949]); moreover,
therates plotted in Fig. 19 were measured with counters only a few
mcters apart. Hence this correction will be ignored.

The corrected variation of Ry with T is due mostly to the
growth and decay of the number of electrons in the showers. If the
number spectrum is describable by a power law with exponent y/,
and one defines 1 — (J In N/JT),y, the relation between Ry and
Tis

81;111'2,, = 9'A. (29)

By identifying A with the analogous parameter 4,(s) of the cascade
theory, an average shower age, s, can be obtained as a function
of T.

A further corrcction is nceded, even for counters with zero
scparation, because of the variation of the average shower age
with depth: younger showers are more compressed than old oncs,
and hence are registered more cfliciently. A similar correction has
already becn discussed in dcriving the number spectra of the
showers. o

Thé counting rate is proportional to the integral f [f(z, s)] zdw,

0
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as may be seen from Eq. 14. Let s, be the average age of the
recorded showers. By utilizing Eq. 11, f(z, s) may be expanded
about s = s, and the slowly varying factor may be removed
from the integrand, assigning suitable average values to the
parameters in this factor.
The counting rate is then found to be proportional to

(=]

&0 — 8)YIINZZ + 1) + ¢ (s0)]els)] J' [f(@, so)” x dz.
0

The variation of § with T contributes to 7 In Ry/9T an amount

(Zo08) = Yl ( + 1) + ¢ Golfelsa)] 35 - (80)
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Fig 25 — If the integrand with respect to In x in Eq. 14 is plotted, a nearly
symmetrical curve results, having a strong peak. The value of In & at this
peak represents fairly well the average of In 2 over the integral. The corre-
sponding value of x (i.e., of 7/r,) is shown in the present figure as a function
of the age of the electronic showers and the exponent of the number spectrum.
These values of x may be interpreted as the mean distance to the axes of
showers that give rise to a given particle density at an arbitrary point.

Values of z as a function of ' and s, are shown in Fig. 25, and
values of ¢’ and ¢ can be obtained from Table I. ! The derivative
J3/9T is taken from the first-order analysis of the altitude variation,
before the present correction.

1 In applying Eq. 30, in accordance with the Nishimura-Kamata theory,

8, must differ from the s of the longitudinal theory by an amount depending
on Z. Since < 1, 8, is larger than the s of the longitudinal theory.
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After subtracting the correction (2 In Ry/dT),, which is a very
small correction in the lower atmosphere, owing to the approxi-
mate constancy of s, the values of 7 In Ry/JT are obtained which
are indicated by the dashed curve in Fig. 24. The corresponding
values of s are shown by the dot-dash curve in the same figure.

The uncorrected curve (JIn Ry/dT) in Fig. 24 and the curve
labelled ‘“‘vertical showers” in Fig. 19 cssentially| describe the
variation with altitude of the number of vertical showers yielding
a density greater than ~ 50 m-2. The curve (@ In Ry/JT) corrected
for geometrical factors describes the variation with elevation of
the number of showers having more than N electrons, for N ~ 108,
By integrating the corrected values of d In Ry/JdT, one obtains an
altitude curve for Ry that rises from 1.0 at sea level to 10 at 708
g.cm~%, and continues to rise more slowly until a maximum of
~ 25 is reached at a depth of 480 g.cm-2; above this level, the
curve drops at a rate that soon becomes very uncertain because
of the importance of the large geometrical corrections, which
could not be made accurately.

5.5 INTERPRETATION OF THE RATE OF ABSORPTION

We now wish to discuss further the remarkable constancy of s,
or of J1In Ry/JT, in the lowest third of the atmosphere.

Independently of how the electronic component is created, each
of the elcctronic cascades within an EAS grows and decays with
a continually decreasing value of J1In N/JT, approaching as
T — o the value —0.64, which is the minimum absorption
coeflicient of photons in air. The corresponding value of 2 In Ry/JT
equals y'(dIn N/JT), approximately —1.0. The fact that
—a In Ry/dJT approaches a smaller plateau value, about 0.3, at
the base of the atmosphere is well established by the experimental
barometric cocfficients and the altitude effect. Therefore, a process
involving a longer absorption length than that of electronic
cascades must prolong their length.

One effect of this type is the initiation of EAS at varying depths
in the atmosphere. If this were the only modification of the
simple electronic cascade picture, the plateau value approached
by —dIn Ry/JdT' would be o, the cross-section per radiation
length for the initiation of showers by the primary cosmic rays.

In light elements, the mean free path for shower production
by protons or ncutrons of high energy has been found to be
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about 80 g.cm-2, which corresponds to o, = 0.47 per radiation
length, nearly the gcometrical cross-section; and no evidence of
any trend towards decreasing cross-section with increasing energy
has ever been observed. For primary alpha particles and heavier
nuclei the cross-sections are greater. Therefore the variable depth
of shower production should lead to a plateau value of —2 In Ry/JT
greater than or equal to —0.47. Hence, this is not the only effect
that prolongs the cascades.

One is thus led inevitably to account for the plateau of the
shower absorption rate in terms of the nuclear cascade. Other
evidence leading to the same conclusion may be summarized as
follows.

(1) Rate of Absorption as a Function of Shower Size

In the discussion of the density and number spectra, it was
pointed out that the exponent y does not change appreciably with
elevation in the lower part of the atmosphere, and that this
implies that large showers are absorbed about as rapidly as small
ones, contrary to the behavior of pure clectronic showers (Coccont
[1947], Bupint [1951]). Similarly, the barometric cocflicient has
been found either to increase with shower size or to be nearly
independent of the size, instcad of being smaller for the larger
showers (Crrron [1952], Dauvbpin [1958]). The measurements of
HazeN, WiLLiaMs & RanNpALL|1954] indicate that the steepness of
the zenith angle distribution is nearly independent of shower
size; and the comparisons of the zenith angle distribution with
the altitude effect in Fig. 20, 21 and 23 suggest the same conclusion.

Hence the showers cannot be propagated cntirely by the
mechanisms involved in electronic cascades. The large showers
must not be as rich in high energy electrons and photons as if the
showers derived from single clectron primaries, and the small
showers must have a means of sustenance other then the energy
in the electronic component.

(2) The Energy Spectrum

Hazen [1952], HAzEN et al. [1954] have studied the energy
spectra of electrons and photons near the axes of EAS, by ob-
serving the multiplication of the particles in lead plates within a
cloud chamber. In the more recent of these cxperiments, the
shower sizes and the distances to the axes were determined by
pulsc heights registered in five ionization chambers. The experi-
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Plate I - Cloud chamber picture taken by G. M. Brancn [1951] at
3260 m elevation. Neon bulbs indicated the triggering of scveral horizon-
tally separated counters by an associated KAS. The two chambers were
separated by six inches oflead, and the very dense electron shower visible
in the lower chamber was imtiated in the lead by one of the particles
in the air shower. The lead plates in the chambers were }-in thick.
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mental numbers of high energy electrons and photons were
compared with predictions calculated on the basis of the longi-
tudinal cascade theory under Approximation A and the lateral
distribution functions of Kyges and Fernbach.

At distances up to a few meters from the shower axes, the ob-
served number of high energy electrons and photons was much
less than the number predicted for showers of s = 1, and varied
less rapidly with distance from the shower axis than was predicted.
The observations agreed much better with calculations for old
showers, having s = 1.5. But the absorption of the showers in the
atmosphere corresponds to a much smaller age, s ~ 1.17; and the
lateral distribution at distances exceeding a few meters from the
axis was found to be not very different from the Moliére function,
which is correct only at the maximum of a shower.

Therefore the core of a shower is not rich enough in high
energy electrons and photons, on the average, to account for the
propagation of the shower in the lower part of the atmosphere, or
to account for the lateral distribution of the low energy electrons.
There must be in the neighbourhood of the core another source
continually feeding encrgy into the electronic component. One
concludes that this source is the N-component cascade.

(8) Direct Observations

The releasc of new electronic cascades within EAS has been
demonstrated by the cloud chamber pictures of Brown & McKay
[1949], GoTrLIEB [1951], and BrRANCH [1951]. An extremc example
is shown in Plate I. Local electronic showers associated with EAS
have also been recorded by ionization chambers; indeed, almost all
of the largest bursts and penetrating showers created under thick
lead seem to be associated with EAS (Fany [1951], STINCHCOMB
[1951], GREISEN et al. [1950], GREISEN ¢ al. [1958], T1cHo [1952]).

The abundance of the high energy N-component near the axes
of the showers has becn found to be on the order of 1/200 the
number of electrons in the lower part of the atmosphcre (McCus-
KER [1950], SiTTE [1950], GREISEN ef al. [1950], SiTTE [1952],
KasnNrTz & SiTTE [1954]). Since the N-component was identified
by penetrating shower production, the average energy of the
recognized particles was on the order of tens of GeV, at least 100
times ‘greater than the average energy of the electrons. Hence
there is evidence of the existence of as much energy in the nuclear-
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active component as in the electronic component of the showers
at low elevations. The data presented in section 7 suggest that
the N-component is more abundant relative to the electrons at
sea level than at mountain elevations.

Pictures like Plate I represent the phenomenon of the creation
of new clectronic showers in a somewhat distorted way, owing
to the rapid development of cascades on a very compressed scale
in lead. Onc would not expect the subsidiary showers to be
individually prominent in the air, because of multiple overlapping
and because the showers would generally not contain enough high
energy electrons and photons to be strongly divergent in density
at the individual axes. Since the high energy N-component is
concentrated near the central axis (GREISEN ¢t al. [1950], CoccoN
& ToncIoraGI [1950], BRowN & McKay [1949], ANISHENKO et al.
[1952]), it is not contradictory that the experiments on the lateral
distribution of the electrons were consistent with the showers
having a single origin.

(4) Growth of the Showers at High Altitudes

Numerous calculations of the development of the EAS in the
atmosphere have been made under the assumption of a primary
electron spectrum (Miris [1948], LEwis [1948], Bupint [1951]).
A primary energy spectrum selected to suit the number spectrum
and the rate of absorption of the EAS near sea level invariably
predicts a smaller maximum in the shower curve, occurring at a
lower altitude, than is observed experimentally.

Recently, calculations of the development of the EAS have
been carried out by Goap [1953] on a more realistic model, based
on the Fermi theory of nuclear interactions, which seems to
account for most of the features of high energy events observed
in emulsions (KAPLON ¢t al. 11949], LoRp et al. [1950], Pickur &
Voyvobic [1951], LAL et al. [1952], KarLoN & Rirson [1952a,
1952b], MarsHAK [1952], Cocconi[1954a]). Goad took into account
the fluctuations in the depth at which showers are initiated,
computed as accurately as possible the effects of the change in
shower geometry with elevation, and considered the showers
produced by primary alpha particles as well as protons. However,
he neglected all contributions to the electronic component except
those arising from the z°-mesons produced in the initial nucleon-
nucleon collisions. Once again, a smaller maximum of the shower
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curve, occurring lower in the atmosphere than in the experiments,
was calculated.

A related difficulty also appeared in the theoretical calculation
of the exponent y of the density spectrum: as in the earlier
calculations based on a primary electron spectrum, Goad found
that y was expected to increase with elevation more rapidly than
it does.

One can shift the computed maximum of the shower curve
to a higher value, occurring at a higher elevation, by assuming
a steeper primary energy spectrum; but then the predicted rate
of absorption of the showers at sea level becomes much too great.
Similarly, by departing from a power law for the primary energy
spectrum (letting the exponent increase with the encrgy), one can
predict a more constant y as a function of elevation; but this
change makes the discrepancy in the computed altitude variation
worse, since one needs a high exponent at comparatively low
energies to account for the numecrous showers at high elevation.
Furthermore, this change results in the prediction that ¢ should
vary with shower size at a given clevation more rapidly than is
obscrved. Thus, it does not seem possible, by adjusting the free
parameters of the model, to fit all the data on the electronic
component.

At high altitudes, a better fit could be obtained if the theoretical
multiplicity with which the n°-mesons are created could be in-
creased; it would also help if the multiplicity were even more
strongly dependent on the primary energy than in Goad’s appli-
cation of the Fermi theory. Raising the multiplicity would acceler-
ate the early development of the showers, and the rapid increase
of multiplicity with energy would make showers of different sizes
more similar, farther down in the atmosphcere, in their rates of
absorption, lateral distributions and energy spectra.

Some increase in the multiplicity is justified, within the frame-
work of the Fermi theory, by the fact that primary protons
collide with nuclei of nitrogen or oxygen rather than with single
nucleons. Cocconi [1954a] has considered the tunnelling through
a nucleus at high energy under the reasonable assumption that
if n target nuclcons are involved, a single interaction volume is
formed, n times as large as in a nucleon-nucleon collision. This
assumption yields a predicted multiplicity proportional to nt,
plus an additional factor that may be as large as 2, arising because
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the n nucleons are not aligned and hence the correction for the
conservation of angular momentum is reduced. The calculations
were shown to be consistent with the reported observations of
high energy stars in emulsions. For air, the incrcase of the average
multiplicity would be a factor between 2 and 4.

The heavy nuclei among the primaries, of course, will generally
initiate showers higher in the atmosphere than will primary
protons, and with a greater initial multiplicity of secondaries. But
one can probably account for the rapid growth of EAS at high eleva-
tions without requiring the showers to be initiated by heavy nuclei.

A further cffect that operates in the same direction as raising
the multiplicity in the primary collision is the production of
#x°-mesons in secondary interactions of the successive gencrations
of the nuclear cascade. The cnergy of the photons thus created
decreases from one generation to the next by an average factor
v,, where v, is about one-half of the total multiplicity of particle
creation in collisions of the itt generation. This degradation of
energy reduces the distance to the maxima of the electronic
showers by Inwv,, which for very high energy collisions is bigger
than the average distance (2 radiation lengths) between the
nuclear interactions of successive generations. Therefore the
electronic cascades of the second and third gencrations reach their
maxima and begin to die out earlier than the showers of the first
generation. Thus, the successive generations (until In v, < 2) con-
tribute principally to the early part of the shower, shifting the
maximum to higher altitudes. Proper consideration of this effect
can certainly reduce and may possibly eliminate the discrepancy be-
tween the calculations and observations in the high altitude region.

Ifv, = a E}; as in the Fermi theory, and if one simplifics the
theory by neglecting particles emitted backwards in the c.m.
system and assuming that all particles emitted forwards have the
same energy in the laboratory system, the degradation of the
energy of the nuclear-active particles in k& successive collisions is

Z ~ ’:’1 v = (atBo)-®* . (31)
The degradation over several successive generations is thus a
much stronger function of the primary energy than is the multi-
plicity in the first encounter. This helps to make large and small
showers similar in energy spectra and rate of absorption by the

time they have passed through the first half of the atmosphere.
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5.6 ENERGY TRANSFER TO ELECTRONIC CASCADES IN THE LOWER
ATMOSPHERE

In order to account for the platcau in the shower absorption
rate at low elevations, two further conditions must be fulfilled.
The attenuation coefficient of the number of vertical showers of
a given size levels off at about 0.29 per radiation length, implying
that the number of particles in each KAS decays with an absorption
length equal to »’/0.29 radiation lengths or about 195 g.cm-2.
As this is much greater than the limiting absorption length of
electronic cascades, it must represent the absorption length of the
source of electronic energy, namely the energy in the nuclear
cascade. Sccondly, since the nuclear-active component must
dominate the longitudinal propagation of typical EAS below
600-700 g.cm-2, the proportion of the encrgy remaining in the
nuclear-active component after ~ 8 interaction lengths must be
approximately cqual to the proportion of the energy dissipated in
ionization by the electrons below this level. These conditions
allow one to sct upper limits on the fraction of the energy given
to #°-mesons in energetic nuclear encounters, and to the degra-
dation of encrgy of the nuclear-active particles from generation
to generation.

Let f, be the fraction of the incident energy retained by non-
decaying nuclear-active pa.rticles in the 4tb-generation collisions;
let g, be the energy given to n°-mesons; and let &, =1 —f, —¢g,
be the cnergy lost by decay to u-mesons and ncutrinos, or in
other forms that do not contribute to the nuclear or clectro-
magnetic cascades. For simplicity, continue to assume, for the
present, an cquipartition of the incident energy among the v,
sccondarics emitted forwards in the c.m. system. It then follows
that the encrgy of all the nuclear-active particles in the kth
generation at a depth ¢ in the atmosphere is

(ot} et E
Eo = IS .

Assume further that for energies above a particular K, h, ~ 0
and f, = f == constant, while for energics below this value, A,
is large and f, is very small. The total energy of the nuclear-
active particles effective in propagating the cascade thereupon
becomes |

W = E, et §o(f;!t) » (32)
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The cnergy E will be on the order of 10! ¢V, because mesons
produced in interactions of particles having less energy than
101! eV mostly decay before interacting, cven in the middle of the
atmosphere.

By taking the logarithmic derivative of W with respect to ¢,
one obtains the following ratio of the attenuation cocfficient, o',
to the interaction coefficient o:

5 ‘(fot)”

I

— f e fm)p . (338)

o p!

In thelimitas & — oo, W — Ejexp[—ot(1 —f)]and ¢'/c — 1 —f;

but for the small values of & with which we are concerncd, W is

smaller than this and o’ is larger. It follows from Eq. 81 that the

number of generations required to reduce the energy from Ik,
to Ex is

1 InkE, +4Ina

kF=mam PnE tama -

(34)
According to the Fermi theory, if energy is measured in units
of Mc? ~s 10% eV, the constant @ would be about 0.8 for nucleon-
nucleon collisons in which only pions are produced, and more if
other particles are also created; but in Cocconi’s adaptation of the
theory to collisions with complex nuclei the appropriate mean
value of @ would be at least 2. With a = 2, it takes only 8 gencra-
tions to go from K, — 10! to K; = 10 eV, where f drops to a
low value (if a =- 0.8 the number of gencrations would be 5). It
may be noted that £ is very insensitive to the value of E| because
of the dependcnce of v, on the encrgy.

If only m-mesons are produced in high energy collisions, one
might expect f ~ 2/3. With f-=2/8 and k — 3, Eq. 88 yields
o’/ = 0.70 or 0.78 at ¢ = 8 or 12 respectively. These values are
much too high in comparison with the ratio 0.41 indicated by the
data. Indeed, the calculated ratio does not reach 0.41 until 7
generations of secondaries are taken into account at ot = 8, or
10 generations at of = 12. If nucleon-antinucleon pairs are
produced as well as pions, with relative statistical weights 8 and
8, f may be as large as 10/11. Even so, it still requires 6 to 9
gencrations for ¢’/o to reach 0.41 at of = 8 to 12.

In six generations, according to Eq. 81 with a = 2, the nuclear-
active particles would be degraded from a primary energy of
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101¢ eV down to E; = 8 GeV. Long before such low energies are
reached, the nuclear collisions must become largely dissipative,
implying a low value of f and insignificant further contributions
to the electronic cascade.

Similar contradictions are met in evaluating the fraction of the
total primary energy that must be retained by the nuclear cascade
in the lower part of the atmosphere. It has been pointed out that
the quantity 2 In Ry/JT (corrected for changes of shower geome-
try), which has been plotted in Fig. 24, is equal to 9’4, where §’
is the cxponent of the number spectrum and A is the average
value of JIn N/JT for the showers selected by the apparatus.
By dividing the dashed curve in Fig. 24 with »’ and integrating,
onc obtains the average variation of shower size, N, with atmos-
pheric depth. Normalized to 1 at sea level, this curve rises to a
broad maximum of about 8.5 in the neighbourhood of 450 g.cm-2,
and then falls with increasing rapidity as one approaches the top
of the atmosphere. The encrgy dissipated by the shower is given

(e ¢]

by the track length integral, ¢, f N dt, which yiclds 12 GeV per

electron at sea level: 11.5 GeV irf the integral over the atmosphere
and 0.4—0.5 GeV in the integral over the portion of the curve
that is extrapolated below sea level.

In the lower atmosphere the curve is represented by N/Ng;, ~
exp [—0.28(t —t,)/y’'] ~ exp |—0.19[t ~—1,)]. The track length
integral beyond 700 g.cm-2? yiclds about 2.4 GeV per electron at
sea level, indicating that the encrgy dissipated by the clectrons
below 700 g.cm-? is 209, of the total. Since this energy must
come from the nuclear cascade, the nuclear-active particles must
still retain about 1/5 of the primary energy at of ~ 8.1

According to Eq. 32, on the contrary, if f— 2/3 and k = 8,
one obtains W/E, = 0.015 at ot == 8, morc than an order of
magnitude too little energy to account for the further propagation
of the electronic showers. Onc cannot correct the discrepancy

1 Some of the energy dissipated below 700 g.cm-? is transferred to the
electrons above the level 640 g.cm~? implied by ot = 8; but on the other
hand, the energy still possessed by the nuclear cascade at o = 8 cannot be
transferred to the electronic component with perfect efficiency. The compensa-
tion of these two effects makes the assumed equality approximately correct,
though admlttedly not accurate. An error by a factor on the order of two will
not alter the conclusions. '
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by raising either f of k alone. A minimum value of f is about 0.8,
while even if fis as large as 0.9, the energy must be summed over
six generations of secondaries to be sufficient.

If f=0.8 and if one assumes a = 0.5 in the relation v, =
= a E.};, both the encrgy and the absorption coefficient of the
nuclear-active component in the lower atmosphere, as computed
with Eq. 82 and 88, are consistent with the analysis of EAS data.

The high value of f'is open to at least two kinds of interpretation.
If only pions arc created, the high energy collisions must be
partially elastic, about half of the energy being retained by the
incident particle and the recoil nucleons. If, instead, the collision
is completely inelastic, other particles as well as pions must be
produced, all of them except the z° having long enough lives and
large enough nuclear cross-sections to produce further interactions.

The most likely interpretation of the low value required of the
constant a is that the incident energy is very unequally distri-
buted among the secondary particles. It is not likely that the
multiplicities of meson production are indeed less than is predicted
by the Fermi theory, for that would be contrary to the evidence
from high encrgy stars scen in emulsions, and besides, high multi-
plicaties were found to be helpful in accounting for the growth
of EAS at high altitudes. But if the encrgy is very unevenly
shared, the significant multiplicity, as far as the energy degradation
is concerned, is the comparatively small number of secondaries
that carry most of the energy. Near the origin of an clectronic
cascade, on the other hand, the rate of growth is not strongly
dependent on the initial energy; hence z"-mesons produced with
moderate encrgy as well as those produced with the greatest
energy can be influential in accelerating the carly development of
the EAS.

The assumption of uniform sharing of the cnergy is not faithful
to the Fermi theory, which actually predicts a rather broad
distribution of the energy among the secondarics in the laboratory
system (Fermi [1951], HazEN et al. [1952] Goap [1953]). No
calculation of the nuclear cascade with the Fermi theory has yet
taken this into account. But the width of the distribution does not
appear to be sufficicnt to explain the very large attenuation
length required by the data.

As mentioned earlier, even on purely theoretical grounds some
modification of the Fermi theory seems appropriate. Some of the
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proposals which were found helpful in accounting for the steep-
ness of the lateral distribution can also assist, at least quali-
tatively, in explaining the phenomena under present discussion.

For cxample, the suggestion by BuaBua [1958] that part of
the nucleonic energy may be associated with a core, small in
radius compared with the meson field, leads to the prediction
of semi-elastic collisions in which a large fraction of the energy
may be retained by the incident nucleon. (Partially elastic collisions
are also a potential outcome of the theoretical model proposed by
KRrAusHAaAR & MARKs [1954]. This type of collision would account
for both the high value of the fractional energy retained by
nuclear-active particles, f, and the low value of the encrgy
degradation per collision.

Another experimental observation related to the present dis-
cussion is the ratio of neutral to charged particles among the
N-component in EAS. As mentioned in the next section of this
chapter, the ratio is rather high, about 0.7, and this is difficult
to explain unless the collisions are partly elastic, the energy being
retained preferentially by one or more nucleons instead of being
given up almost entirely to mesons. Bhabha’s theory accounts
for this observation also.

The modification of the Fermi theory by LANpAU [1958], taking
into account interactions during expansion of the excited volume,
leads to a very non-uniform distribution of the energy among the
secondaries. Such a distribution can help to account for the
apparently small degradation of energy per collision; but it does
not, without further assumptions, explain the high value of f or
the ratio of neutral to charged particles in the N-component.
The proposals of Bhabha and Landau, however, are not competi-
tive but complementary; the one treats of only the influence of
the mass distribution on the distribution of excitation in the
colliding nucleons, while the other concerns the subsequent
emission of particles. The present discussion does not pretend to
judge the correctness of the theories, but only suggests that they
help in a qualitative way to account for the properties of the EAS.

6. Meson and Nucleon Components of the EAS

The most direct evidence of the nuclear cascade in EAS is the
presence of numerous u-mesons, neutrons of moderate energy,
and high energy particles of the N-component. These particles
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are too abundant to be accounted for as secondaries of the photons
and electrons; moreover, absorption experiments have shown that
neutrons and mesons are locally produced in EAS predominantly
by the high energy N-component, rather than by the soft com-
ponent.

An analysis of the meson and nucleon intensities and their
variations, like the analysis of the electronic component, does not
specify very detailed properties of the high energy nuclear inter-
actions that are reponsible for the particles, but it does reveal
some of the qualitative features of the nuclear cascade and provide
tests which can be applied to various theories.

6.1 METHODS OF DETECTION

The non-electronic components have most often been detected
with trays of G-M counters placed under thick lead shields, which
are supposed to filter out the electrons and photons that are
incident from the air. In practice, this has not always been done
adequately. If the showers are selected by coincidences of several
trays of unshielded counters, one has to deal principally with the
central part of the showers, where the clectron and photon densities
greatly excecd those of the other particles. The filtering must
therefore attenuate the clectronic component by a factor of at
least 1000. It has been shown experimentally and theoretically
that this requires a minimum of 20 cm of lead (Cocconr et al.
[1949a], GrEISEN [1949], BRowN & McKay [1949], IsE & FrET-
TER [1949]). If one uses only 15 cm of lead, for instance, about
259, of the “penctrating particles’ registered at 8250 m elevation
are photons and electrons. Some of the mecasurements to be
reported below have been corrected slightly for this reason.

The shield is not without effect on the other particles also.
Energetic ncutrons may produce charged secondaries in it and
thereby be counted. Indeed, because of the lateral spread of local
penetrating showers, the neutrons, protons and #-mesons of high
energy sometimes are detected with greater efficiency than u-
mesons. Many of the protons and neutrons of insufficient energy to
produce penectrating showers are absorbed in the shield, and even
the u-mesons are slightly reduced in number by the ionization
loss.

In experiments performed with adequately shielded counter
trays, in each of which the counters are all connected in parallel,
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one measures indiscriminately what is called the “penetrating
component’’, the counts being due partly to u-mesons, n-mesons
and protons pre-cxisting in the air, and partly to local secondaries
created in the shield.

If the counters in the trays are subdivided electrically or
connected individually to a hodoscope, one can verify that the
frequency of multiple discharges is greater than can be accounted
for by independent u-mesons arriving from the air, and one can
determine the approximate proportions of ““interacting” and ‘“non-
interacting” particles (Coccon1 et al. [1949b], SALvVINI & TAGLIA-
FERRI |1949], McCuskER [1950], CHOWDHURI [1950], GREISEN et al.
[1950], SirTeE [1950, 1952], Fusioka [1953]). With elaborate
hodoscopes, one can even trace the paths and count the numbers
of the secondary penetrating particles that are locally produced,
and thus estimate the energies of the incident N-component parti-
cles. With shiclded anticoincidence trays, one can also determine
the relative proportions of charged and neutral N-component.

If onc simply requires a highly multiple coincidence among
shielded counters, as in the well-known Janossy [1942] “P-set” —
when the uppermost tray of the P-sct is shielded by at least 10 cm
of lead instead of being left uncovered — it is possible for a single
high energy particle of the N-component to discharge the counters
by producing a local shower; but a similar coincidence cannot be
produced by u-mesons unless two or more mesons are incident
on the apparatus. Therefore the majority of the counts are due
to the N-component.

Neutrons of moderate energy (1 — 15 MeV) in EAS have been
detected by slowing them down in paraffin and counting them
with boron-filled counters, in delayed coincidence with unshielded
G-M counters that are discharged by the electrons. This method
takes advantage of the long lifetime of slow neutrons in paraffin
to distinguish between pulses due to neutrons and those due to
dense electron showers (TonNcIORrGI [1948a, 1948b, 1949]). The
detected neutrons consist partly of neutrons pre-existing in the air
showers, and partly of neutrons produced locally. These contri-
butions can be distinguished by varying the thickness of the
paraflin and by adding other materials in proximity to the neutron
counters (ToNciorcr [1949], LEVINGER [1949]). When dense
materials such as lead are placed within the paraflin moderator,
it is found that the great majority of the detected ncutrons are
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produced in the lead, mostly in large stars and penetrating
showers generated by the N-component with energy excceding
108 eV. Thus a specific detector of the N-component can be set
up, which is insensitive to the u-meson and electronic components.

In addition to the techniques already mentioned, of course,
there is the cloud chamber, with which invaluable information
on the nature of the penetrating component of EAS has been
obtained (FrRETTER [1949], ISE & FRETTER [1949], Brown &
McKavy [1949], Branch [1951], Cnowbpnuri et al. [1952]). In some
cases, a cloud chamber has been used together with a hodoscope
(KasnrTz & S1rTE [1954]). The chambers have usually been equip-
ped with lead plates to permit a distinction between electrons and
penetrating particles, and to permit identification of the N-
component by virtue of nuclear scattering or shower production.

6.2 PROPORTION OF PENETRATING PARTICLES VS. DISTANCE
FROM THE AXIS

Before reviewing experiments in which an attempt was made
to distinguish nuclear-active particles from g-mesons, some of
the properties of the collective penetrating component will be
summarized: first, the relative number of penctrating particles
in comparison with the total number of charged particles in the
showers, R,, and the dependence of K, on the distance from the axis;
and afterwards, the dependence of R, on the size of the shower.

Various determinations of B, vs. the radial distance, r, are
shown in Fig. 26 and 27: Fig. 26 contains the sea level measure-
ments and Fig. 27 the ones made at mountain elevations. Some
of the reported values result from rather direct experiments, and
others from more indirect analyses, which will be described
below.

The measurements that extend to the largest distances are those
of Eipus et al. [1952] at sea level, and of ZaTsEPIN and collabo-
rators [1958] at 3860 m elevation. These observations were made
with widely separated sets of shielded and unshielded counters
connected to a hodoscope. The electron densities, measured with
the unshiclded counters, permitted an approximate location of the
shower axis and an estimation of the size of cach shower, while the
number of shiclded counters that were discharged afforded deter-
minations of the density of penetrating particles. The values of
R, so obtained reportedly refer to showers of 2 107 particles.
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Fig. 26 — Proportion of penetrating particles vs. distance from the shower
axis at sea level.
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TAGLIAFERRI [1949].
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At 3260 m above sea level, Cocconi, ToNGIORGI & GREISEN
[1949b] made use of ‘““core selectors” to locate the axes of the
showers, with large trays of unshielded and shiclded counters
in hodoscope connection to determine the densities of clectrons
and penetrating particles, and thus R,, at various distances from
the core selectors, Further mecasurements with apparatus very
similar to that of Cocconi ef al. have been made by Fusioka
[1958] at sea level. '

Values of R, at sea level have also been derived from the
experiments of CHowpHURI [1948], McCuskEr & MILLAR [1951],
MiroNE [1951] and CoccoNt et al. [1949a]; while further points
at mountain elevations have becn derived from the measurements
of S1tTE and KasN1Tz [1952, 1954], SALVINT & TAGLIAFERRI|1949]
and GREISEN & WALKER [1950]. But in order to place these points
in Figs. 26 and 27, it was necessary to compute the average distance
from the shower axis to which each measurement applied.

Most of the measurements were made by selecting showers
with a few trays of counters distributed around the penetrating
particle detector; R, was computed from the fraction of the
showers in which a penetrating particle was observed. Thus, R,
is an average weighted according to the distribution of distances
from a group of unshielded counters to the axes of the recorded
showers.

If the counters are not too far apart, the n-fold coincidence
rate is approximately equal to the following integral:

C = 2ari f f (L — e-54)n 2 dz k(N) dN , (35)

where k(N) is the differential number spectrum, which is set equal
to yKy N-0+1; A is the total particle density; S is the area of
each counter; and x is the distance from the centre of the counter
array to the axis of the showers, in units of the scattering length r,.
The finite size and separation of the counter trays can be taken
into account approximately by noting that if a is the radius of the
counter array, the average distance of the shower axis from the
counters has a minimum value equal to a. Thus, one may use the
following approximate relation between 4, x and N:

N =rA/f(x + a),

where f(z) is the lateral distribution function, represented by
o(s) x*-2 (z 4 1)°-%5,
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With this substitution, Eq. 85 becomes:

o]
C == 2ar,20-DyK,, [ (1 —e-4) 4-0+1 dA
0

Inz = 400

[l %@ + ape-a(z + a + 1pe-+9d(n z) .

Inz=—oo0
On the assumption that y and s are independent of shower size,
the two integrals are completely separate. More accurately, the
slow variation of y and s with N may be considered to make the
z-distribution weakly dependent on the mean value of 4, and
thereby slightly dependent on n and the counter arca .

The integrand with respect to In z is rcasonably symmetric
about a rather sharp maximum, the position of which depends
on the values of y, @, and s. Under the assumption that the ratio
R, does not vary too rapidly with », the experiments yield the
valuc of R,(x) at « equal to the position of the maximum of the
integrand. !

For instance, for the shower sclector of MiLONE [1951], one may
use y = 1.45, a = 0.029 and s = 1.80, which yield z,, = 0.82 or
rm = 25 m. When the penctrating particle detector and the
electron density detector werc displaced a distance D from the
shower sclector, the value of r, was increased according to
7, = [(25)% + D?Ji. Thus the measurements of Milone, which were
made with values of D between 2 and 50 m, refer to values of r,,
between 25 and 56 m. 2

The measurements of McCuUskER & MILLAR [1951] are particu-
larly interesting in regard to the effect of the method of shower
selection. In part of the experiment, showers were sclected with
three trays of shiclded counters in coincidence, and the electron
density distribution of these showers was examined with un-
shielded counters connected to a hodoscope. The results agreed best
with R, = 6.25Y%,. In another part of the experiment, showers
were selected with two unshielded trays, and R, was inferred from
the proportion of the showers in which a shielded tray was also

1 Fig. 25 shows values of »,, as a function of y and s for the case a = 0.

? This evaluation differs from that of Milone mainly because he used the
Moli¢re lateral distribution function (s = 1). The theory of Nishimura and
Kamata and the experiments on the lateral distribution of the electrons
agrece in indicating that the Moli¢re function is too steep, especially at small
distances from the shower axis.
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discharged. The data indicated R, = 2.55 4 0.19,, 2} times lower
than the first determination. By accepting guidance from the other
data in Fig. 26, and assuming that the penctrating particle distri-
bution, fa(x), is proportional to « f(r), where f() is the electron
lateral distribution function, one can compute the average
distances to the shower axes in the two parts of the experiment.
The distances are found to be about 78 and 30 m, approximately
in the same ratio as the two values of R,. The two measurements
are plotted at the calculated values of r,, in Fig. 26, and are both
found to be consistent with the other data.

Thus, all of the measurements indicate that R, increases with r.
At large distances the relationship is approximately a direct
proportion: R, ~ 0.06 (r/r;) at sea level for 0.8 < r/r; < 9; and
R, ~ 0.04 (r/r;) at mountain elevations for 0.5 < r/r; < 6. At
smaller distances from the axis, especially at mountain elevations,
there is an indication that the variation or R, with r is less rapid,
levelling off at B, ~ 0.01 ncar the axis.

The measurements near the shower axis exhibit considerable
variation, particularly at mountain altitudes. This may be due
in small part to the differences of the elevations at which the
measurements were made. More important factors, however, are
the variation of R, with size of the selected showers and with
efficiency of the apparatus for detection of the N component,
which constitutes a large fraction of the penetrating particles
near the axis.

By integrating over r, one finds that the total number of pene-
trating particles is about 89, of the number of clectrons in the
showers at sea level, and about 49, of the number of electrons at
mountain elevations. These figures can only be given in first
approximation, and apply to rather large showers, 106 — 10°
electrons.

6.3 PROPORTION OF PENETRATING PARTICLES VS. SIZE OF THE
SHOWERS

At 8260 m elevation, Cocconi et al. [1949a] have measured R,
as a function of shower size, selecting the showers with coinci-
dences of unshielded counters having different surface arcas. R,
was found to increase with the area of the counters, or to decrease
with increasing shower size, according to R, o 8913, suggesting
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that the number of penetrating particles is proportional to the
0.87 power of the number of electrons.

Part of the apparent dependence of B, on shower size is due to a
variation of the mean distance of the shower axcs from the
counters: the exponent y increases with shower size and the age s
decreases, hence the showers selected with small counters have
axes slightly nearcr to the apparatus than the showers selected
with larger counters. Indeed, the smallest area utilized was 9 cm?2.
The average size of the showers that discharge three of thesc
counters in a triangle of 6-mcter base is computed to be 2.5 - 107
electrons, and the corresponding value of r,, is 32 m. The largest
counter area was 1560 cm?, for which the mean showersizeis 2.7 - 10*
electrons and the mean distance r,, is 48 m. This variation of r,,,
however, can only account for 1/4 of the apparent change of R,.

MiLoNE [1952b] has performed a similar experiment at sea level,
and obtained analogous results: B, oc 4-011, Within the statistical
error, the exponent is the same as that found by Cocconi et al.

At 3026 m elevation, by mecasuring the variation of the coinci-
dence rate of shielded counters with their surface area, Ise and
FRETTER [1949] have shown that a power law can describe ade-
quately the density spectrum of the penetrating particles, as
well as that of the electrons. The value of y for the penetrating
showers was found to be y, = 1.65 + 0.09. For electron showers
having the same frequency (45 times greater density), the value
of y is 1.54. The difference does not have great statistical signifi-
cance, but adds a little further evidence that on the average, the
density of penetrating particles increases slightly less rapidly with
shower size than does the density of electrons.

Qualitative rcasons for this observation are easily found. One
is the competition between decay and interaction of the parents
of the u-mesons. The higher the primary energy, the larger will
be the number of nuclear generations in which interactions will
predominate over decays. The nuclear interactions feed energy
into the electronic component and prevent the encergy going to the
u-mesons. Hence the proportion of the primary energy that is
given to the clectronic component increases with the energy, while
the proportion given to u-mesons decreases. A second reason is
that electrons are absorbed more rapidly than x-mesons beyond
the showér maximum, and in the lower atmosphere small showers
are farther beyond their maxima than are larger ones. In showers
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of modest primary energy, up to about 102 eV, u-mesons and
their secondaries are practically the only particles remaining at
sea level.

6. 4 RELATIVE INTENSITY OF THE NUCLEAR-ACTIVE COMPONENT

The experiments in which the N-component has been dis-
tinguished from g-mesons have mostly provided little or no in-
formation about the distance from the shower axis at which the
particles were observed, except that the shower selection with
unshielded counters emphasizes small distances, 0 < r/r; < 0.5.
The information about the efficiency of dectection of the N-com-
ponent as a function of energy is also vague at best; hence the
results described below must be considered approximate.

(a) Sea Level

From the number of multiple discharges in trays of shielded
counters, McCUSkKER [1950] has inferred that 2/8 of the penctrating
particles in EAS are u-mesons, while 1/3 consist of charged or
neutral N-component. The local showers by which the N-com-
ponent was recognized were not required to contain more than two
particles or to penetrate more than 2.5 cm of lead, but stars and
nuclear scatterings without production of a penetrating secondary
could not be observed; therefore the recognized N-component
represents the number of neutrons and protons having energy
greater than several GeV. The selected KAS were restricted to
electron densities between about 1 and 50 m-2 by the use of an
anticoincidence tray; hence the mean shower size was about
10% electrons.

In the experiment of FuJsioka [1953] on the lateral distribution
of the clectrons and penctrating particles, the hodoscope records
of the penetrating particle detector permitted a rough distinction
between u-mesons and N-component: events with extra counters
discharged in at least two counter trays wcre attributed to
nuclear interactions. The proportion of nuclear-active particles
among the penetrating component, in showers of ~ 108 electrons,
was thus found to be 0.64 _'_g("z at 5 m from the core selectors,
0.52 igg: at 18 m, and 0.37 igz‘{g at 47 m. The relative
density of nuclear-active particles and electrons seemed to be
independent of distance from the core selcctor, while the pro-
portion of u-mesons was found to increase with the distance.
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CHOWDHURI, SAXENA & SUBRAMANIAN [1952] have studied
showers of 4 = 80 m~? with a shielded cloud chamber. From the
observation of one local shower and 5 scatterings of more than
12° in the lead plates of the chamber, they inferred that about
409, of the singly occurring charged penetrating particles under
6 inches of lead belong to the N-component. The ratio of y-mesons
to clectrons was found to be 0.7 + 0.29,. Low-energy interactions
produced by neutral particles were also seen, raising the estimate
of the total N-component under the shield to ~ 90%, of the
u-meson intensity. On the basis of a small number of energetic
showers entering the chamber from the shield, it was estimated
that the highly energetic N-component (both charged and neutral,
with £ > 10 GeV) is about 80%, as abundant as y-mesons.

Honsox~ [1952, 1958b] has recorded the coincidence rate of a
Janossy P-sct with an unshielded extension tray hoth at sea level
and at aeroplane elevations (seec Fig. 28). By comparing the
results with the coincidence rates of unshieclded counter trays
at the same altitudes, he has inferred that the number of particles
capable of being recorded by the P-set, relative to the number of
clectrons, increases by a factor 6.5 between sea level and 30,000 ft.
Hodson has also measured the proportion of penetrating particles,
R ,,in the showers at these elevations,with a single shielded counter
tray in coincidence with unshielded counters. R, was found to
increase by a factor of only 1.8 + 0.5. One can calculate an upper
limit to the part of R, that is due to N-component at sea level by
assuming that all of B, at 30,000 ft. is due to nuclear-active
particles, and that the P-set is sensitive only to nuclear-active
particles at both altitudes. As the assumptions are reasonable
ones, the upper limit is probably not far above the correct value.
Thus one finds that the charged plus neutral N-component at sca
level is less than or equal to 28 + 89 of the penctrating com-
ponent. This estimate is consistent with that of McCusker, but
lower than those of Fujioka and of Chowdhuri, Saxena and Subra-
manian.

V. C. Tonciorar ([1948a, 1948b, 1949], LEVINGER [1949]) has
demonstrated that neutrons of modcrate encrgy (1-20 MeV) are
present in the EAS, as well as particles capable of producing such
ncutrons by local nuclear disintegrations. The neutron producers
make rather large stars, often setting off nuclear cascades, in lead
and other heavy materials. The average energy seems to be on the
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order of one GeV, and it is likely that energetic neutrons comprise
a rather large fraction of the incident particles. At sea level and
also at altitudes of 8260 and 4300 m, the abundance of the
neutron producers near the shower axes has been found to be on
the order of two percent of the number of clectrons. The number
of moderate-energy neutrons present in the air at sea level is on
the order of three percent of the number of electrons ncar the
axes of the EAS; but because of the diffusion of the neutrons and
the isotropy of their production, their lateral distribution must be
much broader than that of the electrons, and the ratio of the total
numbers of neutrons and electrons in the showers must be much
higher than the measured value, possibly on the order of unity.

(b) Mountain Elevations

At elevations between 3000 and 4300 m, observations of the
composition of the EAS have been much more numerous than
at sea level, and sufficiently varied to give some indication not
only of the average division of the penetrating component between
u-mesons and nuclear-active particles, but also about several
other questions of interest: the variation of the composition with
size of the showers, the variation with distance from the axis,
the energy spectrum of the N-component, and the relative number
of neutral and charged particles in the N-component. It is not to
be implied that the information on these questions is complete:
difficulties in the interpretation of the experiments preclude exact
definitions of the quantities that have been measured and prevent
quantitative accuracy; but the observations ncvertheless afford
some insight into the nature of EAS.

6. 5 THE ENERGY SPECTRUM OF THE NUCLEAR-ACTIVE COMPONENT

In regard to the energy spectrum, it is significant that experi-
ments with widely varying requirements for the recognition of the
nuclear-active component have yielded results not differing by
orders of magnitude, but reasonably consistent with each other.
The lowest determination of the proportion of nuclear-active
particles in the penetrating component is about 0.15, a value
derived from observations made by Fretter and Ise with an
unshielded cloud chamber (FRETTER [1949], ISE &FRETTER [1949]).
Here it must be recognized that some of the nuclear interactions,
particularly of the neutral particles, must have been obscured
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in the presence of dense electron showers. Furthermore, it has been
demonstrated in the absence of air showers that about half of the
interactions of particles having E > 2 GeV fail to be observed in
cloud chambers with }-inch lead plates, owing to the absorption
of the less enecrgetic secondaries in the plates in which they are
produced (BrowN & McKay [1950], Branci &Coccont [1951],
Lovari et al. [1951]). Besides, the showers investigated by Fretter
and Ise were of very high mean density (on the order of 200 m-2),
in which, according to other measurements that will be mentioned,
the comparative abundance of N-particles is smaller than in less
dense showers.

The highest determination of the relative number of nuclear-
active particles was derived by Coccont & ToNGgIorGI [1950] from
the observations of the local production of neutrons of moderate
energy. These measurements were sensitive to incident particles
of low as well as high energy, including neutrons down to ~ 0.1
GeV, which are only capable of producing nuclear evaporations.
The abundance near the shower axes was found to be one to two
percent of the number of electrons, about equal to the total
penetrating component as measured with shielded G-M counters.

Between these extrcme determinations fall all the other
measurements, made with shielded cloud chambers or with
counter hodoscopes. Generally spcaking, the total amount of
both charged and neutral N-component, capable of producing
charged secondaries beneath a thick lead shield, is found to be
about 409, of the penctrating component, or roughly 1/200 times
the number of electrons. This figure may be considered to rcpre-
sent the rclative abundance, ncar the axes of moderate-sized
showers (10°—108 particles), of the nuclear-active particles with
encrgy exceeding about 5 GeV.

The degree of consistency in the measurements of the nuclear-
active component suggests that the energy spectrum is not very
steep. The same inference emerges from examination of the size
distribution of local cvents in EAS. GREISEN & WALKER [1950,
1953], for instance, have found that penctrating showers which
contain large numbers of secondaries or give rise to unusually
large bursts of electrons are relatively much more common in
EAS than among events not observably associated with EAS.
The comparative richness of high energy particles among the N-
component in EAS will be further demonstrated below, by showing
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that the atmospheric attenuation coefficient is much less than that
of the nuclear-active particles not associated with dense air showers.

6.6 INFLUENCE OF SHOWER SIZE ON THE COMPOSITION

The variation of the amount of N-component with size of the
EAS has come to light qualitatively in iwo recent experiments by
Sittc and Kasnitz. In one of them SiTTE [1952], attempted to
select showers of two different mean sizes but equal age by using
two different elevations: at 8260 m small unshielded counters were
utilized to select showers of a high average density (~ 250 m-2),
while at 4800 m, larger counters were set up to detect showers of a
low mean density (~ 10 m-2). Identical shielded counters in
hodoscope connection were used in both places to detect the N-
component. In both of the measurements the p-meson/electron
ratio was found to be about 0.759%,; but in the large showers at
the lower elevation, the N-component was found to constitute
88 -|- 69, of the penetrating particles, while in the small showers
at the higher elevation the proportion was 62 + 7Y,.

In the second of these experiments (Kasnrrz & SrtTe [1954]),
which was performed entirely at 8260 m elevation, counters of
different dimensions and at different locations were connected in
coincidence and anticoincidence in such a way as to favor the
selection of showers with axes very close to a central station, and
to subdivide the recorded showers according to their size. At the cen-
tral station, a shiclded counter hodoscope and a eloud chamber were
operated in order to distinguish the penetrating and nuclear-active
particles. The two detectors yielded consistent results for the com-
position of the showers; average values arereproduced in Table I11.

The recurring observation that the N-component is relatively
more abundant in small showers than in large ones is consistent
with the conclusions that have already been drawn from the
analysis of the electronic component alone: that the nuclear
cascade dominates the propagation of EAS most markedly when
they are small or old, and that the N-component ages very
slowly in showers beyond their maxima. If the showers are sustain-
c¢d mainly by a continual energy supply from the N-component
rather than by the energy contained in the soft component, the
relative number of electrons and nuclear-active particles may be
expected to reflect the mean energy of the latter (averaged
with certain weighting factors over the past history of the showers).
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In small showers, the electronic cascades growing out of each
nuclear interaction may be expected to be somewhat smaller,
in comparison to the number of nuclear-active secondaries that
are produced, than in large showers, and hence the number of
electrons per nuclear-active particle would be slightly less in small
showers than in large ones.

TABLE III

Composition of EAS near the central axes at 3260 m elevation, as measured by
KasNrtz & SITTE [1954]

A showers B showers C showers

(small) (medium) (large)

Alzﬁf)"’f;f";‘l‘;gfrgflgm 3.10— 2,105 | 2.105—- 108 > 108
Penetrating particles ,,, 151 012 41 0 L17 + 0.09

Clectaons (%) S51 40, 141 { 0.09 | 1.17 £ O.
g]:(‘::(‘)’:: o 0.86 4 0.08 | 0.85 + 0.07 | 0.74 + 0.07
N-comp. (ch. & neutral) (o) | 0.63 + 0.08 | 0.56 + 0.06 | 043 + 0.06
Aﬁ‘;’(‘."““l[’::l‘:i'(‘jﬂ 0.43 4 0.05 | 040 4+ 0.04 | 0.37 + 0,05

6.7 LATERAL DISTRIBUTION OF THE NUCLEAR-ACTIVE COMPONENT

Information about the lateral distribution of the nuclear-
active particles, supplementing the sca-level data of Fujioka, has
been afforded by the observations of BrowN & McKay [1949],
CooL & Prcciont[1951], Coccont & ToNGIORG1 [1950], GREISEN &
WALKER [1950], and ANISHENKO, ZATSEPIN, ROSENTAL & SARIT-
cuEvVA [1952]. While it cannot be claimed that the measurements
are very preeise, they are remarkably consistent in indicating

“that the N-component is strongly concentrated near the central
axes of the showers. In the range 2 m < r < 40 m, the density of
nuclear-active particles has been found to diminish with distance
from the axis even more rapidly than the clectron density—some-
what faster than 1/r.

In contrast to these results, the total penctrating component
has been found to increase in density, relative to the electrons,
with distance from the axis. One infers, therefore, that at large
distances the penetrating component consists almost entirely of
u-mesons. One may roughly estimate the relative abundance of
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u-mesons as a function of the radius by the straight lines drawn
in Figs. 26 and 27. The lines fall below the total intensity of the
penetrating component near the axis; the difference may be inter-
preted tentatively as the intensity of the energetic N-component,
which approaches one percent of the number of electrons.

The stecpness of the lateral distribution of nuclear-active parti-
cles of modest encrgy requires the cxistence of an active cascade
of extremely energetic N-component, concentrated in a narrow
core of the shower, within a couple of meters of the axis. The
continual creation of N-particles, feeding outwards from the core,
can account for a lateral distribution having the approximate
form r-1, without reference to the detailed nature of the nuclear
interactions.

The vitality of the nuclear cascade in the shower core implies
that at about eight intcraction lengths from the top of the atmos-
phere, the showers are still rich in nuclear-active particles of very
high energy. This conclusion is essentially the same as that which
was reached previously by examination of the rate of attenuation
of the electronic component.

The extremely narrow lateral distribution required of the parti-
cles in the core, that are responsible for carrying forwards the
energy of the nuclear cascade, reinforces the conclusion drawn
from the lateral distribution of the electrons. In neither case can
one account for the results with a model of nuclear interactions
in which the angular distribution of the sccondaries is almost
isotropic in the e.m. system. It seems much more likely that the
distribution depends strongly on the energics of the secondary
particles, and is at lcast an order of magnitude narrower than an
isotropic distribution for the most energetic secondaries.

6.8 RELATIVE NUMBERS OF NEUTRAL AND CHARGED PARTICLES

The ratio of neutral to charged particles in the N-component
was found to be 0.7 + 0.2 in the hodoscope and cloud chamber
experiment of Kasnrrz and Sitre [1954] at 3260 m elevation. At
4300 m, a hodoscope experiment by GREISEN and WALKER [1950]
yielded a similar ratio, neutral-charged = 0.7 4- 0.15.

The significance of this ratio has been discussed by GREISEN &
WALKER [1958]. The lifetimes of neutral nuclear-active particles
other than neutrons are so short that one is forced to identify
the neutral component exclusively with neutrons. Since high
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energy protons have to be at least as numerous as the neutrons,
one must infer that charged mz-mesons constitute only 18 + 109,
of the nuclear-active particles. This must be reconciled with the
fact that at a pressure of 600-700 g.cm-2, the probability is rather
high that m#-mesons of sufficient energy to generate penctrating
showers should escape decay long enough to traverse a mean
interaction length.

The reconciliation is difficult unless one assumes that the major
part of the available energy, in interactions of particles with
E > 101! eV, is retained by nucleons in preference to z-mesons.
Yet it is known that z*-mesons are the most numcrous charged
sccondaries (KarroN & RirsoN [1952b], KarLoN et al. [1954]).
One is thus led to the conclusion that the interactions are signifi-
cantly elastic, in the sense that the incident nucleon is likely to
emerge from the collision, not necessarily with the same charge,
but with a considerable portion of the initial energy. This could
also help to account for the long attenuation length of the nuclear
cascade.

6.9 VARIATION OF THE N-COMPONENT OF THE EAS WITH ALTITUDE

The data described above suggest that the proportion of N-
component among the penetrating particles near the shower axis
increases from about 809, at sea level to about 409, at 8260 m
elevation. Relative to the number of clectrons, the N-component
appears to decrease from about 0.7, at sea level to about 0.5%,
at the mountain clevations (while the y-meson component near
the axis decreases more strongly, from ~ 1.7%, of the electrons
at sea level to ~ 0.8, at the mountain elevations). Because of the
uncertain cfliciencies and variations in the bias introduced by the
shower sclection, however, it would be safer to infer the altitude
‘variation of the N -component only from measurements taken with
identical apparatus at the different elevations.

CooL & Picciont [1951, 1958] have measured the N-component/
electron ratio with a hodoscope at sea level, at mountain elevations
and at acroplane altitudes. They report that between sca level
and 11,000 ft. (700 g.cm-2), the ratio is approximately constant,
but that above 11,000 ft. the relative amount of N-component
increases with altitude. At 85,000 ft. the penetrating showers
associated with EAS were recorded 200 times more frequently
than at sea level.
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GEORGE & JasoN [1950] have measured the coincidence rate of
a Janossy P-set with an unshielded extension tray at sea level and
3457 m elevation. The data taken with the P-set covered by 5 to
20 c¢m of lead are assumed to be due principally to single energetic
N-particles striking the P-sct, accompanied by electrons striking
the extension tray. The increase in the coincidence rate (P + L)
with altitude was a factor 9.5 + 1, as contrasted with a factor
19 4 1 for the unassociated discharges of the P-set (P -— E) and
a factor ~ 18.5 for air showers selected by simple coincidences of
unshielded counters.

The difference between the altitude effects of the associated
and unassociated N-components is cven larger than it appears
at first glance. The rate (P — E) is directly proportional to the
intensity of the unassociated N-component; but the coincidence
rate (P 4 E) varies more rapidly with altitude than the number
of particles in the showers, because of the experimental require-
ment that more than one particle strike the apparatus. According
to the analysis of the electron component, the average number of
electrons per shower changes by a factor 5.8 hetween sca level and
3460 m elevation. The data of George and Jason indicate that the
relative density in EAS of the particles that can discharge the
P-set decreases by a factor ~ 8/4; hence these particles increase
in number by only a factor ~ 4 between sca level and 680 g.cm-2
pressure.

A small correction may be nccessary, because some of the
(P + E) events at sea level may be due to pairs of independent
p-mesons striking the P-set. However, the data of Chowdhuri
and of BROADBENT & Janossy [1947] indicate that the majority of
the coincidences at sea level are due to single particles incident
on the P-set. Thercfore the N-component in detectable air showers
cannot increase by a factor greater than 6 between the two ele-
vations: i.e,, not appreciably faster than the increase of the
number of electrons.

FRETTER [1949] has obtained results similar to those of George
and Jason by cloud chamber obscrvations of the penetrating
showers. Between sea level and 8027 m elevation (728 g.cm~2),
the rate of unaccompanied penetrating showers was found to
increase by a factor 12 + 2.4, the rate of electron showers to
increase by a factor 10.2 4 0.4, and the rate of penetrating
showers accompanied by observable EAS to increase only by a
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factor 7.2 -4 1.8. In this case no correction such as that discussed
above is needed.

Hopson [1952, 1958b] has measured, at acroplane altitudes and
at sea level, the coincidence rate of a Janossy P-set, both accom-
panied (P + E) and not accompanicd (P — E) by discharges of
counters in unshielded extension trays. The data taken with
10 cm of lead above the top tray of the P-set are shown in Fig. 28,
together with the data of George and Jason, Fretter, and Piccioni
and Cool.

It is intcresting that in the lowest third of the atmosphcre,
wherc the ratc of absorption of the air showers is esscntially
constant, the number of particles of the N-component increases
slightly with increasing depth, relative to the number of electrons.
This is consistent with our carlier conclusion that the electron
showers are sustained in the lower atmosphere primarily by the
energy supplied by the N-component.

An accurate interpretation of the altitude variation of the
N-component in EAS must take into account the change of
geometry of the showers with elevation. With increasing atmos-
pheric depth the electronic cascades are expected to grow more
compressed, while the heavy particle cascade ought to spread
outwards. The apparatus employed in these experiments does not
indicate the composition of entire showers, but the relative
densities in regions sclected with a strong experimental bias. Not
cnough is known at present about the geometry of the electron
and N-component cascades at high altitudes to permit an accurate
analysis of mcasurements made under these conditions.

One may note, however, that the nuclear-active particles which
are obscrved to be associated with EAS are absorbed much more
slowly in the atmosphere than is the unassociated N-component.
The latter is absorbed exponentially with an absorption length
of 180 g.cm-2, which implies a factor of about 260 between
80,000 ft. and sea level (after making the Gross transformation),
or a factor 15 between 8500 m elevation and sea level. The electrons
in large vertical KAS, on the other hand, decrcase in number by
an average factor (25)'” ~ 8.5 between high aeroplane elevations
and sca level or a factor 5.8 between 8500 m and sea level. The
N-component in the showers, in view of the changing relative
geometry, does not change in abundance much more than the
electrons: an upper limit, obtained by ignoring the change of rela-
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Fig. 28 — Variation with altitude of the counting rates of (a) local penetrating
showers not associated with observed air showers, (b) local penetrating
showers associated with observed air showers, and (c¢) air showers, as register-
ed by coincidences of horizontally scparated unshiclded counters. (The air
showers are represented by the lower smooth curve in the figure). H refers
to the data of Hopson [1952, 1953b], P to the data of Piccront and CooL
[1953], G to the data of GrorGEk and Jason [1950], and F to the data of
FRETTER [1949]. The dashed curve, representing the unassociated N com-
ponent, was computed by means of a Gross transformation under the
assumption of cxponential absorption, following the analysis of ITonson
[1953b].

tive geometry, would be a factor of about 60 between 80,000 ft. and
sea level, or about 5 between 8500 m and sea level. The average
absorption length, therefore, probably exceeds 200 g.cm-2.

It may be recalled that in order to account for the plateau in
the rate of absorption of the electronic component of EAS in the
lower atmosphere, it was necessary to infer that the attenuation



MESON AND NUCLEON COMPONENTS 113

length of the energy rctained by the energetic N-component was
about 9/0.29 radiation lengths, or 195 g.cm-2. Since the energy
spectrum of the N-particles grows softer with increasing shower
age, one must expect that the number of nuclear-active particles
has an attenuation length greater than 195 g.cm-2, in qualitative
agreement with the inference drawn in the present section.

The large value of the average absorption length is related to
the high average energy of the N-component in dense air showers—
to the existence of a core of extremely energetic particles that are
capable of multiplying and thus replacing the lower-energy parti-
cles which are lost by nuclear interactions.

6. 10 RANGE SPECTRUM OF THE i-MESONS

With a counter hodoscope at 8260 m elevation, S1TTE [1950] has
measured the range distribution of the non-interacting particles
in EAS at an average distance on the order of 80 m from the
shower axis. The results are listed in Table IV,

TABLE IV
Range Spectrum of p-mesons in EAS (Srrre [1930])

Relative numbers of

Absorber non-interacting
penetrating particles

280 g/em? Ph 1.0

380 0.92

470 0.83

570 0.72

660 0.65

These measurements (which have standard errors of about 0.05)
.imply a rather flat energy distribution between 0.85 and 0.8 GeV,
with about 409, of the mesons having less than 0.8 GeV of energy.
The absorption measurements of Cocconi, ToNcIORGI & GREI-
SEN [1949a] indicated a slower rate of attcnuation: if all the
penetrating particles were u-mesons, the data would imply that
about 259, had energy less than 0.8 GeV.

In both of the above experiments, however, some of the
absorption could have been due to nuclear-active particles having
insufficient energy to generate penetrating showers. Hence, these
measurements may lead one to underestimate the mean energy
of the u-meson component. The experiments on extensive pene-



114 THE EXTENSIVE AIR SHOWERS

trating showers far underground do not have this ambiguity,
because the thick absorber of earth thoroughly filters out the
N-component.

At sea level, the determinations of R, vs. distance from the
shower axis have led to the inference that in large showers, about
89, of the particles are penetrating. Most of the penetrating
particles are found at big distances from the axis, and can be
assumed to be u-mesons. Thus, in a shower of 108 particles there
are about 8 - 10* mesons with kinetic energy cxceeding 0.8 GeV.
If one accepts the experimental indication that the relative number
of u-mesons and electrons is proportional to the distance from the
axis, and that the electron distribution in large showers can be
described by the Nishimura-Kamata function with an age para-
meter s = 1.25, one may compute that half of the mesons are
within 220 m of the shower axis.

At 1574 meters water equivalent underground, BARRETT et al.
[1952] found that the extensive meson showers were much
narrower than at sea level; half of the mesons appeared to fall
within 9 m of the axis. The energy required for vertical penetration
to this depth is 500-600 GeV. The number-spectrum of the meson
showers was determined from the frequencies of single mesons,
two-fold meson coincidences and three-fold coincidences, and also
from the size distribution of the air showers on the surfacc of the
ground in coincidence with the mesons far underground. All of
these observations were consistent with the following differential
number spectrum: F(M) = 2.85 - 10-3 M-34 (m? sec sterad)-! for
1 < M < 1000, where M is the number of mesons in individual
EAS that penetrate 1574 mwe underground.

By equating the integral number spectrum of the meson showers
to the number spectrum of EAS at sea level, one finds that M
varies with the number of electrons in the EAS at sea level
according to

M o N15/2:4 oy NOB

and that in EAS containing 10® charged particles at sea level
there are about 60 u-mesons of energy greater than 500-600 GeV.

At an intermediate depth, 60 mwe underground, where the
energy limit for u-meson penetration is 12.5 GeV, GEORGE, MaAc-
ANUFF & STURrGESS [1953] have also observed extensive penetra-
ting showers. The decoherence curve suggests a shower radius of
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about 60 m and a differential number spectrum representable by
a power law with exponent y, + 1 = 8.2. The exponent was not
well determined for very small showers, and there is an indication
that it may decrease with decreasing shower size; hence one hesi-
tates to normalize the number spectrum at this depth with the
vertical intensity of single particles. At both depths underground
one may apply a second method of normalization, which is based
on the three-fold coincidence rates of shiclded detectors at spacings
small compared with the spread of the showers.

The rate of such coincidences has been measured at sea level
by McCuskeR & MILLAR [1951] with the result 77 = 0.116 4 0.006
per hour for detectors of area § = 0.175 m?. George et al. obtained
T = (1.8 + 0.3) 10-2 per hour at 60 mwe, with § = 0.85 m2,
Barrett et al. found 7' == (0.98 4- 0.24) 10-3 per hour at 1574 mwe
with § = 0.67 m2.

The rate T is related to the coefficient of the integral meson
number spectrum, Ky, by

T o< '}’,‘I”KM R() (S/R )J’u

where I = (—yp--1)! (—8 + 8- 2r—38), and R, is the character-
istic radius of the showers. At sea level, y, = 1.65 as measured
by IsE & FRETTER [1949] or inferred from the electron density
spectrum and the ratio of penetrating particles to electrons,
measured by Cocconi et al. [1949a]; we further assume R, = 220
m as discussed above. At 60 mwe, y, = 2.2 and Ry = 60 m; while
at 1574 mwe y, = 2.4 and Ry = 9 m. With these constants one
may compute that a shower containing 8 - 10* mesons at sea level
(i.e., a shower of about 10% electrons) would still contain 4300
mesons at 60 mwe and 65 mesons at 1574 mwe.

It is gratifying that the sccond method of normalization leads
to essentially the same number of mesons at 1574 mwe (in showers
of 108 electrons at sea level) as was obtained by the first method,
employed on the previous page. Although a fortuitous cancellation
of errors may have occurred, the agreement strengthens the confi-
dence that may be placed in the values of the quantities entering
into the analysis.

Within the accuracy of the computation, the proportion of the
mesons that penetrate to 60 mwe in large EAS is found to be
equal to the proportion of all mesons at sea level that penetrate
to 60 mwe; about 89%,. But the proportion of mesons in EAS
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(of ~ 108 electrons) that penetrate to 1574 mwe is a factor 20
greater than the proportion of all mesons at sea level that penetrate
so far underground.

The few points that have been determined fit an integral energy
spectrum of the form (E 4 1.5)-?5 with E measured in GeV.
This spectrum also agrees within experimental errors with the
absorption measurements of Sitte and Cocconi: i.c., it predicts
that 26.59, of the mesons with E > 0.3 GeV have energy less
than 0.8 GeV. Nevertheless, the average energy is rather high:
averaged over the mesons with E > 0.3 GeV it is 7.5 GeV. If one
computes with this spectrum the total cnergy of the mesons in the
showers containing N & 108 electrons at sea level, the result is
~ 0.6 N GeV, about equal to the energy of the electronic com-
ponent.

It follows from the increase of the exponent in the number
spectrum, y,, with depth underground that the energy spectrum
of the u-mesons is less steep (and thus the average energy is
higher) in comparatively small EAS than in large ones. Similarly,
the excess of y, over the exponent in the electron number spectrum
implies that there are relatively more u-mesons, compared with
the electrons, in small showers than in large ones.

These observations have a straightforward qualitative inter-
pretation. The higher the primary encrgy of an EAS, the greater
is the probability that charged n-mesons created in the first few
generations of the nuclear cascade will not decay into u-mesons,
but rather suffer nuclear interactions in the high atmosphere.
These interactions transfer to the electronic component energy
which might otherwise be given to u-mesons. Besides, if decay is
avoided in the first few interaction lengths, it must occur in a
denser part of the atmosphere, where decay becomes increasingly
improbable for »-mesons of high cnergy.

Therefore, u-mesons of high energy are produced most efficiently
by the primary cosmic rays having not much more than the mini-
mum energy that is required. With increasing primary energy
beyond this minimum value, the electron component is generated
more cfficiently and the high energy u-mesons less efficiently.
Thus it occurs that showers of about 500 electrons at sea level
contain on the average one u-meson with energy exceeding 500-600
GeV, while showers of 108 clectrons contain not 2000 of these
mesons, but only about 60.
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At low meson energies the competition between decay and
nuclear interaction of the z#-mesons is less important: practically
all of the low energy =-mesons decay before suffering nuclear
interaction. Thus it occurs that at sea level the relation between
the numbers of mecsons and electrons is M o N1:5/1:65  NO-3,
whereas at 60 mwe M o N1:5/22 ~ N®7 and at 1574 mwe
M « NO-§,

Although the explanation of this phenomenon is already
qualitatively satisfying, the quantitative variation of y, or of
M|N with depth far underground depends on the details of the
nuclear cascade in the early stages of the EAS—on the nature, the
energy spectra and the relative abundance of the various particles
produced in very cnergetic interactions. Hence it is hopeful that
in the future, more dctailed calculations and experiments along
these lines may succeed in revealing some of the features of the
high energy interactions.

6.11 CALCULATIONS OF THE NUCLEAR CASCADE

It is not within the scope of the present review to analyze the
calculations of the nuclear cascade in sufficient detail to do justice
to the treatments that have been published; but it would be a
serious omission not to mention, at least, the papers on this
subject by RosENTAL[1952], BupiN & MoLIERE [1953], MESSEL &
PorTs [1958, 1954], and AmMaLDI, MEZZETTI & STOPPINI [1958].

Any comparison of the calculations with experiments should
take into account the consequences of the simplifications adopted
in the calculations, the special conditions associated with the
cxperimental measurements—that is, the bias introduced by the
methods of shower selection and particle recognition; and above
all, the many points in which the calculations can be varied
without altering the basic concepts. The task is therefore formid-
able, and will perhaps be more profitable at a later time, when
the theories have been further refined and more precise experi-
mental information is available.

7. Time Variations of the EAS

The average frcquency of the EAS varies with time because of
changes in atmospheric conditions and probably, in addition,
because of asymmetry in the directional distribution of high
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energy primary cosmic rays outside the earth. The various con-
ceivable physical causes of such an asymmetry may be expected
to produce characteristically different effects. The presence or
absence of such effects in the experimental observations may thus
reveal information about the origin and acccleration of cosmic
rays, and about the nature of the space through which they have
travelled before reaching the earth.

For instance, if interstellar spaces were field-free, the cosmic
rays would travel in straight lines. The non-uniform distribution
of the likely stellar sources would therefore cause a strong aniso-
tropy like that found in starlight or radio noise. The fine structure
might be unresolvable, but the smoothed directional intensity
would be expected to have a few prominent minima and maxima
depending on the stellar density in a small cone centered about
the direction of observation.

7.1 GALACTIC MAGNETIC FIELDS

There are two overpowering arguments against the above hypo-
thesis. One is the energy density of the cosmic rays, which is
about equal to that of starlight, and is apparently unexplainable
without the aid of a storage mechanism. The other is the extreme
isotropy of the primary cosmic rays. The amplitude of the variation
of intensity with sidereal time is no more than a few hundredths of
one percent for the average primary cosmic rays (ELLioT [1952]),
nor greater than about one percent, as will be shown below, even
for primaries of energy ~ 1015 eV.

BiermaNN [1958a, 1958b] and others have discussed reasons
and evidence for the existence of magnetic fields in interstellar
space, concluding that fields on the order of 10-¢ to 10-3 gauss
would have arisen out of the turbulent motions of ionized gases
in the galaxy, even if there had been no field in the beginning.
The magnetic fields provide a convenient means of storing cosmic-
ray energy in the galaxy, and of randomizing the directional
intensity.

In the initial version of FErRMI’s theory [1949] of the accelera-
tion of cosmic rays and in the extension of the theory by MoRrri-
soN, OLBERT & Ross1 [1954], the fields were considered to be
oriented at random, stirred up and carried about by the turbulent
motion of clouds of ionized gas. In order to account for the charge
spectrum of the primaries, the cosmic rays had to be allowed to
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leak out of the galaxy in an average time of about 108 years. Then
to account for the energy spectrum and the nearly perfect isotropy
of the cosmic rays, the clouds had to be assumed to have both a
high rms velocity (~ 120 km.sec-!) and a small size (mean sepa-
ration ~ one light year).

In this theory the residual anisotropy is due to the leakage of
the cosmic rays out of the sides of the galactic disc. As long as the
mean scattering length is independent of the cosmic-ray energy,
the anisotropy remains very small and likewise independent of the
energy. At energies so high that the particles can penetrate through
the magnetic clouds, the isotropy must cease, but for the same
reason the acceleration mechanism must fail and the escape proba-
bility must become large, implying a cutoff of the intensity. No
appreciable anisotropy is therefore expected to be observable.

Against some features of this theory, too, there are strong
arguments. One is the evidence, derived from the EAS, of the
existence of primaries having energy up to and exceeding 10'7 eV,
with no sign of a rapidly approaching cutoff. The path of a proton
of 10'7 eV, normal to a magnetic field of 10-° gauss, would have a
radius of curvature of 85 light years. Randomly oriented clouds
about one light year apart would give rise to an average scattering
length of about (85)? ~ 102 light years for such particles, about
equal to the distance from the center to the edge of the galactic
disc. Therefore the particles would escape quite freely; indeed,
the ‘““cutoff encrgy”, at which the spectrum would become very
steep, would be near 105 eV per nucleon. Another objection to the
theory is the high velocity required of the magnetic clouds, which
is hard to reconcile with direct observations. Furthermore, the
uniformity of the plane of polarization of starlight suggests that
the fields are not random, but coherently orientated, apparently
'along the arms of the galaxy (Davis [1951], DAvViS & GREENSTEIN
[1951], HILTNER [1951], STRANAHAN [1954]).

If the turbulent elements of the magnetic fields are dominated
by a coherent field having an extension as wide as the galactic
arms, there is no difficulty in accounting for the retention within
the galaxy of cosmic rays with energy up to about 1018 eV.

7.2 ORIGIN OF DIRECTIONAL ASYMMETRY

The concept of the superposition of magneto-hydrodynamic
waves on a nearly uniform field directed along the galactic arms
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has been explored by CHANDRASEKHAR & FERMI[1958]; and FErRMI
[1954] has pointed out how such a model can result in a more effi-
cient acceleration of the cosmic rays than that produced by purely
random turbulent motion. DAvis|1954] has subsequently described
the physical causes of directional asymmetry that may be operative
in such a model. His arguments are summarized below.

The cosmic rays are pictured as spiraling along the lines of
force in the magnetic field, frequently reversing the component
of motion along the field by colliding with a shock front where the
field intensity changes rapidly. The orbits drift laterally because
of field gradients, and suffer more rapid alteration by interaction
with turbulent elements of the field. Very high energies arcattained
over a long period of time, by a statistical accumulation of small
accelerations owing to betatron action and to reflections from the
moving shock fronts. In consequence, the direction of arrival of a
high energy cosmic ray at the earth has no relation to the direction
from its original source; any asymmetry that may be observed
is not expected to be rclated to the spatial distribution of the
sources in the galaxy, but rather to the properties of the magnetic
field and the process of acceleration.

One of the causes of asymmetry is a net diffusion of the cosmic
rays along the field lines towards the nearest point of escape from
the galaxy (either the end of an arm or a local bulge where the
field is weak). This effect should produce a maximum intensity
in one direction, approximately along the arm of the galaxy, and
a minimum in the reverse direction. The rotation of the earth
would consequently produce a 24-hour periodic intensity variation
in sidereal time. Davis has estimated the time of the maximum
to be 20h L.S.T.

A second effect is that of density gradients, most casily
illustrated by the diagram in Fig. 29, which has been copied from
Davis’ article. The asymmetry is proportional to the gradient of
the cosmic-ray density normal to the magnetic field, and to the
radius of curvature of the trajectories. Thus it is an cffect that
increases strongly with the primary energy. Like the asymmetry
due to diffusion, it gives rise to a 24-hour period in the observed
intensity, but with a different phase, since the maximum and
minimum in the cosmic-ray flux are perpendicular to the magnetic
field. Davis has tentatively estimated the time of the maximum
to be either 0 or 12h L.S.T.
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Further asymmetry may be due to the mechanism of accel-
eration, and will be significant if the acccleration of cosmic rays
by intcraction with the magnetic ficlds is responsible for an im-
portant part of the cosmic-ray encrgy. The pitch of the helix
followed by a particle affects the
likelihood of acceleration, and is
changed in the course of mag-
netic collisions by addition of
momenta parallel or antiparallel
to the field. The net effect de-
pends on whether the most im-
portant acceleration is by a type
of betatron action or by colli-
sions with moving inhomogene-
ities of the ficld: in one case,
the intensity will be greatest in
the plane normal to the field,
while in the other case it may be
greatest parallel and antiparallel

Moximum Cosmic Ray Density

Minimum Cosmic Roy Density

Fig. 29 - Illustration of the origin of a . +}0 field; but in either event a
directional asymmetry of high energy

e . - 12-hour  periodic  variation
cosmic rays, owing to the existence of . .

a magnetic field normal to the plane Should arisc in addition to a 24-
of the diagram and a gradient of the hour period. Davis has shown
cosmic ray density in the planc of the thattheasymmetry arising from
diagram (taken fr(_)m reference DAVIS the goceleration process should

[1054]). differ from the other types of
asymmetry not only in the existence of the second harmonie, but
also in that the first harmonic should have its maximum 12 hours
later for observations in the Southern hemisphere than for obser-
_ vations in the Northern hemisphere.

The expected amplitudes of these effects have not yet been
calculated, and even the estimates of phase are somewhat tenta-
tive. But onc might hope to learn from experiments whether or
not the qualitative descriptions of the asymmetry fit the facts
and which of the causes of asymmetry is predominant. Unfortu-
nately, the experimental data are not yet sufficiently precise or
in sufficiently good agreement to permit such an accomplishment.
One can at best gain from the existing experiments some guidance
for furthef, more definitive measurements.
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7.8 EXPERIMENTAL OBSERVATIONS ON SIDEREAL VARIATIONS

The available data on the periodic variation of the intensity
of high energy primary cosmic rays in sidereal time are summarized
in Table V. The energy estimates are based on a rough evaluation
of the most probable shower size contributing to the recorded
events, and an estimate of the corresponding primary energy by a
track length integral over the atmosphere. Although these energies
are reliable in order of magnitude, they are not intended to be
interpreted as precise.

The phases and amplitudes listed in the table are not entirely
consistent with each other. Some of the differences in the ampli-
tudes may possibly be explainable by the differences in the lati-
tudes of the experiments and in the average primary energies of
the selected showers, but not all of the discrepancies can be so
accounted for; and these considerations do not help to explain
how Cranshaw and Galbraith find a maximum at 10h L.S.T. in
the Northern hemisphere, while Daudin, Hodson, and Fornaca
and Martelli find the maximum to occur about 12 hours later.

The only point of complete agreement is that up to a primary
energy of about 10'¢ eV, the sidereal asymmetry, if real at all, is
extremely small—not more than about two percent of the average
intensity. This in itself is a highly significant conclusion, but it
raises great difficulties for the determination of the phase and
amplitude of the variation.

7.4 SIGNIFICANCE OF SIDEREAL VARIATIONS

The data suggest that the amplitude increases with the primary
energy, but it is remarkable how the statistical errors keep pace
with the apparent amplitude, so that the latter is never more
than four times the standard error.

In searching for a sidereal time effect, it is easy to be misled by
chance combinations of statistical fluctuations resembling a syste-
matic intensity variation. In examining even normal data, one
always finds that the particular set of deviations can be made to
appear more probable by the inference of a systematic trend. The
usual method of analysis for the amplitude of a small periodic
variation leads to a standard error about equal to v/2/N, where N
is the total number of events included in the analysis; but with
data exhibiting only normal random fluctuations, the expectancy
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of the most probable amplitude that will appear in such an analysis
is 2/ VN, 1.4 times the standard error. Only when the effect is
many times the standard error can the latter be assigned its usual
significance in terms of confidence limits; and if the indicated
amplitude is less than three times the standard error, the data
do not constitute impressive evidence for the reality of the periodic
variation.

If one has recorded several sets of data, say with counters in
different geometries, or if numerous experiments are performed
by different persons, the likelihood is increased that at least one
of the sets of data will exhibit an improbable fluctuation.

From this point of view, one must admit, in agreement with most
of the authors of the work quoted in Table V, that although the
measurements are suggestive, they do not as yet establish con-
clusively the existence of any sidereal time effect, and that even if
a real effect is present, the apparent phases and the apparent
variation of the effect with cnergy could be misleading.

7.5 SOLAR AND ATMOSPHERIC EFFECTS

The experimental difficulty in ascertaining the time variations
is not due cntirely to the limitations of statistical accuracy,
although the importance of this obstacle is not to be minimized.
In addition, the frequency of registration of even the largest of the
air showers is sensitive to changes of the atmospheric temperature
and pressure. These variations are partly erratic, but the influence of
the sun on the atmosphere gives rise to certain periodicities. There
is a solar diurnal temperature variation, and both a diurnal and a
semidiurnal pressure wave; an annual temperature cycle, and also
a pronounced annual variation of the diurnal amplitudes. The
seasonal modulation of the diurnal waves gives rise to a Fourier
component that has one more cycle per year than the solar
variation; hence spurious daily intensity variations are present
in sidereal time as well as solar time.

Measurements of the barometric coefficient, which is about
109, /cm Hg, have been listed in a previous section. These measure-
ments have exhibited unexplained differences outside the statisti-
cal errors, indicating that the cffect is complex and precluding
perfectly accurate corrections for the influence of observed
pressure variations (CiTroN [1952], Daubpin & Daubnin [1958].)

The perturbations of the barometric effect are probably associ-
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Intensity with Sidereal Timea,b
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TABLE
Experiments on the Variation of
Location Approx. |Approx.No
Reference and Geog. Elevation (m) | Counting | of Counts
Latitude Rate (h~!) | Registered
SHERMAN [1953] Michigan Underground 108 7 -10%
42°N 846 mwe
BARRETT et al. [1934] Ithaca, N.Y. | Underground 30 2.5 - 108
43°N 1574 mwe
DAvUDIN & DAUDIN [1953] Pic du Midi 2860 1520 26 - 108
43°N 355 7 -108
175 14 10
65 1 - 108
C1TrON [1952] Schauinsland 1230 104 2 108
48°N
FARLEY & STOREY [1954] Au;?}gnd 10 50 . 108
18 1 108
8 5 -10%
Hobson [1951] Manchester Sea Level 11 6 -10!
33°N
ForNAcA & MARTELLI Pisa Sea Level 1.14 1460
[1953] 44°N 0.67 850
0.38 485
0.20 260
0.096 124
CRrANSHAW & GALBRAITH Harwell Sca Level 10 7 10
[1954] 52N 3.2 2 108
1.3 8 103
0.2 1.2 - 103
Eruior [1953] Manchester Sea Level — 3000
33°N — 700

& The errors given are purely statistical standard errors, calculated (as far
as could be inferred) in classical fashion; but the probability-of-error distri-
bution does not resemble a gaussian crror curve unless the probable amplitude
is an order of magnitude greater than the standard error, which is not true
of any results in this table.

b In the experiments of Farley and Storey, Cranshaw and Galbraith, and
Fornaca and Martelli, the results listed in successive rows, representing
progressively higher energies, are not completely independent, since the
low energy shower selection includes the high energy events. This is also
partially true in the measurements of Daudin.

Approx.. ~ . .
Primary First harmonic Second harmonice
Energy (eV) Amplitude % | Tmax(L.S.T.) | Amplitude (%)| Tmax(L.S.T.)
1013 02 4+ 0.2 — — —
4 -101 01 + 03 165 h —_— —
3 .10 0.05 4+ 0.03¢ 20.7 + 1.1 0.07 + 0.03¢ 5.5 4 0.8
6 -10u4 0.15 4+ 0.07¢ 19.8 4+ 1.9 0.05 4- 0.08¢c 58 + 2.3
2 1018 0.23 4- 0.10c¢ 22.2 4+ 2.0 0.12 + 0.09¢ 7.0 4+ 14
4 101 0.18 + 0.19¢ 22.3 + 4.0 0.18 + 0.19¢ 8.2 ¥ 2.0
1018 ~0 + 03 — —_ —_
1015 S 1.10 + 0.26 19.8 4- 0.9 0.41 -+ 0.26 2.0 4- 1.2
(143 + 0.384 17.6 + 1.0 — —
1.4 -1018 0.52 4 0.41 19.7 + 3.0 —_ —_—
2 .10 0.52 4+ 0.61 20.7 + 4.5 — —
- 1018 1.15 4- 0.6 23.5 4+ 2.0 — —
1016 4 + 4 14 —_ —
1.5 - 1018 7 1 5 12 —_ —
2 .10 13 + 7 20.5 — —
3 .10 41 4+ 10 21.4 —_ —_
5 -101 50 + 14 21.6 — —
101 0.63 + 0.5 13.3 + 3.2 1.1 4+ 0.5 3.9 + 0.9
2 -1018 2.05 4+ 1.0 9.5 4+ 1.8 3.0 4+ 1.0 3.7 4 0.6
5 -1018 4.9 4 1.5 10.5 4+ 1.2 35 4+ 1.6 4.5 + 0.9
10V 10.1 + 4.1 4.0 + 1.6 2.8 4 4.2 2.9 4+ 5.1
2 .10 ~0 + 3 — — —
1017 ~0 + 6 — — _

¢ Corrected for the residual pressure wave in sidereal time.

d Corrected for the inferred sidereal wave owing to the seasonal modu-
lation of the solar wave (due to pressure and temperature effects). The other
results of Farley and Storey have not been so corrected.

e The abscnce of an entry in the second harmonic column does not imply
that no second harmonic appeared to be present, but only that its probable
amplitude and phase were not computed.
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ated with the distribution in height of the various atmospheric
pressure levels, or to the related temperature distribution. The
semi-diurnal pressure wave, however, may be expected to be
comparatively independent of atmospheric temperature changes.
DaupiNn & DaupiN [1958] have observed a small semi-diurnal
variation of the frequency of EAS, agreeing perfectly in phase
(Tmax = 4.7h) and in amplitude (0.21 + 0.089,) with the observed
pressure wave and the coefficient 109, /cm.

The influence of the temperature is belicved to be felt only
through the change of shower geometry with density of the air.
If the lateral distribution is in cquilibrium with the atmospheric
density g, the counting rates are expccted to vary as p@®—2-9),
where y is the exponent in the density spectrum (¢—* expresses
the effect of the change of the counter separation relative to the
scattering length r;, ¢* the change of counter surface relative
to r?, and g2 the change of the area within which the showers can
be detected). The temperature coefficient is therefore expected to
equal —(2y — 2 — a)/T, where T is the absolute temperature.
Because of the lack of perfect equilibrium of the lateral distri-
bution with the local temperature, the fluctuations should corre-
spond to a weighted average of the temperature in the atmosphere
above the detector, with greatest weight at distances of one to
five radiation lengths.

Daupin & Daubin [1953] point out that one must expect the
temperature effect to depend on the size of the showers and the
separation of the counters; but to estimate a representative
magnitude, one may use y = 1.4 —1.45, ¢ = 0.1 — 0.2 and
T = 280, which yield a temperature coefficient of about —0.25%,/
°C. This can account for a seasonal wave with amplitude of the
order of 39, of the average intensity, superimposed on a diurnal
variation with amplitude on the order of one percent, both ampli-
tudes being sensitive to the geographic location.

By measurement of the seasonal intensity variation of the
EAS at sea level, Hopson [1951] has found the temperature
coefficient to be —0.88 - 0.11 9%,/°C. During these measurements
(at Manchester), the diurnal temperature variation was very
small, the amplitude being 0.7°C. Thus a solar diurnal intensity
variation of about 0.29, was expected. A Fourier analysis yielded
the amplitude 0.8 4 0.6 9,, which is not significant statistically
but is at least consistent with the expected value.
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At the Pic du Midi, DAaubpIN & DaupIiN [1958] observed a
correlation between local temperature and the counting rate
of EAS, corresponding to coefficients of —0.10+ 0.02 and
—0.17 4- 0.039%,/°C for data recorded in different periods of time with
the same apparatus (two-fold coincidences between counter trays
of 2400 cm? area 5m apart, recorded in winter and summer
respectively). Somewhat better corrclations were found in the
winter period by using the temperature of the 800 mb level instead
of the local temperature (although the correlation was poor with
levels above 200 mb); the coefficicnt with respect to the 800 mb
level was reported to be —0.135 4 0.015 9/,/°C.

At sea level in Auckland, New Zealand, by analysis of data
taken over a period of one year, FARLEY & STOREY [1954] ob-
tained an average solar diurnal variation of EAS having an
amplitude of 1.45 4 0.25%, of the average intensity, with the
maximum at 2.7 + 0.6 hours local solar time. The phase agreed
with the interpretation of the variation as a temperature effect,
while the amplitude corresponded to an apparent temperature
coefficient of —0.51 -+ 0.099,/°C.

KRraYBILL [1949] has observed a small latitude effect of EAS,
which is consistent in sign and magnitude with an explanation
based on the variation of temperature with latitude.

All of these experiments confirm at least qualitatively the
predicted variation of shower counting rate with atmospheric
temperature; and no reported experiment gives any significant
indication of a solar diurnal intensity variation other than that
which is due to changes of temperaturc and pressure.

The absence of a solar diurnal effect in the primary intensity
at energies of 1013 to 10! eV provides convincing evidence that
the sun is not the only source of the cosmic rays that reach the
earth; indeed, that it is at most a very minor source as far as the
most energetic particles are concerned.

7.6 COMPARATIVE VIRTUES OF VARIOUS EXPERIMENTAL AR-
RANGEMENTS

It is apparent from the extremely precise measurements of Jean
and Alice Daudin that, at least in the Northern hemisphere, the
asymmetry at energies below 1015 eV is so small that it will always
be difficult to separate it from atmospheric effects.

By detecting showers of mesons at great depths underground,
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one can select events of primary energy 10! eV or higher (BARRETT
et al. [1952]), and the observed time variations would be com-
paratively free of perturbation by atmospheric pressure changes.
But the difficulty of obtaining sufficient statistical accuracy in
such measurements appears to be insurmountable; and besides,
the meson showers are subject to an atmospheric temperature
effect that is just as large as that of the air showers.

The data in Table V suggest, however, that at energies above
1018 eV, and especially above 1017 ¢V, the sidereal time effect may
be large enough that the atmospheric perturbations of the EAS
would be comparatively insignificant. Future experiments should
therefore be designed to sclect the largest possible showers. A
second purpose of the experiments might be to search for signs
of a high energy cutoff of the cosmic-ray encrgy spectrum.

In general, two methods have been used to select showers of
high average primary cnergy: one is to require a high density
at a particular location, and the other is to require sufficient
density at large distances from the shower axis to cause the
discharge of widely separated counters. The latter method can be
shown to have scveral important advantages, particularly if each
of the widely separated counting units requires several particles
in coincidence, so as to define a low but finite and fairly sharp
density requirement.

In the first place, the energy discrimination is better. Large
densities at one location can be created by small showers with axes
close by (often showers of very little energy, initiated low in the
atmosphere) as well as by big showers, although the latter can be
detected over a comparatively large area. In consequence, the
primary energy spectrum of the recorded events is very broad
(see Fig. 17), and there is no sharp low encrgy cutoff of the sensi-
tivity. On the other hand, when small but finite particle densities
are required over a large area, there is a sharp cutoff of the
sensitivity as a function of shower size, and also there is less bias
in favor of young showers, initiated low in the atmosphere, over
those initiated in the stratosphere.

Secondly, the computation of the primary energy is less de-
pendent on the assumed age and lateral distribution of the
showers.

Thirdly, and most importantly, for a given average shower size
the counting rate is much higher. The average distance to the
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axes of showers detected with closely spaced counters is about
20 m, hence the sensitive area, within which the axes of recorded
showers may fall, is of the order of 1000 m?; but the sensitive
area of a widely spaced set is on the order of the square of the
radius of the array. Without excessive difficulty, this area can
be as large as 100,000 m?,

Finally, if widcly spaced counters are used, it is feasible to
measure the differences in the times of the signals. By this means
the directional resolution can be improved.

If the EAS were purely electronic cascades, there would be no
advantage in seeking high-elevation locations for the detection
of very large showers (E > 107 eV). But the available information
on the variation of the exponent of the density spectrum with
clevation, on the barometric effect of small and large showers, on
the altitude cffect and on the zenith angle distribution of small and
large showers has all indicated that big showers rcach their
maxima higher in the atmosphere than would pure electronic cas-
cades, and are absorbed in the lower atmosphere much like the small
showers. Thereforc more efficiency in detecting the high energy
events—and hence higher counting rates—can be obtained if the
measurcments are performed at mountain elevations.

The present information on the time variations of the EAS
seems to point to the desirability of organizing a cooperative
venture along the lines suggested above, to measure simultaneous-
ly, at several diffcrent latitudes, the time variations and the
frequency of primaries in the encrgy range 1017—108 eV,

8. The Primary Energy Spectrum

In a previous section, the number spectrum of the showers
'has been derived from experiments, both at sea level and at a
mountain altitude. If the average primary energy of EAS having
a given number of charged particles at a particular depth in the
atmosphere could be calculated, the number spectra would lead
directly to the energy spectrum of the cosmic-ray primaries. But
since the EAS do not develop and propagate like purely electronic
cascade showers, and since the detailed features of the nuclear
cascadc are still largely unknown, one cannot with reliability
calculate the relation theoretically.
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8.1 THE TRACK-LENGTH INTEGRAL

A semi-experimental solution of the problem can be carried
out in a manner that has already been suggested in a previous
section, utilizing the altitude variation of the shower counting
rates and the concept of track lengths. Fig. 24 summarizes the
analysis of the altitude variation of the frequency, R,, of vertical
showers containing a given number, N, of charged particles. It
has been pointed out that the quantity Jln R,/dt, corrected for
changes of shower geometry, is equal to y’A, where »’ is the ex-
ponent in the number spectrum and 1 is the average value of
J1In N/t for the showers selected by the apparatus. In following
the development of showers having a given primary energy, one
should in principle utilize values of JIn R,/Jt determined for
showers of appropriately different size at the different clevations;
but the derivative has been shown to be insensitive to the shower
size. Therefore by dividing the dashed curve in Fig. 2t with
appropriate values of 9’ and integrating, onc can obtain the
average variation of N with atmospheric depth. The track length

integral, ¢, J.N dt, then yields the total energy dissipated in ioniza-

tion by the charged shower particles. (¢, is the critical energy and
t is measured in radiation lengths; it is assumed that ¢, represents
accurately the average energy dissipation per radiation length for
all the charged particles).

At depths below sea level, R, can be extrapolated with a
constant attenuation length, and thus the ionization energy dissi-
pated in the crust of the earth can be taken into account. This is
a very small addition to the energy loss in the atmosphere;
hence it is not worth while to debate the accuracy of the extra-
polation.

The integrated energy thus obtained includes not only the
electron and photon energies, but also most of the energy of the
nuclear-active component, since the latter energy is dissipated
mainly by the ionization loss of clectrons and other charged
particles created as a result of the nuclear interactions. Some
parts of the primary energy, however, escape inclusion in the
above analysis. One part is the energy of the y-mesons. These
particles are distributed so widely that they do not contribute
much to the shower counting rates; and their energy is dissipated
mainly by ionization deep in the crust of the earth. The relative
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number of mesons and electrons in the showers at sea level has
been found to be 0.08, and the average meson energy has been
estimated from the range spectrum to be 7.5 GeV; thus the total
energy of the mesons is about 0.6 GeV per electron at sea level.
A correction for the decay of u-mesons in the atmosphere raises
the estimatc a little, making it closer to one GeV per electron.

Other parts of the primary energy that escape inclusion in
the track length integral are the cnergy of ncutrinos produced
in m-u-decay (about 0.27 of the y-meson energy), and the energy
lost in nuclear excitation and the release of low encrgy neutrons,
heavily ionizing protons, and alpha particles. If the nuclear-
active component of all energics, averaged over the shower, is
about 8 percent of the number of clectrons, if the average disinte-
gration energy is about 200 McV, and if the mean free path is
about two radiation lengths, the energy dissipated in the nuclear
disintegrations is about 4 percent of the ionization loss of the
electrons.

The major term in the cnergy accounting is the ionization
integral over the atmosphere. The graph of N vs. altitude rises
from N = N, at sea level to a broad maximum of about 8.5 N,
in the neighbourhood of 450 g.cm-2, and then falls with increasing
rapidity as one approaches the top of the atmosphere. The integral

& fN dt over the atmosphere yiclds 11.5 GeV per electron at sea

level, with an uncertainty of the order of 25 percent because of
possible errors in the data and their interpretation at high alti-
tudes. The integral below sea level yields 0.4—0.5 GeV per electron
at sea level. With the addition of 1 GeV per clectron for the u-
mesons, 0.3 GeV per clectron for neutrinos, and 0.5 Gev per
electron for nuclear excitation and low energy nucleons, one
obtains a total primary cnergy of 14 4 8 GeV per electron in the
showers at sca level.

Although the average rate of absorption of the EAS in the
lower half of the atmosphere does not depend strongly on the
shower size, the energy integral cannot be strictly proportional
to N,; hence onc must enquire to what size the above data and
calculations refer.

The altitude variation was based on measurements of the

frequency of showers with density exceeding 4; ~ 50 m-2. Ac-
cording to the discussion in the section on the density and number
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spectra, the major contribution to the measurements at sea level
is due to showers having N in the neighborhood of 1.7 7} 4, ~
5-10°5 With increasing altitude, the increase of r, tends to
make the average value of N larger, but this tendency competes
with a decrease in the ratio N/(r}4,), owing to a reduction of the
shower age s and an increasc of the exponent y (see Fig. 18). In
the part of the atmosphere contributing most heavily to the track
length integral, where the showers are about 8 times bigger (in
number of particles) than at sea level, the average sizc of the
recorded showers is found to be a little less than 108 particles.
Therefore the showers best described by the cnergy accounting
arc those that contain 10° particles at sea level.

The frequency of vertical showers of this size is obtainable
from the section on the number speetra: K, (10%) —= (1.7 - 0.8)
10-% m-2 sec-! sterad -1. This, therefore, is the frequency of cosmic
ray primaries with total energy exceeding (1.4 4 0.3) 1015 eV.

8.2 EXPONENT OF THE PRIMARY ENERGY SPECTRUM

It remains to calculate how the frequency of the primaries
varies with changing primary energy. In a qualitative way, it is
known that larger showers have their maxima lower in the atmo-
sphere than do smaller showers, and that larger ones dissipate less
of their energy in the production of y-mesons. For both reasons,
with increasing shower size the energy accounting must yicld
gradually less primary cnergy per clectron at sea level. Thercfore,
the primary energy spectrum will be found to be steeper than the
number spectrum of the showers.

For EAS of moderate density (10 to 100 m-2), the very slow
variation of y with elevation indicates that J1n R,/J¢ is nearly
independent of shower size. In the lower part of the atmosphere,
this derivative can be approximated by a constant, —0.28 per
radiation length. The functional dependence of the track length
integral can therefore be represented by the approximate relation

E, = &g Ns],of exp [032 (tSL — t)J dt,
tmax

where Es is the total energy of the soft component, tmax is the
atmospheric depth of the shower maximum, and the subscript
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SL refers to the sea level values of N and ¢. The variation of the
primary energy, E, with Ng; can be expressed as the sum of
three terms:

2In NsL _ 0.28 9tmax , 1, (Nmax\ 9y 21n E,
alnE, — y oinE, Ty “(NSL)M Fink, *

The first term on the right-hand side of this equation comes
from the variation of the track length integral with the height at
which the shower reaches its maximum. If this height is the same
as that of the maximum of the electronic cascades of the first
generation, and if the multiplicity of production of z°-mesons is
proportional to K} (more preciscly, if the energy of the =°-
mesons of the first gencration is proportional to E}), the value
of this term is 0.21/y =~ 0.14,,.

The second term arises from the variation of thc exponent
y with size of the showers. Since dy/dIn N ~ 0.04, 2In N/ In
E, ~ 5/4 and In (Nmax/NsL) =~ 2.1, this term is equal to about
0.07,.

The third term describes the competition between the feeding
of energy from the nuclear cascade to the soft component through
creation of #°-mesons and the loss of energy by the creation of
u-mesons, neutrinos and low energy nucleons. In accordance with
a crude model of the nuclcar cascade, used previously in dis-
cussing the absorption of the electronic component of EAS, one
may assume that for 4 gencrations, energy is lost from the
nuclear cascade only to the soft component, the fractional transfer
per gencration being 1 — f; and that after k& generations the energy
of the nuclear-active particles is dissipated by decay, etc., instead
of going to the soft component. The relation between & and E,
is given by Eq. 84. In this way one obtains

onk, + e W@y, 1

olnk, 1-—fk Inv, 4In(4/3)
(where v, = a E} is the average degradation of energy in the first
nuclear collision). In order to account for the long absorption
length of the nuclear cascade, it was found necessary in the
previous discussion to assume rather high values for f and £, and
a rather low value for the constant a. With f = 5/6, k = 6 and
a = 0.5, oné€ finds JIn Eg/d In E; ~ 1.08 in the neighborhood of
Ey, =10 ¢eV.
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By summing the three terms, one obtains J1ln Ngy/dIn E,
= 1.25. Accordingly, the exponent, I', in the integral primary
energy spectrum near E; = 10%eV would be 1.25 times the
exponent in the number spectrum of EAS at sea level, for shower
sizes in the neighbourhood of 10° particles. Eq. 26 yields y'sL =
= 1.44 for N = 105, hence I" (10 eV) = 1.80.

The most likely source of significant error in the above estimates
is in the first term: the correct magnitude of Jmax/?In E, is
likely to be less than the assumed value, 8/4, because of the
influence of the nuclear cascade in shifting the maxima of large
showers towards high altitudes. With this possibility and other
sources of error in mind, a revised estimate of J1In N5 /dIn E; is
given as 1.21 4 0.06, and the exponent of the integral primary
energy spectrum near 10'° eV is revised to I'(10'%eV) == 1.74 +
-+ 0.09.

8.3 FORM OF THE PRIMARY SPECTRUM

The primary spectrum is not a perfect power law. The variation
of the exponent is most rapid, however, in the low energy, latitude
sensitive region below 14 GeV, where I' is about 1.0. Between
1.4 - 101 and 1.4 - 105 ¢V, the average value of I" is 1.64 + 0.04,
almost as large as the value at the upper end of the energy range.
Throughout most of this interval, therefore, the variation of the
exponent with energy must be very slow.

In the range 104—10' eV, the variation of I' with energy
may be estimated from the slow variation of ¥’ with Ny, and the
partially compensating variation of the factor JIn Nysi/d In E,.
The result is:

I'=—InI/21n E, = (1.74 + 0.09) + (0.04 -}- 0.01) In (E,/105) .

Beyond 1017 eV the variation of I" with In £, may be morc rapid,
indicating the approach of a cutoff, but on this point we have no
information.

The conclusions that have becn reached about the integral
primary energy spectrum responsible for the EAS may be summar-
ized by the equation

I=(3+1)10-6 (}g_u)u.u + 0.00) + 0.021n (E,/10%)

0
in units of (m2 sec sterad)-!, with E, measured in eV. Eq. 36
happens to agree, within the reported uncertainties, with the

(36)
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points and the smooth curve published earlier by BARRETT et al.
[1952].

8.4 MAXIMUM ENERGY OF PRIMARIES OF OBSERVED SHOWERS

A matter of strong concern in connection with theories of the
origin of cosmic rays is the maximum energy per nucleon of the
primary particles. In this regard it is interesting that there is as
yet no definite experimental evidence for a cutoff of the primary
intensity at any energy.

The density spectrum of the EAS has becen mecasured as far
as densities of 10* m-2. Throughout the entire spectrum, the
steepness, as indicated by the exponent y, increases slowly with
the density, and there is only a weak indication that the exponent
may increase more rapidly near the highest densities (see Fig.
14 and 15). The average size of the showers contributing to the
highest recorded densities exceeds 107 electrons.

Experiments in which the shower axis was located and the
density measured at known distances from the axis have indicated
small numbers of showers having as many as 108 electrons (WiL-
LIAMS [1948], Coccont et al. [1949b], Eivus ¢f al. [1952], ZATSEPIN
et al. [1958]). The failure to detect still larger showers can be
accounted for with a smooth extrapolation of the number spectrum
and a calculation of the number of events expected in the operating
time of the experiments.

It is possible to suggest plausible errors in the experiments that
may have led to a slight exaggeration of the size of the largest
showers. But it seems imprudent to place confidence in any
theory of cosmic-ray origins according to which the maximum
observable shower size is 108 particles or less.

A minimal estimate of the primary energy of showers containing
108 electrons is 2 - 1017 eV. Even if the largest showers are initiated
by heavy nuclei, the minimal energy is about 10! eV per nucleon.

As yet, there is little evidence as to the charge or mass of the
primaries of EAS; but the heavy elements are so rare in the
universe and among the primary cosmic rays of energy up to
10'3 eV per nucleon, that it seems unreasonable to try to account
for the frequency of the large showers entirely with nuclei of
Z > 10.

Indeed, if the primaries are gradually accelerated by collisions
with magnetic clouds, the primaries of highest energy are those
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that have survived both escape from the galaxy and nuclear
collisions for the longest time. The increase of the collision cross-
section with atomic weight discriminates in favor of the light
elements, making the steepness of the energy spectrum increase
with Z. At moderate energies a tendency in this dircction seems
to be verified by experiments; and it appears artificial to assume
that the trend is strongly reversed at high energy.

Therefore theories of the origin are faced with the nced to
account for the presence of protons having energy up to at least
2-10Y eV. It seems out of the question to conceive of such
particles being confined within any field associated with our solar
system. Even the retention of the particles within the galaxy
may be considered as indirect evidence for the existence of
coherent magnetic fields with extensions on the order of hundreds
of light years. Thus the cosmic rays confirm the inferences that
have been drawn by astronomers from the parallelism of the
planes of polarization of light coming from different stars. It will
be interesting in the future, in connection with the structure of
the galaxy, to see how far the cosmic-ray spectrum extends beyond
the presently explored range.
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INTRODUCTION

The information concerning unstable heavy particles is now so
extensive that it has seemed expedient to divide the material
arbitrarily into two parts. The present chapter therefore deals
with the experimental material concerning charged unstable par-
ticles heavier than the m-meson while the following chapter by
R. W. Thompson is concerned with the neutral particles.

The chronological development of the subject and the nature of
the available experimental data up to 1952 have been considered
in the two previous volumes of this series. Consequently the more
recent data reecives emphasis here and the carlier results will be
considered only insofar as they affect the present situation. Ex-
perimental results available up to about January 1955 are in-
cluded in the present chapter.

Only a small fraction of the experimental data concerning charg-
ed unstable particles can be uniquely classified in terms of the
various decay schemes which have been proposed to explain the
obscrvations. This difficulty in classifying the observed events re-
sults primarily from the fact that many different decay schemes
and probably several parent particles of about the same mass con-
tribute to the observed data. In such a situation the statistical me-
thods of analysis which have been used with such success in the
case of the data concerning neutral V-particles have been of little
use because the experimental information obtained from individual
events is not sufficiently precise to distinguish between possible
modes of decay.

A great deal of progress in the endeavour to obtain more com-
plete and more accurate information is being made at the present
time. Cloud chamber mcasurecments have been improved by the
use of better techniques to measure momentum and ionization,
and a further important development is the use of combined mag-
netic and multiplate cloud chambers which afford measurements
of momentum and residual range on the same track. However
perhaps the most promising method is the use of large emulsion
blocks. These experiments are still in a preliminary stage, but the
initial results, mostly obtained in the Sardinia expedition of 1954,
demonstrate the power of this approach.
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Since many decay events can only be classified on a phenome-
nological basis and since the data obtained using different experi-
mental techniques are frequently very difficult to correlate, a dis-
cussion of the experimental results according to the decay schemes
alone is not practical. In the following presentation, therefore, we
shall group the experimental data phenomenologically according
to charactcristic features of the event and according to the experi-
mental techniques employed. The experimental methods will not
be considered in detail except for those features which dircetly
affect the type of data obtained or its interpretation.

NOMENCLATURE

The nomenclature proposed by AMALDI et al. |1954a], is used in
this and in the following chapter. According to this scheme par-
ticles are classificd in three ways:

(a) According to mass with the division indicated by a capital

Latin letter as follows.

(1) L-mesons (Symbol L): z-mesons and all lighter particles.

(2) K-mesons (Symbol K): particles whose mass lics between
that of the m-meson and the nucleon mass.

(8) Y-particles, Hyperons (Symbol Y): particles whose mass
lies between that of the nuclcon and the mass of the
deuteron.

(b) By individual name according to a decay scheme either pos-
tulated or established. Small Greek letters identify L-mesons
and K-mesons while capital Greek letters distinguish hy-
perons.

(¢) Phenomenologically according to some characteristic feature.

(1) V-event: an observation which can be interpreted as the
decay in flight of a K-meson or hyperon. Subclasses V°
and V&,

(2) S-event: an obscrvation which can be interpreted as the
decay or nuclear capture of a K-meson or hyperon at rest.

No scheme such as the one above proves adequate for long in a
rapidly changing field of research. Some inconsistencies mostly
carried over from the original description of the events in question
will be obvious.
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RESUME OF PARTICLES AND DECAY SCHEMES

In order to explain the experimental facts a rather large number
of particles each with a unique mass and decay scheme has been
postulated. The more important particles and their decay schemes
are listed in Table I, and much of the interpretation which follows
is in terms of the assumptions implied by this classification. It is
necessary to keep in mind here, and in what follows, that the word
“particle” really means an observed mode of decay. The number
of actual “fundamental particles” which produce the observed

TABLE I (a)
Sumnary of well established particles and decay schemes

"The body of the table lists some of the more important physical quantities
for each particle. Columns 1 and 2 list the particle and 1ts decay products.
Column 8 gives the sign of the clectric charge; column 4 the rest energy in
MeV; column 5 the mean life 1n seconds; column 6 lists the spin in units of K.
Column 7 gives the quantum number, S, which specifics the Gell-Mann, Pais
sclection rules. In column 6, (0)indicates integer spin, (3)indicates half-integer

spin.
b Decay - Rest Knergy Mean Life Spin
Particle Products Sign MeV see " S
K-Mesons
T-meson | zt+ zt |- wr
(a4 a7) | F 493 + 38 ~10 ¢ (0)
g-meson | zt - a° F(-) | 480 — 193 10-°—10-¢| (0)
x-meson | p! - 04 0| 4 (—) | ~493 ~10 10
Ku-meson | ut |- | (=) | 475--498 | ~10°° (0)
Ke-meson | et 4 704 201 4 (-9) 493 >10-10
O0-meson | at 4 &~ 0 494 + 5 ~1.3 X 10710 | (0) +1
Hyperons
Z-particle pla® F(-9) 1189 4 2 ~10-10 hH 1 —1
(n + =Y
n+ =)

Z-particle A+ 7 — ~1320 ~10 10 Q) | —2
«l-particle p+= 0 1114 + 1 ~3TX 10710 (3) | —1
Particles lighter than L-mesons, I.-mesons, and nuclcons

photon stable 0 0 1
neutrino stable 0 (0) - 1
electron stable + — 51098 - - 13
H-meson et |-y 49 - 105.6 2.2 X 10-8 i
7T-meson R + — 139.5 ~2.3 X 10 8 0 0
y+y 0 135.0 ~ 5X108 | 0 0
proton stable + 0938.23 —_ 1 0
neutron pre v 0 39.53 ~L1 X 108 i 0
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TABLE I(b)

Some characleristic quantities for various observed and postulated decay modes
of K-mesons and Hyperons

The more important quantities which characterize a two-body decay are
given in the body of the table. The numerical values have been computed for
the decay schemes listed in column 1 using the assumed values for the rest
energy of the primary particle also listed in column 1. The rest energies used
for the decay products are those given in Table I (a). Column 2 gives values
of @ = (m+2c — mg?ct)/ M4, where m 1c2, my?, and Mc? are, respectively,
the rest energies of the charged decay product, the neutral decay product
and the primary particle. d is a mcasurc of the assymetry of the decay
process: it is discussed in § 4. Column 3 lists the energy release, @, of
the decay in MeV. The remaining columns refer to the charged secondary
particle in the rest system of the primary. Column -4 gives the momentum, p*,
m MeV/e and column 3 the total energy, {7*, in McV. In the last four columns
other frequently used derived quantities are tabulated. These are, in order,
column 6 the kinetic energy, ¥, in MeV, column 7 the velocity relative to light,
#, column 8, the value of pf in MeV/e. Finally, in column 9, values of the
secondary range in copper are listed. These were computed from the range
tables of AroN, HorrManN and WiLLIws [1949] and are based on a mean
ionization potential, 7, of 333.5 ¢V. This value of I is somewhat uncertain,
see § 3.7, consequently the above values of range may be slightly in error.
For convenience, it may be noted that the ranges for copper are almost 1den-
tical to those for emulsion (density 3.813) obtained by Barkas and Youne
|1954]; an approximate conversion from copper to lead results if the tabulated
ranges are multiplicd by 4/3.

In addition to the two-body decay processes considered mn column 1, data
are also given for several three-body decay schemes. In these the various
quantities relating to the charged sccondary particle are not unique, and the
tabulated values are maximum quantities for the decay process in question.

Charged Secondary Particle

ﬁcs‘}? lgll‘l'gy Q p* U+ E* prp* Rangt;
eV,Decay | « . * gem-™
Product MeV | MeVic | MeV MeV f MeVje | ¢ opper
480.0 K-
pntv 0484 | 3744 228.4 251.6 146.0 908 2074 73.3
pntv+ 22284 | £251.6 | 146.0 | <7908 | 72074 | 753
at 4+ a° 0054 | 205.5 196.9 241.3 101.8 816 160.7 41.0
at 4y {0845 | 340.5 219.7 260.3 120.8 844 185.4 52.5
nt a4 21205 | <1848 | < 448 | <654 | =788 | 114
493.0 K -
u+w 0459 | 387.4 235.2 257.8 152.2 912 214.6 79.4
pAvto 22352 | 22578 | 21522 | <912 | <2146 | <=79.4
at + af 0051 | 218.5 204.7 247.8 108.3 826 169.1 44.9
at 4y 0801 {353.5 226.8 206.2 126.7 852 193.2 56.2
at+a-| a Z132.4 | 221923 | <Z 528 | =.680 | <9012 | F14.9
pttat 4+ <2148 | £230.3 | £1383.7 | £.808 | <1928 | Z67.0
etv+v Z246.4 | <T240.5 | £246.0 | 1000 | Z246.4 | -
1189.0 Y -»
p + a° .6008 | 115.8 188.8 957.0 18.77 1973 37.25 | .629
g ::-_ ;i —-6108 | 110.0 184.7 2381.5 92.0 798 147.4 35.3
13200 Y —
A° + m- -7023 | 65.5 138.3 196.5 57.0 S04 97.3 16.9
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Plate I — Decay of the r-meson. This is the first example obtained (BeLLi-

BONI et al. [1954]) in which all three of the z-mesons produced in the decay

of the r-meson came to rest in the emulsion. Two of the I.-meson secon-

dary particles decay to pu-mesons and are thus identified as at-mesons.

The third secondary particle is captured by a nucleus and produces a small

star; thusit must have been a n--meson. One of the positive secondary par-
ticles exhibits a complete nt — y*+ - e+ decay.
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events is at present one of the major problems under investigation
experimentally and theoretically. For example, Table I lists six
well established decay modes for K-mesons. However the number
of actual particles reponsible for these events, their relationships
to one another, and their connection with more familiar particles
(protons, z-mesons, etc.) are all unknown,

Some partially successful attempts at relating the various un-
stable particles have already been made (Pars [1958], GOLDHABER
[1953], GELL-MANN and Pa1s[1954]). At present thesc efforts are in
the nature of selection rules whose foundation is not apparent.
However their increasing success gives some reason to believe that
a theory is at least possible. In the following presentation we will
not discuss any of the above attempts to systematize the data;
rather we consider the experimental evidence which must be ex-
plained by a successful theory.

1. The Tau-Meson

The first 7-meson decay was observed in a photographic emul-
sion by the Bristol group (BrowN, et al. [1949]). Since that time
more than 40 similar events in which the 7-meson decayed at rest
have been observed in emulsions and ~20 decays in flight have
been observed in cloud chambers operated with an associated mag-
netic field. It is certain that, in agreement with the original
interpretation of Brown et al, the r-meson decays into three =-
mesons, viz.,

> nt + a4 ar + Q

The energy release, @, is about 75 MeV so that the cnergies of
the secondary n-mesons are low. However the range of at least one
secondary always exceeds 1 cm and in the majority of the events
one or more of the secondaries leaves the emulsion before coming
to rest. The first complete r-meson decay is shown in Plate I.
(BELLIBONI et al. [1954]).

1.1 MODE OF PRODUCTION

Tau-mesons are produced directly in high energy nuclear inter-
actions. In the carlier emulsion work most of the K-mesons which
were observed originated outside the plate and it was therefore
impossible to determine whether the z-meson was produced direct-
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ly or whether it arose through the decay of some heavier particle.
The first example of the production of a z-meson in a nuclear
interaction was obtained in a large emulsion stack by the Padua
group (CEcCARELLI et al. [1954]). Many other examples have been
obtained since the use of large blocks of emulsion has become
common.

Tau mesons have been produced using 8 GeV protons accelerated
in the Cosmotron at the Brookhaven Laboratory (HiLL ¢t al.
[1954]). It is not known whether they are produced singly, in pairs,
or in association with another type of unstable particle.

1.2 DECAY SCHEME, MASS, AND Q-VALUE OF THE T-MESON

In all but two of the r-meson decays observed in emulsions the
three L-meson secondaries are coplanar to within 1° or 2°. It
follows that in the majority of the events, the primary particle
decays at rest and that no neutral particles are emitted in the
decay.

In many events it has been established that all three of the
secondaries are z-mesons and there is no example in which a u-
meson has been identified among the decay products. If in a parti-
cular event it is known that some of the secondaries are z-mesons
it is then possible to show using the conservation laws that the
mass differences between the secondary particles are less than the
mass difference between the z- and u-meson. There are in addition
an increasing number of events in which the three z-mesons can
be all identitied by their behaviour at the end of the range. No u-
mesons have been obhserved among the decay products in these
events in which all three secondary particles can be identified.

The most accurate value of the primary mass is obtained using
the assumed decay scheme and the relation

M+ = {2mg+c? 4 ma-c? -+ Q.

For the earlier data on r-mesons the energies of the secondarics
were determined from measurcments of scattering and ionization.
Most of the recent data have been obtained using large emulsion
stacks in which one or more of the secondary particles commonly
comes to rest. In these cases the cnergies of the stopped particles
are determined from the ranges.

Because the decay takes place at rest, the Q-value is determined
by a measurement of the angles between the three secondary tracks
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and the encrgy of a single secondary particle. Since the energy of
more than one sccondary particle is usually measured, the value
of Q is usually overdetermined. (This fact provides the basis for
the demonstration of the equality of the masses of the individual
secondary particles mentioned above).

A summary of the available experimental evidence based on
data for 89 r-meson decays observed in emulsions was presented
at the Padua conference (AMALDI ¢f al. [1954]). The weighted mean
value of @ obtained from 25 events observed in stripped emulsions
by various groups was: § = (74 + 0.8) MeV. The value obtained
from 14 events observed in ordinary plates is in agreement with
this value but does not contribute appreciably to the precision
of the Q-value. Using (2m,+ + m,-) = (819.8 4 0.4) me the authors
find M; = (965.5 4 0.7) me. As they point out, the error in the
Q-valuc is certainly underestimated because there are known sour-
ces of systematic error which have not been taken into account.

The major uncertainty in the primary mass appears to lie in the
range energy relation on which the determinations of @ are based,
sce discussion § 3.7. In the case of the t-meson the effect is mini-
mized because the energy release is small compared to the total
mass of the secondary n-mesons and thus contributes propor-
tionally less to the error in primary mass. Nevertheless it is esti-
mated that the uncertainty in the mass of the r-meson arising from
the lack of knowledge of the range energy relation is 4+ 6 mg
(CALDWELL [1955a]).

1.3 ALTERNATE MODES OF DECAY

In addition to the normal decay into three charged z-mesons
the r-meson is expected to decay into a single charged and two
ncutral #z-mesons. This process is discussed in a following section.
We consider here the possibility of anomolous decays which involve
three charged secondary particles. A single event of this kind has
been reported (R. R. DANIEL and YAsH PAL [1954]). Although the
decay apparcntly occurred at rest, the three secondaries were not
coplanar. Two of the secondary particles stopped and underwent
n-u-e decay. The negative secondary escaped from the emul-
sion; its mass from ionization and scattering was (315 4 75) me.
Under the assumption that the negative particle was a #—-meson
the sum of the kinetic energies of the charged secondaries was only
(46.1 4 2.2) McV. It is impossible to interpret the event as a decay
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in flight and the possibility that it represents a K—-capture seems
quite unlikely. There remains the hypothesis, that a r-meson
decayed into three charged m-mesons and an additional ncutral
particle. If this neutral particle were as heavy as a u-meson, the
mass of the parent particle would have to be about 1110 me.
Since the direct mass measurement on the primary yielded a value
of (980 + 50) me it is safe to assume that the rest mass of the neu-
tral particle was zcro.

If the parent particle is assumed to be a z-meson which decays
into threc m-mesons and a single massless neutral particle the
Q-value is found to be (78.2 + 4.9) MeV. If there were additional
neutral particles emitted in the decay, the Q-value would be larger
than the above value unless the neutral particles were all emitted
in the same direction or unless all but one were produced at rest.

Daniel and Pal suggest that the event indeed rcpresents an
alternate decay mode of the 7-meson and they assume that the
neutral particle is a y-ray (a neutrino is ruled out as the neutral
product from spin considerations):

tt 2t 4+ 4y -+ Q.

The possibility that a photon of such an energy arises from a
radiative process during the decay is extremely small, but on the
basis of one event cannot be completely ruled out.

1. 4 CHARGE OF THE 7T-MESON

If all T-mesons were positive and if there were no bias in ob-
serving the unlike particle, 2/8 of the stopped z-meson secondaries
should be positive and undergo n-u-e decay; the remaining 1/3
should be negative and should produce o-stars (~809%,) or no
visible interaction (~20%,). In 28 events reported at the Padua
conference 54 m-meson secondaries stopped in the emulsion. The
ratio of positive #-mesons to the total number of stopped secon-
daries is 85/54 and the corresponding ratio of negative z-mesons
is 19/54. This is consistent with the assumption that all z-mesons
which decay at rest in emulsions are positive.

More detailed statistical arguments applied to groups of events
in which the signs of one, two, or threc of the secondary particles
can be determined reinforce this conclusion and yield the result
that probably at least 889, of the 28 7-mesons considered were
positive (AMALDI et al [1954]). The secondary particles in the six
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completely identified events so far reported fall into the class
(+ + —) and no event of the class (4 — —) has been found.
Furthermore if a negative z-meson decays after being captured
into a bound orbit by a nucleus, the coplanarity of the decay is in
gencral destroyed (DavL1Tz [1958a]). No appreciable number of non-
coplanar events has been observed. For these reasons one concludes
that the majority of the z-mesons which are observed to decay in
emulsions are positive.

On the other hand the decay in flight of both positive and nega-
tive 7-mesons has been observed in cloud chambers; twelve posi-
tive, seven negative, and one case in which the sign could not be
determined have been reported. A few of the negative events can
be analyzed rather well and the existence of the negative r-meson
is certain.

The absence of t—-decays in cmulsions can then be accounted
for in two ways: (a) at low energies the z+-meson is produced pre-
ferentially, or (b) the z--meson undergoes nuclear capture. If (a)is
correct, the 7+-meson is produced predominately at low energies and
the production of the negative particle increases with energy. This
hypothesis is consistent with the emulsion and cloud chamber
evidence. It would account for the relative scarcity of well mea-
surable negative events in the cloud chamber data, and since the
emulsion events result from low energy particles they would then
be mostly positive. If (b) is correct, there is no way to distinguish
cases of 7—-absorption from the absorption of K--particles in
general (see § 6). This hypothesis is also consistent with the ex-
perimental results. In either case the actual ratio of positive to
negative particles cannot be determined from the present data.

1.5 SPIN AND PARITY

Some important consequences concerning the possible relations
among K-mesons follow from conservation of spin, j, and parity,
w. For the normal z-decay into three charged z-mesons the con-
servation of angular momentum and parity gives the result that
the case of zero spin and even parity, (0, +), is forbidden and that
all other possibilities are allowed.* On the other hand a K-meson

* For the application of the conservation laws, including isotopic spin, to
processes of spontaneous decay see MicukrL: Proceedings of the Bagnéres
Conference, pp. 272-279, 1953. Also MicHgeL, Ch. 3, Progress in Cosmic Ray

Physics, Vol. I, pp. 154, 158, and for the specific case of the r-meson, DaLiTz
[1958b] and FABRI [1954].
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can decay into two #-mesons only under the condition w = (—1).
Table II lists allowed and forbidden modes of decay for some as-
sumed values of j and w.

The distribution of energy among the decay products has been
calculated for various combinations of j and w (DAvriTZ [1958b];
FasBri [1954]), and, in principle, a comparison of the experimental
data with the predicted distribution can be used to determine the
spin and parity of the r-meson.

TABLE II
Possible modes of decay of charged K-mesons for various combinations of spin
and parity
K-meson | Possible Decay Modes
Spin Parity Allowed Forbidden
0 4- Kf— at + a° Kt > 2xt 4 a+
Kt~ at 4y
0 -— K-> 2zt 4 7+ K-> at + a°
K> at 49
1 + Kt~ 27t | nm+ Kt— at 4 a0
Kt at +y
1 — Kt 2at + n+
Kt— nt + 9
Kt 7zt + Al
even > 2 + Kt~ 2nt + n+
Odd > 3 _ t n! + 0
Kt— nt 4y
even > 2 — Kt — 2at 4 n¥ Kt~ at 4+ a°
odd > 38 + Xt~ 7t 4y
Any -4 or — Ko put | v
Kif— p*+v4 9y

The original procedure of comparing the experimental and theo-
retical results was suggested by Dalitz and is applicable when the
energies of the three z-meson secondaries are known but the
charges of individual secondaries are not distinguishable. Because
of the small amount of information provided by individual events
the method is not very sensitive. Fortunately in the more recent
data the unlike particle is usually identified, and, in this case, a
direct comparison of the observed energy spectrum with the va-
rious theoretical energy distributions provides a sensitive test for j
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and w. Additional statistically independent evidence can be ob-
tained from angular correlations between the secondary particles.
Dalitz has considered, in addition to the energy distribution of the
unlike particle, the expected distribution of the angle between the
relative motion of the two like mesons and the motion of the un-
like meson.

He concludes (DaLiTz [1955]) that the experimental data are
consistent with the predicted angular and encrgy distributions for
the cases (0, -—), (2, - -), (4, —) and (8, +); (1,4) is less likely and
(4, +) very improbable, while (1, —), (2, +) and (8, —) are cer-
tainly ruled out. Thus the simplest possibility is that the z-meson
is pseudoscalar, (0, —). Among the first five possibilities men-
tioned above the decay into two m-mesons is allowed only for
(4, +), hence the identity y = 7 is not possible unless j > 4.

1. 6 LIFETIME OF THE T-MESON

The mean life of the r-meson appears to lie in the region of 108
to 10~? sce, but no good evaluation of the exact value is available.
In cloud chamber measurements the ratio of decays at rest to
decays in flight cannot be well determined since decays at rest are
difficult to detect. In emulsions just the opposite situation prevails
and decays in flight are very likely to be missed. In single emul-
sions, decays in {light would most probably be interpreted as four
prong stars since the direction of motion of the primary particle
is then difficult to establish. In emulsion stacks, the decay of a
z-meson in flight lacks many of the identifying features of a decay
at rest and certainly becomes more difficult to find and identify
as the velocity of the r-meson increases.

Thus although the total slowing down time for the 21 z-meson
decays observed in emulsion stacks and reported at the Padua
Conference (AMALDI ¢t al. [1954b]) was 4.2 X 10-® sec, only a
small amount of the track length involved was scanned for decays
in flight and no exact conclusion about the lifetime is possible.

However, a mean life of 10~? sec implies that in the plates from
which the above 21 events were obtained ~5 decays have occur-
red and escaped detection. For a mean life of 1010 sec there must
have been about 130 decays in flight. Since in the emulsion data only
onc example of a T-meson which dccayed in flight has been reported
(CEccARELLI et al. [1954]), one concludes that, even though the
bias against decays in flight is high, the mean life cannot be much
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shorter than 10-° sec. On the other hand z*+-mesons which are
observed to decay in flight in cloud chambers have each lived about
10~? sec before decay. It is unlikely that the mean life is much
longer or shorter than this value for then z-mesons would constitute
too great a fraction of the secondaries from nuclear interactions
of moderate energy. The number of decays in flight is as yet too
small to yield a significant mean lifc by comparing the actual life-
times with the potential values (§ 4.1).

2, 8, 4, DECAY EVENTS PRODUCED BY K-MESONS AND
CHARACTERIZED BY THE EMISSION OF A SINGLE
CHARGED SECONDARY PARTICLE

2. Results concerning S-events; Observations with
Photoemulsions

2.1 THE ALTERNATE MODE OF DECAY OF THE 7-MESON

Shortly after the discovery of the z-meson it was pointed out
that the alternate decay mode,

Tt > nt 4 2a9,

should exist (Pa1s [1952]). The frequency of this occurrence re-
lative to that of the normal decay into three charged m-mesons
has been calculated by (DarrTz [1953a and 1958c]). Assuming that
the hypothesis of charge independence is valid, Dalitz found that

the ratio of the alter-

T ks nate to the normal
33006 mode lies betwcen the
/‘}\mlr Jimits 0.25 to 1.00.
,/ M The first example of
<«— 1M —>  an  S-event which
{ could be interpreted in

was reported by the

Rochester group

Fig.1-Schematic reproduction of the first event T ,
inter})reted in terms of the alternate decay mode (CrRUsSSARD et a.l.
of the z-meson, (CRUSSARD et al. [1953)). [1958]). A schematic

representation of the
event is shown in Fig. 1. A K-meson came to rest in the emulsion
and emitted a single low energy m+-meson. The identification of

4 .- |
/‘5“(*7 terms of this process
’
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the secondary particle is certain because it stopped and gave rise
to the characteristic n-u-e decay.

It is always possible to interpret a single event of this nature as
the nuclear absorption of a negative K-particle, (§ 6), although
such an explanation appears very unlikely because of the absence
of low energy fragments. For this reason Crussard et al. considered
that their event probably represented an example of the decay
process considered by Dalitz. Several other events similar to that
of the Rochester group have been found and are listed in Table III.
It is clear that the secondary particles are distributed in cnergy
and thus the existence of a K-meson which decays into a charged
s-meson and two or more ncutral particles is established. Whether
or not the events result from t-mesons is not yet certain but
appears very probable,

TABLE III

sramples observed in emulsions of stopped n-meson secondaries from K-mesons
These events can be interpreted in terms of the alternate decay of the r-meson

Primary Particle | Secondary Particle
Event Mass Kinetic Energy B Behaviour
me MeV MeV/c | on stopping
Cornell — 4.3 8.4 T-p-€
Genoa-Milan — 41.5 73 w-p-e
Padua * 066 4 100 6.0 11.8 w-p-c
Paris * 961 4 51 22.3 41.5 n-p-e
Rochester * 951 | 61 147 4- 0.3 28 w-pn-e
Rochester * 1202 + 58 15.2 -+ 0.3 29 w-p-c
Rome * 1028 + 56 38.5 + 2.5 69 3-prong sigma
star; could be
K--capture

* Weighted mean.

The frequency with which the alternate mode of decay has been
‘observed in emulsions is about 0.1 to 0.2 times that of the normal
mode. However, the detection probabilities for the two events
arc different. The normal mode of decay is more conspicuous be-
cause of the three coplanar m-mesons; in addition some of the
events have been found by tracing back along tracks which pro-
duce =-u decay or o-stars. If the scanning is done in this manner
the normal mode of decay is favoured because three charged secon-
daries instead of one are available for tracing.

Taking into account the experimental bias, the observed ratio
of events is considered to be in agreement with the prediction of
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Dalitz (DILwORTH ef al. [1954a]). In any event the experimental
evidence shows that the ratio cannot be much greater than unity.

2.2 THE x-MESON

In 1951, O’CeALLAIGH observed two S-events which could not
be interpreted in terms of the known decay processes of either z-
or u-mesons: In one event, Bristol K-2, a primary particle appar-
ently decayed into a p-meson whose range was about twice as
great as that normally observed in the =-u decay process. The
identification of the secondary particle was certain because it
stopped and decayed into an electron. The mass of the primary
particle as determined from mecasurements of scattering versus
range, and ionization versus range, was 1125 me.

In the other event, Bristol K-1, a particle whose measured mass
was ~1300 m. stopped and produced a fast secondary particle
which left the emulsion without coming to rest. Its pf# determined
from the observed scattering was ~250 MeV/c. The sccondary
particle could not be certainly identified but must have been a
light meson or an clectron. As the simplest explanation of thesc
observations O’Ceallaigh assumed that the two cvents were
cxamples of the same decay process in which a heavy meson of
mass ~ 1200 me decayed into a y-meson. And, since the energics
of thesecondary particles were widely different in the two cases, he
postulated a three-body decay scheme, viz., % - > 4 + neutral par-
ticles. The existence of this decay scheme has been firmly estab-
lished by subsequent observations and data for 4 examples in
which the u-meson comes to rest in the emulsion are given in
Table I'Va. It is clear that the secondary u-mesons are distributed
in energy and that the decay is therefore not a two-body process.

The most important evidence concerning the x-meson is derived

TABLE IVa
Examples of stopped j-meson secondaries from K-mesons
‘ | Secondary

Event Primary Mass | Kinetic Energy Yl Behaviour
me MeV MeV/c on stopping

Paris * 1172 + 36 33.3 58.6 p-e

Rochester 980 4- 130 28 50.1 u-c

Rome * 942 L 36 | 13.6 + 0.3 25.6 + .6 n-c

Bristol * 1125 + 126 6 11.7 pn-e

* Weighted mean from several different methods of mass measurement.
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TABLE IVb
Probable p-meson secondaries identified by scattering and ionization

l Secondary
. Primary Mass PB Mass
Event me l MeV/e . me
Bristol K-5 * 1000 4 180 66 4 11 220 + 20
Bristol K-24 * 1260 4 80 119+ 9 208 + 8
Genoa-Milan K-12 750 + 160 144 + 12 222 L 23
Padua K-8 * 1100 + 120 149 + 8 197 + 25

* Weighted mean from several different methods of mass measurement.

from the events just considered in which the charged secondary
particles have a low enough cnergy so that they come to rest in
the emulsion. For, in these cases, the identification of the particle
can be based on the characteristic behaviour of stopped u- or #-
mesons (decay or nuclear absorption), and is usually unambiguous.
There are however many events in which the secondary particle
leaves the emulsion without coming to rest, and then the particle
identification depends on measurements of scattering and ioniza-
tion. As the particle energy increases each of these quantities be-
comes insensitive to the mass, and as a result it is difficult to distin-
guish between zn- and p-mesons above a kinetie energy of about
100 MeV. Mu-mesons, m-mesons, and cleetrons have all been iden-
tified among the higher encrgy sccondarics which leave the emul-
sion before stopping, but in most cases in which the sccondary
particle does not come to rest it cannot be identified. It is therefore
difficult to know how many of these events result from x-mesons.

Data for ~80 events in which the charged decay product does
not stop in the emulsion are included in Table V. Although there
arc about a dozen cases in which the secondary particle appears
to be a y-meson rather than a z-meson or an electron, only a very
few of these are surely identified. Events Bristol K-5, Bristol K-24,
and Padua K-8 (with values of pf equal to (66 + 11), (119 -+ 9),
and (149 4 8) McV/c respectively) provide the best evidence for
the existence of higher energy u-meson secondaries. For conve-
nience data concerning these last events are included in Table IVb.

We rcturn to the questions of the encrgy distribution and the
composition of the higher cnergy secondaries in a following sec-
tion. From the results considered above it follows that the x-meson
is a particle.of mass about 1000 me which decays into a u-meson
and two or more neutral particles whose nature is unknown.
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2.8 THE MASS OF THE %-MESON

It will be noted from the data in Table IVa that the quoted
mass values for the primary particles show a spread which is con-
siderably greater than that expected from the statistical errors.

The weighted mean value of the primary mass for the Paris
event is (1172 4 56) me while that of the Rome event is (942 +
86) me. Since the different mass determinations for individual
events are not strictly independent, the accuracy of the above
values is probably overestimated. Nevertheless, the difference in
the mass values is difficult to explain on statistical grounds.

This situation is at the moment characteristic of single events
observed in emulsions; the measurements are subject to uncon-
trolled systematic errors considerably greater than those arising
from the statistical nature of the energy loss or multiple scattering.
Some of this difficulty apparently arises from the fact that the
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functional relation between grain or blob density and the residual
range of the particle depends on the particular emulsion batch,
on the exact development procedure, and on other factors. There-
fore a laborious calibration must be carried out for each series of
plates and this has not always been done. The same comments
apply, though to a lesser extent, to the value of the scattering con-
stant which enters into the determination of mass by scattering
and residual range.

In addition the validity of the scattering theory, as applied in
emulsion work for particles of moderate and high velocities, has
not yet been adequately verified. This is particularly true in re-
spect to the shapc and width of the pf distribution, and in regard
to mass values derived from measurements of scattering and io-
nization; at present the magnitude and frequency of the fluctua-
tions in these measurements are unknown.

Because of these uncertainties no definite conclusion can be
drawn from differences in mass values for individual events which
are apparently statistically significant. Similarly, the systematic
errors in the mass values derived for groups of K-mesons arelar-
gely unknown. For example the mean mass value for K-mesons
obtained by scattering and range has been reported to be signifi-
cantly higher than the value obtained using ionization and range
(DiLWORTH et al. [1954b]). On the other hand results of the Paris
group (HoaNg et al. |1955]) do not support such a conclusion; mass
measurements by the above two methods show no significant dif-
ferences. However the Paris photometric determination seems to
give results which are systematically slightly lower than the other
methods employed (grain density vs. range, gap density vs. range,
and scattering vs. range).

The magnitude of the systematic errors can be evaluated by a
series of measurements on known particles using different methods
of mass determination. Several studies of this kind have been
made by various workers who have usually used protons or z-
mesons as reference tracks. However, no systematic study on a
common sample of data has been made by the various groups
whose results have been averaged to obtain K-meson masses. A
calibration of this kind could be carried out using r-mesons as a
means of standardizing the different methods of mass determina-
tion. Since the mass and identification of the z-meson depend on
properties of the secondary particles and not on the measured
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mass of the primary particle, the r-meson is an ideal reference
particle.

There is now in progress a very considerable experimental effort
directed toward the solution of the problems just mentioned and
in the near future one can expect individual measurements of K-
particle masses with a precision of a few percent. Until more events
and more precise measurements are available the value of the
directly measured mass of the »-meson remains an open question.
For the same reason nothing can be said concerning possible mass
differences between the various K-mesons observed in emulsions.

2. 4 EVIDENCE CONCERNING THE ¥-MESON

It was pointed out above that an unambiguous identification
or separation of #- and y-mesons by measurements of scattering
and ionization becomes quite difficult above a kinetic energy of
about 100 MeV. Nevertheless, the probable existence of monoener-
getic z-meson secondaries in this energy region was reported by
Menon and O’Ceallaigh in 1953 (PowELL [1952]; PERKINS [1952];
MeNoN and O’CEALLAIGH [1958a. 1958b, 1954]).

A detailed analysis and discussion of the experimental evidence
on which this hypothesis was based has been given by the authors
in the last reference quoted. They noted that the distribution of
mass valucs obtained for 10 fast K-particle secondaries was much
broader than one would expect if the secondary particles were a
homogeneous group of u-mesons or z-mesons. To check the accur-
acy of the mass determinations they used the extensive calibra-
tions carried out by Daniel and Perkins on z-mesons, and from
these data they concluded that the width of the mass distribution
obtained for the 10 K-particle secondaries could not be accounted
for by statistical or systematic errors of measurement. From the
individual mass values they were then able roughly to classify
each secondary particle as a #z-meson or a u-meson. Those classi-
fied as m-mesons had very nearly the same energy while those
classified as y-mesons showed a distinct spread. Menon and O’Ceal-
laigh therefore assumed that the u-mesons resulted from decays of
x-mesons and they postulated that the m-mesons arose from a
K-particle which decayed according to the two-body decay scheme
2= = at 4+ NO. The value of pg obtained for the secondary par-
ticle was (180 4 7) MeV/c. They considered that the evidence for
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the x-decay was “decisive’” and that the evidence for the y-decay
was ‘‘strong”’.

The validity of this last conclusion provoked considerable dis-
cussion mainly pertaining to the small sizc of the sample and to
the errors which might possibly affect mass determinations in the
higher cnergy region. Most of the calibration measurements were
made on n#-mesons in a region of pf considerably lower than that
of the decay products. In addition the majority of the tracks were
of necessity short, and the statistical accuracy, particularly of the
scattering measurements, was insufficient for good mass resolution.
We will not consider these points in any detail since more recent
measurements in emulsions and cloud chambers have confirmed
the existence of the y-meson. The evidence from cloud chambers
is given in § 8.10. We now consider recent emulsion results con-
cerning the y-meson in some detail.

The introduction of large stacks of stripped emulsions has pro-
vided a significant increase in the statistical accuracy of the scat-
tering measurements and in the case of “flat” tracks, has greatly
improved the reliability of the mass determinations. The most re-
cent evidence concerning the y-meson has been obtained by the
Padua group using these methods (Padua emulsion group, CEcca-
RELLI [1954]). In examining two large stacks of stripped emulsions
they obtained 13 K-particles which decayed with the emission
of a single fast charged secondary particle. Measurements on the
secondary particle were carried out if its path length per emulsion
was 5 mm or greater and providing that its total length exceeded
2 cm. The first criterion ensures that the track is “flat” enough
so that reliable scattering and ionization measurements can be
made and the second determines the statistical accuracy. Four of
the 18 events satisfied these criteria; the data concerning these
‘are given in Table VI.

To determine the mass of the secondary particle it is necessary
to establish experimentally the relationship between the ionization
(blob or grain count) and the scattering for a known particle, pre-
ferably one whose mass is close to that of the unknown particle.
The blob or grain count, I, is usually specified relative to the
plateau value Ip). The relative ionization, I /Iy, in a given matcrial
is a function of the particle velocity and charge only, and, at con-
stant velocity, pg is directly proportional to mass. Therefore, given
an experimental relation between I/Iy and pg for one particle,
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TABLE VI
Data for selected K-mesons observed by the Padua group

Event Primary Particle Secondary Particle

Length | Length Mass Length | Length pp Mass

mm | perplate (me) mm |perplate| (MeV/c) (me)
42.6 4.5 964 + 60 21.0 8.5 160 4-9 | 278 + 33
36.5 7.0 945 + 50 24.0 17.0 159 4 10| 272 + 30
1 4.9 1.6 | 11821100 | 448 100 | 17219 |289+ 28

976 + 36 164 4 5

;2.0 1.7 1100 + 135 4.4 16.4 149 +8 [ 197 £+ 25

calibration curves for other masses are obtained using the condi-
tion, that, at a particular value of I/Iy, (pB),/(pB)s = my/ms.

In this case #-mesons from nuclear disintegrations within the
stack were selected for calibration particles using the same criteria
applied to the K-particle secondaries. A set of such calibration
tracks was chosen for each K-particle sccondary and it was re-
quired that the calibration tracks be within 2 em of the track to
be measured. Scattering measurements were carried out for indi-
vidual sections of the track about 5 mm in length and the values
of ;4o 50 obtained were normalized to give the value of pf at the
point where the ionization was measured. The ionization measure-
ment was made using determinations of the “blob” density hased on
about 1000 blobs and was normalized for the individual emulsions
to the “plateau” value obtained from measurements of fast elec-
tron tracks. In this way four determinations of the relation be-
tween pp and I/Ip were obtained. It was found that the entire
data were consistent with a unique curve part of which is repro-
duced in Fig. 2. Points for the four secondary tracks (given in
Table VI) obtained by the procedurc just outlined are indicated
on the figure. The values of pf indicated by the position of the
crosses correspond to the point at which the ionization wasmeas-
sured and are not necessarily equal to the value of pp at the point
of decay. It should be remarked that the curve given in Fig. 2
is an expanded section from the calibration curve showing the
region in which the K-secondaries occurred. The complete calibra-
tion extends over the region of pg# from 50-500 MeV/c correspond-
ing to values of I/Ip from 1.6-0.9. The points are very closely
grouped about the line representing the best fit to the experimen-
tal points.
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It is seen that three of the secondary particles are very probably
n-mesons while the fourth is probably a u-meson. Because of the
limited amount of data these results are not in themselves con-
clusive. However the combined results from the Bristol and Padua
groups provide convincing
evidence for the existence of |,
high energy =-meson secon-
dariesin the photoplate events.
For all events in which the

® w-mesons from nuclear
. disintegrotions used in
calibration

= K-meson secondaries

—— w-meson Curve (best
fit 10 the points )

—-—=- p-meson curve (from

m-meson is well identified the \ the = curve MWy 132
values of pf obtained are con- | \

sistent with a unique value of AN

170 MeV/c. (We exclude from u __l_::\

consideration events discussed AN

above, § 2.1, in which the value 19~ - ':_',0 > =
of pf is less than 91 MeV/e. PB Mewrc o

This is the maximum possible E%ﬂ‘zc;liﬁraptgggogu:\fet?)% t‘aoil:ll:;tll());"
value for the charged n-meson the Padua group and used by them in

: their study of K-meson secondaries;
produced in the alternate decay I/I,,, the );)lob count relative to the

mode of the r-meson.) The plateau value, is plotted against the
weighted mean value of pg P# value dﬁg&;‘g&:&m scattering
for the three Padua events is )

(164 + 5) MeV/c. If one includes the Bristol data for tracks
longer than 1 cm, this result is unchanged.

A single event has been reported by the Bombay group (Appa
Rao and MrTraA [1955]) in which the secondary particle from a
K-meson is surely identified as a wm-meson because it suffered a
nuclear interaction after traversing 40.5 mm of emulsion and pro-
duced a star of the type 5 + Op. The pf at emission calculated
from the observed scattering along the track and corrected for
energy loss along the track using the Bombay range-energy rela-
tion (DANIEL et al. [1955]) was (174.5 *}}) MeV/c. This event fur-
nishes an additional piece of evidence in support of the decay pro-
cess just discussed.

Further discussion of the y-meson is postponed until § 3.8.
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2.5 THE pf DISTRIBUTION OF THE SECONDARY PARTICLES

We now consider the overall data concerning the energy distri-
bution of the secondary particles.

Table V contains data for 79 cvents produced by K-mesons in
which significant measurements could be made on the secondary
particle even though it did not stop in the emulsion. Unfortunately
the more recent data cannot be easily compared with carlier mea-
surements. We therefore consider the data available up to June
1954 separately.

These results are summarized in the pp distributions shown in
Figs. 8 and 4. The figures include events in which the statistical
error is 209, or less and the effect of the errors on the histogram
can be judged from Fig. 4. About half of the events were obtained
using single emulsions and the remainder are early or preliminary
results from stacks of stripped emulsions. The data is essentially
that summarized at the Padua Conference, 1954. It is seen that
the pg distribution is peaked at about 170 MeV/c and that there
are relatively few events above 210 MeV/c.

Mass determinations were carried out for about half of the
events included in Fig. 8. Although these measurements are rarely
precise enough to identify individual secondary particles with cer-
tainty the statistical separation of z- and y-mesons should be satis-
factory. For our purpose we therefore assume that those particles
with mass values < 240 m. are u-mesons; those with mass values
> 240 m, are n-mesons. The pg distributions which result from
this classification of the secondary particles are shown in Fig. 5.
1t is apparent that within the rather limited statistics the y-mesons
have a broad continuous distribution in energy and that the =-
mesons fall into two groups. The width of the distribution for the
u-mesons, omitting those events in which the secondary stopped,
cannot be accounted for in terms of a line spectrum broadened by
statistical fluctuations.

The pp distributions shown in Figs. 8 and 5 can then be ex-
plained under the assumption that the secondary particles consist
of u- and m-mesons which result from the decay processes so far
considered; the u-mesons have a broad continuous energy distri-
bution and arise from a single three-body decay process, that of the
»-meson, while the n-mesons result from a mixture of the 7- and
x-decay processes discussed above.
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Fig. 8 — Histogram showing the number of K-meson secondaries with pg in
a 20 MeV/c increment as a functionfof pB. See text for the basis of selection
of data.
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This conclusion concerning the origin and energy distribution
of the u-mesons was extremely difficult to reconcile with cloud
chamber results. On the one hand no evidence for low energy u-
mesons was found in experiments with multiplate cloud chambers;
the results instead indicated a single group of monoenergetic high
energy secondaries. Thus, to explain the absence of low energy
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Fig. 5 — Histograms showing the frequency of K-meson secondaries against
pB for those events in which the mass of the secondary particle was deter-
mined. The double cross-hatching indicates that the secondary particle
stopped in the emulsion and exhibited p-e or z-u-e decay. Single cross-
hatching indicates events in which the secondary mass was determined from
ionization and scattering.

DY

u-mesons observed in multiplate chambers and the relatively small
number of high energy secondaries observed in emulsions, it
seemed necessary to invoke a difference in the lifetime and pro-
duction mechanism for the K-mesons observed using the two
methods. On the other hand the data concerning charged V-parti-
cles (§ 4) included decay events in which u-meson secondaries were
produced and in some cases the u-meson energy was certainly
less than that expected from the K,-decay process. Thus the data
concerning the charged V-particles supported the hypothesis that
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most of the u-mesons observed in emulsions resulted from x-me-
sons, and the data from multiplate chambers were in conflict with
this view. However recent emulsion results show that the majority
of the u-mesons do have pg values equal to or greater than 210
MeV/c; these secondaries unquestionably arise from the K,-decay
process (§ 8.8, 4, 5, 6).

The pg distribution, which is obtained largely from the final re-
sults from stacks of stripped emulsions flown in the Sardinia
flights of 1954, is shown in Fig. 6.'It is apparent that this distri-
bution differs significantly from that of Fig. 8.
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Fig. 6 — Histogram showing the frequency of I{-meson secondaries as a
function of pB. The data included is more recent than that used in Fig. 3.

* There are at least two sources of systematic error in the pf mea-
surements which tend to lower the measured pg values. Any distor-
tion tends to increase the observed scattering and consequently
lowers the observed value of pg; in the early measurements these
distortion corrections, which may become particularly important in
emulsion stacks, were not completely understood or applied. In
addition many of the early measurements were not corrected for
energy loss along the track; this becomes important for long tracks.
It is thus clear that no conclusion concerning the high energy
secondaries can be drawn from the histogram shown in Fig. 8 and
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that the above effects account at least in part for the discrepancy
between the two distributions,

The distribution of the pg# values shown in Fig. 6 is naturally
explained in terms of two lines, one composed of #-mesons whose
pB is about 160 MeV/c and a second composed of u-mesons whose
pp is about 215 MeV/c.

However if the probable identity of the secondaries as determ-
ined from ionization and scattering is taken into account one finds
that there is one probable »-meson with pf = (221 + 16) MeV/c
and two u-mesons with pf = (144 4 12) and (149 + 8) MeV/ec
respectively.

It should be noted again that the identification of x#-mesons be-
comes very difficult for values of pg greater than ~160 MeV/c and
that the corresponding value for z-mesons is ~ 205 MeV/c. Thus
the identification of the n- and u-mesons in the group of secondary
particles centered at ~ 160 MeV/c is good and the identification of
the y-mesons in the 215 MeV/ec group is by elimination. Had thesc
latter particles been a-mesons most should have heen recognized
as such, but the direct identification of u-mesons in this region is
not possible.

The single #-meson in the high pg region can be explained either
as a statistical fluctuation or as an example of K--absorption in
which a high energy n-meson was produced, (§ 6); unless there are
larger unknown systematic errors the two u-mesons which fall out-
side the high pregion must be attributed to the decay of »-mesons.

It appears then, that the majority of the m-meson secondaries
arise from the decay of 7- and y-mesons and that only a few of the
u-mesons can be attributed to decay of x-mesons. Instead most
u-meson secondaries must result from the two-body decay process
K, — u + » which has been established by cloud chamber experi-
ments, § 8.8.

The interpretation of the z-meson secondaries in terms of the
©- and y-decay processes requires that the #-meson secondaries be
distributed in pg up to 91 MeV/e, the maximum possible value for
the postulated alternate mode of the z-meson, and that there be a
line at ~170 MeV/c corresponding to events which arise from the
decay of the y-meson. This interpretation depends critically on the
existence of a gap in the pg distribution between 91 and 170 MeV/c,
and on the absence of #-mesons with values of pf above ~170
MeV/c. (The errors of measurement tend of course to narrow the
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gap and must be taken into consideration.) Although the number
of events is small, the existence of the gap seems rather well
established, Fig. 5. It should be remembered that the identifica-
tion of #-mesons in this p g region is relatively easier than at higher
values of pg and that the scanning efficiency is better than that at
higher energies. Therefore, it is difficult to understand how many
events in the intermediate region could have been missed. The
possible existence of z-mesons with pf >200MeV/c poses a much
more difficult question and one must admit that, because of the
small number of events and the difficulty in identifying the par-
ticles, there is no good evidence on this point.

The pg distribution for the u-mesons emitted in the decay of the
x-mesons is at present almost completely unknown. Table IVb
summarizes the available data for u-mesons which cannot be attri-
bitued to the K, -meson.

2.6 THE ELECTRON SECONDARIES

The usual procedurc for mass determinations using an exper-
imental relation between the grain density and pfS has been out-
lined above. As predicted by theory, (STERNHEIMER |1958]), it is
found that the grain density, g, decreases with increasing pf, passes
through a minimum at a value of pf corresponding to a few times
the rest energy, and, at high values of pf corresponding to about
ten times the rest energy, reaches a constant value denoted by g,.
For pu-mesons of pf < 115 MeV/c the value of g* = g/g, is greater
than ~1.10. For an clectron however the minimum in the g*-pg
relation occurs for very low values of pf and g* is essentially con-
stant for values of pfB above about 7 MeV/ec.

The statistical accuracy of the usual grain counts is more than
sufficient to separate a g* value of 1.00 from 1.10 and hence below
pB ~ 115 MeV/c electrons can be distinguished from all known
heavier particles through measurements of scattering and ioni-
zation.

An additional means of separating electrons from u-mesons is
provided by observations of the energy loss along the trajectory.
In the case of electrons the predominate energy loss occurs through
radiation; for u-mesons this effect is negligible. Thus, depending
on fluctuations in the radiation loss, a plot of the pg values against
distance from the point of decay can sometimes be used to estab-
lish the identity of an electron secondary.
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The first probable electron secondary was reported by the
Bristol group, (FRIEDLANDER et al. [1954]). These authors observed
a K-meson which came to rest in the emulsion and decayed into a
lightly ionizing secondary particle. The secondary particle traversed
2.3 cm of emulsion and then apparently suffered an inelastic scat-
tering. After the scattering there was a large increase in the mul-
tiple scattering and grain density and the track had the typical
appearance of a low energy clectron. There was no recoil at the
point where the scattering occurred. The secondary particle tra-
versed 11 emulsions with a track length of about 2 mm per emulsion.
Scattering and grain density measurements werc made in each
plate and no significant change in pg or g* was found along the
track. The mean value of pf was (88.5 + 6) MeV/c and the mean
value of g* was (1.01 4 0.02). From these values it is extremely
improbable that the secondary particle was a #-mcson but a p-
meson is not excluded. According to the g*-pf calibration, a g*
equal to 1.01 corresponds to pf — 180 MeV/c for a z-meson and
to pf = 100 MeV/c for a u-meson.

However the behaviour of the track at the point of scatter
strongly suggests a bremsstrahlung process with large energy loss
and is typical of the behaviour expected of an electron. The radia-
tion length in emulsion is ~2.9 em and the secondary traversed
2.8 cm of emulsion up to the point of scatter . The most probable
alternative interpretation is that the secondary particle was a u-
meson of pf about 100 MeV/c which suffered 4 — e decay in flight.
In view of the necessary error in the pf measurements required
by this explanation and of the apparent scarcity of u-mesons in this
energy region, such an explanation appears very unlikely. By con-
sidering the path length of all possible y-meson secondaries ob-
served in emulsions up to the time of the observation the authors
estimate that, as an upper limit, 4 X 10-* 4 — e decays in flight
should have been observed.

A second example of electron decay in which both the comparison
of ionization vs. scattering and the energy loss along the track are
inconsistent with the expected behaviour of a u-meson, has been
reported from Bristol (DAHANAYAKE et al. [1954]). In this case a
K-meson decayed into a lightly ionizing secondary particle which
escaped from the emulsion stack after traversing 2.56 cm. The
track was divided into 5 segments and it was found that the value
of pf varied from (49 4 4) MeV/c in the segment nearest the point
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of decay to (17 4 2) MeV/c in the fifth segment. Because of the
increasing steepness and the apparently large energy loss in the
sections of track removed from the decay point, the identification
of the secondary by scattering and ionization is based mainly on
measurements in the first track segment. The value of pp for this
section is (49 4 4) MeV/c and the normalized blob density, b*, is
(1.00 + 0.04). A u-meson of this pf would have a value of b* ~ 2.0,
and a y-meson whose g* = 1.00 would have a pf ~ 120 McV/c.
Thus the probability that the secondary particle was a y-meson is
negligible. The apparent loss of energy along the track supports
this conclusion.

Other examples of electron secondaries have been reported and
this decay process is now well established. The available data are
summarized in Table VII. It is scen that the clectrons show a
broad energy distribution and thus the decay mode must involve
at least two neutral particles whose nature is at present completely
unknown.

While the electron secondaries appear to be rare the frequency
rclative to other K-meson decay processes is unknown.

TABLE VII
Summary of data for K-mesons with electron secondaries

Primary Probable

Event Mass, me phe (McV) g* identity
Bristol K - 37 *932 4 76 88.5 1 6 1.01 + 0.02 et
K-46 *842 + 67 °49 4+ 4to 17 4- 2 1.00 £ 0.04 et
Dublin K - *977 4 64 81+ 9 0.99 + 0.03 et
Rochester K-12 | *916 & 83 | °261 4 34 to 150 + 22 | 0.96 + 0.03 et
K-20 — °210 4 40to 76 + 15 | 1.00 + 0.06 et
K-21 | *026 + 130 ) + 5 1.06 + 0.2 oogt

* Weighted mean.
*  ° At point of decay.

°° Disappears in flight therefore probably annihilation of e+.

3. Results concerning S-events; observations with
Cloud Chambers

Introduction

The initial observations of S-events in multiplate cloud chambers
were made by Bridge and Annis in 1951 and were followed very
shortly by the discovery of similar events in emulsions (O’CEaL-
rAIGH [1951]). The measurements of ionization, scattering, and
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range which can be made in a multiplate chamber are similar in
principle to emulsion measurements but the accuracy of the ioniza-
tion and scattering measurements does not approach that attained
with emulsions. Nevertheless it was possible to show unambigu-
ously by these methods that the S-events observed in the multi-
plate cloud chamber were K-mesons which decayed into fast L-
mesons.

Some pertinent differences between S-events observed in emul-
sions and cloud chambers should be borne in mind. In photo-
graphic plates the more energetic secondary I.-mesons from K-
meson decays usually leave the emulsion before coming to rest,
and their energies must be inferred from measurements of scat-
tering and ionization. These measurements are impossible for in-
dividual events observed in multiplate chambers, but, because of
the large amount of material in the metal plates, particles whose
range is about 100 g cm—2 of lead (~20 cm of emulsion) can be
brought to rest in the chamber. Significant information can thus
be obtained from the observed ranges of the charged decay pro-
ducts.

The slowing down times of particles observed in emulsions are
shorter, and the encrgies are generally considerably less than for
corresponding particles observed in cloud chambers.

In single emulsions the length of track available is usually only
a few millimeters; in emulsion stacks the track length may be
several centimeters. The differences in energy and slowing down
time between emulsions and cloud chambers are apparent from
an inspection of Table VIII.

A decay at rest is probable only if the slowing down time is
comparable to the mean life. Hence S-events which result from
charged K-mesons with mean lives as short as 10710 sec are re-
corded efficiently in emulsions whereas multiplate cloud chambers
record similar events in which the mean life is roughly 10-® sec.

A further contrast with observations in emulsions is in the rela-
tive probability of detecting possible neutral secondary particles,
either photons or unstable particles whose mean life is greater
than ~ 10719 sec. In the case of emulsions the materialization of a
photon or the decay of a neutral particle associated with an S-event
occurs in general so far from the point of stopping that the mani-
festation of the neutral particle is not easy to find. Even ifit should
be discovered, the large background of unrelated events makes the
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TABLE VIII

Slowing down times for a K-meson (nc? = 498 MeV) in emulsion and in a
typical multiplate cloud chamber as a function ](g' energy.

Column 1 lists the kinetic energy of the K-meson in MeV, column 2 its
approximate range in cm of emulsion, and column 3 gives the stopping time
in the emulsion.

In column 4 the range of the K-meson is given in g cm~? copper or emul-
sion, and the stopping time in the multiplate chamber is tabulated in column 5.
In this example the average density of the emulsion and the cloud chamber
are nearly the same, hence the stopping times are similar. The longer times
characteristic of cloud chambers relative to emulsions arise mainly from the
higher energies of particles observed in multiplate cloud chambers.

The values for emulsion were obtained from the tables of Barkas and
Youne 11954]; the cloud chamber values were computed from the range
tables of ARON, HOFFMANN and WiLLiams [1949]. In this latter calculation,
it was assumed that the cloud chamber plates were of copper, 12 g cm—2 thick,
spaced 2 cm apart, and that the K-meson came to rest after traversing 1/8 of
the plate in which it stopped.

Kinetic Energy R:rl:lge Proper stopping | Range | Proper stoz)ping
MeV emulsion time (10-1%sec) | g em—2 Cu | time (1010 sec)
5 .0266 0.09 0.102
10 .0885 0.21 0.337
25 466 0.64 1.70
50 1.50 1.5 5.72
100 4.96 3.5 18.9 4.1
200 15.5 v 59.1 8.0
300 29.3 12 11 12
500 60.9 19 232 19
1000 149.5 32 570 33

fact of association difficult to establish. The observation of such
events in the multiplate chamber is much casier and more prob-
able than in emulsions.

Very little direct evidence concerning the masses of the primary
particles can be obtained from the multiplate chamber alone. In
an individual event measurements of ionization and residual range
Trequently suffice to distinguish between hyperons, K-mesons and
L-mesons, but accurate mass measurements are not possible.

A direct determination of the mass and sign of the primary
particle can be made by using an additional cloud chamber and
associated magnetic field above the multiplate chamber. In this
case the mass is specified by a measurement of momentum in the
top chamber and residual range in the lower chamber.

A most elegent experimental arrangement of the type has been
constructed- by the physicists at the Ecole Polytechnique and is
shown schematically in Fig. 7 (6). The accuracy of a single mass
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measurement obtained using this apparatus is between five and
ten percent.

8.1 THE EXPERIMENTAL RESULTS

The experiments carricd out by the Ecole Polytechnique group,
EP, and by the Massachusetts Institute of Technology group,
MIT, have been performed with rather similar experimental meth-
ods and one would hope to be able to supplement the data of one
group with that of the other. At the present time there appears to
be no disagreement between the two sets of data and we shall com-

bine them where possible.
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Fig. 7 — Schematic representation of the cloud chambers used by various

groups in the study of unstable particles. All diagrams show side views of

the experimental arrangement; illuminated volumes are shown, and the dis-
position of the counters and absorbers forming the detection system is indi-
cated. Note the change in scale between (1, 2, 8, 4) and (5, 6, 7, 8).

(1) Cloud chamber with magnetic field originally used by Rochester and But-
ler, and subsequently used at the Pic du Midi (2870 m) bi other members
of ts!l;e Manchester group (BARKER et al. [1952]). The chamber is cylindrical
in shape.

2) Doublgecloud chamber arrangement with magnetic field used at Pasadena
(220 rg) }ll)y Yorx et al. [1954]. The chambers are rectangular and are 30 cm
in width.

(3) Chamber with magnetic field employed by Astbury, Newth and others
of the Manchester group at the Jungfraujoch(3460m); (BucHANAN et al.
[1954]). The chamber is 50 cm in width.

(4) Chamber with magnetic field employed by Thompson and his coworkers
at Indiana (280 m), (Kim et al. [1954]). The chamber is 27 cm in width.
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The experiments of both groups led to the conclusion that there
is a monoenergetic group of u-meson secondaries whose mean range
is about 76 g cm~2 of copper. In addition the measurements of pri-
mary mass which are possible in the EP measurements showed that
the mass of the K-meson responsible for these long range secon-
daries is at most equal to the r-meson mass and established the
two-body decay process: K, — u + ». The MIT results provided
additional evidence for the K,-meson and established the existence
of photons among the neutral decay products of K-mesons. It was
shown that these photons were associated with secondary particles
whose range is about 44 g cm~2 of copper. Together with the
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(5) Multiplate chamber used by the MIT grougo(BanE et al. [1954]) at
Echo Lake, Colo. (3230 m). The rectangular box above the chamber is a

+ liquid scintillation counter. The width of the chamber is 48 cm.

(6) Double cloud chamber arrangement used on the Pic du Midi (2870 m) by
the EP group (GREGORY et al. [1954]). The top chamber uses a magnetic
field, and the bottom chamber contains copper plates. The width of the
chambers is 64 cm.

(7) Multiple chamber used by the CIT group at Pasadena (220 m). All of the
chambers operate in a magnetic field, and the experimental arrangement
can be varied to include a multiplate chamber if desired (Lr1GHTON [1954]).
The chambers are 55 cm in width.

(8) Experimental arrangement used by the Princeton group at Echo Lake,
Colo. (3280 m). The general arrangement is similar to that shown in (6).
The rectangular boxes between and below the chambers are proportional
counters (HopsoN et al. [1954]). The upper and lower chambers are
respectively 40 cm and 50 cm in width.



184 CHARGED K-MESONS AND HYPERONS

results of the Padua emulsion group (§ 2.4) this evidence esta-
blished the decay scheme of the y-meson as: y — =z + #n°.

From the MIT and EP results it is certain that the majority of
the S-events observed in multiplate chambers arise from the decay
of K,- or y-mesons and we now consider the evidence leading to
this conclusion.

8.2 THE RANGE DISTRIBUTION OF THE SECONDARY PARTICLES

The actual distribution of particle ranges is greatly modified by
the cloud chamber. Since the amount of absorber in the chamber
is limited, particles may leave the observation region without
coming to rest; then only a lower limit to the range is available.
If the particle does come to rest in the chamber, its exact point of
stopping in the plate cannot be determined and hence the particle
range is uncertain by about one plate thickness. The ranges there-
fore are usually specified by an upper and lower limit either of
which may be modified by estimates of the specific ionization.

Results of measurements on 67 K-particle secondaries obtained
by the MIT group using two different experimental arrangements
are given in Table IX and are shown in Figs. 8a and 8b. Similar
results from the EP group are given in Table X. For each event
the histogram shows the potential range of thesecondary particle
in the illuminated region of the chamber. This quantity is defined
as the amount of material traversed by the particle before it
escaped from the chamber, or the amount of material which the
particle would have traversed if it had not come to rest. In 10 cases
the particle stopped before traversing this entire distance and its
actual range could be determined. The boundaries of the solid
regions indicate the upper and lower range limits for these events.

It is instructive to try to explain this distribution of ranges in
terms of a single three-body decay process. If this hypothesis were
tenable one might explain the majority of the cloud chamber
events in terms of the x-meson. As a basis for this comparison we
compute the number of secondary particles which would be ex-
pected to stop in the multiplate chamber and the momentum dis-
tribution of these stopped decay products. For this purpose one
must know the theoretical momentum distribution for the charged
secondary particle and the detection probability of the cloud
chamber as a function of momentum.

Possible spectra for various three-body decay schemes which



S-EVENTS; OBSERVATIONS WITH CLOUD CHAMBERS 185

involve either a photon or neutral z-meson have been calculated
under various assumptions as to the interactions between the four
particles involved in the decay (e.g. MicHEL [1950], MicHEL and
Stora [1952], York [1952]). The shapes of the resulting distribu-
tions depend critically on the decay scheme and couplings assumed,
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Fig. 8a — Histogram of S-ﬁarticle ranges observed by the MIT group using

lead plates in the cloud chamber. The plot shows the frequency of events

with a potential secondary range greater than R. The solid regions indicate

srange limits for those secondary particles which stopped in the chamber.

y indicates an associated electron cascade. The dotted vertical lines are drawn
at 57.4 and 102 g cm—2 lead.

and, since no unique choice is possible, we consider for simplicity
the decay scheme

x—>u-+v+

in which no photons are produced. The spectrum of the u-meson
is however peaked at the high momentum end, and the conclusions
reached will apply to any spectrum of similar form.
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The differential momentum distribution which is obtained for
the above decay scheme is given by,
F(p)dp = A (3(M3ct + mict) — 6McX(p3c® + miet)'s + 2ptc?} pictdp
(8.1)

where A is a constant of normalization, M is the mass of the pri-
mary particle, and m and p are respectively the mass and momen-
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Fig. 8b — Histogram of S-particle ranges observed by the MIT group using
brass plates in the cloud chamber. The dotted vertical lines are drawn at
43.1 and 76.5 g cm—2,

tum of the charged secondary. The distribution is shown for a pri-
mary mass of 1120 me in Fig. 9. The momentum distribution of
the secondary particles which would be observed in a multiplate
chamber is however not given by this distribution but is modified
by the detection probability of the instrument.

This detection probability depends on the particular experimen-
tal disposition and in general is strongly dependent on momentum.
For a py-meson in the MIT chamber the detection probability falls
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Explanation of symbols in Tables 1Xa and I1Xb

The symbols in the various columns have the following significance: In the
second column the origin of the S-particle is specified by (a), (b), or (c); (a) in-
dicates that the origin of the S-particle was outside the chamber and undeter-
mined, (b) in a nuclear interaction outside the chamber, and (c) in a nuclear
interaction inside the chamber. In the columns referring to the charged secon-
dary particle the letter (f) indicates that the secondary particle was emitted
in the forward hemisphere w.r.t. the motion of the primary particle, and the
letter (b) that it was emitted in the backward hemisphere. Ranges are given
in gcm~—? of lead and the Hotcntial range is defined in the text. The sixth
column indicates whether there was a non-ionizing link between the point of
decay and the origin of the electron cascade; the seventh column gives the
angle between the direction of motion of the charged decay product and the
shower axis. Column eight lists the total number of visible electron tracks, N,
and column nine gives the detection probability for a n%-meson of 200 MeV/c
momentum.

TABLE IXa
S-events observed by the MIT group using lead plates in the cloud chamber
Charged Secondary Photon Secondary
Event Ogégsln A Pot. Actual o d
Direc-| Range | Range |nil| ¢ | N |7 det.
g cem—? Lead prob.
H-1 a f 67 23-29.5 | yes | 180° 3 87
TR-2 a b 99 .1
S-1 a, f 41 .63
S-2 a f 33 .82
02877 b b 50 yes | 127° 3 .69
03246 b f 18 no | 147° 4 .38
12668 (S3)* a f 83 66.4-78.2 .38
25178 a f 34 no |180°| 5 1
26049 a f 52 no | 157°| 8-9 48
26110(S4) | ? b 72 55.2-57.5 | yes | 163° | 2 19
26653 b b 79 a5
29428 c f 59 T4
30122(S5) | ¢ f 41 .29
30654 b b 22 67
32531 a b 5 yes | 180° 5 22
39567 a b 65 0
42166 (S8) | a f 48 .66
46796 a b 36 .51
53688 a b 57 69
56409 a b 62 .20
58070 a b 24 .38
58649 a b 71 .39
61641 c f 33 53
64228 a f 22 a7
64700 37 no 2 .39
64888 a f 54 yes | 128° | 4 75
65479 c f 69 .06
66672 a b 46 87
70557 a b 40 ol
70589 a b 24

* stopping questionable.
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TABLE IXb
S-events observed by the MIT group using brass plates in the cloud chamber

Ranges are given in g cm~2 brass, otherwise the data are quite comparable
to those in Table IXa

Charged Secondary Photon Secondary
Event . Pot. Actual
of 8 Dircc- | Range | Range |pnj1| ¢ | N |7 det.
on o prob.
g cm~? Brass
76734 b b 497 .62
77089 b b 61 79
77074 b f 34 .60
77509 b f 46 .58
78003 c f 48 58
78405 b f 26 .66
78475 a b 49 .62
80015 c f 65 78
81558 b f 144 77.0-107.2 02
82203 b f 50 39.2-46.6 | yes | 170° T 2
84965 a f 56 73
85380 a b 143 70.9-81.7 .20
85415 a f 68 .56
85494 c f 27 .69
85751 b f 53 78
87415 b b 61 .62
87981 c f 67 40.2-49.2 | yes | 151° 3 .55
88405 c f 35 .82
88515 a b 62 78
90713 b b 57 .65
90912 a b 116 20.5-83.0 | no 4 70
91256 c f 54 73
91829 b b 39 .30
92136 c f 76 40.7 50
92829 c f 81 76.4-79.4 72
96787 c f 81 68.6-75.9 .80
08367 c f 64 76
98529 a b 59 40
99319 b f 38 .28
99705 b b 51 40
100846 a f 49 no | 112° 3 J2
102209 b b 82 77.1-77.6 .56
102565 c b 33 .82
105845 b b 31 .68
105596 a f 58 44.8 yes | 166° | 3 .69
105711 a f 66 40
106168 c f 36 .66

* A second shower was apparently associated with this event.
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TABLE X

S-events observed by the EP group using two cloud chambers,
one above the other

The top chamber employed a magnetic field for the measurement of mo-
mentum, and the bottom chamber contained copper plates which afforded
a measurement of residual range.

Group I consists of particles which were produced in the multiplate cham-
ber and which lived ~2 X 10-? see.

‘Group II consists of particles which lived ~5 X 10-? sec and whichcould
be z-mesons.

‘Group III consists of particles which lived ~5 X 10-° sec and which could
not be z-mesons.

The next to the last column indicates the total visible number of electrons
in those cascades which appeared to be associated with the decay, and the
last column gives the angle, 6, between the charged secondary and the axis
-of the electron shower.

For the events in Group I the letter *““c” in column 2 indicates that the
S-particle originated in a visible nuclear interaction inside the cloud chamber;
the letter “b” indicates that the nuclear interaction was outside the bottom
cloud chamber. #* is the angle of the secondary track with respect to the
primary track. R, and R, and the potential range are defined in the text
{§ 8.5) and are given in g cm~2 of copper; AR, is the statistical error in R,.

Group 1. Locally Produced Events

Charged Secondary
n
Event O(:}gsl o* R, | AR, | R, RPOt- Photonsecondary
degrees —_ ;
g cm~2 Copper
17804 c 30 47.6 | 1.9 —_ — —
210738 b 150 | 61.5 | 2.5 | 71.6 | 100.7 —
21162 c 30 43.2 | 3.6 — — —_
27924 c 30 | 53.7 | 2.2 — — —_
28093 b 120 | 80.8 | 2.1 — — —
29321 c 90 | 414 | 2.5 — —_ -
38275 b 63 66.8 | 3.7 | 83.3 | 141.0 —
38797 b 120 | 64.6 | 4.2 | 84.2 84.24 —
40359 c 135 276 | 13 — — —_
40896 c 160 | 75.7 | 8.0 | 854 | 135.6 —
94.7 | 8.5 [105.6
41676 e 50 | 41.1 | 2.0 — _— —
43599 ¢ 155 724 | 2.4 — — —_
47066 e 45 733 | 3.1 | 85.2 | 108.2 —_
47438 b 48 68.5 | 3.4 | 83.6 — —
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Group 11. Positive Events Produced Above Top
Chamber with R, < 16 g cm—2 Copper

Charged Secondary Photonsecondary
Primary ] . _.I;—Ot... B
Event | pa me d 0% R, | AR;| R,y Range | o oN of 0
egrees — -—— N degrees
g cm-2 Copper electrons
16192 | 888 L 57 93 8.66 1.9 [ 414 (414 + ¢ _—
16307 | 979 4- 57 50 8.4 |41.5 | 12.6 |12.6 + ¢ —_—
—1.0
16569 | 874 4- 57 — — — — — —
18805 | 928 -1 53 45 7.3 1.9 | 15.5 (28.3 —_
23473 | 955 4 56 — 0 o —_ — 6
25679 | 970 475 — — — —- — —
28222 11052 4 84 40 14.4 1.8 | — — —_
30174 | 925 + 59 60 12.6 1.7 | 87.8 [ 112.8 Possible
32232 | 888 4- 50 90 [ — —_ —_ —_
39306 —_— 150 8.7 1.1 | 20.6 | 56.6 12 ~135
Group I1. Negative Events Produced Above
Top Chamber with R, < 16 g cm—2 Copper
26945 (1240 4 87 — 0 — — — 3
41930 |1050 + 69 435 115 | — | 229 80.3 —_
Group 111. Positive Events Produced Above Top
Chamber with R, ~ 16 g cm~2 Copper
Charged Secondary PhotonSecondary
: Primary o o o pot.
Event | pags me | O%* R, | AR;| R, Range noNof 0
degrees _— electrons | dcgrees
g cm~2 Copper
16197 | 916 L 58 85 28 3 — — —
18094 (1040 4 65 53 40 8.5 —_ —_ —
19231 | 872 4 76 45 50.6 | 2.3 —_ —_ —_—
22964 | 902 + 73 65 56.9 | 3.5 -— —_ _—
25845 — 180 70.9 | 2.8 | 81.2 101 —_
263820 | 917 4- 58 25 598 | — —_— — —_—
27170 | 938 4- 54| 100 545 | 5 —_— — —_
30248 —_ 180 66.0 | 2.8 | 78.0 101.1 —
30433 — 80 379 | 3.8 _ —_— —
32515 (1045 1 80 45 40.3 | 2.5 — —_ —
40804 (1096 4- 91 90 | 36.1 | 2.4 — — 4 ~180
40823 _— 135 16.1 | 1.5 — — —
42868 | 959 87| 180 46.9 | 8.1 —_ —_ —_
46348 | 971 - 58 | 135 30.7 | 1.5 — — 5 ~110
47644 |1016 4 58 | 180 31.9 | 2.4 -— -— —
48813 | 874 + 37 80 | 48.5 | 34 | 765 | 131.5 —
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rapidly to zero below a momentum of about 100 MeV /c. Mu-mesons
below this momentum which are produced in a plate may stop
before they emerge; or they may emerge with an ionization greater
than minimum and so be indistinguishable from the parent par-
ticle. Above this observational cut off at about 100 MeV/e, the
detection probability depends on momentum because the cloud
chamber is not infinite in extent. In evaluating this effect it is con-
venient to make use of the potential range defined above. To this
“potential range” there corresponds a ‘“potential momentum™.
Obviously only that portion of the momentum spectrum which lies
below the ‘“‘potential momentum” and above the cut off can be
observed in any given event; thus the theoretical momentum
distribution must be weighted by the “potential momentum®
distribution and the low energy cut off. The resulting spectrum
can be expressed as

W(p)dp = F(p)G(p)dp. - (8.2)

Here F (p) is the distribution defined by Eq. 8.1, G(p) is the integral
detection probability for a momentum of p or greater and W(p) is
the differential momentum distribution of the particles which are
observed to stop in the chamber. The integral of the above expres-
sion over any particular momentum range gives the fractional
number of particles which stop in the cloud chamber between the
chosen momentum limits.

G(p) should be purely a geometrical factor but it is difficult to
cvaluate analytically. However, it can be determined simply using
the integral frequency distribution of potential ranges given in
Figs. 8a and 8b.

On carrying out the above calculation for 85 of the events in-
cluded in Fig. 8b, onc finds that 15 particles should have stopped
in the chamber and 20 should have left the illuminated region
before coming to the end of their ranges. Instead only 8 particles
stopped in the chamber. Furthermore the distribution of momen-
tum for these 8 events does not agree with that predicted by Eq.
(8.1). The expected distribution of the stopped particles is shown
by the solid curve in Fig. 9. The histogram represents the experi-
mental data. The area is normalized to the total number of stopped
particles observed.

Thus one concludes that, in terms of the assumed distribution,
not enough particles stop in the chamber, and those which do stop
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are peaked at the higher end of the spectrum rather at the lower
end as predicted. To obtain agreement with the experimental ob-
servations it is evident that F(p) must have a very much sharper
peak at the high momentum end than was assumed.

Using similar arguments, the EP group compare the observed
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Fig. 9 — The differential momentum distribution obtained for stopped S-par-
ticle secondaries observed by the MIT group. F(p) is a theorctical distributior
for the decay process K — u + 2 ». W(p) is obtained from F(p) by taking intc
account the detection probability of the cloud chamber as a function of p. I
represents the expected distribution which would be observed experimentally
if the original charged decay products are distributed in momentum according
to F(p). The dots along the abscissa ir:idic:ate momenta of individual stoppec
secondaries.

particle ranges with an assumed power low spectrum; they estimatc
that F(p) must rise more sharply than ~ p35 between 180 and 24(
MeV/c to explain the observed range distribution. From the photo
plate evidence it seems impossible that the spectrum of the secon
daries from x-decay is of this form and there is no possibility o
explaining the cloud chamber data in terms of the x-meson.

A striking feature of the histograms shown in Figs. 8a and 8b i
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Plate 1T - An clectron cascade associated with the decay of a K-meson (MIT

event 87981 Table IXD). The K-meson enters the chamber at @ and decays in

plate tat b. The I-meson secondary stops at ¢ after traversing ~ 43 g em 2 of

copper. The clectron shower originates above the point at which the K-meson

decayed. It starts in plate 3 and al}))pa;rent‘;y stops (or escapes from the cham-
cr) at d.
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v A

Plate TIT — A remarkable deeay event observed by the Princeton

group, (Honson et al. [1934]). A positive particle, 1, enters the chamber

and deeays into five charged particles according to the process:
xF—nt +a%a® -et Le- | e! |e.

Particle 2 is interpreted as the o' -meson; particles 3, 4, 5 and 6 as clee-
trons. The cvent is discussed 1n the text.
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the scarcity of events in which the actual secondary range is less
than the potential value particularly for events in Fig. 8b. It is
thus evident that the actual range of most secondaries exceeds
the average potential range afforded by the chamber. This situa-
tion is improved in the second experimental arrangement and, as
a result of the thicker plates, a larger fraction of the secondary
particles arc stopped. With two possible exceptions the stopped
particles fall into two groups, onc in which all ranges are about
45 g em~2 of copper (~60 g em~2 of lead), and another in which
the ranges are about 75 g cm~2 of copper (~ 100 g cm~2 of lead).
Five events fall into the first category and five into the second.

This grouping of the secondary ranges strongly suggests that
the sccondaries result from two different two-body decay processes;
the arguments given above show that the fraction of the secondary
particles which result from possible three-body decay processes
must be small. The EP data, Table X, lead to similar conclusions
concerning the grouping of the secondary ranges at ~75 g em=2 of
copper. Out of 16 events, 6 stop with an observed range of ~75 g
em~2 of copper and 1 stops with a range of about 45 g em—2 of
copper. The relatively larger number of stopped secondaries re-
sults from the greater potential range which is available in the EP
chamber while the relatively smaller number of cvents at 45 g cm—2
of copper is presumably a statistical fluctuation.

Thus there is strong evidence from both the MIT and EP groups
that the majority of the secondary particles have unique ranges
close to 45 or 75 g cm~2 of copper.

From the MIT observations there is additional strong evidence
for the cxistence of two distinet range groups which arise from
differcnt processes. These data show that the short range secondary
particles arc associated with photons whereas the long range
group are not. We now consider the evidence concerning the K-
mesons which are responsible for the S-events observed by the
EP and MIT groups.

Evidence Concerning the K,-meson
3.3 DIiScUsSION OF EXPERIMENTAL RESULTS

The identification of the K, mode of decay rests on the grouping
of the secondary ranges just discussed and on the direct measure-
ments of the mass of the primary particles which give rise to the
sccondaries of range ~ 75 g em~2 of copper.
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A detailed report of the first results obtained by the EP group
with the combined magnetic and multiplate chambers described
above has been given by GREGORY et al. [1954]. The authors con-
cluded that most S-events observed in multiplate chambers arise
from a K-meson which is predominately positive, which probably
undergoes two-body decay into a u-meson and a massless neutral
particle, and which has a mass that is probably less than that of
the r-meson. The present situation with regard to the experimental
data of the EP and MIT groups (ARMENTEROS ¢t al.[1955], BRIDGE
et al. [1955]) reinforces all these points and we consider the above
conclusions using the more recent data.

The S-events observed by the Paris group are listed in Table X
and are divided into three groups. Group I includes all events in
which the primary particle did not traverse the upper chamber;
either it was produced in one of the plates or came from an un-
determined origin. These events should be strictly comparable
with those of the MIT group listed in Table IX. Groups Il and 111
include all events in which the primary particle traversed the top
chamber. In these events the sign of the primary particle can be
determined and a measurement of its mass is usually possible.

For this reason S-events included in Groups II and III can be
attributed to K-mesons even though the secondary track may be
short or even absent. If the observed sccondary path is less than
~16 g em~2 of copper the event can be interpreted in terms of the
alternate decay modc of the r-meson (Table I). All cvents for
which this interpretation is possible are listed scparately in Group
II and could be z-mesons. This identification appears likely in a
few cases but in the majority of the events there is very little infor-
mation concerning the actual decay process. Thus most K-mesons
in Group II should be regarded as unidentified.

In the following discussion the results listed in Groups T and III
will be considered together. This procedure may not be completely
valid because the primary K-mesons included in Group IIT were
required to traverse the upper cloud chamber, whereas those in-
cluded in Group I were not and were mostly produced in the multi-
plate chamber itself. Because of the greater distance traversed by
the particles included in Group III these K-mesons must have lived
at least ~5 X 10~? sec while thosc observed in Group I lived at
least ~2 X 107?sec . It is thus possible that the particles in Group
I consist of a mixture in which the components have mean lives
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greater than ~10~? sec while the particles in Group III are de-
pleted of components with mean lives shorter than 5 X 10-° sec.
However secondary particles whose range exceeds 47 g em—2 of
copper appear both in Group I and in Group III and there is no
evidence against, and strong evidence for, the assumption that the
secondarics in both groups are identical.

8. 4 DIRECT MEASUREMENT OF THE PRIMARY MASS

From measurements of the momentum and residual range of the
primary particles the EP group determined the masses of 22 K-
mesons in Groups II and III. The weighted mean value for these
events was

Mg — (928 + 13)me.

The group of K-mesons used in this measurement contains some
z-mesons and presumably some y-mesons which can be eliminated
by considering only those events in group TII in which the secon-
dary particle traversed more than 47 g cm—2 of copper (sce Table I).
There were 6 such events which yielded a weighted mean value of
the mass equal to

Mx — (906 + 27)me.

These values of the primary mass differ from that of the -
meson by more than two standard deviations, and the possible
experimental crrors must be carcfully considered in assessing the
significance of the result. The quoted statistical error arises from
multiple scattering, errors in curvaturec measurement, and random
distortions in the chamber. The effect of the multiple scattering
was calculated in the usual way and the last two sources of error
were evaluated from measurements on the tracks of 52 protons.
The errors of the individual proton mass measurements are about
109, and the dispersion of the data is consistent with this value.
From the width of the experimental distribution the combined
statistical crror which results from random distortions and errors
in the measurements of track curvature can be cstimated. This
spurious curvature amounts to about 2000 m-! and corresponds
to a maximum detectable momentum of ~15 GeV/c for a track
~ 50 ¢m long.

Additional systematic errors could arise from the calibration of
the magnetic field, systematic distortion in the cloud chamber, or
uncertainty in the range energy relation. Since the mecan value of
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the proton mass obtained from the calibration measurements is
(1833 -+ 25) me, it is unlikely that the systematic errors exceed
2%. However the difference between the measured mass of the
K,-meson and the mass of the z-meson is just of this order. We
return to a discussion of the mass determination after considering
the evidence derived from the ranges of the secondary particles.

8.5 THE LONG RANGE GROUP OF SECONDARY PARTICLES

There are 29 events in the MIT data and 18 events in the EP
data in which the actual amount of material traversed by the
secondary particle exceeds 45 g em-2 of copper. Of these 47 par-
ticles 14 stop in the chamber and the distribution of their ranges
is shown in Fig. 10. This distribution clearly suggests a line spec-
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Fig. 10 — Distribution
for stopped secondary
mesons observed by

groups.

of range limits
rticles from K-
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trum at about 76 g cm—2 of
copper, and the arguments
of § 3.2 show that in any
event the spectrum must be
very sharply peaked toward
the higher ranges.

The problem of deter-
mining the mean range of
the secondaries is of obvious
importance. At first sight
it would appcar that, in a
cloud chamber, the accuracy
of the range measurements
is limited by the finitc thick-
ness of the plates. However
the range straggling, which
arises from fluctuations in

the collision loss, introduces a statistical uncertainty of ~89%, in
a single measurement; thus even if the individual ranges can be
measured very accurately, as in emulsions, a considerable number
of determinations are required to establish the mean range.

A detailed study of this problem as applied to the multiplate
chamber has been made by the EP group and we summarize the
conclusions. Let R, be the path of the particle in the plates of the
chamber up to the point at which it enters the last plate, and R,
be the path up to the point at which the particle would have
emerged (in the absence of scattering) had it not stopped in the
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plate. AR, is the statistical error in R, which results from range
straggling, reconstruction errors and multiple coulomb scattering
in the plates; it is usually about 8 g cm~2 of copper. In the absence
of this statistical error the distribution of secondary ranges be-
tween R; and R, is flat. This follows from the experimental obser-
vation that the decay points of the S-events are uniformly distrib-
uted throughout the platc of decay and that the angular distri-
bution of the secondary particles is isotropic.

The statistical error in R, is of course transferred unchanged to
R, and hence the edges of the rectangular distribution at R, and
R, are modified to correspond to the approximately gaussian
distribution of AR, and AR,. Then, depending on the actual plate
thickness, the two sides of the resulting symmetrical curve may
join smoothly to form a flat topped distribution function, meet
smoothly at the center to give a final bell shaped curve, or may
join at an angular point. The exact behaviour depends on the ratio
of the error AR, to the plate thickness, and, for the EP or MIT
arrangement, the final distribution can be represented very well
by a gaussian curve. This statement must be modified if the par-
ticle enters the final plate with an angle of incidence, @, greater
than 45°. In this case scattering of the particle introduces an un-
symmetrical fluctuation in the error AR, and introduces a skew-
ness into the resulting probability curve. The exact distribution
function can be used if nceessary, but for @ < 45° it is sufficient
to obtain the mean u-meson range, (R), from the gaussian distri-
bution defined by,

@ ="tE g

(BR— (B = NR2 + @———;W + ((R)—R,)*(0.022 tan?6).

The distribution of the individualranges obtained by this method
is shown in Fig. 11 which can be compared with Fig. 10. The final
range distribution is perfectly consistent with that expected under
the hypothesis that the sccondary particles have all the same
energy, and the results may be combined to give a weighted mean
range for the secondary particle emitted in the K,-decay process.
The result is R = (75.8 + 1.2)g cm-2 of copper. The range distri-
butions shown in Figs. 10 and 11 and the absence of secondary
particles which stop between 45 and 75 g cm™2 of copper (§ 8.2)



198 CHARGED K-MESONS AND HYPERONS

establish the existence of a two-body decay process in which the
secondary particle has a range of ~76 g ecm-2 of copper.

8.6 THE DECAY SCHEME OF THE K,-MESON

From the discussion given in § 8.2, most sccondary particles
which traverse more than ~47 g cm-2 of copper must originate
from the two-body decay process discussed in § 8.8 and have
ranges of ~76 g cm-2 of copper. We recall that there were six
particles in this group for

————s which a direct measure-
oEP - ment of the primary mass
amit T was possible and that the

—_—— mean value of the mass
T was, Mg == (906 + 27)me.
ot These two pieces of in-
—— formation lead to the con-
o e clusion that the charged
— o secondary particle is a
~—o——- ' pu-meson and that the
[ U N N N A D R I N I NN Y S N S

1 . .
53 55 57 59 6 63 65 67 69 71 73 75 77 79 8 83 85 87 neutral pal'tlcle 1S a neu-
R 2Co . q
onge g em " Hopper trino. Suppose that, as a
COMBINED DATA EP AND MIT FOR LONG RANGE SECONDARIES

conservative u limit
Fig. 11 -- Distribution of mean ranges for pper. it
stopped secondary particles observed by the the mass of the primary
EP and MIT groups. The determination of particle iS assumcd equal

the mean range and its error is deseribed in
g the text. to the mass of the -

meson, 965 me, and that
the lower limit for the range of the charged secondary particle is
taken as 75 g cm~? of copper. Then the maximum possible range
of a #-meson cmitted in the decay of a particle of mass 965 me
is ~55 g em~2 of copper. Thus, if the charged secondary is a
known particle, it must be a u-meson.

This conclusion is also reached independently when the MIT
data is analyzed under the assumption that the majority of the
secondary particles have a unique range of ~45 or ~76 g cm-2 of
copper. The particles in the longer range group then traversed 16.5
geometric mean free paths of material without an interaction,
whereas, using the known cross sections in the appropiate energy
region, about 8 nuclear stoppings should have been detected had
the secondary particles been z-mesons.

The mass of the neutral particle produced in the two-body decay
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process can then be determined from the mass of the primary
particle and the momentum of the u-meson secondary as derived
from its range. Using the above values of primary mass and secon-
dary range the upper limit for the mass of the neutral particle is
~ 50 me. Clearly the neutral particle must be a neutrino or a gam-
ma ray. The latter possibility is eliminated because the gammarays
would be detected (by the observation of electron cascades) with
very high efficiency. None have been secn. Thus the decay scheme
originally proposed by the EP group,

KI‘ —>pu -+,
is well established.

8.7 THE mass oF THE K,-MESON

The “dircct” mass of the K,-meson as determined from mea-
surements on the primary particle is

(906 + 27) me.

The ““indirect’ mass determined from the decay scheme and the
mean range of the secondary particles is*

(942 + 8) me.

Both values were computed using the range energy relation
given by AroN, HorrMaN and WiLLiAMS [1949]. On this basis the
secondary range of (75.8 4+ 1.2) g em~2 of copper corresponds to
a momentum p, == (229 4 2) MeV/e.

The effect of a systematic error in the range encrgy relation on
these two measurements can be seen from the following argument.
Over a limited region the functional dependence of p, B and m can
be written in the form of a power law,

P ﬂ.R_)"'
. me ~ " \me?)’
where k& and a are constants. The relative error in mass for the
direct mass determination is then given by,

(57), = == (B — (5P == % — (57,

* The mean range on which this mass value is based was obtained by com-
bining the MIT and EP results. In the former case the ranges were deter-
mined in brass and in the latter, in copper. This procedure is justified since
at 75 g cm~2 of copper the range of a u-meson differs by less than 0.01 per
cent in the two materials, (D. O. CALDWELL [1955b]).
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where (—Af)l is the error in momentum which results from the un-

certainty in the magnetic field and (ép-’-’)a is the error in momen-

tum at constant range which results from the uncertainty in the
range encrgy relation.
For the “indirect’” mass measurement the relative error in mass

is given by,

(57),= ouee ()
where #, and B, are the velocitics of emission of the charged and
neutral sccondary particle in the c.m.s., and p is the momentum of
the charged secondary in the c.m.s.

Thus, at constant range, a change in the momentum produced
by a change in the range-energy rclation affects the direct and in-
direct mass measurements in an opposite sense.

Recent evidence (CALDWELL [1955a]) shows that the ionization
potential for copper, Ic,, is equal to about 877 eV and is constant
for proton energies up to about 100 MeV. Thus all low energy data
disagrees with the single high energy proton range mcasurement
of MATHER and SEGRE [1951], which leads to an ionization poten-
tial of ~ 810 eV. It is nearly certain that the higher value is correct.

In their calculations AroN ¢t al. used Iy = 333 eV. Calculations
have also been made by Aron [1951], for I¢ = 809.9 ¢V. From

these two range-energy relations (é_P)R can be evaluated and

AV §

used to calculate new values of the momentum for an ionization
potential equal to 877 ¢V.* Based on I¢y — 377 eV the corrected
mass values then become (916 4+ 27) m, for the “direct’” mass
measurement and (984 -+ 8) me for the ‘““indirect” measurement.

These results appear to provide strong independent evidence for
a mass lower than that of the 7-meson. However, although a lower
mass is indicated, no positive conclusion can yet be drawn from the
results. Assuming that the range-energy relation is corrcct, the
direct mass measurement can still be affected by an error in the

* Caldwell concludes that for heavy clements I ~ 18Z. Correcting the
rant%::-energy relation for emulsion given by BARrKAS [1954] (this is identical
to the range-energy relation of Vigneron at proton energies below 220 MeV)
for this fact one arrives at a corrected “‘best” range-energy relation for emul-
sion. A comparison of the ﬁublished data for the ranges of n-meson secondaries
emitted in the decay of the z-meson leads to the conclusion that the Q-value
(§ 1) is uncertain by about + 3 MeV.
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calibration of the magnetic field. A 29, error in this measurement
is possible and changes the K,-mass by about the statistical error,
27 me. Thus the quoted value of the mass is certainly compatible
with that of the z-meson.

On the other hand the mean range of the secondary particle is
derived from the application of a statistical treatment valid for
large samples to 14 events, and a fluctuation affecting the entire
data is possible. It is also possible that the sample is not homoge-
neous and that it contains some cvent wrongly classed as a K-
meson, or in which the K-meson decayed in flight. The effect of
such an extrancous event can be estimated by climinating from
the data the two events with the highest and lowest range or, in
case the alternate procedure gives a large eflfect, eliminating the
event with the largest statistical weight. On eliminating the highest
and lowest ranges from the 14 events discussed above, the best
value of the “indircet” mass becomes

Mg, = (934 - 9) me,
and the corresponding secondary momentum is
P == (229 + 2.5) MeV/e.

This mass value is about three standard errors, removed from the
7-meson mass. The total deviation corresponds to ~6 g em~2 of
copper or to a plate thickness of more than half a centimeter.
While a gross error in range of this magnitude is practically out of
the question, an unknown systematic error of 10 mass units could
certainly be present. Allowing for an additional statistical fluctu-
ation it is possible, though not probable, that the K,- and z-meson
masses are identical.

Evidence Concerning the y-meson

The x-meson has bheen the subject of intensive investigation ever
since it was originally suggested by PowEeLL in 1952. Nevertheless
no particular experiment has given decisive evidence for its exist-
ence and decay scheme; these questions have rather been answered
slowly by a serics of parallel measurcments in emulsions and cloud
chambers no one of which is in itsclf conclusive. The collective
cvidence however clearly cstablishes the decay mode y -> 7 + #°.

The emulsion data have already been considered in § 2.4 and
we now turn to the cloud chamber results. Finally, in § 3.11 we
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consider some additional evidence concerning this mode of decay
based on an unusual decay in flight observed by the Princeton

group.
8.8 THE OCCURRENCE OF PHOTONS AMONG THE DECAY PRODUCTS

The existence of photons as neutral decay products should re-
sult in electron cascades associated with the decay. Although these
cascades were at first sought without success, their presence is now
firmly established (BRIDGE et al. [1953]). About 14 of the 67 S-
events observed by the MIT group, Table IX, show evidence for
a photon.

The first nine of these events occurred in a sample of 83 S-cvents
and have been rather completely analyzed (CoURANT [1954a,
1955]). We give a short summary of the conclusions:

(1) It is not possible to explain the association of electron cas-
cades and S-events as chance coincidences. The probability for
chance association between an unrelated electron cascade and an
S-event can be evaluated rather easily and, although low energy
electron showers occur frequently, the probability of a chance
coincidence is only 0.0013. Hencc the probability that each cas-
cade is unrelated to its S-event is (.0013)? = 102,

(2) The data cannot be explained by the decay of a K-meson
into a charged meson and a photon. If such a two-body decay
process werce responsible for the events, the paths of the decay
products would lie in the same line. Instead the line of flight of the
photon is not always colincar with that of the charged decay pro-
duct (Table IX).

(8) The neutral particle could be a n%-meson emitted in a two-
body decay process. In this case, since the decay occurs at rest,
the line of flight of the #%meson is opposite to that of the charged
decay product. The calculated angular distribution of the forward
photon with respect to the line of flight of the n°-meson (obtained
by transforming the isotropic distribution in the rest system of the
n%-meson into the laboratory system) is shown in Fig. 12 for a
n%-meson of momentum 200 MeV/e. Onc sees that the distribu-
tion in the laboratory system is peaked at a relatively small angle
to the line of flight, ~20°. The momentum at which the peak oc-
curs depends, of course, on the momentum assumed for the 7-me-
son, and it is found that the observed angular distribution of the
photons is consistent with that expected from a #°-meson of mo-
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mentum between 200 and 400 MeV/c. If the photons arisc from
a®-mesons, both photons should occasionally be detected. The de-
tection probability for this second photon has been computed for
all of the events given in Table IX for a z%-meson of momentum
200 MeV/c and is essentially zero in most of these.
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Fig. 12 — The differential frequency distribution of photons from the decay

of the n°-meson as a function of angle in the laboratory system. 6 is the angle

between the line of flight of the z°-meson and the photon which is emitted

in the forward hemisphere in the rest system. The figure is drawn for a
n°-momentum of 200 MeV/c.

o

(4) A two-body decay of the type K — = 4 #® cannot account for
all of the 83 S-events included in the sample of data. For, under
this assumption, Courant found that 16 electron cascades should
have been observed whereas only 9 were detected. Since the prob-
ability to observe 9 or fewer cascades was only 3 X 1073, the
original hypothesis is quite unlikely.

8.9 DiscUSSION OF THE CLOUD CHAMBER RESULTS

We now consider in detail the results concerning the secondary
particles whose ranges are less than ~ 45 g cm=2 of copper. Define
R’ as the amount of material actually traversed by the secondary
particle regardless of whether or not it was brought to rest. Then
there are 88 events, Table IX, in which R’< 45 g cm~2 of copper
and there are 29 events in which R’ > 45 g cm2 of copper. In
none of the 29 cvents in which R’ > 45 g cm~2 of copper is there
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an associated electron shower, but in 14 of the 88 events in which
R’ < 45 g cm~2 of copper there is an associated electron cascade.
Thus the photons are clearly associated with the group of events
in which it is possible for the true range to be ~ 45 g cm~2 of cop-
per. Of the 88 events in this class seven stop in the chamber; in
five of these the range is close to 45 g cm~2 of copper, but in two
events the range is appreciably less than this value. Four of the
first five, and both of the second two events are associated with
electron cascades.

It is then possible to explain the seven stopped particles in terms
of a single three-body decay process in which one of the neutral
particles is a 20-meson or a y-ray; or on the basis of the two-body
decay process, K — 7 4 #°. In the latter event the two short range
secondaries can be accounted for by nuclear interactions and the
charged particles must therefore be z-mesonsrather than y-mesons.

A detailed analysis of the 88 events in which R’ < 45 g em—2 of
copper, under the assumption that all the events observed in the
cloud chamber result cither from the above two-body decay pro-
cess or from the K,-meson, leads to the following conclusions.
(a) From the average detection probability for the photons pro-
duced in the z + 2° mode of decay, about 20 of the 67 events (or
about 25 to 30 percent) included in Table IX must be attributed
to this decay process while the rest arise from K,-mesons. (b) The
mean range of the (ive secondary particles which have ranges close
to 45 g em™2 of copper is (44.2 4 1.7) g em~2 of copper.

Using the range energy rclation of Aron, Hoffman and Williams
and correcting to I¢, = 877 eV as discussed in § 8.7 this value of
the range corresponds to a secondary momentum

Pr = (202 4 4) MeV/c,
and to a primary mass of
Mg = (955 + 12) me.

For comparison we list again the corresponding values obtained by
the Padua group (§ 2.4). From dircct mass determinations on the
tracks of the primary particles and scattering measurements on
the secondary tracks they obtained

M = (976 + 36) me,
and
P = (200 + 6) MeV/c.



S-EVENTS; OBSERVATIONS WITH CLOUD CHAMBERS 205

8.10 THE DECAY SCHEME OF THE y-MESON; DISCUSSION OF THE
CLOUD CHAMBER AND EMULSION RESULTS

The mass of the primary particle and momentum of the secon-
dary particle obtained from the emulsion data were derived from
independent mcasurements, and, under the assumption of two-
body decay, they can be used to obtain the mass of the neutral
secondary particle. Using the above values, the mass of the neutral
particle is (809 + 65) me. To reduce this value to zero the mass of
the primary particle would have to be reduced to 868 me or about
1.7 standard deviations. The emulsion results thus indicate that
the secondary particle is a #%meson.

The cloud chamber results concerning the photons have been
discussed above and provide strong independent evidence to the
same effect. If the decay process is a two-body one the angular
distribution of the associated electron cascades can only be under-
stood if the neutral particle is a n%-meson. Morcover the good
agreement between the values of the secondary momentum ob-
tained in cloud chambers and emulsions depends on the assumption
that the neutral particle has a mass about cqual to that of the
z-meson.

All of the above cvidence supports the original hypothesis of a
two-body decay scheme and confirms the assumption that the
z-meson observed in emulsions is identical with the K-meson which
gives rise in cloud chambers to the shorter range group of secon-
dary particles associated with photons. Either the emulsion or the
cloud chamber data taken alone provide strong evidence for the
decay scheme

x —> 7 + 7n® + 219 MeV;

taken together the evidence is conclusive.

3.11 OTHER RESULTS CONCERNING THE }-MESON

Using a cloud chamber with associated magnetic field the Prin-
ceton group (HopsoN et al. [1954]) have obtained the remarkable
event shown in Plate III. A positive particle, 1, enters the cloud
chamber and decays in flight into five charged particles, 2, 8, 4, 5
and 6. One of these, particle 2, is also positive and lighterthan a
K-meson. The remaining four particles are emitted as two pairs
of positive and negative particles, and the angle included by cither
pair is small, of the order of one degree.
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From ionization and momentum particle 6 must be an electron;
particles 3 and 5 could be electrons or light mesons and particle 4
is less massive than a proton.

The momentum of the primary particle cannot be measured and
therefore a complete momentum balance for the event is impossible.
However the transverse momentum balance is very good and thus
any neutral particle would have to have becn emitted almost in
the line of flight of the primary particle.

The authors have considered the various possible explanations
for the event in detail and conclude that the most likely inter-
pretation is in terms of the decay process

x> 7 + b,
followed in ~ 10715 sec by the decay process
n—>et e Jett+e.

Although the direct decay of the n%meson into four electrons
had not becn previously observed, it had becn predicted theoreti-
cally, and the frequencey of this occurrence relative to the normal
decay n° — 2 y should be ~4 x 10-3, Darrrz|1954]. The assump-
tion that a n%-meson was actually responsible for the “electron”
pairs is supported strongly by a dynamical analysis of the tracks
in question. It turns out that they are cquivalent to a particle of
mass (255 *13) me. There remains the question of the identity
of particle 2 which from the experimental data could be either
a nt or ut-meson. Under the assumption that the decay process
is either K+ — ut 4 7° or Kt — at + x% the calculated values
of the mass of the primary particle are, respectively, M —-
(876 133) me, and M = (954 *39) me. The second possibility ob-
viously agrees well with the properties of the y-meson whercas
there is no evidence from other experiments which even suggests
the existence of a K-meson of mass ~900 m. which decays into
a ut-meson and a n%-meson. Thus the most probable explanation
of the event is in terms of the y-meson and it provides striking
additional evidence that the neutral particle must be a 7°-meson.

The momentum, p*, of the n%-meson and #t-meson in the c.m.s.
is

Pa = (201 *2) MeV/c.
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The Charge Asymmetry of S-particles Observed in Cloud
Chambers

8.12 REsuLts oF THE EP croup

Table X contains 22 positive and 2 negative events whose mas-
ses could be well determined. Thus in these cases the sign of the
primary particle is unambiguous. From this result the EP group
conclude that, in the energy and lifetime range determined by the
experimental conditions, negative particles constitute less than
209, of the observed events. We return to this observation in the
discussion concerning the charged V-particles.

4. Results Concerning Charged V-Particles Obtained with
Cloud Chambers Using a Magnetic Field

4.1 INTRODUCTION

In comparison with emulsions or multiplate cloud chambers the
usual experimental arrangement of cloud chamber with associated
magnetic field contains a relatively small amount of stopping
material. Therefore few particles arc brought to rest and most
decays take place in flight. In the case of a charged particle which
decays into o single charged secondary particle (plus one or more
ncutral particles) the decay in flight is known as a charged V-
particle. The experimental measurements which can be made on
such an event consist of curvature determinations in the magnetic
field and measurements of the relative specific ionization by droplet
counting or photometric means. The magnetic curvature furnishes
a measure of the particle sign and momentum and the ionization
determines the velocity of the particle.

In practice the ionization is difficult to determine and it is only
very recently that results of good precision have been obtained in
experiments on unstable particles (Cowan [1954], FRETTER and
FriesEN [1955]). In the usual experimental arrangements, how-
ever, measurements of momentum and estimates of ionization are
often sufficient to specify the primary as a K-meson rather than a
proton or hyperon.

In gencral the analysis of decays in flight is inherently more
difficult and less complete than the analysis of decays at rest be-
cause the information concerning the primary and secondary par-
ticles is interdependent. Onc quantity which is usually used to
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characterize the decay process is the momentum, p*, of the secon-
dary particle in the rest frame of its parent. For S-events p* is ob-
tained directly from measurements on the secondary particle
alone; for a V-event, however, the transformation to the rest
system requires a knowledge of the velocity of the primary particle
as well as data concerning the secondary particle. The number of
events which afford good measurements on both the primary and
secondary particles is limited and the additional measurements
increase the errors of individual determinations.

A further important quantity which characterizes any decay
process is the mean lifetime of the parent particle. While decays at
rest provide only a lower limit to the mean life, decays in flight
afford, at least in principle, an exact determination.

Let the visible path of the particle up to the point of decay be
defined as 2, and let the total distance in which the decay process
would have been identified as such, had the decay not taken place
at z, be the potential path, z,. These distances correspond to times
in the rest system of the parent particle through the relation t* =
M2/P, and t,* = Ma,/P. Qualitatively, if the lifetime of the par-
ticle is long compared to #,* the decay points will be uniformly
distributed throughout the chamber and (¢*/ty*) sy~ 3. If the life-
time is short compared to #,*, the decay points will cluster closer to
the producing material at the top of the chamberand (£*/tg*)ay < 3.
Considerable work has been carried out on statistical methods
which are appropriate for trcating the data (BArTLETT [1958a,
19538b], ALrorp and LEicHTON [1958]) and on procedures which
are necessary to avoid experimental bias (WiLsoN and BUTLER
[1952], NEwTH [1954]). The same general methods have recently
been applied to V-events observed in emulsions (AMALDI [1954c]).
Several points deserve emphasis:

(a) The discussion just given implies a strong experimental bias
in that events are selected on the basis of lifetime. The range of
momentum over which preeise measurements are possible is rela-
tively small, therefore the vertical dimension of the chamber deter-
mines a proper time of flight, ¢,*, rather closely. Accordingly decay
events are only observed with high probability if © ~ #3*. (b) The
statistical information available per event depends on the length
of time the particle can be observed relative to its mean life, i.e.,
on ty*[7. If {y* < 7 no useful information can be expected (BArT-
LETT [1958a]). (¢) The methods of estimating 7z assume a pure



RESULTS CONCERNING CHARGED V-PARTICLES 209

sample of events and it is extremely difficult, using only statistical
methods, to separate two mean lives which differ by a factor of ten
or less (BARTLETT [1958a]). In this case it becomes necessary to
identify the particles by some other feature of the decay process.
While this is possible in case of the neutral V-events because of the
great diffecrence in the dynamics of the 0°- and A°-decay processes,
it is much more difficult for the charged V-particles because the
dynamics of diffcrent decay events are apparently very similar.
Thus the unambiguous separation of events which arise from de-
cays of K,- or y-mesons requires very precise measurements on
long tracks. The requirement that the primary and secondary track
both be well measurable, and hence long, restricts the possible
points of decay to a small region of the chamber and results in
small values of z, and ¢,. Then, according to (b), the measurement
of v becomes difficult.

4.2 DYNAMICAL ANALYSIS OF V-EVENTS

In an analysis of decay cvents one of the more important pieces
of information is the distribution of the secondary momenta in
the rest frame of the parent particle. For a two-body decay pro-
cess the secondary momentum has a unique value usually denoted
by p* whilc in the case of a three-body decay process the distribu-
tion of secondary momenta depends on specific assumptions con-
cerning the decay products and the nature of the interactions be-
tween them.

In principle a two-body decay in flight is completely specified by
five quantitics (e.g., two momenta, two masses, and the angle be-
tween the line of flight of the primary particle and one of the se-
condary particles). Thus in order to compare events on an indivi-
dual basis it is necessary to measure five experimental quantities
for each. As indicated above the determination of velocity is diffi-
cult in cloud chamber measurcments, and there are usually avail-
able mcasurements on only three quantities of the five. In the
majority of events not cven this much information is available.
The experimental results have therefore usually been compared
with an assumed decay scheme in a statistical way.

The simplest such treatment makes use of information concern-
ing the charged sccondary particle only. In a two-body decay
process the diffcrential distribution of the secondary transverse
momentum, py, is given by (Yorxk [1952]):
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AN = o WPt (4.1)
where p; = p sin @, p is the secondary momentum in the labora-
tory frame of reference, and p* is the momentum of the secondary
in the frame of reference of the primary particle. Similarly @ and
@* are the angles between the line of flight of the primary particle
and that of the charged secondary particle in the two reference
systems.

The effect of experimental errors on this distribution (York
[1952]) modifies the shape considerably and makes it difficult to
distinguish between the distributions predicted for two- and threc-
body decay processes. Furthermore, the experimental bias is cer-
tainly large and it is difficult to allow for this cffcct. One must be
sure that, for each event accepted, it would have been possible
to measure any value of p; included in the experimental distribu-
tion, had this value occurred rather than the value actually ob-
served (LAcArRRIGUE and PeEyrou [1951]). This bias greatly modi-
fies the p; distribution and has not been taken into account in any
results published so far.

In addition to these experimental uncertainties there is a further
difficulty in that a mixture of events from diffcrent decay processes
can produce a p; distribution of almost arbitrary shape. Therefore,
since it is known that the charged V-events result from at least
three decay processes, the significance of the results is question-
able, and the p; plot is only useful in comparing different sets of
data. If, for example, the p; distributions for positive and ncgative
events show marked differences, then there must be some corre-
sponding difference in the two classes of events. However the rea-
son for such a result cannot be established from the p; plots.

A good deal more information can be obtained from events in
which a more complete dynamical analysis is possible. Consider
a particle of mass M which decays into any number of secondary
particles. In the rest frame of the primary the momentum, p,*, of
a particular secondary particle can be written as:

P:*2 = p,*? cos? O* + p,*? sin? B* = p,*? | p,*?  (4.2)

where @* is the angle between the lines of flight of the primary
and secondary particles in the c.m.s. The terms on the right-hand
side represent respectively the longitudinal and transverse com-
ponents of the momentum of the secondary particle in the rest
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system; the transverse component is invarient on transformation
to the laboratory system. On transforming the longitudinal com-
ponent one obtains an expression for p,* in terms of the measured
quantities in the laboratory system:

{pMc (zp, cosPd> P 2vu, ‘lll_c Mc’)} + p2sin2 @, (4.8)

P*2 =

Herc M and P refer to the primary particle; fe is its velocity
and M its mass. The momentum of the secondary particle in the
laboratory system is p, and its total energy in the c.m.s. is U,*
The term (2p,cos @ — P)/P is commonly denoted by a.. For the
special case in which a particle of mass M decays into two secon-
dary particles whose masses are m, and m,y, U;* is given by the
rclation

2 2 2)2 2
U = Mmoot 20+ a), (4.4)
where a = (m,2 — m,?)| M2 is the average value of a,. It is apparent
that a is a mcasure of the mass assymetry between the secondary
particles, and varies between the limits 4+ 1 depending on the
ratio of m;/m, and the Q value of the decay. For the two-body
decay process Eq. (4.3) may thus be written

p*e = (ﬁMc) (a, — @) + py? sin? B, (4.5)
where P2 = pr*2 o p Y
p = ﬁlt —a)

Py = p, sin D.

This relation is uscful in the analysis of events in which the
momenta of the primary and secondary particles can be measured.
[t is apparent from Eq. (4.2) that all events which result from the
same two-body decay process can be plotted on a semicircle of
radius p*. Such a plot is simply a representation of the p* vector
in the centre of mass system; the length of the radius vector gives
the valuc of p* and the angle with the abscissa gives the angle,
with respect to the line of flight of the primary particle, at which
the secondary was cmitted in the centre of mass system. Isotropy
in the centre of mass system implies that one half of the events lie
between 60° < @* < 150° and that one half lic outside thisregion.
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In order to compare the experimental data with an assumed decay
scheme, Eq. (4.5) and the parameters of the postulated decay pro-
cess are used to compute p;* from the measured quantities P, p,,
and @. Values of p, are obtained directly. The resulting values of
p* are plotted and compared with the expected semicircle.

The locus of points in the (p,;*, p:*)-plane defined by Egs. (4.2)
and (4.5) provides a more sensitive test of an assumed two-body
decay scheme than the constancy of the p* values alone. Other
dynamical treatments are possible in terms of a decay surface and
perhaps, more advantageous than the one adopted here (THoMPsoON
[1958]; PopoLaNski and ARMENTEROS [1954]). However for the
charged V-events the surfaces which define a given decay scheme
are very close together and no particular representation appears
to be markedly superior to any other.

Some decay schemes alrcady considered are very difficult to
separate by such a treatment. In the case of the - and K,-decay
processes the values of M, p*, and a are nearly identical (Table I),
and any dynamical analysis fails to distinguish between such events.
Nevertheless, in view of the interpretation of decays at rest it is
interesting to sec whether or not the charged V-particles can be
explained in terms of these two processes.

4.8 DISCUSSION OF THE EXPERIMENTAL DATA : EVENTS WITH LOW
VALUES OF P¥*

Data for 88 positive and 22 negative charged V-events are pre-
sented in Figs. 18 and 14. For purposes of calculation we assume
the decay scheme K, — u + » with Mg = 924 m¢ and m, = 207 me.
These assumptions result in a value of a = 0,0504, and the
calculated points are expected to fall on a circle of radius p* =
224 MeV/c. The positions of the experimental points are essentially
unaltered if the decay scheme is instead y — = + a° with M, =
966 m,, but the cxpected circle is defined by p* = 205 MeV/c.

From inspection of Figs. 18 and 14 it is evident that some points
do not fall near the semicircle defined by the K,- or y-decay and
that it is impossible to explain this fact on the basis of the exper-
imental errors. No unique interpretation of these results is pos-
sible. A single three-body decay process or a mixture of a two-
body decay and a three-body decay could explain the results
equally well.

Several arguments however show that the latter explanation
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cannot account for the majority of the data. Many of the slow
primary particles which are responsible for the charged V-events
shown in Figs. 18 and 14 lived for a time longer than 10-° sec,
and this value is about as long as the moderation time of a similar
particle observed in a multiplate chamber (because of the larger
average density the time for such a particle to come to rest in the
usual multiplate chamber is ~10-° sec). Therefore many of the
decays in flight observed in magnet chambers would have occurred
at rest had the primary particles been observed in a multiplate
chamber. The systems of counter control which have been used for
magnet and multiplate chambers are similar; thus the selection of
particles can only be on the basis of lifetime. For this reason it is
certain that at least some Vt-events, observed in magnet cloud
chambers are produced by the same K-mesons which are respons-
ible for the S-events observed in multiplate cloud chambers. Thus
some charged V-events must result from the decay of K,- or x-
mesons.

However not all charged V-cvents can be explained on this basis
because of the spread in p* values and because among the second-
ary particles there are several well identified u-mesons whose
momenta are considerably below that of the u-meson produced
in the K,-decay process. It thus seems reasonable to explain the
observations of charged V-particles in terms of a mixture of two-
and three-body decay processes. We therefore digress to consider
how an actual three-body decay process, computed under the as-
sumption of two-body decay, would appear in the representation
used in Figs. 13 and 14.

Assume that the decay process involves three decay products, a
charged particle of mass m, and two neutral particles of masses m,
and my. U, * then varies from a minimum of m,c? when the charged
particle is produced at rest and p,* 4 pg* = 0, to a maximum of
{| M2 - my® — (my + my)?]c?}/2M when the neutral particles move
with equal velocitics in a direction opposite to that of the charged
particle in the c.m.s. (ARMENTEROS ¢t al. [1952]).

In the case of a three-body decay (or in the case of a two-body
decay whose dynamics are unknown) it is convenient to write Eq.
(4.8) in the form

P*? = (A —4)* + pd (4.6)
where 4 = fMca/2 and Ay = B (2U;* — Mc?)/2¢c. This equation
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defines a circle of radius p;* in the (4, p;) plane whose centre is at
A = A, p¢ = 0. Since p,* and 4, depend on U, *, each possible value
of U;* (Uy*min € Uy* <€ U,;*max) defines a different semicircle of
radius ¢p,* = (U *2 — m,%c*)'s the centre of which is displaced
along the A axis by an amount g (2U,* — M¢?)/2¢.

In the limit of small 8 Eq. (4.6) reduces to Eq. (4.5) and the
displacement becomes zero. In the general three-body decay the
displacement 4, is a single valued function of U,;* and varies be-
tween absolute limits of + S Mc/2, and, in a specific decay pro-
cess, from a minimum value of ¢ (m; — M/2) to a maximum of
{Bc [my® — (my + mg)?]}/2M corresponding respectively to mini-
mum and maximum values of U, *. Note that values of p,* and 4,
for any particular event cannot be determined, and the data
for a three-body decay process must be treated in a statistical
way.

For any particular value of g it can be shown that all points from
a given three-body decay, i.e., points corresponding to all values
of U,*, lie inside a semicircle of radius ep;*max = (U;*2max —
m,2c*)'s whose centre is displaced from the origin by the amount
B(2U; *max — Mc?)/2¢c. Therefore the area swept out by displacing
this semicircle along the 4 axis from an origin at A =0 to 4 =
{c [m,® — (my + my)%]}/2M (corresponding to 0 < B < 1) defincs
the allowed area for the three-body decay.

The distribution of points in the semicircle allowed for a particu-
lar 8 is not uniform but strongly asymmetric because the average
value of 4, is in general different from zero. If the distribution of
U,* is known thcoretically, the corresponding distribution of 2,
can be computed; knowing these quantitics the density of points
inside the circle can be inferred. The allowed area for the alternate
decay mode of the z-meson is shown in Fig. 13. Fig. 15 shows the
distribution of decay events in the (4, p;) plane for the decay pro-
cess K — 4 + 2v and § = 1. The integral frequency distribution
obtained from F(p), Eq. (8.1), was used to obtain values of p,*
corresponding to a given fraction of the total events. If (p,*), de-
notes the momentum below which occur 509, of the events, then
Eq. 4.6 defines a semicircle on which lie events with p,* = (p;*)s
and inside of which lie all events with p,* < (p,*)s. In Fig. 15 the
semicircles are drawn so that each zone includes 209%, of the
decay events. If the angular distribution of the charged sccondary
is isotropic in the e¢.m.s., it can be shown that the hyperbola
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Pt = B (). + Mp c) — m,® ¢? divides the allowed area into two

regions each of which contains half the events (ARNOLD [1954]).

We return now to the interpretation of the distributions of p*
values in Figs. 18 and 14. In most cases the values of p* are not
more than one or two standard deviations from the semicircles
defined by the K,- or y-decay scheme, and therefore the data can
be explained under the assumption that most charged V-particles
arise from one or the other of these processes.

=300 K= pever
Mg = 1120 me
B+
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g
3
=
-
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-300 -200 -100 o] 100 200 300

X Mev/c
Fig. 15 — Distribution of decay events in the (4, pt) plane for the three-body
decay process K — u + 2, and under the assumption that g =1 for the
primary particle. 4 is the apparent longitudinal momentum in the rest system
computed under the assumption of a two-body decay process with a = 0.
The semicircles are drawn so that each zone in the figure contains 209, of the
cvents. For a two-body decay all events fall on a single semicircle centered
on the origin.

The points in the interior of the semicircle must then be inter-
preted as examples of some other decay process probably a three-
body one. For the 88 positive events there are 10 cases which lie
more than one standard deviation inside the semicircles defining
the y- or K,-decays and only one case which lies more than one
standard deviation outside this region. Thus, if the discussion is
restricted to decay processes already considered, cvents in the
interior region must be explained in terms of the alternate decay
modc of the 7-meson (§ 2.1) or in terms of the »-meson (§ 2.2). In all
of the above 10 events the apparent value of p* falls within the
region allowed for the alternate decay mode of the r-meson; ac-
cordingly, from the dynamics of the events, all can be interpreted



218 CHARGED K-MESONS AND HYPERONS

in this way. However the possibility that most of the events actu-
ally result from the decay process T+ — at 4 27° can be ruled
out on other grounds.

Six of the ten positive events with low values of p* were ob-
served by the EP group. In the same sample of data there were
also six positive 7-mesons which decayed in flight and, in three of
these p* values could be determined. For each of these latter
events all three of the secondary particles were measurable and
thus, had they decayed via the alternate mode v+ — nt 4 2a9, the
single charged secondary would have also been measurable. Within
the limited statistics, the EP group should have observed as
charged V-particles betwcen 3/4 and 8 z-meson decays via the
alternate mode under the assumption that the ratio of the alter-
nate to the normal mode is between 0.25 and 1.0. Since they ob-
served instead six charged V-particles and since the above ratio
seems to be less than 1.0, it is probable that not more than half
of the low p* values can arise from the alternate decay mode of
the r-meson. No lower limit to the number of events produced by
T-mesons can be set since no event has been reported in which the
p* value was low and the secondary particle was identified as a
Z-meson.

On the other hand the EP group observed one event with p* =
(108 4 9)McV/c in which the mass of the secondary particle could
be determined from measurements of momentum and range. The
mass of the secondary particle was (193 + 26) me, and therefore
u-meson secondaries which cannot arise from the K,-meson occur
among the V+-particles. Presumably thesc arise from decays of
the x-meson.

4.4 NATURE OF THE SECONDARY PARTICLES ASSOCIATED WITH
HIGH P* EVENTS

As we remarked above, K,- or y-mesons could account for the
events in Fig. 18 which are close to the region defined by p* =
(200 — 230) MeV/c. Their negative counterparts, if they exist,
could account for similar events in Fig. 14. In this case the secon-
dary particles should be a mixture of y- and z-mesons.

Although very few of the charged secondaries can be identified,
that of the Princeton event discussed in sec 8.11 is inferred to be
a m-meson of momentum (201 *3¥)MeV/c. The Princeton group
also observed an event in which the secondary particle produced
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a star in the gas and it must therefore have been a n-meson (Ar-
NoLD et al. [1955]). The value of p* in this case was (200 *33)MeV/c;
thus one cannot rule out the alternate mode of decay of the -
meson. Additional evidence for y-mesons among the V+t-events
comes from two events observed by the EP group. They assumed
that each of their measurable high p* events resulted from y-decay
and they calculated the expected position at which the photons
from the z%-meson should appear in the bottom multiplate chamber.
Electron cascades of the correct energy were observed in the pre-
dicted position in two cases. The values of p* in these events were
(202 + 10) and (222 + 21) MeV/c respectively.

The EP group have also observed four V+-events in which the
sccondary particle stops in the multiplate chamber and can be
identified from the mass determination as a y-meson. In two events
the values of p* were (214 4+ 15)MeV/e and (108 + 9)MeV/c
respectively; in the other two cases p* could not be determined
but the values of the transverse momentum were (195 *3) and
(221 4- 6)MeV/c respectively. It is thus probable that three
events were produced by K,-mesons, and one by a x-meson.

From the above evidence high cnergy u*- and nt+-mesons occur
among the secondary particles. Because of other experimental re-
sults it seems reasonable to attribute most of the former to the
K, -meson, although some of the higher energy secondaries may be
produced by the »-meson. The only known source for the high en-
ergy n'-mesons is the y-meson, and the V-events observed by the
Princcton and EP groups provide supporting evidence for the -
meson cmitted in this decay process.

4.5 THE CHARGE ASYMMETRY

The ratio of positive to negative cvents in Figs. 13 and 14 is
about 2/1, and becomes even higher, about 4/1, if it is required
that the p* values be determined to 159,. However, from about
300 cases, the overall ratio of positive to negative events is close
to, or somewhat less than, 1.0 if no requirement as to measur-
ability is imposed. This difference arises from the fact that the
V--particles have a considerably higher mean energy than the
V+-particles. Thus momentum measurements are on the average
less favourable for the negative particles, and the p* values arc
less precise or impossible to measure at all.

For the same reason the nature of the primary particles cannot
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be determined for most of the negative V-particles. A mass esti-
mate which distinguishes between K-mesons and hyperons is only
possible for a primary momentum between about 200 and 800
MeV/e. The majority of the V+-particles occur within this region
and can be identified as K-mesons, however for a large fraction
of the negative events the primary momentum is above 1 GeV/e
and they could be hyperons or K-mesons. In this connection it is
interesting to note that no hyperon has been found among the
analyzable low energy V—-events (Fig. 14). However this argument
cannot be invoked against the presence of negative hyperons be-
cause their lifetime is assumed to be <<1071° sec and thus they
could only be observed in cloud chambers if their energy is relati-
vely great.

The Indiana and Princeton groups (Kim et al. [1954]; ARNOLD
et al. [1955]) have reported that the distribution of transverse mo-
mentum and the distribution of cos ©@* observed for their positive
events is consistent with that expeeted if the decay process is iso-
tropic in the c.m.s. On the other hand the distributions of the
transverse momentum and of cos &* for the negative events are
quite different and are not consistent with two-body decay; too
many negative events are found in the backward hemisphere.

However, just such an effect is expected from the difference in
average energy bhetween the positive and negative events. The
laboratory cnergy of the secondary particle is lower when it is
emitted backward in the rest system, and hence such cvents are
easier to measure. Indeed at some particular primary energy it
becomes possible to measure only events in which the secondary
particle was emitted in the backward hemisphere in the c.m.s. It
would appear therefore that the higher energy of the V—-particles
could casily account for the differences mentioned above. In prin-
ciple this bias can be avoided ; we recall the remarks of Lagarrigue
and Peyrou, § 4.1.

There arec several pieces of evidence which indicate that the
differences between the positive and negative events do not arise
simply as a result of the higher average energy of thc negative
primaries but rather reflect a difference in composition. In the case
of the positive particles a large fraction of secondaries appear to
be ut-mesons while most of the negative sccondaries are appa-
rently #—-mesons.

The EP group observed 18 V—-eventsin which charged sccondary
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particles traversed the multiplate chamber. If these secondaries
had all been #—-mesons, 12 nuclear interactions should have occur-
red; 11 were observed. Thus most fast V—-particles give rise to
n—-meson secondaries. On the other hand among the V+-events
very few nuclear interactions have been produced by the secon-
daries and all positive secondaries which could be identified by
measurements of momentum and range proved to be u-mesons.
Thus many of the V+-particles decay to u-mesons. It should be
kept in mind that this result pertains to a rather small sample and
that it may be influenced by the experimental arrangement.

A further asymmetry connected with the charge has been re-
ported by the Indiana and CIT groups (Kim ef al. [1954]; LEIGH-
TON |1954]). Both report that the decay points of the positive par-
ticles are distributed uniformly throughout the cloud chamber,
but that the decay points of the negative particles are concen-
trated towards the top of the chamber. This result implies that the
negative particles have a shorter lifetime than the positive par-
ticles. However no quantitive result has been published, and, in
view of the generally conflicting evidence concerning the lifctime
of the charged V-particles discussed in the following scction, it is
difficult to draw any coneclusion from this result.

4.6 LIFETIME ESTIMATES

The first attempt to determine the mean life of the charged V-
particles was that of BARkeR et al. [1952]. The mean valuc of
t*[t,* was, within the experimental error, equal to 0.5. Under these
conditions it is impossible to estimate the mean life but a lower
limit to its value is given by the arithmetic mean value of t*
(PEIERLS [1935]). This limit was about 1010 sec. The authors were
also able to estimate an upper limit to the lifetime of ~10~3 sec
hased on the number of charged V-particles observed relative to
the total number of shower particles, on an assumed momentum
speetrum for the shower particles, and on the assumption that not
morc than 109, of the particles produced in high energy nuclear
interactions are heavy mesons which produce the charged V-
events. The experimental apparatus is shown in Fig. 7 (1).

More recent measurements provide evidence for a component in
the charged V-particles which has a lifetime greater than 10-? sec
(BUCHANAN et al. [1954]; YoRK et al. [1954]; Kim and THOMPSON
[1954]; LercitTon [1954]). However evidence for a short lived posi-
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tive component and for a short lived negative component has also
been adduced. The various data are summarized in Table XI. It is
impossible to reconcile these results in terms of a single charged
V-particle and it is difficult to explain them on the basis of a mix-
ture of particles with different lifetimes. In view of the apparently
conflicting results we give a brief discussion of some individual
measurements.

The results of Buchanan et al. are based on measurements of
44 V-events (the apparatus used is shown in Fig. 7 (8)). The mean
value of r/z, obtained was 0.55 4 .04, hence the value of 1/ is
expected to be small and a statistical treatment of the data based
on this assumption (BARTLETT [1953a]) leads to a value of 1/v =
—(0.6 4 0.5) sec~!. Under these circumstances an upper limit to
the lifetime cannot be obtained; the time of observation is too
short in comparison to the mean life. A lower limit of 2 X 10? sec
is found by increasing 1/ by two standard deviations. This result
applies to the entire sample of the data for which Nt/N- ~2. In
view of the results of other experiments the authors attempted to
classify their events according to charge, velocity, and the p*
values. No finite upper limit for = was obtained for any group; the
lower limits were all less than the above value as one would expect
from the reduced statistical information available.

York et al. used an experimental arrangement which consisted
of two cloud chambers placed onc above the other, Fig. 7 (2). Be-
tween the chambers there was placed a lead plate and, because of
the construction, it was possible to observe particles very close to
the plate. It was found that the charged V-particles produced
above the chamber were predominately negative, N*/N— = 11/17
and that the values of r/r, associated with decays of this group
were uniformly distributed throughout the top chamber. For 28 of
of these events the mean value of z/z, was (0.46 4 .05) a result
similar to that obtained by Buchanan et al.

On the other hand the unstable charged particles which origi-
nated in the plate between the two chambers were mostly positive,
N+|N- —= 18, and the average valuc of #/r, was found to be (0.31
4+ .05), significantly less than 0.5. Assuming a uniform distribution
of the decay points, the probability of a fluctuation in z/z, of at
least this magnitude is ~10-3.

The conversion of the measured values of 2 and z, was accom-
plished by a somewhat different procedure than that used by other
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experimenters: A lower limit to the value of P/Mc¢ was found in
each case from the estimated upper limit to the ionization of the
primary particle; these values determine upper limits to the values
of t* and #,*. An upper limit to P/Mc was estimated from the lower
limit of the ionization for those cases in which I/l > 1.5. For
the remainder of the data ( ~ 20 cases) in which the ionization could
not be distinguished from minimum, upper limits to P/Mc were
estimated assuming a primary mass of 1000 me. The upper momen-
tum limit was determined from the available track length in each
casc using the known distortion limit of the chamber. This proce-
dure implies that all the primary particles have momenta less than
8 GeV/c and assumes that there is no systematic gas distortion pre-
sent. These upper limits to P/Mc determine lower limits for the
corresponding times.

Upper and lower limits to the mean life were obtained from the
corresponding sets of times using a maximum likelihood procedure.
The values obtained were

[15(*53) <7 <z8(*5a)] x 1070 sec.
The errors are 509, confidence limits obtained from the integral
of the probability distribution over 7. Because of the method used
to estimate upper limits for P/Mc the lower limit for * may be too
great, however the main significance of the results lies in the finite
upper limit obtained for the mean life. The estimate of upper limits
for the times is conservative and even taking account of the highly
assymetric error in 7 it is very difficult to interpret these results
except in terms of a component whose mean life lies in the above
range.

In two of the events in which the primary particle originated in
the plate the mass of the secondary particle, as estimated from its
ionization and momentum, is definitely greater than that of the
m-meson and is consistent with the proton mass, (York et al.
[1953] and [1954]). The authors suggested that the short-lived
component might be composed of positive and negative hyperons
which decay according to the schemes (§ 5):

Yt —>n® 4+ nt (a)
—>pt+a® (b)
Y->n® +a.()
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Not all of the events can be interpreted in this way since there are
three positive events in which the upper limit of the primary mass
as estimated from momentum and ionization is less than that of the
proton.

Additional preliminary results of the CIT group obtained with a
larger chamber, Fig. 7 (7), have been reported (LElcHTON [1954]);
40 positive and 48 negative events were observed and the tentative
conclusions are as follows: (a) The average momentum of the posi-
tive primaries is lower than that of the negatives and the majority
of the slow primaries are positive. (b) Values of p* could be com-
puted for 18 positive events and for 6 negative events; this was
done using an assumed primary mass of 1000 m,. The values for
the positive particles are consistent with a single value of p,* ==
(232 4 12)MeV/c although there is one event with p,* = (142 +
16)MeV/c. In this experiment it was not possible to observe par-
ticles close to the producing layer and no confirming evidence for
the short-lived component described above was found. However
for a lifctime ~ 10710 sec removing the producing layer to a posi-
tion above the chambher decreases the decays which occur in the
chamber by a very large factor, and it would seem that on this
basis there is no contradiction between the short lifetime reported
by York et al. and the results of other workers.

Recently the Indiana group (Kim and Tunomreson [1954]) have
reported results of measurements on 14 positive and 19 negative
events. They find that the @/ry values are uniformly distributed
throughout the chamber for the positive events but that the nega-
tive particles all decay in the top half of the chamber. Furthermore
the distributions of the p; values for the positive and negative par-
ticles arc markedly different. The p; distributions are discussed in
§ 4.5.

No lifetime determination from these results has been published.
Tﬁey indicate however a value of T+ greater than about 5 X 10~°
sec and a value of v~ equal to about 2 X 1010 sec. Whether this
last value is statistically significant, i.e. whether the upper limit to
the lifctime is finite, cannot be determined from the published data.

4.'7 DISCUSSION OF THE RESULTS

The lack of agrcement in the above results can be at least par-
tially understood by recalling that the charged V-particles result
from a mixture of primary particles; x-, Ks-, and y-mesons are
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certainly present as well as some hyperons. As we pointed out
above lifetime determinations become very difficult if the experi-
mental data include a mixture of different particles with different
lifetimes. Furthermore, since it is now known that the sample of
events is not pure, there is little further object in lifetime measure-
ments on unidentified events. Rather the interest lies in deter-
mining the mean lives of the individual K-mesons and hyperons.
This requires measurements on identified cvents, and the fact that
a V-event can be measured with sufficient precision to cstablish
its identity tends to seriously bias the lifetime measurement. In
addition the separation of events is sometimes very difficult; in
the case of the K,- and y-meson very accurate measurements are
required to identify individual examples with certainty and it
is doubtful whether enough events to allow a significant determi-
nation of these two mean lives can be obtained from observations
on decays in flight. We return to a discussion of the above results
after considering some related and more conclusive evidence re-
cently obtained from S-events.

4.8 DELAYED COINCIDENCE EXPERIMENTS ON S-EVENTS

Two experiments have been reported recently in which the mean
life of particles which decay at rest has been measured by using
fast counter techniques to determine the difference in time between
the observation of the S-particle and its decay product. We con-
sider first the work of Hyams (BARKER ¢t al. [1955a], BARKER et al.
[1955b].

The measurements were carried out using a combination of
counters and a multiplate cloud chamber. The counters above the
chamber were arranged to select slow particles heavier than a z-
meson which would stop in the multiplate chamber (DuerDEN and
Hvyawms, [1952]). In the center of the cloud chamber there was a
Cerenkov counter which was sensitive only to fast particles; thus it
could be activated by a fast decay product but not by the slow
unstable parent particle. The lifetime of an observed unstable par-
ticle can then be determined from the time difference between the
signals from the counter system above the chamber and the inter-
nal Cerenkov counter.

With this arrangement 8 S-events were obtained which can be
unambiguously identified as K-mesons. Their mean life was 7 =
(15.8*87) x 10? sec. In addition 5 other events were obtained
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in which the identification is not as certain. The authors estimate
that at most one of these last could have been spurious. For the
entire 18 events the mean life was (11.0 *41) X 10-® sec.

There is good reason to believe that the events observed by
Barker et al. were produced by K, -mesons for the following rea-
sons: (a) The experimental arrangement is similar to that used by
:he EP group in that the selection system requires a time of flight
f about 5 X 10~? sec. Under these conditions most of the S-events
'esult from slow K ,-mesons. (b) In three events the secondary pene-
rated more than 60 gem—2 of lead ( ~ 45 gem™2 of copper). Thus,
n terms of known particles, these events must have been produced
by K,-mesons. (¢) The experimental arrangement favours the de-
tection of p-rays produced in the decay of the y-mesonbutnone
were observed. (d) The lifetime of the z-meson is presumably long
enough so that these particles could be observed efficiently. Iow-
ever the abundance of the 7-meson appears to be much less than that
of the K ,-meson (e.g., from the results of the EP group under similar
experimental conditions) and the normal mode of decay would not
be dctected since the fastest z-meson which can be emitted in this
process cannot activate the internal Cerenkov counter. Other
modes of decay of the T-meson which involve a y-ray directly or
indirectly could be rccorded through materialization but the effi-
ciency is quite low.

Thus it seems certain that the majority of the events detected
were K,-mesons and that the lifetime of this particle is about
108 sec. A further important conclusion drawn from this ex-
periment is that the rclative frequency of events with © >10-8 sec
and which give rise to relativistic secondary particles must be
small.

An expcriment similar in principle to that just described but
using only counters has been described by MEzzETT1 and KEUFFEL
([1954a] [1954b]). The authors obtain a distribution of delayed
counts which leads to a mean life of (8.7 4- 1.0) X 10-° sec.
However there is some question about the significance of this
result because the possibility of “after pulsing’” in the photo-
multipliers is not completely ruled out.

4.9 COMPARISON WITH THE CHARGED V-PARTICLE DATA

The lifetime obtained by Barker ¢t al. for the K,-meson is in
agreement with the general multiplate chamber results that the



228 CHARGED K-MESONS AND HYPERONS

K,-lifetime must exceed 10~° sec and with the result of the EP
group that most K,-mesons live longer than 5 X 10-? sec.

Many of the slow positive charged V-particles appear to be K,-
mesons and hence the long lifetime, > 2 X 10-? sec, obtained in
experiments which weight this type of event heavily is under-
standable.

On the other hand the mean lives of other particles present
among the charged V-particles may be considerably shorter than
108 sec; it is known for example that the mean life of some charged
hyperons is ~10-10 sec. Then as higher energies are sclected or as
the experiments explore regions closer to the origin, shorter life-
times may predominate. Thus the lack of agreement among the
lifetime decterminations for the charged V-particles is not sur-
prising.

5. The Charged Hyperons

One of the major developments in the past two years has been
the discovery of charged hyperons which apparently undergo the
following modes of decay:

(a) 2*—>p+a
(b) 2+ —->n+H =t
(¢) 2-->n+a"
(d E-—> A+ 7~

Most of the quantitative evidence for the first two decay pro-
cesses comes from emulsion results. The evidence for (¢) and (d)
is derived mostly from cloud chamber results, although some de-
cays in flight observed in emulsions, § 5.2 below, can best be inter-
preted in terms of (d). The evidence for (d) is discussed in detail
in the following chapter by R. W. Thompson (p. 293).

5.1 THE DECAY PROCESS X! — p + a°

The first emulsion results which gave cvidence for the decay of
a hyperon into a proton were presented in 1958 at the London and
Bagnéres Conferences (BoNETTI ¢t al. [1958a, 1958b, 1958c]). These
authors observed an event, listed as Genoa-Milan Y-8 in Table XII,
in which a particle whose measured mass was (2330 4 800) me
stopped and produced a single particle of range 1.67 mm which
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was identified as a proton* (kinetic energy (18.7 4 0.18) MeV).

They considered that the most likely interpretation of the event
was that it represented a decay according to process (a) and they
pointed out that the alternate decay mode (b) might be expected
to exist. There are 7 similar events listed in Table XII in which the
range of the secondary particle is very close to 1.68 mm. These
events provide clear evidence for the existence of the two-body
decay scheme (a); under the assumption that the kinctic energy of
the proton is 18.80 MeV, the @-value is 115.8 MeV and the mass
of the primary particle is 2327 me. Because of the large difference
in the Q-values the Z*-particle cannot he the charged counterpart
of the A°particle.

A few S- and V-events which apparently give rise to proton
secondaries cannot be explained according to decay scheme (a). In
the Bristol S-event listed in Table XV the proton has an energy
of ~100 MeV, and, in terms of (a), the -value is ~ 3850 MeV. Since
this is the only S-event in which the proton range is anomolous,
the explanation as the nuclear absorption of a negative hyperon
(§ 6.5) seems preferable to the introduction of another particle.

Table XII also lists five V-events in which a hyperon apparently
decays into a proton. Three of the events are consistent with (a)
and two, Bombay Y-8 and Y-4, are not. These latter two events
can be easily accounted for since, in flight, the decay process
2+ — p + a0 is not always distinguishable from the inelastic scat-
tering of a proton. In the case of a scattering the recoil may be
absent or undetected, and mass measurements before and after
the point of deflection are never precise ecnough to separate protons
from hyperons. The only unambiguous criterion is a decrease
in grain density after the point of deflection. In view of all
of the above evidence the existence of the X'*-particle is well
cstablished.

Decay schemes (a), (b), and (¢) were also suggested independ-
ently by the CIT group to cxplain some of the charged V-cvents
observed in cloud chambers (LEicaTOoN [1958], YORK et al. [1953,
1954]. In two events the sccondary particle from a V+-event was
identified as a proton and it was not possible to explain either event
as the scattering of a proton in the gas or as the decay of a A°-

* Direct mass measurements showed that the secondary particle had a
mass near that of the proton and it came to rest without producing an inter-
action or undergoing decay.
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TABL]“XH
IHyperon events observe; n emulsions
Data are given for those events in which significant | tormation concerning the decay process could be obtained
Primary Particle Secondary p ticle | Q (MeV)
- 9 - l" [ K '.'—'I T T T -
Refer- . . . | Length Length | Range inetic >+ + "
Event O Mass lab * - 2t - E-—
ence vent Type Origin mm at decay degrees mm mm MeV/e ¥ Mass Eﬁirsy | p+a n+at | A+a- Remarks
Bombay
1,2 |Y1 13410a| 19.3 22%"'60040@ 14.0 160413 | 1.264-.5 3304-60 10349 185435 nearly at rest resi-
dual range at de-
25004 3804 +2.5
(3) Y2 |V 1746p | 80 2460*5008 0.57 1.254-.10 ) 1114257 cay 8.5_, ; mm
@) Y-3 | V| 2844p | 540 | 26107300 12.45 1950"““’0I o 120411 possible scatter
3) Y4 | V| 17+412p| 24.04 | 277511858 | 0.824 p) 225425 possible scatter
(3) Y5 |V 1+42n | 4.22 | 247043008 0.116 (p) 212422 possible scatter
(25) — |s : 0 1.660 p 116.141.2
Bristol :
(4) Y-l | V| 26414p| 4.2 | 275045008 | 0.26 145.5 ~13. 8748Y | 1.344.02 () 1004-6v
(5,6) |Y-3 | V| 1247 | 146 | 22004£2508 | 0.61+.02 | 42442 8.4 1.15L.05 () 99414V 60117
(4, 9) Y4 |V 94-8p 4.40 | 25005008 | 0.59-4-.01 26.2 23.73 227431 | 0.97-4.04 (7) 66128
(7,8,9) | Y-5 V | 19+48n 9.60 | 235043508 | 0.5184-.005 [ 46 13.3 -~180 1.02+4.04 () =85
(8,9) |Y6 | V! 13+3p | 17.5 | 18504250¢ | 0.548+.005 | 50 44.3 . 190410 | 1.054.04 () 116415
(8) Y7 | S ' 140n | 201 ; 21004300 0 | 1675 P 18.774.19 | 115.84-1
(8) Y-8 | V' 2542p | 13.86 ! 2500j34‘“’20, 0.11+.05 11241 62.9 | (7) 87.4+4 8.5V 11547Y
(6) Y9 | V. 1340p | 879 | Smpl 0.2454-.005 54742 | 22.6 (7) 107.9410¥ 1034-10.5%
(6) Y-11| S ' 15+3n | 3.60 ! ~2000 , 1.002 18.324-.32 | 113.541.7
(9) Y-14 | V. 5+8p | 102 ' 2400£300¢ | 0.55+.01 | 455 16.3 . 0.954-.01 () >80
Cornell ' 90-{-18
- 5 0. ] —13V 4106 +12
(09) |Y1 |V 2500 9008 , 9 Lot 32 170415 | 8307 e,
Genoa-Milan (W
w !l @ +840 530
1,12) | Y3 |8  — 0.9 | 183030 0 1.670+.01 20301530,
| 230048000 | 18404-670¢ | 18.74.2 1154-3
5
: 2700 T 1000 '
(18) Y6 | V| K-star | 0.6 | 2700+13 0.314-.02 | 32 28 204421 | 1.074.02 (7) 133 95+ 21
(13) Y7 | V| 7+41n | 415 | 270016008 | 0.19+.02 | 88 27.5 166417 | 1.14.02 () 104 90+ 20
Gottingen |
) +195 +14 +15
(14) | V  28+4+29p| 1.6 23.1 21 e | 120 13570
Padua X '
(15,16) | Y-1 { V | 1141n | 8.25 | 2100--4008 | 0.23 Com 4.3 286430 70 181424
(16) Y2 | S | 5+1n| .95 |18407%0 0 | 1.68.t.02 22001800 | 1851 3 | 1160420
—600 | [ —400
(16) Y-3 | V! 11438n | 150 | 190042508 | 0.3714-.007 | 26.0+.5 | 28.74.00 p 97.74+1.2 | 125480 cannot be scatter
(17) Y6 | S | 2100--300 89.34-34 art>ut—>et| 90.242.8 107.8+3.5
Rochester |
(18) | Y-1 | V| 25450 | 18 | 239045008 029 | 4321 193430V | 1.0154-:05 () 18230 116450V

(Continued)



232 CHARGED K-MESONS AND HYPERONS THE CHARGED HYPERONS 233
TABLE XI| (Continued)
Primary Particle Sccondary  Particle Q(MeV)
Refer 7 ! Le ”_—__ 0 Length| Ra 8 e l _ | Kinetic _z_:,, _; - | o
" Event Type Origin | P8 nug lab " nge P * | Mass Ener = R i Remark
ence i yp g mm ’ at decay degrees mm mm MeV/e 8 l as ;liee‘gy p+a n+4at | A%n- emarks
Rome l ‘ !
(19) | Y1 ! 8 14+0n | 4.3 | 184045000 | | 12.0 >50 1 <my , secondary too
! 3000 500¢ ' : steep for precise
l | ' i measurements
(19 Y2 |V, >8 82.0 | 21004-150b¢, 7.2 170-} 30 | 1.254.08 secondary too
i X | i stecep for precise
l i ! measurements
(200 Y3 | S | 20+9p | 125 2800i,1,(5,82 1.675+.03 black >mg | 100425 117413
l i 2670+ 500° | ()
|
Turin ; +270 .
(21) Y-1| V | 114+14a| 093 | 23007 0408 147.27 4 .25 16.59 7~ - o-star | 80.544-.88% 107415 pp(pri.)=2504-82
| ! could be decay of
Warsaw l | 450 o K-
(22) l i V[ 17410p | 29 | 10007 500 033 | 22 3.0 1864-30 2000":3(‘;0 122 1464-40 pPB(pri.)=1204-20
i . |
Washington ' | |
23) | S | 8.7 | 28604860 2.2 150485 | 1.154-.07 | 330490 114432
Wisconsin i ' | Cosmotron
(24) | ] ' 23004100 1.78+.05 p | 19.5+.2 | 1172 sure expo-

Primary mass measurements by the following methods:

a. multiple scattering vs. residual range; constant cell length.
b. multiple scattering vs. residual range; variable cell length.
c. gap length vs. residual range.

d. grain or blob density vs. residual range.

c. photometric determination of ionization vs. residual range.
g. multiple scattering vs. ionization.
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particle in which the a—-meson was emitted in the backward direc-
tion. The primary particles were heavily ionizing and their masses
and momenta could not be determined (sec discussion § 4.6).

5.2 DECAY EVENTS IN WHICH THE CHARGED PRODUCT IS AN L-
MESON

There are 19 V-events and one S-event listed in Table XII which
can be interpreted as the decay of a hyperon into an L-meson,
(BoNETTI et al. [1958b, 1953d]; CEcCARELLI and MERLIN |1953a,
1953b]). From the measured value of the primary mass and the
measured energy of the L-meson secondary it is possible to con-
clude in several events that, if the decay process is a two-body one,
the neutral secondary particle is heavier than a n-meson. It is
natural to attempt an interpretation of these events in terms of
decay schemes (b) and (c), and this suggestion was advanced by
by several authors; York et al. [1958], BoNETTI ¢t al. [1953a,
1958b]. If this explanation is correct, the @-value for process (b) is
114.5 MeV, and, under the assumption that the mass of the 2--
particle is identical to that of the Z+-particle, the Q-value for the
decay scheme (c) is 110.0 MeV.
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Of the 19 V-events with L-meson secondaries mentioned above
10 have Q-values consistent with (b) or (c), three with (d), and two
with (b), (¢), or (d). In the other events the experimental data is
insufficient for a good measurement of the @-value. Thus, all the
expcrimental data can be accounted for in terms of the postulated
decay schemes. However the firm experimental evidence as to the
exact details of (b) and (¢) is scant. This situation arises from the
imcompleteness of the cxperimental data for individual events,
and from the difficulty in grouping the data for a statistical
analysis.

No separation of the decay processes (b) and (c) is possible using
the sign of the secondary particle or the observed @-values. In the
majority of the V-events the secondary particle escapes from the
emulsion before coming to rest; therefore no determination of its
sign can be made, and grouping the particles in this way is impos-
sible. A similar difficulty arises in the case of the @-values.

The Q-values for (b) and (c) are derived from V-events and are
inherently much less accurate than those obtained for S-events of
type (a), (see discussion of V-events § 4). Thus a separation of
events in classes (b) and (¢) cannot be made on the basis of the
Q- or p*-values.

For these reasons no grouping and subsequent statistical treat-
ment of the data is possible. The ratio X+/2~ is unknown and the
mass of the Z—-particle is not necessarily equal to that of the Z+-
particle.

5.8 EXPERIMENTAL EVIDENCE FOR THE DECAY PROCESSES
2t—>at4+n and 2-—>an +n

A single XZt-event has been observed in which the X-particle
comes to rest and decays into a m+-meson; the at-meson stops in
the emulsion and undergoes u — e decay, (CECCARELLI et al.
[1955]); details of the event, Padua Y-6, are given in Table XII.
The preliminary Q-value obtained was (107.8 + 8.5)MeV. This ob-
servation is the only certain experimental result on the decay
process 2+ —n + at and provides very strong evidence that
decay process (b) is responsible for some of the hyperon decays in
flight and that process (b) is indeed an alternate of process (a).

There are a few individual events from emulsions and cloud
chambers which provide direct evidence for decay process (c). In
emulsions a single V-event has been observed in which the decay
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product, a z~-meson, came to rest and produced a o-star (DEBENE-
DETTI ¢t al. [1954]). Details of the event, Turin Y-1, are given in
Table XII. Although the analysis of the event supports decay
scheme (c), the results are not conclusive. The primary mass mea-
surements are not precise enough to eliminate the possibility that
the decay was produced by a K--meson, nor is this explanation
ruled out from the dynamics of the event. Using the experimental
data and considering three possible decay schemes: X~ —n 4 n—
+ 110 MeV; y— >z~ + a° 4+ 218.5 McV, and E— — A% + o~ +
66 MeV, one obtains the following corresponding values of pf for
the primary particle: 270 MeV/c; 154 MeV/c, and 88 MeV/c. The
experimental value of pf obtained for the primary particle was
250 - 82 MeV/c. Thus, although the 2—-particle is more probable,
a K—-meson is not ruled out as the parent particle; the Z—-particle
appears to be excluded.

Shutt and his coworkers have observed two negative V-events
in a hydrogen filled diffusion cloud chamber which are most easily
interpreted in terms of process (c), (FOWLER et al. [1954]). In the
first event a Y—-particle and a K+-meson are probably produced in
the reaction n—~ 4+ p — Y~ 4 K*. The presumed Y—-particle then
decays into an identified L-meson. The momentum of the L-meson
is somewhat uncertain; under the assumption Y- —n + n— +
@, the Q-value is = 50 MeV. An altcrnate possible, but very un-
likely, explanation is that the entire event resulted from the scat-
tering and subsequent decay of a K—-meson.

In the second example a V—-particle originated in the chamber
wall and decayed into an identified #—-meson. An analysis of the
event according to the various known, or assumed, decay processes
given in Table I leads to the conclusion that it is only consistent
with 2— — n 4 n~. For this case the calculated value of @ is
(180 *35)MeV.

There is no direct experimental evidence for the 2%-meson secon-
dary in (a) or for the neutron in (b) and (c). Although the neutral
particle emitted in (b) can be shown in several events to be heavier
than a z-meson, it could equally well be a A° or heavicr unstable
neutral particle rather than a neutron. The cvidence for a symme-
trical decay scheme involving positive and negative primary par-
ticles of the same mass rests on the apparent close identity of the
p* values observed for the protons, scheme(a), and the z+-mesons,
scheme (b); see Table 1.
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5.4 OTHER MODES OF DECAY

Some evidence exists for a heavy hyperon which decays into
a K-meson, (KISENBERG [1954]; FrY ¢f al. [1955]). No definite con-
clusions can be drawn from the two events so far published.

6. Nuclear Absorption of Heavy Mesons and Hyperons

6.1 POSSIBLE ABSORPTION PROCESSES OF K-MESONS

When a negative unstable particle comes to rest in matter its
behaviour will depend on the nature and strength of the interaction
between the particle and nucleons. Since there appear to he
several K-mesons and hyperons whose properties are not well
known, no definite predictions can be made concerning the modes
of capture. The following possibilities, among others, have been
considered:

(i) The K—-meson is a boson and, by analogy to the n—-capture
process, it interacts strongly with pairs of nucleons;

K-+~p+p—>p-+n- ~500MeV
K-+p+n—-n+n-+ ~500McV.

A large fraction of the kinetic energy imparted to the nucleons will
in gencral be transferred to the nucleus and an evaporation star
of medium encrgy is the expected result. The total energy involved
is suflicient so that a maximum of three #-mesons can be produced
in the secondary nuclcon-nucleon collisions following the capture
of the K—-meson. The number of z-mesons is, of course, reduced
by reabsorption in the nucleus. Exact predictions concerning the
kinds of particles emitted and their energy distribution have not
yet been possible particularly in light nuclei. IIowever, approxi-
mate calculations have been carried out for heavy nueclei and it is
reasonable to expect that a large fraction of the capture stars will
contain onc or two low energy #-mesons and that the capture star
would be visible in practically all cases.

(ii) The K—-meson interacts very weakly with nuclei. In this
case the K—-meson is captured into a bound orbit where it remains
until it decays. In light elements the orbit is outside the nucleus
and when decay occurs intcraction between the decay products
and the nucleus is unlikely. The nuclcus however takes up an arbi-
trary amount of momentum and acquires an inappreciable kinetic
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energy. The spatial relationships among the decay products which
are the characteristic features of a decay at rest are therefore
destroyed; in the case of three-body decay, e.g., the z-meson, the
decay products are in general no longer coplanar, and in the case
of two-body decay they are not colinear.

If capture takes place in a heavy element, the orbit is inside the
nucleus, and when decay occurs, the decay products must traverse
the nucleus. If they are #-mesons the probability that they interact
before escaping from the nucleus is high, and a small star results;
if they are non-interacting particles the decay is similar to the case
for the light elements just discussed.

(iii) The K—-mecson is a fermion and interacts with nuclei in a
manner similar to the y-meson;

K-+p—>n+4n

The ratio of the particles which are captured by the nucleus to
those which decay depends on the strength of the interaction in
the above reaction. Under the assumption that this is equal to the
Fermi interaction constant for the corresponding u-meson process
the ratio of captures to decays in either light or heavy clements
turns out to be 0.1, and most of the captures result in a small star
(DALLAPORTA and Lanza, [1954]). While the calculations are in-
structive for order of magnitude considerations it should be borne
in mind that the ratio of capture to decay depends sensitively on
the coupling constant which may be different from that assumed.
Furthermore, the neutrino may not be the neutral fermion which
enters into the charge exchange reaction. Thus if the neutral par-
ticle were a u% or a K°%meson, the available energy for star pro-
duction would be decreased.
(iv) A fourth possibility is (GOLDHABER, [1958], TOUSCHEK,

[1954]):

K-4+n—>A° + a~

K-4+n—>Y +a

K-+ p— A4A° + at.

These processes represent the inverse of the production process
observed at Brookhaven by Shutt’s group (FOWLER, et al. [1954]).

6.2 OBSERVATIONS WITH PHOTOEMULSIONS

The earliest cxample of K—-capture is that reported by LEPRIN-
CE-RINGUET, et al. [1948, 1919]. In this event a stopping particle
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produced a g-star in which the cnergy release was greater than 350
MeV. The particle which produced the star was thercforc not a
a—-meson. Since only a single event was found, and since at the
time the evidence for K-mesons also consisted of a single event no
definite conclusion was possible. The authors however considered
that the event was most probably caused by “a negative meson
whose mass is at least 700m, and which interacts with nuclei”.

Confirmation for this view was some time in coming. As soon
as K-meson decays in emulsions were well established the fate of
the negative particles, which were known to exist from cloud
chamber observations (§ 4), engaged a great deal of attention. How-
ever the capture stars produced in the emulsion by K—-mesons
cannot be readily distinguished from the large background of simi-
lar stars which result from z-mesons and low energy neutrons. Nor
is the behaviour of the stopping K-meson always sufficient to posi-
tively identify a K—-capture star. In single G-5 emulsions most of
the tracks are necessarily short and the direction of the K-meson
is difficult to determine from scattering and ionization. For these
reasons, and also because the rate of K—-capture stars seems to be
low compared to the rate of decay events, no capture stars pro-
duced by heavy mesons were found in the first systematic search
(FRIEDLANDER ¢t al. 1953, 1954]).

However, in 1952 an additional event was reported by Fry and
Lord, and in 1953 Pcters reported conclusive evidence for K-
capture (LAL ¢t al.[1958a, 1953b, 1953¢]). In the course of scanning
a large block of emulsions four g-stars were observed which could
not have been produced by z--mesons. In two of the events the
mass of the o-meson was determined within 109/ and the initiating
particles were certainly K-mesons.

About 80 events which can be interpreted in terms of the ab-
sorption of a negative K-meson are listed in Table XIII, and data
for six additional events which presumably result from the nuclear
absorption of ncgative hyperons are given in Table XV. If we
consider only those cases in which the star was produced by a
K-meson, the capture stars may be classified as follows:

(a) Evaporation stars with no z-mesons: 14 cases.

(b) Stars in which a z-meson or a lightly ionizing particle which
could be a zm-meson is produced with or without evaporation
prongs: 12 cases.

(e) Stars in which a hyperon is produced: 2 cases.
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6.3 OBSERVATIONS WITH CLOUD CHAMBERS

In 1953 the Manchester group reported an event observed in a
magnetic chamber which could be interpreted according to the
process K— + p — A% 4 ?, (BARKER, |1958a, 1958b]). A negative
particle of mass (1000-2000) m stopped in a plate and apparently
produced a A%particle.

The MIT group has observed three events in a multiplate cham-
ber which can be interpreted in a similar manner (DESTAEBLER
[1954]). Two of the events, 81882 and 93242, are similar to that
described by Barker; a VO%particle appears to originate from a
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Plate V — Absorption of a negative K-meson observed by DESTAEBLER [195 4],

in a multiplate cloud chamber. The K-meson stops at a, and gives rise to an

L-meson which stops at d, and a A% particle whose decay products enter a plate
at bande.
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stopped K-meson, i.e., the planc of the V0-particle intersects the
last track scgment of the K-meson inside of a plate. In event
86407 a VO-particle and an L-meson originate from the point of
stopping of a heavy particle. All of the VO-particles are probably
normal A% particles and cannot be interpreted as 0°%-mesons.

Details of the events are given in Table XIV; column 8 gives
the kinetic cnergy of the VO-particle computed under the assump-
tion that it is a A%particle.

TABLE XIV

Summary of data for negative K-mesons observed in a multiplate cloud chamber
by DE STAEBLER [1954]

Columns two and three list values of @ and Kinetic energy for the A°-
particle and column four gives the kinetic energy of the z-meson.

. Kinetic Energy Kinetic Energy
Event Q-lg_al::t*i cil:r of A%particle of 7-meson
4P MeV MeV
86407 3413 —48 £ 1 31+ 3 (81 - ~106) + 3.5
91882 3244 —060 -+ 8 30 + 8 —
93242 33 £ 14— 41 £ 5 59 4+ 13 —

* The Q-values are computed under the assumption that the V-particles
are A%particles. None of the VO-particles could be interpreted as 0°-mesons.
6. 4 INTERPRETATION

The cloud chamber results show the presence of a hyperon among
the interaction products and this result is supported by some
events observed in emulsions. The events which show hyperons can
then be interpreted in terms of the process

K—meson + nuclcon — hyperon + z-meson
discussed in § 6.1 (iv). Specifically, if one assumes
T+ n—> A%+ 7,
the Q-value of the rcaction is
Q = (My + M — My — Myg)c® = 179 MeV.

The kinetic energy of the z-meson is 151 MeV and of the A%par-
ticle 28 MeV. These values of the energy will be modified becausc
of the internal motion of the nucleons within the nucleus; for
example 200 MeV/e Fermi momentum will produce A°-particles
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with energies up to 65 MeV. The #-meson energies will be similarly
smeared out by the internal motion and, in addition, in heavy
nuclei the interaction of the z-meson with the nucleus would
usually produce a small star.

The cvents observed in emulsions seem to be predominately
rather small stars in which only a small fraction of the K-particle
rest mass appears as visible energy. A z-meson of about 30 MeV
energy is frequently emitted but high energy z-mesons appear to
be rare. Because of the rather moderate energy released in most
events process (i) appears to be rare. Absorption by the mechanism
(ii) may be present but would be difficult to observe except in the
case of the 7—-meson. Process(iii) should not be important since the
majority of K-mesons are certainly bosons.

None of the emulsion or cloud chamber events are clearly in-
consistent with absorption process (iv) and it is possible that all
can be explained in this way. On this basis the small number of
A°%particles observed in emulsion events is understandable since
they can only be observed with appreciable probability when emit-
ted in an unstable fragment. However there is as yet no conclusive
evidence as to the nature of the absorption process; it is nearly
certain that several types of K—-mesons exist and it is possible
that these different particles interact with nuclei in different ways.

6.5 THE ABSORPTION OF NEGATIVE HYPERONS

The available data are summarized in Table XV. All of the ab-
sorptions appear to result in a small evaporation star with a visible
energy of the order 20-100 MeV. Because of the conservation of
heavy fermions the maximum encrgy released on the capture of a
Z--particle cannot exceed about 250 MeV.

Although no definite conclusions can be drawn concerning the
absorption process, all of the events listed in Table XV can be
explained in terms of process § 6.1(ii); under this assumption the
hyperon is captured by the nucleus and subsequently decays. The
nuclear disintegration results from interaction of the z-meson pro-
duced in the decay with the nucleus or from the energy rcleased
in the decay itself.
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INTRODUCTION

Since the existence of neutral heavy unstable particles was
established by RocHESTER & BUTLER [1947] and SERIrY ef al.
[1950], considerable effort has been devoted to the study of these
particles in many different laboratories. Progress, however, has
been relatively slow, since from the experimental point of view the
area is an inherently difficult one. The phenomenon has turned
out to be surprisingly complex with respect to the number and
types of particles and the varicty of their decay schemes. While
greatly stimulating interest in the area, this complexity has made
the experimental problem formidable, since relevant observations
must be sufliciently detailed and quantitative to identify the type,
or at least the class, of particles to which they refer.

The earlier V°-particle work was done almost exclusively with
the magnetic cloud chamber. More recent investigations have
also utilized a number of other instruments, with the resultant
data being, in many cases, advantageously complementary. The
multiplate chamber has proved to be a very effective tool, both
alone and in conjunction with a magnetic chamber. The nuclear
cmulsion, particularly in the form of stacks of stripped emulsions,
has now been successfully applied to the V°-particle problem. One
of the major accomplishments of the last year has been the
artificial production of V°-particles in the pressurized hydrogen
diffusion chamber at the Brookhaven Cosmotron.

The two most common types of V°-particle, the 4° and 6°,
now appear to be well identified. Interest is therefore shifting to
the so-called anomalous types. There is preliminary evidence for
several decay processcs distinet from those of the normal A° and
0°. Some of this evidence may lead to the discovery of more new
particles, some of it may turn out to be explicable in terms of
alternatc decay modes of particles already identified, and some
of it may not be confirmed by further work. The anomalous events
amount to only 5 to 109, of all V°-particles obscrved; hence
they must be studied against a large background of normal A4°
and 6° decays. Experimentally, the first and most necessary step
in the interpretation of data is to establish that the few unusual
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examples are genuinely anomalous, rather than the result of larger
than avecrage errors. Work in the last year has therefore been
characterized by increased emphasis on reliability of measurements
and reduction of data.

Since the present article is apparently the first experimental
review devoted exclusively to the neutral heavy unstable particles,
it is appropriate to begin, in the first section, with a brief account
of the basic earlier work. In the second section, the observational
techniques are discussed, with particular emphasis on develop-
ments of the last year. The third and fourth sections are devoted
to the present status of work on the two best established V°-parti-
cles, the A° and 6°, respectively. The fifth section discusses the
so-called anomalous events, and the final section, the production
and nuclear interactions of V°-particles.

1. Early Work on V°-Particles

In this section, the basic earlier work, which lead to the dis-
covery of V°-particles and later to the realization of the complexity
of the problem, is discussed.

1.1 DISCOVERY OF V°-PARTICLES

The first suggestion of the existence of heavy neutral unstable
particles was made by RocHESTER & BUTLER [1947] in the course
of a cloud chamber investigation of cosmic ray induced penetrating
showers under lead with the original electromagnet of BLACKETT
[1986]. Among some fifty penetrating shower photographs, these
authors noted a most striking event, comprising the apparently
copunctual origin in the gas of a pair of oppositely charged parti-
cles of considerable rigidity.! Both tracks of the fork were at
minimum ionization and no visible evidence for a recoil fragment
was found in the vicinity of the apex. The angle between the
tracks was 67°, about 1000 times larger than expected for a
positron-clectron pair of the observed energy. It was further
argued that if the event were due to a collision process in the gas,
several hundred times as many similar processes should have been
seen in the 8-cm. lead plate across the center of the chamber,

1 The original photographs of Rochester and Butler are beautifully
reproduced in the compilation of RocHEsTER & WiLsoN [1952], hereinafter
referred to as the Arras.
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whereas very few of such were observed. Thereupon, Rochester
and Butler pointed out that the event could be explained in terms
of the spontaneous decay of a new type of heavy neutral unstable
particle. A second fork in the same observations was similarly
interpreted to represent the decay of a charged particle.

The observations of Rochester and Butler were confirmed and
their arguments put on firm statistical ground by SERIFF ef al.
[1950] 1, who observed 34 cxamples of the forked tracks associated
with penetrating showers under lcad at sea level and at 3200 m.
Of the 34 cxamples, 30 were of the first, or ncutral, type and 4
were of the sceond, or charged, type. In addition to confirmation
of the cxistence of such particles, these obscrvers obtained a
varicty of results on the properties of the particles:

1. The incidence of the particles under lead was shown to
inerease markedly with altitude.

2. The number of neutral unstable particles produced in pene-
trating showers was estimated to he about 39, of the total
number of ionizing particles.

3. The decay fragments were shown to be heavier than electrons
from the absence of radiative collisions in a 2 em. lead plate
across the center of the chamber.

t. Some of the fragments were shown to have strong nuclear
interactions.

5. Some of the fragments were shown to be mesons (7 or p)
from ionization and curvature.

6. The mean rest lifetime of the neutral particles was estimated
to be of the order of (8 4 2) X 10-1? sec. from the distri-
bution of decay points in the chamber.

7. Subsequent usc of the coplanarity test for a third neutral
fragment was anticipated, but the authors did not consider
the accuracy of their coplanarity measurements in this early
paper to be definitive.

All of thesc conclusions have been well-confirmed by subsequent
work and have become a part of our general knowledge of the
properties of the new unstable particles.

At the suggestion of Blackett and Anderson, the generic term
“V-particle” was adopted to refer to the unstable parent particles
which on decay were responsible for the forked tracks.

1 Arras, pp. 104-107.
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1. 2 EARLY EVIDENCE FOR THE COMPLEXITY OF V°-PARTICLES

The first examples of identified protons among the dccay
fragments of V°-particles came from further work of the Man-
chester group 2 with the Blackett electromagnet installed on
the Pic-du-Midi at an altitude of 2867 m. Among 36 cxamples of
Ve-particle decay, four heavily ionizing positive decay fragments
were found whose estimated ionizations were in good agreement
with that calculated for protons of the appropriate momenta. In
all four events the track of the negative fragment was at or ncar
minimum ionization. Since the measured momenta ranged from
1 to 5-10%eV/e, it was inferred that the negative fragment in
these cases was a meson (z~ or px-). Assuming a 2-body decay,
these authors thus proposed the scheme

Vo > p + a- (1)

and gave calculated values of the V°-mass ranging from 2180 to
2400 me. The division of momentum between the charged
fragments (in favour of the positive fragment) suggested that a
substantial fraction of other examples might also be of this type.

However, in the same set of data, there were two or possibly
three V°-decays in which the upper limit for the mass of the
positive fragment, from ionization and momentum, was found
to be distinetly less than the proton mass and in the most favorable
case only slightly more than the pion mass. Unfortunately, the
track of the negative fragment in all three photographs was at
minimum ionization and either too short or too straight for identi-
fication or measurement.

Contemporaneously with the work of the Manchester group,
the Indiana group % had independently reached similar con-
clusions. Among ninc examples of V°-decay obtained at sea level
with a 12 in. diameter magnetic chamber, there were three cases
in which the positive fragment, from ionization and momentum,
was found to have a mass near that of the proton. In two of the
three cases, the negative fragment could be shown to be light and
therefore was inferred to be a z (or y) meson. The use of the
Q-value was introduced; for the decay scheme V° - p 4+ # 4+ Q,

1 ARMENTEROS et al. [1951a].
2 AtLAs, pp. 108-109.

3 TuompsoN et al. [1951].

4 ATLAS, pp. 112-113.
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the two cases gave Q-values of (31 4 5) MeV and (84 4 10) MeV L,

In the same set of observations, there was also a V°-decay
(film i} 50) in which the positive fragment could not be much
heavier than a m-meson. The negative fragment, at minimum
ionization, had a measured momentum in the neighbourhood of
1.8 GeV/c; thus the upper mass Jimit was too high to be in-
formative and the negative fragment was not identified. This
event is further discussed in section 4.

2. Experimental and Analytical Techniques

In this section, a few of the recent advances in technique which
have been applied to the investigation of V°-particles are briefly
discussed. The first part is concerned with experimental technique,
the second part, the analysis of V°-particle data.

2.1 EXPERIMENTAIL TECHNIQUES

Although very valuable V°-data is now coming from the nuclear
emulsion, the main source of information is still the cloud chamber.
In the interest of brevity, therefore, we will treat cloud chamber
techniques only. The status of stripped emulsion technique has
been discussed by a number of authors, including Powerr [1953],
LAvL et al. [1953a], and STILLER et al. |1954].

2. 1a Distortions in the Magnetic Chamber

The main source of error in the measurement of momentum
with the magnctie cloud chamber is usually the so-called chamber
distortion 2. Unfortunately, in many of the earlier V°-particle
investigations, the exemplary work of BLACKETT & BRODE |1936]
has not been taken into account. As a result, it is not evident from
the literaturc to what extent the various groups have established
that their curvatures are significant.

Because of work done during the last year or so, the situation
has tightened considerably with respect both to the reduction of
the distortions themselves and to the realistic assessment of their
contribution to the uncertainty of the result. The line of attack
on this problem has been different in every laboratory; the most

1 The published Q-value for film -ii 55 should read 84 McV instead of 28
MeV, as may be verified from the basic data given.

2 The subject of chamber distortions has been treated at length by WiLson
[1951]. For examples, see ATLAS, pp. 9, 105, 107.
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concerted effort has probably been that of the Indiana group .

The new large magnetic chamber at Indiana University was
designed from the beginning with the express object of reduction
and control of track distortion. In order to prevent temperature
differences which can result in track distortions, the chamber is
completely surrounded by a heavy copper thermal jacket with
dead air space between. To the jacket are soldered several hundred
feet of flattened copper tubing through which distilled water,
thermostated to 4 0.02° C, is pumped at the rate of 30 gal./min.
At the sides of the jacket opposite the flash lamp housings, a
storm porch arrangement is used to compensate for the poor
thermal conductivity of the side glass windows. The hollow pole of
the magnet is constructed in two parts; the inner one, a wedge-
shaped iron shell, is an integral part of the thermal jacket,
thermally insulated from the main pole.

No-field tracks are taken with the pancakes of the magnet coils
connected in opposing pairs to insure that thermal conditions are
identical tc those existing when the apparatus is recording data 2.
The chamber is of the rubber diaphragm type, with exhaust valves
located outside the iron yoke to the rear of the solid pole. Thus,
there is no question of a difference of conditions due to the absence
of eddy-current forces on, for example, a light metal piston. The
“test tracks” are those of y-mesons, sufficiently fast (range = 42
in. of lead) to ensure that multiple scattering in the gas (argon)
of the chamber does not obscure the results.

Fig. 1 shows representative examples of the comparator plots
of three no-field tracks exhibiting various amounts of distortion,
from one of the worst to one which is considerably better than
average. In Fig. 2 is shown a representative distribution of such
no-field tracks. It should be noted that the mean value of curva-
ture does not occur at zero, indicating a small tendency toward
systematic distortions. The spread about the mean corresponds to
a maximum detectable momentum of about 5 - 10 eV/e.

The data of Fig. 1 and Fig. 2 refer to tracks which traverse
essentially the full illuminated height of the chamber (22 in.). For

1 Proceedings of the Bagnéres Congress, 1953, p. 4.

2 CARTER & STREET [1954| report an elegant method of determining the
distortion in an individual track in the presence of a magnetic ficld. The
technique is based on the use of a narrow ribbon of soft x-rays, pulsed in
synchronization with the Geiger counter triggering signal.
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Fig. 1 — Representative comparator plots of 8 no-field tracks from the large
Indiana magnet chamber. The ordinate scale is greatly expanded. All
curvatures are reduced by the new least squares method developed for the
large Indiana chamber (TnompsoN et al, Proceedings of the Bagnéres
Congress, p. 4).

shorter tracks, the probable error is taken inversely as the length
of track, a procedure which has been recently confirmed in a
study by FrRETTER & FRIESEN [1954a].

2. 1b Reduction of Curvature and Angle Data

There were some difficulties in comparison of the earlicr results
from various laboratorics since it has appeared that some curva-
ture and angle data were incompletely or improperly reduced. The
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situation has greatly improved during the last year or so. However,
since the particular methods which are used to reduce the data
vary considerably from group to group, it would be desirable if
all laboratories reporting data with magnetic chamber would
carry out a direct test of their particular methods of reduction to
insure that systematic errors have not been overlooked. !

In order to illustrate the method, the results of such tests, as
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Fig. 2 — Representative distribution of no-field tracks from the large Indiana
magnet chamber.

carried out by the Indiana group 2, are given. Table I illustrates
the results of a curvature test. In this test, a dummy track 3 was
photographed behind a duplicate front glass plate with one of the
two stereoscopic cameras which are alternately used to photograph

1 We are indebted to Dr. V. A. J. van Lint for pointing out one very subtle
source of error, which illustrates the importance of checking the procedures.
It was found, in preliminary work with the new 48 in. chamber at C.I.T., that
the determinations of the angle between A°-decay fragments were in sub-
stantial error in those cases in which the decay plane was inclined to that
of the chamber. Careful study revealed that the cause of diffliculty was the
use of the reprojection lenses at full aperture, for reasons of intensity.

2 Proceedings of the Fourth Annual Rochester Conference on High Energy
Physics, 1954, p. 78.

3 The dummy track used was one constructed with B. Gregory in the
summer of 1948 for a similar test. The dummy was remeasured for the present
test and a very slight change in curvature was found, which was attributed
to warping of the sheet of plastic on which the track was engraved.
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the chamber. The films were developed and the radius of curva-
ture of the image on each film measured with the standardized
comparator procedurcs. The results are given in column 2. The
films were then replaced in the original camera and reprojected
to determine the space orientation of the track. Column 8 gives
the measured magnification, column 4 gives the quotient of
column 2 by column 3, and column 5 gives the space radius of
curvature after projective corrections. Note that the radii in
column 4 cxhibit considerable variation both with respect to
each other and with respect to the true value. However, the
corrections leading from column 4 to column 5 remove this variation
and bring the results from the three views into close agreement
with the actual value.

TABLE I
Curvature Reduction Test

Stercoscopic o; mm | m ;u%ﬁggﬁ- o™ em g, cm
view (on film) track centre (in space) (in space)
Right 66.31 0.1096 60.52 5.2
Central 60.95 0.1099 55.48 76.4
Left 56.17 0.1067 52.62 76.2
mean 75.9
actual value 75.6
TABLE 11
Angle Reduction Test
Stercoscopic 0, angle 0, angle
view on film in space
Right 21.98° 24.62°
Central 19.68° 24.538°
Left 16.78° 24.51°
mean 0, _‘2;;;
actual value 24.54°

Similarly, Table IT illustrates the results of an angle reduction
test. Column 2 gives the angle 0, of the image on the film, as deter-
mined by the standardized comparator procedures. Column 38
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gives the angle 0, in space as computed from 0; and from the
track orientation in space determined from reprojection. Again,
the final result is in close agrecment with the known value of the
dummy angle.

2. 1c Determination of Ionization

In the majority of V°-particle investigations with the magnctic
cloud chamber, the momentum-ionization compromise ! has been
madein favour of momentum with no concession to drop counting.
The determination of ionization has therefore been a rough visual
estimate best made through the use of comparison tracks. The
resulting mass determinations have given very valuable quali-
tative information. However, the importance of obtaining accu-
rate momentum and ionization measurecments on the same track
has been generally recognized. One approach to this problem has
been reported by Conn et al. [1953].

Cowan [1954] and FRETTER & FRIESEN [1954a] have developed
techniques which represent a substantial advance in this direction.
The relevant technical data are summarized in Table III.

The drop count is made on the original negatives with the aid
of a stereoscopic viewer, as a result of which the baekground
correction is neglible. The track is divided into N equal cells,
each of length approximately equal to the track width, by means
of a transparent reticule placed over the film. The number of
drops per cell n is recorded, with the exception that cells containing
more than 25 drops are rejected 2. The relative ionization 2 of the
track is then given by m, and the standard deviation in 7 is cal-
culated from the observed distribution of n from the formula 4

On
On = '\/N (2)

From the central limit thcorem, the distribution of #n is approxi-
mately Gaussian; Cowan’s errors are given in terms of the probable

1 Wirson [1951].

2 For tracks of 1.5 times minimum ionization, the number of cells so
rejected in only 1.59%.

3 In order to make the drop count independent of the condensation
efficiency (NIELSEN [1942]), each expansion is individually calibrated by
means of electron tracks of known momenta.

4 Eq. (2) presumes that n is an uncorrelated random variable. This as-

sumption may not be entirely correct; however, the resultant effect on the
error so calculated is probably small.




EXPERIMENTAL AND ANALYTICAL TECHNIQUES 265

error ¢ = 0.6745 ¢. A numerical example, referring to a track of
about 1.5 times minimum ionization and total number of drops
Nn = 1482 is given in Table 1V. The probable errors determined
in this way turn out to be about 1.7 times larger than those
calculated assuming the total number of drops is Poisson distri-
buted. This result corresponds to } - (1.7)% ion pairs per primary
ionizing event, which is not far from the observed values.

TABLE III
Data on Momentum-Ionization Compromise
Fretter and
Cowan Friesen
Photographed area 48 X 48 cm 40 X 50 cm
Gas 2He, 1 A He
2/3 cthyl alcohol | 2/3 ethyl alcohol
Vapor 1/3 water 1/3 water
Compressed pressure 100 cm g 100 cm Hg
Light flash delay 125 msec 125 msee
Magnification 1/8.4 1/12.5
Focal length 125 mm 50 mm
Aperture 19 fe
Track width = 5
in space 1.5 mm 1.25 mm
Track width
on film ~ 177 p* ~ 100 u
Drop image size .
on film ~ 26 pu* ~10p
Maximum detectable
space radius of curvature 100 m 180 m
Magnetic ficld 4200 gauss 8000 gauss
Maximum detectable .
omentam 1.3 X 10%eV/e | 4 X 10%cV/e

* Measured by the present author and Dr. Friesen on a negative supplied
by Dr. Cowan. We are indebted to Dr. Cowan for permission to quote these
figures.

TABLE IV
istimation of Slatistical Errors in Cowan’s Drop Count
Number of cells: N = 164

Average drops per cell: 5 = 9.08
Standard deviation in n: o = 4.73
Standard deviation in %: oz = 0370
Probable error in 7: p = 0.249

o .- 100g
° probable error in fi: —— = 2.89%
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In addition to the statistical error estimated as described above,
Cowan includes a flat 109, ‘“‘counting error”.

2.2 ANALYSIS AND REPRESENTATION OF V°-PARTICLE DATA

There are two characteristic features of the V°-particle problem
which make the analysis of data more complicated than in the
case of the charged unstable particles. First, V°-particles have so
far been detected only by their decay into charged fragments 1,
Thus, the propertics of the neutral parent particle must be in-
directly inferred from study of the decay fragments. Second,
V°-particles are electrically neutral and hence do not lose energy
by ionization. Their decay must therefore be studied in flight. In
contrast, the decay of the charged particles is most advantageously
observed at the end of the range where the velocity of the parent
particle is not only known, but is zero.

As a result of these two factors, a variety of special methods
for the analysis of V°-particle data have been introduced. Some
of these are also of interest in the analysis of the decay of charged
particles.

In view of the comprchensive article of PonoLANSKI & ARMEN-
TEROS [1954], the problem of summarizing the analysis of data is
greatly simplified. Accordingly, much of the materialin the present
section is expository in nature.

2. 2a Propertics of Q and a

The Q-Value. The parameter most frequently used to charac-
terize V°-decay is the Q-value, defined by the equation

Q=VE BT — [ 45 P —(m, 4m), @

where E,, E_,\p,, p-, m, and m_ are the energies, momenta, and
masses of the fragments. The @-valuc so defined for given input
data clearly depends on the values assigned to m, and m_; this
dependence may be explicitly displayed by indicating the nature
of the fragments in parenthesis, with the positive fragment written
first. Thus for the decay 4° — p + @, Q(p, #~) = 37 MeV.

In the special case of 2-body decay in which m, and m_ are
correctly assigned, Eq. (3) represents the sum of the kinetic

1 Cases A and B of the Brookhaven group (cf. section 6), in which recoil
effects indicate the production of K°-particles, provide exceptions to this
statement.
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energies of the decay fragments in the center of mass system, or,
what is the same thing, the mass decrement in the decay process.
In other cases, the Q-value is used as a parameter, and as such has
a number of usecful properties. For example, it is a convenient test
of compatibility witha given decay scheme. Conversely, given a set
of decay data, the @-values for various schemes may be computed
and the resulting histograms examined for peaks. However, it
should be emphasized that the Q-value is not an adequate sub-
stitute for basic data.

The use of the Q-value as a decay parameter, in preference to the
computed V°-mass, wasoriginally introduced becauseit tends, under
certain conditions, to be relatively insensitive to the assumed frag-
ment masses and thus is more closcly related to the experimental
measurements. This fact is illustrated by differentiation of Eq. (3)

Q vy

amy vy

where y and y, refer to the V°-particle and the positive fragment,
respectively. On applying the Lorentz transformation, we find

Q 1

gy i (L7 PR eon 09
where p,’ and .’ refer to the positive fragment in the centre of
mass system, 0’ is the angle of emission of the positive fragment
in the centre of mass system, and g refers to the V°-particle. It is
seen that B.' <1 is a sufficient condition to insurc that @ is
insensitive to m..

The crrors in Q quoted in the literature are invariably those
resulting from uncertainties in the measured momenta and angles
alone and do not reflect uncertainties in the masses of the assumed
fragments. Although the fragment masses may be well determined
in very fortuitous individual cases, this information is used for
identification of the fragments only; the best available masses for
the identified fragments then are used in the computation of Q.

If the errors in p,, p—, and 0 are assumed to be small, the
corresponding crrors in @ may be calculated from the first deriva-
tives:

1

2 + 0
2L% — y (B — fcos 0.) ; cos 0, = (REHEECRT)

20 . . ! S
;‘,—Q‘*'yﬂpi i Py =g psind
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where P = P+ + P-, 0, is the angle which i’.ﬂ: makes with P, p,
is the component of p, normal to T’, and 0 is the angle between
P, and p_. If the errors dp,, 8p-, and 80 are assumed to be inde-
pendent, their respective contributions to the error in @ are
combined gcometrically. The relative contribution of 40 is usually
negligible with rcasonable track length.

In practice, however, it is often the case that neither assumption

e;-uso‘ L

2o V=ph7eq

wof-\ Y14 Q-347MEV

Q IN MEV

Ll

| WS S OO T NN TN O N T N N T T W (N VOO T O TN N W O e |
oa 25

10 15 20
PROTON MOMENTUM IN GEv/c

Fig. 8 — The dependence of Q(p, #) on the measurecd momentum of the

proton for y = 1.4 and various angles of emission of the pion in the center of

mass system. These curves were calculated in 1951 on the basis of a slightly
lower value of @ than is indicated at present.

is correct. Linear estimation of the errors may not be justified
if the errors are large. This is well illustrated in Fig. 8 in which the
dependence of Q(p, =), for A°-decay, on the measured momentum
of the proton is shown for y = 1.4 and various angles of emission
of the pion in the centre of mass system. The curves show a
minimum; for 90° emission in the centre of mass system, the
minimum Q is close to the true value. It is clear that large errors
in the proton momentum will produce an asymmetricQ(p, =) distri-
bution 1.

1 The curves illustrated in Fig. 8 were explained dynamically and offered
as an explanation of the high energy tail of Q(p, #)-values reported in some

of the earlier work (Thompson, R. W., C. J. Karzmark and H. O. Cohn,
1952, Phys. Rev., 87, 182).
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The crrors in the mecasured quantities are often strongly de-
pendent rather than independent. This fact may result in under-
estimation or overestimation of the errors in @, depending on the
nature of the dependence and on the dynamics of the particular
Veevent. It happens that the two most important types of de-
pendence are very easily described with the aid of the Q-curve
diagram, and therefore will be discussed in paragraph 2. 2b.

One of the most important applications of the Q-value is in
connection with the problem of 3-body decay. If a third neutral
fragment is produced in the decay, the quantity calculated from
Eq. (3), based on the two (observed) charged fragments only, does
not represent the true encrgy release in the process. The Q-value
calculated by Eq. (3) in these circumstances is called the “apparent
Q-value” and denoted by @Q*.

The problem of the distribution of @* for 3-body decay has been
treated by LE16uTON ¢f al.|1951] and more completely by BRUECK-
NER & T'nmompsonN [1952]. The latter authors obtain the equation

= 2my +m)+Q Ty’

@ = e (1 g ) @ )

where Q is the truc cnergy release in the decay, Ty’ is the kinetic
energy of the neutral fragment in the truc centre of mass system,
and T (max) is the maximum value of T'y. It is clear from Kq.
(4) that @* ranges from 0 to @ as T’y ranges from T'y'(max) to 0,
respectively. The physical significance of the limiting values of
Q* is readily understood if it is noted that Eq. (3) gives the sum
of the kinetic energies of the two charged fragments in that frame
of referencc in which the sum of their momenta is zero. For
Ty = 0, that condition is satisfied by the true centre of mass
system of the V°-particle, and the sum of the kinetic energics of
the charged fragments in that coordinate system is evidently the
true @-value. For Ty’ — Ty (max), the two charged fragments are
emitted with the same velocity and direction, the latter being
opposite to that of py’. The frame of reference in which the sum of
their momenta is zero is the frame of reference in which they are
at rest, and therefore @* = 0. In the laboratory frame the angle
0 between the two charged fragments is zcro for * = 0.

Eq. (4) provides the relationship between the distribution of
Q* and thedistribution of Ty". Let F(Q*) and f(T,') be the diffcrential
distributions of @* and 7'y’, respectively. Then we obtain
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1) = ey F@). (5)

where M is the truc mass of the V°-particle. It is apparent from
Eq. (5) that knowledge of one distribution is equivalent to
knowledge of the other, and that the relationship between the
two distributions is independent of the V°-particle velocity, the
orientation of the decay plane in the centre of mass system, ete.
The application of Eq. (5) will be illustrated in sections 3, 4, and 5.

The Manchester Parameter a. The first attempt to classify V°-
decay schemes by purely dynamic methods was made by ARMEN-
TEROS et al.[1951b]. The method used by these authors was essen-
tially dependent on the fact that asymmetries in the masses of
Ve-decay fragments are reflected statistically, in the laboratory
frame, in asymmetries in the longitudinal components of the
fragment momenta. As a mcasure of the latter, these authors
used the dimensionless parameter

a= (p_+)a_;_§£]7_), .
The motive for use of this particular function of the longitudinal
components of momentumrather than the longitutinal components
themselves derives from the properties of the transformation
equations.

Consider the decay in flight, as in Fig. 4, of a particle of mass M
and velocity £ into two fragments of masses m, and m- and
momentum p’ in the centre of mass system. Resolve p’ into
components p,’ and p,” along the 2’ and y' axes, where 2’ corres-
ponds to the direction of motion 8. Consider the r-component of
momentum of one of the decay fragments in the laboratory frame:

pz=—y (p’ cos 6’ + BE’). (6)

For a given value of # and isotropic emision in the centre of mass
system, p, is uniformly distributed over a range 2yp’ which is
centercd about the mean value yBE’. Thus, the width and mean
of the distribution are measures of the center of mass momentum
p’ and energy E’ of the fragment, respectively. However, since the
Ve°-particle velocity is not known in practice, and varies over a
considerable range, it is desirable to eliminate the dependence of
the distribution on B, insofar as possible. Considerable improve-
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ment results if we consider the distribution of Eq. (6) after division
by the V°-particle momentum P = ygM:

Py __pcost | E

P pM M
The ratio p./P is also uniformly distributed for given f. The
velocity dependence of the mean is removed, however, and that
of the width is reduced. The distribution of any linear function
of the ratio p,/P has the

same properties. The pa- s C.M. SYSTEM
rameter p'
B
a=20D: Y U L S R+
(7) M
_2p cos_g’+ oy — K p
- M M Py
is a convenicnt choice +

since it is antisymmetric
with respect to the frag-
ments.

It is readily verified

LAB SYSTEM

that « may be expressed ----_--__ rXx
in terms of the masses: & b
_ A\l I___E ’
— 2t - P+
@ M
o mz2—m2? Fig. 4 — Vector diagram of a V°-decay into
M2 two charged fragments.

and that a itself may be expressed in terms of the resultant
momenta or in terms of the angles

@ — PiE—p? _ sin?_—sin%,
P2 sin%0

The latter form is applicable in cases where the momenta are not
determined, providing the V° line of flight is known.

2. 2b The Q-Surface Representation

The majority of V°-particles produced by cosmic radiation are
so energetic that the observable fragments are near minimum
ionization and very little can be said about their masses, although
much valuable qualitative information has come from those cases
in which the masses of one or both fragments can be estimated
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from ionization and momentum in the magnetic chamber, or one
or both fragments can be stopped in a multiple plate chamber.
However, the question of the nature of the relativistic disintegra-
tions of charged and neutral particles remains and will undoubted-
ly attract increasing attention in the future. Hence it is of some
intercst to discuss methods of representation of decay data which
arc applicable in the complete abscence of a priori knowledge of
the primary or secondary masses.

The general idea of a dynamic representation for 2-body decay
is scen immediately from the energy equation !

VPR ME—VpEirmEi—Vp2Ritm2-=-o, (8)

where P is given by
P=+p24+p2+2p,p_cosh.
Eq. (8) is of the form
h(M,m,, m_;p,,p-, 0 —0, 9)

where the masses M, m_, and m, characterize the decay process;
and p,, p-, and 0 are the variables dircctly observed in the labora-
tory system with the magnetic chamber. Eq. (9) may be regarded
as the equation of a family of surfaces in a (p,, p-, 0) — space,
the parameters of the family being AL, m ., and m-. Each observed
disintegration yields a (p., p-, 0) triad and may be represented by
a point in the space. All points representative of a given decay
scheme form a surface which characterizes the decay and permits
cvaluation of the parameters M, m ,, and m-. Since, for two given
fragments m, and m_ the locus of representative points of constant
R isa member of the family, the name Q-surface has been suggested.

It is evident that the obscrvable triad need not be restricted
to the variables p,, p-, and 0. In the decay of charged particles,
the momenta of the primary and charged secondary and angle
may be used; or in the multiple plate chamber, angles, ranges,
average scattering angles, ete. may be used. The essential point
is that coordinates in the disintegration space must be a triad of
quantities which are functions of three direct obscervables only,
and thus do not depend on assumed masses or other basic para-
meters of the decay.

The general idea of a @-surface is in itself of little practical use.

1 THOMPSON et al. [1953¢|.
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The question is whether a space can be constructed such that the
Q-surfaces are geometrically simple and have evident physical
significance. Such a space is readily found as follows: Consider
a 2-body decay in flight as in Fig. 4. In the equation

P22+ ps/2 = p?, (10)

transform p,’ and p,” to the laboratory frame. The y'-component
of momentum is invariant and equal to the transverse component
of momentum p, in the laboratory frame

__pyp_sind

==

The 2'-component of momentum may be expressed in terms of
Pz by means of Eq. (6). The dependence of the result on the
Ve-particle velocity 8 will be less, however, if p,’ is expressed in
terms of a by Eq. (7). Thus we have

Py = Py

pt —e—a8  (a—a) _
P= = @jpa) — .,l/ 11
Tt m

and Eq. (10) becomes
(e —a)? P .
YRR L ()
Vo +ifz)
Eq. (11) is of the form:
H(a,p', M; apup) =0 (12)

in which @, p’, and M characterize the decay process and a, p,,
and 1/P arc functions of quantities observed in the laboratory
frame only. Thus Eq. (12) defines a family of Q-surfaces in
(a, py, 1/P)-space; a, p’, and M are parameters of the family. A
drawing of the Q-surface for A° — p + = 4 87 MeV is shown in
Fig. 5.

The cross-sections of the @-surfaces parallel to the (a, py)-planc
arc vertical ellipses, with centers in the (a, 1/P)-plane on the line
a — a, Py semi axis equal to p’, and a semi axis equal to

2p'(1/ M2 + 1/P2)t,
These cllipses have very simple physical significance, for if their
dimensions parallel to the a-axis are divided by the factor
2(1/M? +-1/P?)}, the centrc remaining at a = @, the circle of
radius p’ which results corresponds precisely to the circle on which
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lie the terminal points of p’ in the centre of mass system. The

initial points of P’ arc at @ = @, and the direction of motion Té
lies along the + a-dircction. Thus the cross-section of the Q-
surface gives a slightly distorted picture of the vector diagram in
the centre of mass system, and a number of questions may be
answered by inspection.

As 1/P — 0, the cross section approaches a limiting shape with

4
K—>pt+ 77+ 37Mev ‘
(a-i) 7
+ = |
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/
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Fig. 5 — Isometric drawing of the @-surface for A°-decay in («, p,, 1/P)-space.
The limiting form of the cross-section as 1/P — 0 is vertically cross-hatched.

a semi axis equal to 2p’/M. Thus for P? 3> M?, the velocity of
the centre of mass is completely separated and a two dimensional
representation of the motion in the centre of mass (Q-curve plot)
is possible. For relativistic decays, | a| < 1; the condition that
the a-intercept of the Q-curve is + 1 is that m+ = 0.

Fig. 6 shows the Q-curves for the decay A° — p + = 4 Q with
various values of Q.

One of the most useful properties of the Q-curve plot is that the
propagation of errors may be described by a few simple rules
which cover a number of situations. Given an observed triad
(ps+ + 0p4s p- + Op-, 0 + 80), where the errorsare, for the present,
assumed to be independent, the independent effects of ép,, dp-,
and 40 on the coordinates (a, p,) of the representative point in the
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Q-curve plot may be represented by error segments of the appro-
priatc length and slope. The combined effect corresponds to an
ellipse of uncertainty.

Anawms [1958] has shown that for relativistic decays, the p - and
p--scgments radiate from the points (0, —1) and (0, +1), respec-
tively 1. The result is illustrated in Fig. 7, where the solid Q-curve

200

Q=100

K—» P+ 7 +0(Mev)

150

+0.3

Fig. 6 — @-curves for A°-decay with various values for @ from 10 to 100 MeV.
The curves form a nested set. The slow decrease of @ with increasing Q
results from the increase in 1° mass.

is drawn for the decay 0° — z* + 7~ 4 214 MeV. The p_-segments
radiate from F; the p_-scgments from F_. All error segments
shown are drawn for 109, error in the momenta. Consider a decay
for which P is the representative point. The p_-segment, in the
dircetion PF_, is almost tangent to the @-curve. Since for given
fragment masses, the @-curve is the locus of points of constant
Q, it is clear that dp_ will contribute relatively little error to the
calculated Q(m, n)-value. On the other hand, the p,-segment is
almost normal to the Q-curve, hence the calculated Q(zr, z)-value
will be sensitive to dp,. The situation is just reversed with regard
to determination of the angle of emission 0’ in the centre of mass
system. Most of the uncertainty in 6’ derives from dp-_.

1 Adams’ result holds for finite increments in the momenta.
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For relativistic decays, the 6-segments are very nearly vertical.
However, for reasonable track length, the errors in 6 are relatively
small and may be neglected.

The assumption that ép, and dp- arc independent is not at all
appropriate in many situations. Let us examine the opposite case,
in which they are dependent according to a relation

g0p., 8p-) = 0. (18)

Fig. 7 - Representation of error segments in the Q-curve plot for relativistic
decays.

In this case, the ellipse of uncertainty ! degenerates to a segment
whose slope we now determine for two important particular forms
of Eq. (13).

In the magnetic chamber, distortions are usually the main
source of large errors, particularly for fast V°-particles. The tracks
of the decay fragments, for fast V°-particles, are in relatively
close proximity since 0 is small. Hence it may be assumed that
whatever distortions are present affect both tracks in the same
way;i.e. 6K , == K_. In terms of the momenta, Eq. (18) becomes

opy | Op_
Tt ya=0. (14)
Optical distortions, film distortions, and some other types, will
1 We assume 66 to be negligible.
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also be described by Eq. (14), under the assumption that the
tracks are in close proximity. For Eq. (14), it is readily verified
that the resultant error segment is very nearly horizontal, and of
magnitude

da @ (1 — a)%Px,
P+

Itis evident that this effect is to the advantage of the experimenter
in the determination of @-values, since for isotropic dccay, the
representative points cluster near the top of the Q-curve, where
the slope is zero.
A second important case arises when Eq. (18) has the form
0P _ ¢ (15)
P+ -
Eq. (15) applics, for example, when thec momentum of one frag-
ment is determined from p,-balance. Errors due to field cali-
bration, magnification, andffilm shrinkage may also be included.
For Eq. (15), the resultant error segment is very nearly vertical,
and of magnitude
op, _ o
Dy P+
Three-Body Decay. Tf, in addition to the two charged fragments,
a neutral particle is produced in the decay, it can be shown that
the representative points in (a, p,, 1/P)-spacc scatter, but all lie
within the @-surface which corresponds to zero kinetic energy for
the ncutral fragment in the true ccentre of mass system.

2. 2¢ The Podolanski-Armenteros Parameler ¢

PoporaNskl & ARMENTEROS |1954] have developed a very in-
teresting and useful representation which differs from that de-
scribed above in that the dimensionless parameter
— 2P

P

is used instead of p, itself. The equation of the @-surfaces in
(a@, & 1/P)-space becomes

€

(a —a)? £ .

¥l + (M]p)Y] T e¥(M[p):

where ¢* = 2p’/M. In Eq. (16), @, ¢*, and M are constants charac-
teristic of the decay; a, ¢ and 1/P are decay parameters which
are functions of the measured quantities only. Fig. 8 shows a

1, (16)
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drawing of the Q-surface for the decay A° —p + n + 87 MeV.
The salient difference between Fig. 5 and Fig. 8 is that in the latter,
the cross-section perpendicular to the 1/P-axis does not approach
a limiting shape, but rather degenerates into a line on the a-axis
as P becomes large in comparison with p’.

Very useful features of the Podolanski-Armenteros represen-
tation are found in the (a, ¢)-projection, and are related to the
fact that ¢ is dimensionless. Thus, the coordinates of a V°-event

V2
A°—->p"+ T + 37 Mev /,
a-at gt | 7 74
+ = ’
( #r 7 ¥4
’ 7
- d
06 3
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Fig. 8 — Isometric drawing of the @-surface for A°-decay in (a, ¢, 1/P)-space.
The cross-section degenerates to a line on the u-axis as P becomes large, as a
result of the velocity dependence of the Podolanski-Armenteros parameter .

in that projection depend on the angles 0, and 6- only, providing
the signs of the fragments can be determined. Hence
_ 2sinf,sin0_
sin0  ° ?

: (17)
__sin(0_—6,) )
a=——21=
sin 0

Fig. 9 shows the (a, ¢)-diagram, with curves of constant P for

A° - p + x4 87 MeV and 0° — n, 4 n~ 4 214 MeV. The curves,

given by Eq. (16), are confocal cllipses with foci ¥, and F, on the

a-axis at (a—e*) and (a + ¢*), respectively. The loci of constant

6’ and constant p, are confocal hyperbolae with the same foci as
the ellipses.
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Fig. 9 — The (a, ¢)-diagram of Podolanski and Armenteros. The curves drawn
refer to °—(a = 0) and A°—(a = +4-0.69) decay with P = 0.25, 0.5, 1, 2, 4
GeV/e. Triangle DS,S, is the vector trlangle of the decay as scen in the

laboratory frame, where DS, ~ pj, S;D ~ p_, and $;8, ~ P.

Let D rcpresent an observed V°-event with coordinates given
by Eq. (17). It is readily verified that angles DS,S, and DS,S,
are 0, and 0_, respectively. Thus the loci of constant 6., 6_, and 6
are lines through S,, lines through S,, and circles through S, and
Sy, respectively.

If the nature of the decay represented by D is known a priori,
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various quantities of interest may be evaluated graphically from
the diagram. For example, if D is a A°, the momentum P, by
interpolation between the curves, is about 840 McV/e. The center
of mass velocity § and angle of emission 6’ can be calculated from
the relations

1_ht1s
BT 2e*
cos 0’ -—j‘;e*f’

where f; and f, are the distances from D to the foci ¥, and F,,
respectively.

An excellent example of the utility of the Podolanski-Armen-
teros method is found in the work of GAYTHER [1954].

3. The A°-Particle

During the last year, considcrable confirming evidence for the
decay scheme A° — p + #~ + 37 MeV has become available, as
a result of which the existence and decay scheme of the A°-
particle are generally considered to be well-established. There is a
varicty of detailed evidence that the decay fragments arc indeed
an ordinary proton and a negative pion and that the decay is a
2-body process. All observers are now agreed thatall, or practically
all, decays of this type occur with an energy release ncar 37 MeV.
There is still some evidence, principally from the Pasadena group,
for lower and higher Q-values. The recent, more accurate, work
of that group with the new 48 in. magnet indicates that the number
of these anomalous case, however, is only a few percent and thus
is much less than was previously reported.

In the first four parts of this scction, the detailed evidence for
the A°-decay scheme, the determination of Q and the lifetime
are discussed. The fifth part summarizes the emulsion work, the
last part the cascade decay process.

8.1 NATURE OF THE CHARGED FRAGMENTS

As discussed in § 1.2, the first evidence that protons were
among the decay fragments of V°-particles was based on mass
determinations from ionization and momentum in the magnetic
chamber. Additional evidence of this type has been reported by
I.E1IGHTON ¢t al. [1951], ARMENTEROS ¢t al. [1951b], THOMPSON
et al. [1952a], ARMENTEROS ¢t al. [1958], FRETTER & FRIESEN
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™\

Plate T - Example of a V"-decay with identified proton fragment

from ArMENTEROS et al. [1931b]. The positive fragment has a mo-

mentum of (350 -+ 33)MeV/e and an estimated iomzation of 4—6 I,

which corresponds to a mass range of 1450 — 2300 me. The negative

fragment has a momentum of (142 4 10)MeV/e and is near minimum

ionization, The angle between the tracksis 87.3 and the Q(p, -1)-value
is (38 4 5)MeV.
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Plate IT - Example of a V'-decay with identified proton fragment {rom Tuourson
et al. [1952a). The posttive fragment has a momentum of (660 4 130)McV/e
and an estimated ionization of 23 I,, which corresponds to a mass range of 1640
— 2180 m,. The negative fragment has a momentum of (65 4+ 3)MeV/e and an esti-
mated 10nization of 3— 4 I, which corresponds to a mass range of 210 -2635 me, The
angle between the trachs is (84.5 4 0.5)° and the @(p, #)-value is 36 + 10 MeV,
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[1958], LricaToN et al. [1958a], MiLLAR & PAGE [1958], and
CowaN & Guess |1954]. The nature of this type of evidence is
illustrated in Plates T and II. Although the individual mass
estimates are rough, with the exception of the recent work of
FrETTER & FRIESEN [1958] and CowaN & GuEss [1954], the com-
bined data indicate that the commonly occurring heavy positive
fragment from V°-decay has mass equal to that of the proton,
within 200 m, or less.

If the proton-like fragment were a new type of positive particle
(meson or hyperon) with mass only slightly different from that
of the proton, it would be expected to be unstable and occasionally
to decay in flight in the chamber. No example of such decay has
been recorded. Further evidence for stability has come from the
multiplate chamber work of FRETTER et al. [1953a] and BRIDGE
et al. |1958a] in which many of the proton-like fragments were
observed to stop in the plates with no evidence for instability.
MiLLAR & Pacgr [1958] report an unusual example in which the
proton-like fragment stops in the gas (argon) of a magnetic
chamber, again with no indication of instability.

The carly mass-determinations by ionization and momentum
clearly indicated that the negative fragment is a z-or u-meson.
Distinction between the two possibilities was provided by obser-
vations of ARMENTEROS ¢t al. [1951b], LEIGHTON et al. [1953a] and
Bripce et al. [1953a] in which a number of nuclear interactions
and z-u-decays were found.

The Q-curve plot of TnompsoN ¢t al. [1953a] provided evidence
of a purely dynamic nature that the earlier mass measurements
of the A°-fragments were indeed correct, and extended thosc
mecasurements to relativistic A°-particles.

Courant ! has measured the interaction mean free path of V°-
secondaries for a group of V°-particles containing a large propor-
tion of A°-particles and reports a value of (163 + 40) gm.cm-2 of
lead, which corresponds very nearly to the geometric cross section
for lead. This result indicates that both decay fragments have
strong nuclear interactions, which is to be expected if they are a
proton and pion.

Finally, very convincing confirmation of the nature of the
A°-decay fragments has come from the recent stripped emulsion
work, c.g. that of FRIEDLANDER et al. [1954]. The discussion of

1 As reported by BrIDGE et al. [1958a].
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this work will be deferred until § 8.5, since the approach is some-
what inverse to that followed in the cloud chamber work.

By way of summary, there is detailed cvidence that the majority
of A°-decays yield an ordinary proton and a negative pion.
However, none of the cvidence excludes the possibility that a
small fraction, say 5%, of the V°-events with heavy positive
fragment are of a different type. LEicHTON ¢t al. [1953a), in fact,
report evidence for such, to be discussed in § 8. 8 and section 5.

8.2 Two-BODY DECAY

A third neutral decay fragment cannot be directly observed
in the cloud chamber or emulsion, but would be expected to
produce detectable recoil cffects on the charged fragments. At
present, all attempts to detect such effects have been uniformly
negative. Some neutral particles (e.g. y, z°, n) would, if present,
produce recognizable effects in metal plates placed in the chamber.
ARMENTEROS ¢t al. [1951b], DEUTSCHMANN [1952], FRETTER et al.
[1958a] and BRIDGE et al. [1953a] have looked for such effects, but
none has been found. Thus, there is good evidenee that the A°-
decay is a 2-body process.

The dynamic tests which have been used to search for effects
of a third neutral fragment are: (a) coplanarity and transverse
momentum balance, and (b) uniqueness of the Q-value. The two
tests of the first type are closely related and detect apparent
lack of momentum balance in the decay process. Knowledge of
the V°-particle origin is required. The @ test depends on the fact,
discussed in § 2. 2a, that a third ncutral fragment would be ex-
pected to take up variable amounts of kinetic energy in the true
centre of mass system, as a result of which the apparent Q-values
in the laboratory frame are distributed over a spectrum. The Q
test is independent of assumption as to the V°-particle origin.

8. 2a Coplanarity and Transverse Momentum Balance

If a third neutral fragment is produced in the decay process,
its recoil would be expected to cause a discrepancy between the
direction of the A° trajectory and that of the resultant momentum
(p+ + P-) of the two charged fragments. In practice, the hypo-
thetical recoil momentum to be detected has been resolved into
components perpendicular to and parallel to the plane of the
charged fragments, and the two components have been treated
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separatcly. The perpendicular component produces a deviation
from coplanarity; the parallel component a discrepancy in trans-
verse momentum balance. It turns out that the two tests are
closely related. Of the two, the coplanarity test has been more
widely used, since it does not require knowledge of the charged
fragment momenta and therefore can be applied in multiplate
chamber work or in magnetic chamber work in which momentum
measurements are not reliable.

BRrRUECKNER & TnompsoN [1952] have given an approximate
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Fig. 10 - Theoretical distributions in deviation from coplanarity é and
residual transverse momentum /Ip,.

calculation of the expected distributions in deviation from co-
planarity and transverse momentum balance for the hypothe-
tical decay schemes:

A° —>p + 7 + 7n° + 70 MeV . }

18
A° —>p+a-+ v+ 180 MeV . (18)

The true Q-values in Eq. (18) were determined from the condition
that the most probable apparent @-value coincide with experiment.
The results are shown in Fig. 10, where, on the lower abscissa,
8 is the angle between the A° trajectory and the plane of the
charged fragments, and y8 is the reduced 4° momentum. Un-
fortunately, from the point of view of comparison with experiment,
the curves have the same general form as the error function, with
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maximum at zero. In other words, even if a light neutral fragment
is produced in the decay, the most probable situation is that the
event is ‘“‘coplanar”. Clearly, for both tests, the most definitive
results will be obtained for slow A°-particles. For the coplanarity

)'B S Degrees

Fig. 11 - Comparison between the distri-

bution of observed uncoplanarity angles

of BRIDGE et al. [1953a] and the Brueck-

ner-Thompson distributions for 3-body

decay. Curve I referstoV°—p & - »

+ 130MeV;curve IIto VO p + #n |
n° 4 70 MeV.

test, the width of the theo-
retical d-distribution varies
inversely as the 4° momen-
tum. For the transverse mo-
mentum balance, the distri-
butionof residual transverse
momentum is independent
of the 4° momentum; how-
ever, the crror in the deter-
mination of residual trans-
verse momentum will be less
for slow A°-particles.
Experimental coplanarity
distributions have been re-
ported by LEicHTON ¢t al.
[1953a], FRETTER ¢t al.
|1958a], and BRIDGE ¢t al.
[1958a]. The results of
BRipGE ¢t al. [1953a ] arc the
most significant, since they
are based on a set of very
low momentum A°-decays.
The experimental histo-
gram, based on 16 A4°-decays
withaverage yfofabout 0.4,
is compared with the theo-
rctical curves in Fig. 11. It
isapparentthattheobserved
distribution of p#d is much
narrower than that expected

if a light neutral fragment is produced in A°-decay.

LErcuron ef al. [1953a] report measurements of residual trans-
verse momentum for 28 cases of A°-decay. The experimental
histogram is compared with the theoretical curves in Fig. 12. The
distributions are seen to be of comparable width; however, the
entire width of the experimental histogram can be accounted for
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by the experimental errors, and the results are therefore considered
to be compatible with 2-body decay.

8.2b Unigqueness of the Q-Value

BruEckNER & THoMPSON [1952] have given an approximate
calculation of the distribution in apparent @-value for the hypo-
thetical 3-body decay schemes of Eq. (18). The energy spectrum

s o
T K~ p+mev 130 Mev

X\
i A

Number of Events
3
l}

KN~ P+ + W70 Mev

) I 1
o 50 100 150

Residual Transverse Momentum  Mev/c

Fig. 12 — Comparison of the observed distribution of residual transverse

momentum of LEIGHTON el al. [1953a] with the calculated distributions of

of Brueckner and Thompson. The width of the experimental distribution

could be due entirely to errors of measurement; thus the results are entirely
compatible with 2-body decay.

of the neutral fragment used in Eq. (5) was that given by the
statistical factor, with the approximation that the proton is heavy.
It should be pointed out that the shape of the Q* distribution so
obtained is sensitive to the assumed distribution of 7'y’ 1. The
results are shown in Fig. 18 where the end points are adjusted so
that the maxima coincide with the majority of experimental
values.

Cloud chamber determinations of the Q(p, n)-value for A°-decay
have been reported by THOMPSON et al. |1951], LEIGHTON ¢t al.

1 The theorctical d-distributions given in Fig. 10 are relatively insensitive
since they depend on an integral of the p’, spectrum.



286 HEAVY UNSTABLE NEUTRAL PARTICLES

[1951], ARMENTEROS ¢t al. [1951b], THOoMPSON ¢t al. [1952a],
LEicHTON et al. [1958a], THOMPSON ¢t al. |1958a], BRIDGE ¢t al.
[1958a], ARMENTEROS et al. [1953], VAN LiNT et al. [1954a], and
Cowan and Gugss [1954]. The emulsion work will be discussed in
§ 3.5.

The status of cloud chamber work in various laboratories is shown
in the histograms of Fig. 14. The data represented are those of:

VO~ P+ T+ T+ 70 MEV

Ve—+=PpP+T +V +130 MEV

RELATIVE NUMBER OF V° DECAYS

1 1 | 1
O 10 20 30 40 50 60 70 80 90 100 O 120 130
OBSERVED Q" MEV
Fig. 18 — Theoretical distributions of apparent Q(p, =)-values caleulated by
BrurckNER and Tuomrson (1952].

i. Manchester. The data shown are the 22 cvents reported by
ARMENTEROS ¢t al. [1953] and obtained with the Blackett
electromagnet operated on the Pic-du-Midi. The events
were selected because they have heavily ionizing proton-
like fragments, and have tracks long enough for accurate
measurements to be made. The spread is considered to be
compatible with the estimated errors. The most probable
Qp, ) is (4273) MeV.

it. Indiana. The data shown comprise 15 events obtained with
the 22 in. magnet at sea level. Half of these data were
reported at the Bagnc¢res Congress; the remainder have
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been obtained more recently. The events were selected on
the basis of measurability and of the criterion 6Q < 7 MeV.
Only 8 of the events have heavily ionizing positive frag-
ments. The events designated by triangles have p, > 90
MeV/e and, following the discussion in § 2.2b, are probably
the most accurate. The weighted mean is (87 + 1) MeV,
the same as published earlier by THOMPSON ¢t al. [1958a].
The event with @(p, =) = 50.6 McV is R-65B.

tit. C.1.T. 48 in. The data shown are the 19 selected events of
Van LiNT et al. [1954a] plus two Q(p, w)-values, (50 + 8)
and (85 4 15) MeV, privately communicated by R. B.
Leighton. The data were obtained with the new 48 in.
magnet operated at Pasadena. The events all have a heavily
ionizing proton-like fragment and were selected by the
criterion 6@ = 5MeV. A few anomalously low Q(p, n)-
values have also been observed with this magnet. The best
Q(p, m)-value for the main group is (34.7 + 1) MeV.

tv. C. I.T. 22 in. The data shown are 16 cvents obtained by
CowaN & GuEss [1954] with the 22 in. magnet at sea level.
The events are low momentum cases in which the proton
fragment is identificd by droplet count. The data include
two or three deviant cases with @(p, @) = (20 4 5), (25 + 5),
and (80 4- 30) MeV. The mean @(p, n)-value for the main
group is (35.9 4 1) MeV.

v. M.I.T The data shown are the 22 events reported by
BriDGE et al. [1953a] and obtained with a multiplate
chamber at Echo Lake. The selection criteria were: (a) an
event must have an identifiable origin in the chamber, (b)
one (or both) decay fragment must stop in the plates, and
(c) the obscrved ionizations must be compatible with the
proton and pion masses. The uncertainty in the Q-values
given in the diagram is that corresponding to the finite
thickness of the plates. The errors in the limits duc to range
straggling, uncertainty in the range-cnergy relation, and
other factors, arc not included. The asterisk refers to Frame
No. 48065, which is analyzed by two different methods.
The results are consistent with a unique Q(p, =)-value of
37 McV.

It is apparent from comparison of Fig. 14 with Fig. 13 that the
sbserved distributions of Q(p, z)-values for A°-decay are very
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rlate 1Ll Kxample of & V'-event with abnormally ngh Q(p, 7)-value by LEIGHTON

[1954]. The positive teack has a momentum of (320 | 15)MeV/e and an estimated

ionization of 8.5 7 1, which corresponds to & mass range of 11001950 m,, The

negative track has a momentum of (225 4 15)MeV/e and the estimated ionization

is stated to be less than 1.5 1, which corresponds to an upper mass limit of 800 m,, The
angle between the tracks is 61° and the Q(p, n)-value is (85 + 15)MeV,
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Plate IV - Cascade decay photograph of (‘owan [1954] in which the V--decay is
identified to be a A4°,
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much narrower than that expected if a light neutral fragment
were produced in the decay. However, none of the observations
excludes the possibility of other types of V°-events in a few
percent of cases. The C. I. T. data, in fact, provide evidence for
such, to be discussed in § 8.8.

3.3 Tue ABNORMAL Q(p, 7)-VALUES

The Pasadena group has consistently reported Q(p, n)-values
which are both lower and higher than 37 MeV 1.

The recent, more accurate work of VAN LINT et al. [1954a] with
the new 48 in. magnet indicates that the number of abnormal
cascs is certainly much smaller than was previously reported;
thus the discrepancy with work of other groups is removed.
However, a few of the original examples and a few new examples,
bhoth with the 48 in. and 22 in. magnets at Pasadena, arc not
casily explained in terms of errors of measurement or interpretation.
Some of these abnormal cases are represented in the histograms
of Fig. 14. The example from the 48 in. magnet with Q(p, =) =
== (85 4- 15) McV is reproduced in Plate III.

LEIGHTON [1954] suggests that these abnormal cases can all
be interpreted in terms of an alternate mode of decay, in which a
muon and a neutrino appear in place of the pion fragment:

A°—>p+p+v. (19)
The true Q for Eq. (19) would than be 87 + (m,—m,) — 71 MeV,
and the apparent @-values should range from 71 MeV down to
zZeTo.

PriMakoFF & CHESTON [1954] suggest that some of the ab-
normal Q(p, x)-values may be duc to the decay of “V-dineutrons’
according to the scheme

[4°+n]—>p+a-+4+n
In this case, the apparent @(p, =-)-values would be distributed

over a spectrum with an upper limit in the neigborhood of 125
MeV.

3. 4 LIFETIME OF THE A°-PARTICLE

A considerable number of determinations of the mean lifetime
7 of the A°-particle have been made, as a result of which that

1 LreicnToN et al. [1951], LEIGHTON et al. [1953a], LricaToN [1954],
CowaN & Guess [1954].
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parameter appears to be relatively well-determined. The general
character of the problem has been discussed by Wirson & BurLer
[1952]. The most complete discussions of the statistical problem
of estimation are those of BARTLETT [1958a, b]. The subject has
been recently reviewed by Pace & NEwTH [1954].

The various determinations are listed in Table V. The weighted
mean of all the published results is given by Pace [1954] to be

t-(37+0 ) X 10-1° sec.

TABLE V
Determination of the A° Mean Lifetime

Authors mbﬁ 0?‘;;32::8 T X 10¥sec
s | 2 et [y 0
LeicnToN 1953 ;‘—Lo—(vev g(éi-)n)” —” o B 37_ o -2.9 + 0.8
- B;I;E ;t—alt 1_;;; Multiplate -2; o —3; ;—12 )
o Dl;'r_scn;_ANN 1953b Multiplat:— —22— —48; 2 f;
—-PAGE &:NEWTII 1954 _ Magnejci—c_ 26 i ;_7—“"—‘1”;—
o GAYTOER 1954 B Multiplate - 21—— ——;0— + 3 7
PAGE 1954 Magnetic 23 —E;GT(I) ;_

3.5 THE EMULSION WORK

Observation of A°-decays in the nuclear emulsion is greatly
complicated by the presence of a large background of 2-pronged
stars which simulate V°-events. In addition, the origin of a decay
cannot be (or at least has not so far been) located. Nevertheless,
a considerable amount of work on this problem has been done by
the emulsion groups in the last year with substantial success. It
has been possible to resolve the A°-decay from the background
of 2 + On events yielding a proton and a negative pion on the
basis of an observed sharp concentration of Q(p, w)-values in the
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neighbourhood of 87 MeV. The possibility that a nuclear inter-
action would simulate such a “line” is very remote. It thercfore
seems certain that a large number of A°-decays have been observed
in the emulsions, although positive identification cannot be made
in an isolated case.

The available data were tabulated at the Padua Conference
and include contributions of HorPPER & Biswas [1950], DaNyYsz
[1958], YasiN [1954], BoNETTI et al. [1958], TEUCHER [1958],
PETERS [1953], AMALDI et al. [1953], FRIEDLANDER et al. [1954],
(EccARELLI ¢f al. [1954], and KapLoN et al. [1954]. Altogether,
there are 50 (p, =n~) events reported, of which 84 have been
observed in stripped emulsions. The Q(p, n)-values, calculated
under the assumption that the event represents a 2-body decay,
are shown in the histogram of Fig. 15. There is a sharp line at
85-40 MeV superimposed on a diffuse background; the latter, as
yet, does not give any indication of subsidiary lines at 10 MeV or
75 MeV.

The most extensive individual work is that of the Bristol group
(FRIEDLANDER ¢t al. [1954]). In an emulsion stack exposed at
85,000 ft., these authors find 20 events of type 2 + On in each of
which the outgoing particles are identified to be a negative pion
and a proton. In all cases, the necgative pion stopped in the
emulsion and was identified to be a g-meson. (19 of the 20 events
were found by tracing back o-mesons.) The pion energy was
therefore determined from range. In 11 cascs, the proton stopped
in the stack and its encrgy was deduced from the range. In the
remaining 9 cases, the proton went out of the stack and the
energy was deduced from grain density or scattering.

The calculated Q(p, m)-values range from 0.5 to 85.0 McV.
However, ten of the values are concentrated in the narrow interval
85.5-38.5 MeV, and are distributed as shown in the histogram
of Fig. 16. Of these, nine arc of high quality, in which both
particles come to rest, and give a weighted mean Q(p, #) =
= (86.92 + 0.22) MeV. The error given is the standard deviation
of the mean, and thus does not include estimates of systematic
error. The principal source of systematic error, as these authors
point out, derives from uncertainty in the range-energy relation-
ship, and probably does not exceed 1%,.

The work of Friedlander et al. provides excellent confirmation
of the mecan value Q(p, #) = 87 McV given by the Indiana group
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Fig. 15 — Ilistogram of Q(p, n)-values for 2 4 On events observed by various

groups in nuclear emulsions. The histogram gives the number of cvents per
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diffuse background is attributed to 2-prong stars.
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Fig. 16. — Histogram of the Q(p, n)-values of FRIEDLANDER et al. [1954] for

the interval 34—40 MeV. The histogram gives the number of events per

0.5 MeV interval. The solid square represents event No. 10, in which the
proton prong did not stop in the stack.
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(THoMPsON ¢t al. (1958a]) and the estimate of 87 MeV by the
M. I. T. group (BrIDGE ef al. [1953a]).

Fig. 17 shows the Q-curve plot of the data of Friedlander et al.
It is apparent that in the majority of cases found, the proton was
emitted strongly in the forward direction. On comparison with
the cloud chamber data which indicate isotropy, within the availa-
ble statistics (sec the corresponding plot of THOMPSON et al.
[1958a]), it seems likely that this apparent strong anisotropy is a

s}t

20 |

o . L . .
+05 06 o7 08 09
X

Fig. 17 — Q-curve plot of the data of FRIEDLANDER et al. [1954] from Fig. 16.

Event No. 10 is omitted. The use of the @-curve plot in this instance requires

assumption as to the naturc of the V°-particle since g < 1 for these events.
The values of a plotted are therefore calculated by means of eq. (21).

result of scanning for g-stars. Since the forward directions observed
correspond to a small fraction of the total solid angle, it is likely
that the actual number of A°-decays which took place within
the emulsion stack is greater than indicated by this sample.

3.6 THE CASCADE DECAY

The first evidence for the cascade decay process was obtained
by the Manchester group on the Pic-du-Midi (ARMENTEROS ¢t al.
[1952]). Front and side view orthogonal projections of the event
are shown in Fig. 18. An energetic V--particle AB, produced
above the chamber, penctrates the 2 em. lead plate and decays
at D, giving rise to the negative decay fragment DE. The apex
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F of a V°-decay occurs 1.25 cm. below D and the orientation of
the decay tracks FG and FH is such that it strongly suggests
that the V°-particle was produced in the V--decay at D, according
to the scheme:
V-—>V° 4+ L~

A second incident particle JK interacts at 0, resulting in two
charged particles below the plate. The authors are carcful to
point out that the pho-
tograph admits an alter-
nate interpretation, viz.
that the V°-particle was
produced in the inter-
action 0 rather than in
the V--decay D.

Striking confirmation
of the Manchester ob-
servationhas been given
by LeicutoN et al.
[1958b], ANDERSON etal.
|1958], CowaN [1954],
and FRETTER and FriE-
SEN [1954b]. The ex-
amples reported by Co-
wan and more recently
by Fretter and Friesen

Fig. 18 — Front and side view orthogonal pl‘f)Vlde the most . de-
projections of the original Manchester  tailed evidence since
cascade decay photograph. these were obtained
under conditions which
permit a droplet count. Cowan’s example is shown in Plate IV.
Schematic drawings of Cowan’s cxample and that of Fretter
and Friesen arc shown in Fig. 19 and Fig. 20, respcctively. These
two events, and those referred to above, provide strong cvidence
that the phenomenon is correctly interpreted as decay in cascade.
In addition, the V°-particle and the V--dccay fragment DE are
identified to be a A° and #-, respectively.

In Cowan’s example, Fig. 19, the momentum and drop count
can be determined for both V°-decay fragments, FI. and FR. The
resulting mass of the positive fragment FR is (2050 + 350)me,
which is casily compatible with the protonic mass. The momentum

Front View Side View
J

-

o) .ca" =
[}

Lead

Plate

|
0O 10 20 cm
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and ionization of the negative fragment FL establish a low upper
limit for the mass. The Q(p, n)-value is (40 + 18) MeV, in good
agreement with the accepted value of 87 MeV for the normal A°.

Since the A° is known to undergo 2-body decay, its direction
of flight is given by the vector sum of FL and FR. The direction
of this resultant, FG, is found to w2600+ 34 m,

pass through the apex D of the c\” )
V--decay within the experimen- ”
tal errors 1. ~L €349 Mevss
The most troublesome alter- ~m,
native interpretation of thisand °"°"*'? " TR
similar photographs is that the ".\\/
— o : 16 !
V- and ./1. are produced in the " EW Cowan
same origin above the chamber, "\

with strong angular correlation. 014013 Mev

If the lifetime of the V- were

then shorter than that of the A°,

the observations would tend ,g5.40 mevs
to simulate a cascade decay?2 — '¥*0MIL
Cowan’s example is apparently

unique in that the extended

resultant FG is at a distinct L
distance from possible origins of ™ v P
the V--particle. The double
production interpretation can
thus be ruled out.

In the event observed by Fret-
ter and Friesen, the fragments FL and FR unfortunately pass out
of the illuminated region and are too short for curvature measure-
ment. The identification of the A° is therefore indircet but nonethe-
less convineing. Since the apex D is coplanar with plane LFR and
the dircetion DFH lies between FL and FR, it is probable that DF
represents the dircction of motion of the V°. The measured angles
LFH and HFR and the ionization of FL and FR are then used to
identify the V°. For A°-decay, the observed anglesrequire that track

! In Cowan’s paper, this fact is expressed in terms of a) the coplanarity
of apex D with LFR, and b) transverse momentum balance of FL and FR
with respect to the direction DF,

? R. B. Leighton has, in fact, found photographs containing a V— and

a V° which are approximately collimated but in which the V°-decay takes
place above the V—-decay. [Private communication].

730¢100 Mev/c
235.0261,
20504350 m,

Fig. 19 - Schematic drawing of Cowan’s
cascade decay photograph. The angles
and curvatures are not drawn to scale.
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FR be that of a proton of 590 MeV/c momentum and 2.65 I jioniza-
tion. The latter is in excellent agreement with the observed drop
count of 2.5 I,. For 6°-decay, track FR would have to be that of
a pion of 1.6 GeV/c momentum and only 1.1 0, ionization.

In both examples cited, momentum and ionization measure-
ments favor the pion rather than the muon mass for the charged
fragment DE of the V--decay. In Cowan’s example, the calculated
ionizations based on the measured momentum of (69 + 10) MeV/e
) arc 8.7 and 2.6 I, for pion
and muon respectively, to
be compared with the ob-
served ionization of = 8.4

1304 Mevse I,. In that of Fretter and
254418 m, Friesen, the mass of DE is

determined to be (254 +
18)me. The pion mass is
just within the stated (pro-
bable) error; the muon
mass is 2.6 crrors below.
In both events, the A°-
decay apex F is coplanar
with CDE, a neccessary
condition that the Y -
decay bc a 2-body process.

Fretter &
Friesen

Fig. 20 — Schematic drszmg of the cascade |, Cowan’s example, there
decay photograph obtained by Fretter and . Is imate t !
Fricsen. The angles and curvatures are not S 8150 approximate trans-

drawn to scale. verse momentum balance

of the A° and the negative
pion DE with respect to the Y--line of flight (D. However, as
Cowan points out, neither coplanarity nor transverse momentum
is measurable with sufficient accuracy to definitely establish that
the Y--decay is a 2-body process 1.

The Q(A°, n-)-valucs for the two cvents, (67 |- 12) and (66 | 6)
McV, are in exccllent agreement, a fact which is consistent with
2-body decay. Under the assumption of 2-body decay, we thus
have

1 The difficulty is due to the short distance between the decay points D
and I and to the small angle (4°) between the Y~ and A° lines of flight. The
same difficulties are undoubtedly present in the example of Fretter and
Friesen.
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Y- - A° 4+ n~ 4 (66 + 6) MeV.

The corresponding mass of the negative hyperon is (2583 - 12)me,
based on my . = 2181 me (FRIEDLANDER et al. [1954]) and
m, = 273 me (SmrTH ct al. [1953]).

In conclusion, the reality of the cascade decay phenomenon
appears to be wcll cstablished. The V°-decay fragment is very
probably a normal A°, which in itself implies the parent particle
is a hyperon. The charged decay fragment is probably a pion.
There is no indication so far for the presence of a third ncutral
decay fragment, although further work will be neccssary to
establish definitely the 2-body character of the decay.

4. The 0°-Particle

Although the magnetic chamber work in early 1951 clearly
demonstrated that in some instances of V°-decay the positive
fragment was appreciably less massive than a proton, the corres-
ponding negative fragment was not identified. From the standpoint
of simplicity, the hypothesis that the negative fragment was a
well-known particle, namely z or y, was very attractive. ARMEN-
TEROS ¢t al. |1951b] discussed the implications of this possibility
with respect to the a-distribution and presented data which were
consistent with this hypothesis, although not specifically sup-
porting it in preference to others. Also, the measurements on
which this work was based were later withdrawn and revised. On
the other hand, LricuTon ¢t al. [1958a] reported an a-distribution,
and in addition some direct mass estimates, which indicated the
presence of positive and negative fragments of intermediate mass.
Both papers, and the work of FRETTER ¢t al. [1958a] have been
reviewed by WiLsoN [1954].

As the result of work done during the last year, all laboratories
are now in substantial agreement to the effect that the non-
protonic or “V°,”" group is itsclf complex. It appears to be reason-
ably well-established that the main constituent is the 6°-meson;
but in addition there is convincing evidence for the so-called
anomalous V°-events, and preliminary indications for at lcast one
or two other types. In this scction, the present status of work on
the 6°-meson is reviewed ; in the following scetion (§ 5), the evidence
for the various other types will be examined.
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4.1 THE Q-SURFACE REPRESENTATION OF THE DATA

The first firm evidence for the existence of the 6°-meson in the
V,° group came from the work of the Indiana group (TromMpson
et al. [1952b], [1958a, b]; sce Plate V), based primarily on dynamic
arguments. The present status of that work may be quickly
grasped in terms of the Q-surface representation which is illustrated
by stereoscopic photographs of a 3-dimensional model in Fig. 21.
The 28 points shown are selected from approximately 250 V°-
events on the basis of measurability !. An approximatcly equal
number of measurable events which determine the A°-surface
for Q@ = 37 MeV have also been observed among the 250 events,
but are omitted in the interest of clarity in stereoscopic viewing
of the photographs. It is seen that, with the exception of four
clearly deviant cases, the main group delineates a Q-surface. The
vertical semi-axis indicates. a centre of mass momentum of the
fragments near 200 MeV/c; a is near zero, indicating equal, or
nearly equal, masses for the fragments; and the cccentricity of
the limiting (1/P — 0) cross-section indicates a parent mass near
1000 me. The position of the theoretical Q-surface given by Eq.
(11) for the decay

0° - n* + 7~ + 214 MeV (20)

is indicated by smooth curves for P = 1, 2, 8 and c GeV/c.

The increase in the a semi axis of the cross-section for increasing
1/P is secn to be inappreciable for all but the 2 or 3 slowest events.
The individual 6° momenta range from 0.7 to 9.0 GeV/e, with a
mean of 8.0 GeV/e. This mean momentum corresponds to a 0°
velocity f = 0.987, hence it is clear that the majority of cases
may be accurately represented on the 2-dimensional or Q-curve
plot (B — 1). Fig. 22 shows the Q-curve plot of the data together
with the theoretical Q-curve for Eq. (20). The several events for
which g is appreciably less than unity are represented in this plot,
after identification with the appropriate Q-surface in Fig. 21, by
the coordinates (a’, p,), where o’ is given by 2:

o' —a=[fa—a). (21)

! The criterion of acceptance is that the space sagittae of both tracks be
of the order of 0.6 nm or greater.

2 The resulting position of the representative point in the @-curve plot is
precisely that arrived at after the representative point in the @-surface plot of

Fig. 21 is slid along the surface of appropriate (=, ©)-value, at constant height
p, above the (a, 1/P)-plane, until it reaches the limiting plane 1/P = 0.
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The 4 anomalous cases are projected normally on to the plane
1/P = 0.

The 4 anomalous cases are discussed in section 5. The inter-
pretation of the main group is summarized in the following
itemized remarks:

i. The scatter of the main group is quite compatible with

INDIANA
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Fig. 22 — Q-curve plot of the Indiana data. The three points plotted as
circles are events observed with the 12 in. chamber deseribed by THOMPSON
et al. [1951]. Of these, the point near the 0°-curve with negative a is - 50,
discussed in § 1.2. The remaining 25 points were obtained with the 22 in.
rectungular chamber described by T'momMpsoN et al. [1953a]. 'The errors shown
are those corresponding to independent errors in p, and p_. The principal
source of crror is usually distortion, hence in many cases the errors are
dependent as described by eq. (14).

that to be expected from the internally estimated ecrrors
shown. Thus, the data indicate, in a natural way, the pre-
sence of a 2-body decay plus 4 anomalous points.

#1. The distribution of points along the curve indicates iso-
tropic or nearly isotropic emission in the centre of mass
system. For example, therc are 10 points on the right
branch ! (¢ > 0) and 14 points on the left branch (a < 0),
indicating, within the statistics, equal emission of the

1 The presence of the A° curve at a = 0.69 results in discrimination

against 0°-decays with a > 0. It is quite possible that one or two of the
events classified as A4° in Fig. 14 are actually 6°.
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positive fragment in the forward and backward directions,
respectively.

#4. The dynamic method of analysis provides means for the
absolute determination of parent and fragment masses. In
the case of §°-decay, the dynamie distinction between pion
and muon fragments is difficult since those fragments are
quite relativistic in the centre of mass system . However,
a straightforward fitting procedure indicates that, to 999,
confidence level, both fragments are pions. Conversely, under
the assumption that both fragments are of equal mass, the
most probable value of that mass is 285 me. The error in
this result is difficult to evaluate; however, it is certainly
small enough to exclude the possibility that both fragments
are muons.

7. It follows from iii, a fortiori, that the Indiana data do not
lend any support to the scheme

Ve —> K+t + #¥
reported by LEIGHTON ¢f al. [1958a] and BARKER [1954],
although one or two cases might be of this type 2.

The Manchester group, operating on the Pic-du-Midi, has
obtained a total of 14 non-protonic V°-events. 3 The circular form
of the Q-curve plot of the data is shown in Fig. 238, where the
crrors given arc the uncertaintics in p, only. It is suggested, in
view of the approximate coplanarity of 7 cases, that the apparent
scatter in Fig. 28 results from an admixture of different 2-body
decay schemes. Comparison is made with the work of THOMPSON
et al. [1952b] and Lricuron et al. [1958a], and these authors
conclude the data are compatible with a mixture of 6°- and V°4-
particles in the approximate ratio 10 : 4.

4.2 IDENTIFICATION OF THE FRAGMENTS

The dynamic evidence that the 6°-decay fragments are both
L-mesons is supported by individual mass-estimates from ion-

1 Q-curves for the decay 6° — n+ + uF have been reproduced in the Pro-
ceedings of the Bagnéres Congress, p. 34, and in the Proceedings of the Duke
Conference, p. II-37.

2 The Q-curve for V°; - K~ + zt is reproduced in the Proceedings of the
Bagnéres Congress, p. 84, and in the Proceedings of the Duke Conference,
p. I1-37.

3 BARKFER [1954].
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ization and momentum in a few cases. As to the distinction
between & and u, there is good evidence, however again only in a
few cases, that at least one of the fragments is a pion from obser-
vations of nuclear interactions and n-u-decay.
Mass-Determination by Ionization and Momentum. Since the
center of mass momentum, p’. of the 0°-decay fragments is near

*zso
200} - _z:; 200-
. +2oa 193 >80 . +zos
P'SO i +'39 +|zs +lzo
Yy , \
(Mewc) , 4 |
‘ool K na .
; $s0 \
50F . . \
¢ 245 N
0 1 N i 1 )
-2 -1 (0] | 2

A=2468q (100 Mevc?)

Fig. 28 — Circular form of the Q-curve plot of the Manchester V° data,
exclusive of A°-decay. The numbers adjacent to the respective points are the
Q(n, n)-values. The vertical segments arc the errors in p, only. The event
at the extreme left of the diagram with Q(n, ) = 245 MeV might appear
to be the most accurate single example, whercas, in fact, it is the least accu-

rate, the error in @ being T 120 MeV.

200 MeV/c, it is apparent that both fragments are near minimum
ionization in the centre of mass frame. It follows that at most.
one of the fragments can be hcavily ionizing in the laboratory
frame and that situation is relatively improbable since it is associ-
ated with ejection in a small cone in the backward direction in the
centre of mass system. The earlier difficulties in identification of
the negative fragment from non-protonic V°-decays are now
readily understood since the majority of those decays were un-
doubtedly 6°, unrccognized at the time. The criterion that the
event be non-protonic, namely that the upper mass limit on the
positive fragment be low, necessarily tended to restrict the obser-
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vations to examples in which the upper mass limit on the negative
fragment was high and therefore relatively uninformative. The
two instances in which a direct mass identification is possible
in the Indiana data are given in Table VI. The remarks above
on the condition for observing a heavily ionizing 6°-fragment are
illustrated by the inverse corrclation between the charge of the
identified fragment and the sign of a.

TABLE VI
Identification of 0°-secondaries by Ionization and Momentum
p | Signof Esti- | Calcu- | Mass

Film a Y¥rag- /4 mated lated | Range
MeV/el ‘ment | MeVie | "1, |II,fora| (ms)

R—118 | 4-0.914 | 690. | negative | 94. 4+ 8.| 2—3 2.5 |220——310

R —2067 | --0.871 | 1100. | negative | 89. + 4.| 2—4 2.7 !210—360

Recently, several similar examples have been obtained by
Cowan and Kapvk [1954] and by FrRETTER and FRIESEN [1954a]
under conditions which permit a droplet count.

Nuclear Interactions of the Fragments. There are a number of
examples of non-protonic decay in the literature in which one
(or both) fragment undergoes a nuclear interaction. Unfortunately,
there are only a few cases in which the data are sufficiently detailed
or accurate that definite identification of the 6° can be made. The
Paris group (Grecory [1953]) reports two examples of 0°-decay
giving @-values of 187 and 200 MeV and a third case with pr > 160
MeV/c which is probably a 6°. Four of the decay fragments traverse
a multiplate chamber (GREGORY et al. [1954]) and 8 nuclear inter-
actions are produced, an occurrence which is 4 times more proba-
ble if both fragments are pions than if one is a pion and the other
a muon.

BARkKER [1954] records an event (Plate XXXVIII, ARMEN-
TEROS et al. [1951b]) in which the transverse momentum is greater
than 160 MeV/c and which probably can be classified as a 0°.
The positive fragment was observed to undergo a scattering of
15° in a 2 cm. lead plate.

(7-p)-decay. There is one example with negative a in the Indiana
data in which the positive fragment undergoes (z-u)-decay.

Production of 0°-particles. In § 6, the evidence for the reaction

w4+ p—>A°+46°
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is discussed. THOMPSON e¢f al. |[1954b] point out that this reaction
implies the 0°-particle is a boson, in which case it cannot decay
into a pion and muon.

4.8 THE Q(m, @)-VALUES

Histograms of the Q(=, n)-values obtained by various groups
are shown in Fig. 24. The data rcpresented arc those of:

t. Indiana. The data shown are 25 cascs obtained with the

22 in. magnet plus the first anomalous example, 328
(TrHOMPSON ¢t al. [1958a]), obtained with the 12 in. chamber.

Two earlier 0°-decays observed with the 12 in. magnet are
omitted {$50, Q(m, 7) = (281 -+ 49); and #516, Q(x, 7) =

= (203 4- 49).} The weighted mean of the main group is

Q(w, @) =— (214 4 5) MeV,
which corresponds to a 6°-mass
m(z, x) = (966 -- 10) me .

The 4 anomalous cases will be discussed in § 5.

it. MaNcHESTER. The data shown arc those reported by Bar-
KER [1954] and obtained with the Blackett clectromagnet
operated on the Pic-du-Midi. An additional case with
Q(7, ) > 180 MeV is not shown. The Manchester data also
show a concentration of values in the neighborhood of
200 MeV, plus some other values.

tit. C. I.T. 48 in. The data shown are the 13 cases reported
by Van Lint [1953] and obtained with the new 48 in.
magnet opcrated at Pasadena. Eleven of these give a distri-
bution centered about 200 McV, the with of the distri-
bution again being consistent with the crrors of measure-
ment. However, 2 cases in this set of data are too low to be
consistent with the group around 200 MeV.

In addition, Q(, w)-values have been reported by a number of
other groups:

Cowan & Kapyk [1954], working with the 22 in. magnet},
report 16 examples, of which 12 are compatible with Q = 214
MeV. The 8 best cases give Q = (206 + 17), (200 + 20) and
(223 + 16) MeV. However, therc arc 4 cases which are not com-
patible and give Q-values in the range from 79 to 125 MeV.

1 Cowan [1954].
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is discussed. THOMPSON et al. [1954b] point out that this reaction
implies the §°-particle is a boson, in which case it cannot decay
into a pion and muon.
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Iistograms of the Q(m, z)-values obtained by various groups
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. Indiana. The data shown are 25 cases obtaincd with the
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(THOMPSON et al. [1953a]), obtained with the 12 in. chamber.
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omitted {50, Q(, w) == (281 + 49); and 516, Q(x, ) =
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which corresponds to a 0°-mass
m(z, ) —= (966 - 10) me .

The 4 anomalous cases will be discussed in § 5.

it. MaNcHESTER. The data shown are those reported by Bar-
KER [1954] and obtained with the Blackett electromagnet
operated on the Pic-du-Midi. An additional case with
Q(z, 7#) > 180 MeV is not shown. The Manchester data also
show a concentration of values in the ncighborhood of
200 McV, plus some other values.

tii. C. I. T. 48 in. The data shown are the 13 cases reported
by Van LinT [1953] and obtained with the new 48 in.
magnet operated at Pasadena. Eleven of these give a distri-
bution centered about 200 MeV, the with of the distri-
bution again being consistent with the crrors of measure-
ment. However, 2 cases in this set of data are too low to be
consistent with the group around 200 MeV.

In addition, Q(x, n)-values have been reported by a number of
other groups:

CowaN & KaDpYk [1954|, working with the 22 in. magnet},
report 16 examples, of which 12 are compatible with Q — 214
MeV. The 38 best cases give Q = (206 -+ 17), (200 -+ 20) and
(228 -i- 16) MeV. However, there are 4 cases which are not com-
patible and give Q-values in the range from 79 to 125 MeV.

1 CowaN [1954].
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Plate V — Example of 6°-decay (film ##R-151) by THOMPSON et al.
[1953b]. The momenta of the positive and negative fragments are
(0.90 -|- 0.02) and (1.9 - 0.1 )GeV{c, respectively. Both tracks are

at minimum ionization. The angle between the tracks is (17.5 4 0.1)°
and the Q(z, wr)-value is (219 4 12) MeV.




Plate VI- Probable Bﬁ?decay', (af A) ,obser{fed by YasiN[1954] in nuclear emulsion.

The 7~ fragment stopped in the emulsion and produced a 1-prong o-star at B. The

caleulated 07 line of flight passes through C (10 <+ 7p) within the errors of mea-
S : : ! S surement. e
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The diagram of the C.L.T. results is of a different type and is reproduced
from VAN LanT [1953].
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FrETTER & FRIESEN [1954a] report 5 examples giving
Q == (280 + 15), (251 + 20), (225 --12) and (225 + 7);

the last case being of unusual quality. One example, however,
gives @ = (295 - 25).

BRIDGE et al. [1958a] rcport 4 events in the M. I. T. multiplate
chamber which are compatible with (=, #) decay and give Q-values
in the range from 115 to 185 McV. DayTon & WiLLArD [1958]
report an unusual example with @ = (173-198) -|. 11 MeV. Ac-
cording to BRIDGE [1953] none of the upper limits is actually
inconsistent with @ — 214 MeV.

Thus, the work of all groups indicates, or at lcast is consistent
with, a strong concentration of Q-values in the neighborhood of
214 MeV. The evidence for a unique Q-value appears to rest
primarily on the work of the Indiana group, although the data
of that group also contain a substantial number of accurate
anomalous cases. In the combined data of all groups, about 20%,
of the events give lower Q-values and one casc (that of Fretter
and Friesen) may be higher.

Uniqueness of the 0° Q-Value. The fact that different Q(m. )-
values are observed brings up the question of 3-body decay,
since the presence of a third neutral fragment would reveal itsclf
in a continuous distribution of apparent Q-values. It is therefore
necessary to compare the data with the theorectically expected
distribution of apparent or Q*-values for a 8-body dccay. Fig. 25
compares the histogram of the Indiana Q(x, z)-values with the
theoretical @* distribution, normalized to equal area. The theore-
tical distribution is computed from Eq. (5) for the hypothetical
decay scheme

0° ->n* 4 m~ 4-» 4+ 516 MeV .
The energy spectrum of the neutrino is taken to be that given by
the statistical factor, and the end point Q* = 516 MeV is adjusted
so that the maximum of the distribution occurs ncar @* = 214
MecV, to agree with experiment. It would appear difficult to
reconcile the observations by a 8-body decay process of the
general sort deduced by statistical considerations.

4. 4 EMULSION WORK ON THF. 0°-MESON

For studies of the 0°-meson, the difficulties with emulsion work
on V°events discussed in § 8.5 arc augmented by the imprac-
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ticability of stopping both fragments with emulsion blocks of
convenient size. If the events are located by tracing back
o-mesons or (7m-u)-decays, therefore, the observations will be
biased heavily toward decays with | a | >> 0, in which onc fragment
momentum is high and is therefore mcasured by scattering rather
than range. Since the Q-value depends primarily on the higher
momentum in such cases (cf. Fig. 7), very littlel benefit is derived
from precise knowledge of the other fragment through range.

12
10 |
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©
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z L
4 | -
2 -
2.5
o0 O.':..-.o'
o] 1 ! 1
o 100 200 300 400 500

Apparent Q('rr,'rr) Mev

Fig. 25 — Comparison of the observed Q(z, n) distribution of the Indiana

group with the theoretical Q* distribution given by the statistical factor.

The end point of the theoretical distribution is adjusted to place the maximum
in the neighborhood of 214 MeV.

Precision comparable to that of the emulsion work on 4° has not
yet been obtained.

Thus far, 4 examples of 2 4 On events in which one fragment
is an identiflied & and the other is probably an L-meson have been
reported. The data arc contained in Table VII and show very
clearly the effects of the bias just discussed. In the event of Lal
et al., the n* is brought to rest and identified by (#-u)-dccay. In
the remaining 8 events, the z- is brought to rest and is identified
‘to be a o-meson. The statistics are very meager in comparison
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with the 4° material. The most probable interpretation of the
last three events, however, is that they do indeed represent
0°-decay. The example of YAsIN [1954] is shown in Plate VI.

4.5 LIFETIME OF THE 6°-PARTICLE

Several groups have reported determinations of the 6° lifetime,
the most recent being that of GAyTHER [1954], who reviews the
previous work. The available data, as compiled by Gayther, are
given in Table VIII. The weighted mean lifetime, from these
observations, is:

T = (1.718;35) X 10-19 sec.

TABLE VIII
Determinations of the 0° Mean Lifetime
Type of Number
Authory Chamber of Events | T X 10 sec.

. : +2.2
ASTBURY [1953]* Magnetic 11 1.6 "6
DEUTSCHMANN [1953]* Multiplate 9 2.3 1(2);
. +1.6
BRIDGE [1953]* Multiplate 6 0.9 " 4’3
. ~ . +0.8
GAYTHER [1934] Multiplate 8 1.2 —03

* As reported by GAYTHER [1954].

4.6 RELATIONSHIP OF THE (°-MESON TO THE. K-PARTICLES

The fact that the masses of the 0°-meson, (966 + 10)me, and
of the r+-meson, (965.5 4- 0.7)me, are almost identical suggests a
close relationship between these particles, i.e. 6° = 7°. Preliminary
evidence against this identification is found in the analysis of
7- decay data by DavLiTz [1954]. The theoretical dependence of the
distribution of decay configurations on the r-meson spin j and
parity w is calculated and compared with the experimental results
with the aid of a very convenient 2-dimensional plot. The available
data are insufficient to permit a definite conclusion but rather
suggest even j and odd w for the r+-meson.

On the other hand, the fact that the 6°-meson very probably
undergoes 2n decay requires w = (—1)/, which is incompatible
with even j and odd w if 0°=°. Thus there is preliminary
evidence that the 6°-meson and the r+-meson represent different
‘K-particle families with almost identical masses.
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It is possible, but by no mecans certain, that some of the so-
called anomalous V°-events, to be discussed in section 5, re-
present the decay of a necutral r-meson, according to the decay
scheme 7° - at + 7~ 4- #n° + 80 MeV. On the other hand, ITon-
SON et al. [1954] report a remarkable photograph which provides
strong evidence for a charged counterpart of the 6°-meson,
decaying according to the scheme 6* — a* 4 #° -+ (213 iig)
MecV. The =° is identified by the possible but very improbable
mode of decay #° — 4e (see p. 205).

5. The Anomalous V°-Decays

It was concluded in the previous section that the majority of
non-protonic V°-cvents arc decays of the 0° type. A substantial
number, however, appear to be incompatible with the 6° scheme.
In the present section, these so-called anomalous cvents are
considered in more detail, although the present available data do
not appear to admit many definite conclusions.

5.1 THE BASIC DATA

In the list of anomalous events given by ASTBURY [1954], the
examples relating to A°-decay with high or low Q(p, =)-values
have been discussed in section 3. The cases of non-protonic events
in that list in which the authors of the data do not themsclves
consider the abnormality to be beyond the experimental crror
are omitted. There remain 2 examples of Trompson et al. [1953a],
[1954a] and 2 examples of Barrawm et al. [1958]. Fig. 16 of LEIGH-
TON ¢t al. [1953a] will be discussed in § 5.3. Since Astbury’s list
was prepared, a number of additional examples have become
available. The basic data on the new exemples, together with the
residual examples from Astbury’s list, are given in Table IX.

Reality of the phenomenon. It is evident from the data in Table
IX that a substantial number of cases cannot be interpreted in
terms of gross errors of measurement, assuming that the only
Ve-particles are the A° and 0°. For example, consider cvent 3,
which is shown in Plate VII. For this event to be of the 4° type,
the upper mass limit on the positive fragment would have to be in
error by a factor 8. Assuming that the ionization is correctly
estimated to be less than twice minimum, the momentum would
have to be increased by a factor of 8, whereas the estimated proba-
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ble error is about 2%,, the major part of which is due to multiple
scattering. Assuming that the momentum measurement is firm,
we find that a proton of this momentum would be heavily ionizing
by a factor of about 10, which would not easily escape observation.
The possibility that the event represents a distorted 6° is also
remote, as may be judged from the Q(=, m)-value of (71 4 2)
McV. The positive momentum would have to be increased by a
factor of 2.8 or the negative momentum by a factor of 8.8 to bring
the Q(n, =)-valuc up to 214 MeV. The possibility that the event
represents a V+-event can be excluded on energetic grounds.

Masses of the Charged Fragments. Only two of the fragments in
Table I1X are heavily ionizing; viz. the negative fragments in
#5 and #10, which give masses in the ranges 220-420 me and
160-300 m¢, respectively. In 38, the authors indicate that in
view of uncertainty in the minimum level of ionization, the
masses given arc not incompatible with the # mass. In 6 cases,
i1, 3, 6, 7, 8, and 10, both fragments are probably less massive
than the z-meson.

5.2 THE Q-SURFACE REPRESENTATION OF THE DATA

Stereoscopic drawings of the Q-surface plot of the data in
Table IX arc shown in Fig. 26. The theoretical surface for the
normal 0° > a* 4 n~ 4 214 MeV is indicated as in Fig. 21. The
normal A° surface is represented by its intercepts with the (a, py)-
and (a, 1/P)-plancs. The interpretation of the plot is summarized
in the following remarks:

i. It is evident from the figure that the points are quite
uniformly dispersed. There does not appear to be any indi-
cation of a surface or surfaces. Thercfore, it does not appear
feasible to try to interpret the available data in terms of
a single type of 2-body decay process. The possibility that
the sample is heterogeneous cannot be excluded; however,
if it is homogeneous or almost homogeneous, a 38-body
decay is probably indicated.

1. Within the statistics, the points are symmetrically distri-

buted with respect to the plane a =— 0, 8 events having
a > 0 and 8 having a < 0 1. The mean value of ais 40.068.

1 AsTBURY [1954] points out that discrimination against A°-decay should
result in a negative value of a even if both fragments have equal mass.
_Such diserimination is undoubtedly present and must be taken into consider-
ation when better statistics are available.
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TABLE IX
Basic Data on the Anomalous V°-Events
Author Event Sign p GeV/e I/Imin Mass (me) 0 a pyMeV/je | 1/Pc/GeV | Q(n, n) MeV
THOMPSON et al. -} 0.25 4 0.06 <2 < 620 P .
1 osna] 328 Tl oae Toos s2 PP 206 L 05° | —0.233 (R 1.61 47 414
THOMPSON et al. - 0.86 4+ 0.04 <2 < 2100 .
2 Hosta] R430 | b 040 008 =2 S 19.65 4 0.05° | +0.277 106.9 0.749 86 + 6
\ + | 0253 4 0.005 <2 < 630 , . ]
3 fodian Rsss | 1| 02384 0000 <32 < e 65.0 L+ 0.2° +0.399 94.3 2.98 | 742
(unpublished) i e T
4 rRseip | © | 000 008 3 Shee | 102 roer | —oai2 75.9 0.580 41 + 2
8796 + | o057 +o0a3 <17 < 1200
5 (18in.) | — | 0.120 X 0.005 1.5—3 220— 420 44° +0.709 718 1.51 116 & 30
56387 + | o024 + 0065 < 17 < 600 .
8 e I o S <17 S g 63 —0.321 153.6 1.84 148 4 80
59824 + 0.124 + 0.01 < 2 < 810 o . . .
T VAN Lint of al (18in) | — | 0.365 4+ 0.055 REY < 780 61 —0.012 0.2 2.28 96 + 16
[1954b] 12590 + 0.493 + 0033 | 1.4 4 0.2 840 + 150 —
A - Ok o - U 9 o «
8 (22in) | — | 0.240 £0.012 | 1.3 % 0.2 385 + 130 34 +0.356 96.3 1.40 ™™+ 10
' I |
15329 4+ | o094 +oa -1 < 2000 . : 45 4 25
9 (48in) | — | 142 F 03 <2 < 8500 8 —0.204 78.9 0.425 ~10
19143B | + | 026 4 0.02 <2 < 640 .
10 (8in) | — | 0087 100045 | 1.5—38 160—800 40 +0.547 43.9 3.02 a5
1n oy | | Yo To2 15.7° —0.208 104.8 0.600 | 87 421
Cowan & Kapyx 15559 -+ 0.22 4+ 0.03 . -
12 [1954] | ] 00 £00 27.9° —0.638 83.1 0.009 | 125 115
18 (Qg‘ff) i s i 001 31.6° +0.640 85.1 L0138 | 125 4 21
14 m—166 | T | 0o s <2 SI0 1 ses g1 10.661 43.3 2.25 66 + 24
BALLAM et al. <3 .
15 [1953] so206 | T | 03 i P S28 She) | s2s o ar +6.120 | 80.8 1.78 45 1+ 17
1
16 F“E"‘[ﬂf‘g‘;f‘&““"“" T ooy To0e 8.5 +0.5° | —0.201 ‘ 238.4 0.684 | 205 + 25
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Fig. 26 — Stereoscopic drawings of the @-surface representation of the anomalous V°-events from various laboratories

as in Table IX. (Directions for viewing are given in the caption to Fig. 21). It is a pleasure to acknowledge the skilled

work of Messrs. Kenneth Skirvin and Harvey Frye of the Indiana University Audio Visual Laboratory in the preparation
of this figure.
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There is as yet no apparent correlation of p, or 1/P with the
sign of a, with the possible exception of one or two events
(#6 and 3#16. See footnotes). Thus on the average, the
momentum appears to be symmetrically divided between
the positive and negative fragments, which suggests
they are of approximately cqual mass. An important ex-
ception would be a decay in which the charged fragments,
although of different mass, have equal likelihood of being
positive or negative. However, in six of the slowest cases,
both fragments are apparently light from ionization. There-
fore it is reasonable to conjecture that both charged frag-
ments are light in a number of the faster examples, although
the possibility that a few fragments are as heavy as 1000 me
cannot be excluded.

i11. If the events represent a single 3-body deeay process, the
representative points should lie within a limiting @-surface
which corresponds to zero kinctic energy of the neutral
fragment in the true C.M. system. Clearly, the available
data are insufficient to delineate a limiting surface, partic-
ularly since, from statistical considerations, the density
of points near the limiting surface is expected to approach
zcro. Ilowever, it should be noted that with the exception
of onc event !, the representative points all lie within the
normal 6° surface. In fact, with the exception of one other
event 2, they lic well within it, although this fact may be
a result of selection bias. For example, if the correet decay
scheme were an alternate decay mode of the 0°-particle

0°>a+pu--» (22)

or any dynamically similar process, the limiting surface
would bhe very similar to that for normal 0°-decay. By

1 #16 in Table IX. Two remarks about this event should be made. First,
the Q(=, m)-values obtained by Fretter and Friesen for normal 6°-decay
(cf. section 4) give a weighted mean of 230 MeV and thus may be running
a little higher than 214 MeV. The discrepancy between 316 and @ —= 230
MeV is only 2.6 times the stated probable error. Sccond, the disposition
of this particular event is such that full benefit from the technique of these
authors is not derived. The track of the negative fragment is of intermediate
length and the curvature plot shows a slight irregularity.

. ? 36 in Table IX. Q(=, ) = (148 4= 30) MeV is only 2.2 errors from 214
MeV.
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definition, events are considered to be anomalous when they
are markedly dissimilar to the well-established types. Thus,
in view of the experimental errors, the process of selection
of events similar to Eq. (22) would be cxpected to produce
a strong bias in favor of events which lic well within the
normal 0°-surface.

iv. Conversely, if the two charged fragments are assumed to
be L-mesons, the set of all possible limiting surfaces form a
nested family of one paramcter, that parameter being the
true Q-value of the decay 1. Thus the smallest limiting surface
which encloses the available data is the surface corres-
ponding to the largest Q(L, L)-value. The distribution of
apparent @-values is simply related to the disposition of
representative points; the events with apparent @-value
between @* and @* 4 d@* lie, in Fig. 26, in the thin shell
between the corresponding Q-surfaccs. In the following
paragraph, the Q-values are discussed.

5.8 THE Q(m, #)-VALUES, AND DISCUSSION

In the absence of more specific information, the Q-values for
anomalous V°-events given in the literature are invariably Q(=, x)-
values. Fig. 27 shows the histogram of the Q(=, n)-values of the
16 events in Table IX. Again, the spread of the distribution
suggests that the available data cannot be interpreted in terms
of a single 2-body decay process. There are 5 events with Q(=, x)
in the range 41-47 MeV, but the statistics are insufficient to deter-
mine whether this grouping is a fluctuation or the beginning of a
“line”.

Several possible explanations of the anomalous V°-events have
been discussed, although these do not, by any means, include all
the possibilities.

i. Radiative decay of the 6°-particle. TREIMAN |1954] has csti-
mated the radiative effects to be expected from the charge
acceleration in 6°-decay

0° >at 4+ +y
and points out that, although large effects should be quite

infrequent, some of the anomalous events may be so inter-
. preted. The probability that 6°-decay is accompanied by a

1 Cf. Fig. 6
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photon with energy in dw is approximately of the form

flo)o ~ %,

whence, from Eq. (5), the distribution of apparent @-values
is approximately

FQYIR* ~ 525 (28)

where @ = 214 MeV. Eq. (28) exhibits the familiar infra-

i3
!. e o : L] L] : L] 1 L]
1 ] 1 1 : 1
) 50 100 150 200 250 300
Q(m,m)  Mev

Fig. 27 - Cloud chamber determinations of Q(r, n)-values of the anomalous
Ve-events from various laboratories as in Table IX. The histogram gives the

i.

number of events per 20 MeV interval.

red divergence; thus the probability of large radiative de-
pression of the @-value is small. The integral of Eq. (28)
from 0 to 194 MeV. is 0.79%, and most of this probability is
concentrated near the upper end of the interval. Conse-
quently, as pointed out by Treiman, the observed anomalous
Q(, =)-values would appear to be too low and too numerous
all to be explained in this way.

Neutral v-decay. By analogy with the well known decay
scheme of the charged r-meson, a neutral T would be ex-
pected to decay according to the scheme:

v —>at 4+ a4 a°+ 80MeV. (24)
Decays of this hypothetical type would appear in the cloud
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chamber as anomalous V°-cvents with apparent Q(x, x)-
values distributed from 0 to 80 MeV. The limiting Q-
surface for Eq. (24) is casily visualized in Fig. 26 since it is
concentrically located within the 0°-surface and about half
as large (@ = 0, p’ == 110 MeV/e, 2p’/m = 0.68). Under the
assumption that the energy spectrum of the =° is given
by the statistical factor!, the theoretical distribution of

T 7 + T+ W®

Q’ Mev

Fig. 28 — Theoretical Q* distributions given by the statistical factor for the
hypothetical decay schemes

1.

> at |- 4-n° 4+ 80 MeV and
0°>n2 +u +v -+ 248 McV.

apparent @-values, from Eq. (5), is found to be clliptical as
shown in Fig. 28.

It appears that many of the observed Q(=, n)-values in
Fig. 27, principally those of the Pasadena group, are too
high to be compatible with Eq. (24), although a few may
be of this type. It should be noted that the grouping in the
range 41—47 MeV occurs very near the expected maximum;
the statistics arc obviously insufficient to permit conclusions,
however.

Decay of the type K° — L+ + L= + (yJor »). As the dynamic

1 The preliminary analysis of DariTz [1954] indicates that this assumption
is at least not inconsistent with the available data on z+-decay.
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prototype of this class of decay processes, we may take the
hypothetical alternate decay mode of the 6°:

0° - wx + u¥ + v + 248 MeV, (25)
in which a muon and a neutrino appear in place of one of
the pion fragments. The limiting @-surfaces for Eq. (25) are
similar to, but slightly larger than, that for normal 6°-decay
in Fig. 26. Under assumption that the energy spectrum of
the neutrino is given by the statistical factor, the theoretical
distribution of apparent Q(=, u)-values, from Eq. (5), is
shown in Fig. 28. The theorctical spectrum has a broad
maximum in the neighborhood of Q* -= 95 McV.

Approximate comparison may be made with theJobserved
histogram in Fig. 27 since the differences between)the com-
puted (Q(n*, u¥)-values and the Q(x, x)-values for the data
in Table IX are of the order of the stated errors in @(z, x) in
all cases except #2, 8, 4 and 10. Again the statistics are
obviously insufficient; however, it should be noted that
the absence of observed values in the upper third of the
Q* range is to be expected, since the data in Table IX have
been sclected on the basis of incompatibility with the 0°
scheme.

VAN LINT ¢t al. [1954b] have pointed out that the decay
scheme of Eq. (25) is compatible with the available data
and does not require the assumption of a new type of
particle.

1. Decay of type V°3— K+ + L¥. LEIGuTON ctal. [1953a] have
reported evidence, based mainly on a single photograph
(Fig. 16 of the reference cited), for the decay scheme

V° - K* + L¥ 4 60 MeV . (26)
Confirming evidence for Eq. (26) has not been forthcoming,
although BARKER [1954] reports several examples which
are consistent with this decay scheme. Morc recently,
Lercuton [1954] has concluded that the one Pasadena
example may be explained as a charged V-event.

5.4 THE COWAN PHOTOGRAPH

Cowan [1954] has published a most unusual photograph which
provides cvidence for a V°-decay into a positive pion and a heavy
ncgative fragment. The photograph is reproduced in Plate VIII,
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and Fig. 29 shows a schematic drawing of the event. A V°-particle
produced in an interaction in lead above the chamber, decays at 0,
giving rise to two oppositely charged fragments OA and OB.

The positive fragment OB is very probably a pion since it
undergoes characteristic decay in flight at B. The directly measured
momentum of OB is about 135 MeV/c; since the track is short,
however, the value given in Fig. 29 is derived from the momentum
of the muon fragment BC and the angle OBC, assuming the well-
Jknown dynamics of (7-u)-decay. The observed ionizations of OB

and BC are compatible with

1ess25 meviey this interpretation.
roteie my  The unusual thing about the
B compotible photograph is the negative
v-p decay fragment, which appears to be
130810 Mevre heavily ionizing, (1.70 +0.19)
138046 I, [ although the momentum is
compettit ™ pigh, (875 4 70) MeV/e, and
well-measured. The calculated
mass is (1850 + 250)me, which
! ¢ is lower than that of the nega-
? ™ ® tive hyperon of cascade decay

Fig. 29 - Schematicdrawing of the Cowan (~2600 me) and higher than
photograph. The angles and curvatures that of the K-

are not drawn to scale.
(~1000 me).

The vector resultant of OA and OB interscets an origin in the
lead above the chamber. Thus there is no indication for the
presence of a third neutral decay fragment. The Q(=*, p-)-value
is (11.7 4 4) McV, which is appreciably lower than Q(p*, n~) = 87
MeV, so that the event is probably not a counterpart of normal
A°-decay.

As Cowan points out, an alternate interprctation is possible
since the determination of mass by ionization and momentum
is double valued, because of the relativistic increase in ionization
above the mmimum. The observed ionization of the negative
fragment is consistent with that of an electron of the obsecrved
momentum. The possibility that the event is an electron pair is
remote, however, in view of the angle, (28 + 2)°, and the abrupt
angular deflection at B. The Q(=n*, e-)-value is (225 4+ 20) MeV.
The f-decay of a V°-particle would, of course, be of considerable
interest.

Qiwspr) =11 724 Mev

875270 Mev/c
1702019 I,
18502250 m,

-particle group
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Plate VII - Example of anomalous V'-cvent by the Indiana
group. unpublished (#3 in Table IX).
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TG

Plate VIII - The unusual photograph of Cowan [1954] with the heavily ionizing
negative track, The abrupt angular deflection in the positive track, attributed to
a- -yt decay, 1s from front to back and thus is just barely discernable in this print.
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Since the publication of this photograph, a further alternative
is suggested by the preliminary report of a K-particle of 1400 me
(FowLER & PERKINS [1958]). A decrease of the momentum and
of the ionization, by about the stated error in each, brings the
calculated mass down to 1400 me.

The crucial question in the interpretation of this photograph
is the reliability of the droplet count and the estimate of error
therein, since the momentum of the negative fragment is very
probably well-measured. The probable error given is only 8.5
times less than the difference between the observed ionization
and the minimum value, which corresponds to a probability of
1%%,. It should be noted, however, that the main contribution to the
stated error is the so-called counting crror which is arbitrarily
taken to be 10%,. This estimate is conservative and is in the nature
of a limit of error. The statistical part of the estimated error is
only 59%,. However, it would be desirable to sce the shape of a
mass-spectrum based on a large number of measurements of, for
cxample, heavily ionizing protons. The Q(z, =)-value is (116 + 15)
MeV, so that the event does not resemble normal 0°-decay from
the dynamic point of view.

6. The Production of V°-Particles

Although the production and nuclear interactions of V°-parti-
cles is still a subject about which very little is known, there have
been a number of new results during the last year or so:

1. There is additional information about the production of
Ve-particles at cosmic ray ecncrgies, but in view of the
experimental difficulties of the problem, the work is still in
a very qualitative stage.

2. An outstanding development has been the artificial pro-
duction at thc Brookhaven Cosmotron by Shutt and his
collaborators. These authors have found several examples
indicating the simultaneous production of a Y°-particle and
a K°-particle in an elementary (z-, p)-collision. Since the
dynamics are such that the available energy is insufficient
to create the rest mass of the neutral hyperon, the impli-
cation is that it is formed, in some sense, out of the target
proton. Independent evidence for these conclusions has been
obtained from cosmic ray observations by the Paris group
and the Indiana group.
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8. There is preliminary evidence from BARKER [1958] and from
DE STAEBLER [1954] for the emission of V°-particles con-
sequent to the nuclear absorption of K--particles. These
phenomena are reviewed by H. S. Bridge in the companion
article in the present volume.

4. A substantial number of unstable nuclear fragments have
now been observed in the nuclear emulsion. These are all
consistent with the hypothesis suggested by Danvsz &
Px1ewski [1953] that a ncutron in the fragment is replaced
by a A°. The available data are tabulated in the Pro-
ceeding of the Padua Conference.

6.1 PRODUCTION OF V°-PARTICLES AT COSMIC RAY ENERGIES

A number of cloud chamber studies of V° production by cosmic
rays are available at present. In some, principally those of FreT-
TER et al. [1953a] and DruTscHMANN [1953a], the observations
relate to production by the primaries of locally produced penc-
trating showers which are predominately protons and ncutrons.
Others, for example those of LEiGHTON ¢t al. [1953a], BRIDGE
et al. [1953a], and REyNoLDs [1953], arc concerned with the
production by the secondaries of locally produced penctrating
showers which arc a mixture of nuclcons and mesons, the latter
predominating. Thus, in discussing the two types of obscrvations,
we must bear in mind the differences in encrgy and nature of the
producing particles.

6. 1a Production by Primaries of Locally Produced Penetrating
Showers

FRETTER ¢t al. [1953a] and DEUTSCHMANN [1958a] have used
large multiple plate chambers, without absorber above, in order
to study the occurrence of V°-particles in penetrating showers
produced in the plates of the chamber.

Both groups report that the relative rate of occurrence of V°-
particles in penctrating showers varies slowly with the energy of
the shower. For example, Fretter et al. find that the average
multiplicity of all showers is (4.4 + 1.0), whereas for showers
containing a V°-particle, it is (4.9 4+ 1.2). Showers with multi-
plicities greater than or equal to 8 constitute 149, of all showers
as against 169, for showers containing a V°-particle. Deutschmann,
estimating the energy of the shower from the z° component, finds
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that the production rate per shower increases at most a factor 8
for shower encrgies from 5 GeV to 100 GeV.

Deutschmann reports that the charged to neutral primary ratio
is the same for showers containing a V°-particle as for all showers.

Among 75 V° photographs, Fretter ¢t al. report only 8 pairs.
This observation thercfore does not provide support for the
hypothesis that all V°-particles are produced in pairs; however,
as these authors point out, this evidence would be invalidated if
onc V°-particle of the pair had, on the average, a fy which is 5 to
10 times as large as the other 1.

6. 1b Production by Secondaries of Locally Produced Penctrating
Showers

LrieuroNn et al. [1958a] and ReyNorLps [1953] have studied
production by secondaries of locally produced penctrating showers
with magnetic cloud chambers. In both of the experimental
arrangements, there is a thick absorber above and a metal plate
across the centre of the chamber. The data relate to production
in the central plate by secondaries of penetrating showers produced
in the absorber above.

BRInGE ¢t al. [1953a] have also studied production by second-
aries but with a large multiple plate chamber triggered by a
penetrating shower detector with lead placed entirely above the
chamber 2.

All three groups report that charged secondaries are appreciably
more effective in producing V°-particles than neutral secondaries.
The majority of the latter are probably neutrons, whereas the
charged secondaries are a mixturc of protons and mesons. With
the assumption that the number of protons and neutrons is equal,
it is inferred that mecsons can produce V°-particles and, in fact,
are probably more cffective than the nucleons which occur as
secondaries. This conclusion may be dependent on a difference in
the energy spectrum of the meson and nucleon secondaries.

As to the cnergy dependence of V° production, REvyNoLDS

1 of. remarks at the end of § 6.1b.

2 The experimental dispositions used by the three groups are substantially
different; e. g., the Princeton group uses Geiger counters (= 1) above the
chamber and proportional counters (I = 31,) below. The original references

.should be consulted; the experimental arrangement used by the M. L. T.
group is described by Bripce et al. |1953b].
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[1958] reports that the rate of V° production rclative to the
number of showers increases by a factor 7 from 2 GeV to 20 GeV.
BrIDGE et al. [1958a] find that the probability of V° production
increases with the observed multiplicity of the shower, but point
out this correlation may be partly due to an increase of the
degree of plurality with energy.

LeicaTON ¢t al. conclude that the majority of V°-particles are
not produced in pairs. With a mean rest lifetime of 8 x 10-10 sce.
and y < 5, these authors estimate a detection probability = 0.2.
Thus among 87 V°-particles produced in the central plate, at least
7 pairs should have been found, whercas only one such case
(V°, V*) was observed. This conclusion would not hold if one
particle of the pair had a lifetime much longer or much shorter
than 8 X 10~ sec. This conclusion would also be weakened if a
substantial fraction of V°-particles were to decay into ncutral
fragments.

6.2 PRODUCTION OF V°-PARTICLES AT LOW ENERGIES

One of the major accomplishments during the last ycar has been
the artifical production of V°-particles at the Brookhaven Cos-
motron by Shutt and his collaborators 1: 2. The apparatus com-
prises a 16 in. diameter diffusion cloud chamber with a sensitive
depth of 2 to 2} in. The filling is 20 atmospheres of hydrogen and
the vapor is methyl alcohol which diffuses from top (at 10° () to
bottom (at dry ice temperature). The chamber is situated between
the poles of an electromagnet which is pulsed to produce a field
of 10,500 gauss. Stereoscopic photographs are taken every 7 to 8
seconds through a conical hole in the top plate of the magnet.

The chamber was exposed to a collimated, magnetically analyzed
a~ beam of 1.837 + 0.1 GeV 3 kinetic cnergy produced in a carbon
target by the 2.2 GeV circulating proton beam of the Cosmotron.

With this experimental arrangement, Shutt and his collaborators
have found four examples indicating, directly or indirectly, the
simultaneous production of a Y°-particle and a K°-particle in an

1 FowLkRr et al. [1958].

2 FowLER et al. |[1954].

3 The »~ beam energy was given by FowLkr et al. [1953] and FowLrr
et al. [1934] to be 1.56 GeV. It has since been remecasured and the value
1.87 given here is quoted by TnorNDIKE [1954]. Masses and Q-values given
in the text are accordingly revised insofar as they are affected.
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elementary (n-, p)-collision. In case D 1, shown in Plate IX, the
entire process, including the decay of both neutral particles, is
seen in the hydrogen gas of the chamber. In cases A and B, the
(=, p)-collision and the Y°-particle decay are seen, and the simul-
tancous production of a K° is inferred by application of the con-
servation laws. In case (, a Y°-decay and a K°-decay are seen in
the same photograph, and their simultaneous production in the
bottom wall of the chamber is strongly suggested.

The argument that one of the products is a neutral hyperon is
based on mass determination of the positive decay fragment which
is distinctly heavily ionizing in all four cases. The mass values
derived from momentum and ionization cstimates are consistent
with the proton mass. Furthermore, the Q(p, n)-values, when they
can be directly determined from measured momenta (cases A and
C give Q-values of 51 and (54 4 20) MeV, respectively), are com-
patible with the cosmic ray mean value of 87 McV for the normal
A°. Thus, one of the reaction products is very probably a Y°-
particle. More specifically, it is probably a normal A°, although
the quoted errors do not entircly exclude the types reported by
LeicuroN et al. [1953a].

The K°-meson is not clearly identified. In cases A and B, in
which the K°-decay is not observed, the best estimate of the
K°-mass is indirectly obtained from the known z- beam energy
and from the angular orientation of the Y°-fragments, with the
assumptions that the Y° is a normal A° and that the K° and the
A° are the only particles produced in the process. The resulting
masses in the two cases are (1280 + 70)me and (1190 + 80)me,
respcctively. Both are somewhat higher than, although perhaps
not entirely incompatible with, the 0° mass of (966 + 10)me. As
these authors are carcful to point out, however, it is possible in
both events to balance energies and momenta if it is assumed that
two neutral particles (one of which may be a #°) are produced in
addition to the A°.

In case C, low upper limits for the masses of both K°-decay
fragments can be set. The dircetly determined Q(w, x)-value is
(271 - 80) MeV. This is again somewhat higher than the cosmic
ray value of (214 -+ 5) MeV, although much lower than the

1 The notation used is that of the original papers. Cases A and B are
‘described by FOwWLER et al. [1958]; cases C and D by FowLER et al. [1954].
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results for cases A and B, which correspond to @(=, n)-values of
(875 + 85) MeV and (330 - 40) MeV, respectively L

Unfortunately, none of the tracks in case 1) permits good direct
measurement, so the momenta are indirectly derived from the
n-beam energy and the angles, under the assumptions that the only
products of the reaction are the two V°-particles which are observed
to decay and that both V°-particles undergo 2-body decay. The ob-
served coplanarities are consistent with these assumptions. The di-
rections of flight of the incident pion and of the two V°-particles
are coplanar within the errors. The decay planes of the two V°-
particles contain the endpoint of the incident pion track. The
result is Q(p, #) = (24 + 11) MeV for the Y° and Q(=, n) =
== (288 4 41) MeV for the K°. The Q(=, =) is a little high, and in
this case, the Q(p, =) is a little low. In view of the quoted errors,
however, both are entircly compatible with the cosmic ray results
for the A° and 0°.

Independent evidence for the process z— + p — Y° + K° has
been obtained from a cosmic ray photograph by the Indiana
group 2. The photograph is reproduced in Plate X and the basic
data on the two V°-particles is given in Table X. The ionization
of tracks 8 and 4 together with the Q(p, n)-value of (37 4 4) MeV
identify the Y°-particle to be a normal 4° and the Q is limited to
a sufficiently narrow interval to exclude anomalous values of 10 or
75 MeV. Tracks 1 and 2 are at minimum ionization and the upper

TABLE X
Basic Data on the Two V°-Events
Track Event (1, 2) Event (3, 4)
1 2 3 4

Charge + — + —
Momentum (GeV/c) 0.35 + .01 0.94 4+ .04 | 0.30 £ .02 0.106 £ .008
Angle between tracks 40.4 4+ 0.2° 88.1 -}- 0.2°
Veo-momentum (GeV/c) 1.23 + .05 0.32 4 .02
a —0.512 -1-0.758
Py (GeV/c) 0.172 0.099
Q-value (MeV) Q(=, ) = (223 + 10) Q(p, 7) = (37 L 4)
Ve-identity 0° A°

1 These Q(n, n)-values were computed from the revised K°-masses given
by THoORNDIKE [1954], assuming m,c? = 139.7 MeV.
2 THOMPSON et al. [1954b].
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mass limits are too high to be informative. Identification of the
decay must therefore be based on dynamics alone. The Q(z, x)-
value is (228 4 10) MeV, very near the mean value of (214 + 5)
McV for the normal 6°.

The relative orientation of the two V°-decays suggests that the
A° and the 0° werc produced in the same interaction. A copunctu-
ality test may be applied here since all four decay fragment
momenta are directly measured. The result is that the lines of

flight of the 0° (as deduced from the vector sum P, = fl + I—’;)

and of the A° (as deduced from the vector sum 13:, == I-’; + I—’;)
pass within 0.2 mm of each other and thus very probably intersect.
The intersection falls at the inside surface of the top wall (brass)
of the chamber, with an uncertainty of a few mm. Thus the
interaction may have occurred just within the brass wall or in the
gas (argon) itself. In cither case, the absence in the chamber of
ionizing tracks from the same origin suggests that the interaction
may have been a relatively simple one, involving a single peri-
pheral nucleon.

Under the assumption that the target particle was a single
nucleon and that the A° and 0° were the only particles produced,
the mass of the incident particle may be computed, although it is
clear that the value so obtained will be rough since the incident
particle is quite relativistic. The result is mc? == (0.27 4+ 0.13)
GeV 1, which is easily compatible with the pion rest encrgy.

By way of summary, the Brookhaven examples, particularly
case D, provide convincing evidence for the process z~ 4 p — Y°
+ K°. The Y°-particle is probably a A°. However, as these
authors point out, the K°-masses tend to come out higher than
that of the normal 0°, and in cases A and B, they are substantially
higher. In the Indiana example, thc V°-products are relatively
well identified to be a normal A° and 6°. The nature of the incident
particle and the elementary character of the interaction are less
well established than in the Brookhaven work, however. Although
there is no indication for a third neutral product, e.g. a z°
neither group can exclude that possibility.

Table XI gives (a), the angle @ between the decay plane of the

1 The motion of the target nucleon in the nucleus (brass or argon) intro-
duces additional uncertainty in the value of mc? so derived, although the

most likely situation is that the nucleon is moving at right angles to the
‘incident pion, in which case the effect is inappreciable.
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Ve-particle and its production plane, and (b), the angle of emission
6’ of the 4° in the center of mass system. Two very interesting
facts are evident from the table. First, there is a marked tendency
for the A°-decay to be polarized in the production plane. Second,
in the center of mass system, the A° is emitted very preferentially
in the backward direction, and therefore has very low kinetic
energy in the laboratory frame. This fact may provide a basis for
explanation of the report of Barrawm ¢t al. [1953] that an anoma-
lously large number of cosmic ray produced A°-particles have very
low kinetic energies (REyNoLDS & TREIMAN [1954]).

TABLE XI
Angular Relationships for the Reaction
w4+ p—>A° 4 6°

Angle |_. Brookhaven _ . Indiana
B C D

B(A°) 54 5° 30 1 20° | 1847 | 21 +10° 26.5°

b(0°) —_ — 60 -+ 6° 70 4 5° 10.6°

0’ 141° 125° 177° 174° 168°

One of the most important results of the Brookhaven work is
that the A°-particle can be produced below the threshold corres-
ponding to its rest energy. For a pion beam of 1.87 GeV kinetic
energy, the centre of mass kinetic cnergy of pion and proton is
only 0.86 GeV/c, to be compared with the A° rest energy of 1.11
GeV and the 6° rest energy of 0.50 GeV. The implication is that
the A°-particle is, in some sense, made out of the target proton.

The Brookhaven group find a cross section of the order of
10-%? cm? for V-particle production by 1.87 GeV negative pions
on hydrogen 1.

Additional evidence that the A°-particle can be produced below
the threshold corresponding to its rest energy has been reported
by FRETTER et al. [1958b] using the double chamber described by
GREGORY et al. [1954]. A drawing of the event is given in Fig. 30.
A negative primary AO, whose momentum is mecasured in the
upper chamber, interacts at O, giving an evaporation proton OH,
a V°-particle EDF, and two electronic showers OM and ON.

1 This cross section is based on cases A, B, D, and E, the last being inter-
preted as an example of Y~ production.
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ud p \re\mr-

Plate IX - Simultaneous production of a A’ and a 0° by a Cosmotron-produced

1.37 GeV a~ in a hydrogen-filled diffusion cloud chamber by Fowwrer et al. [1954].

The collision takes place where the inendent 7--track disappears abruptly. The decay

products of the 6° are visible a short distance away (z~, at). Further down, the decay

products of the A°(p, #7) can be seen(r , p—» A° - 0'; A > p + a + Qu°;
0° > at + a1 | Q).
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Plate X — Example (film 3#R-530) of the process = + p-» A° |- 6°
observed in cosmie radiation by THoMPSON et al. [1954b].
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The V°-particle is well identified to be a A° since both proton
fragment DE and pion fragment DF stop in the plates, the latter
appearing to produce a g-star of which FG is a prong. The Q(p, =)-
value lies between 34 and 40 MeV. The decay plane EDF contains
the origin O within 2 degrees, and the transverse momenta of the

A 10840.1 Gev/c
\ (Negative)
c

H
Evaporation Proton \\
T=0-63 Mev (o]

Pb G
[ 34 < Q(p,x) < 40 Mev
/> Te=240 Mev

c “'F

[k

Pb

Pb
/4
4 A
c ' \
~ ~275° 1.
M II "l‘ @
Pb

Ewo= 600 Mev

Fig. 30 — Schematic drawing of the Paris event showing cosmic ray pro-
duction of 4° by a negative primary of 1.08 GeV/c.

decay fragments balance with respect to the V°-particle line of
flight OD.

The electronic showers OM and ON are attributed to the decay
of a #° whose cnergy is determined from the angle between the
y-Tays.

Thus, the tentative interpretation of the process is

(mmor K-) 4+ p - 4° + a°

The possibility that the z° was the decay product of a second
A° (= #° 4 n) produced at 0 can be excluded on energetic grounds,
even if the primary were a K-. It is just possible that the #° came
from a 0°(— 2 #°); however, this interpretation requires an im-
probable angle of emission in the C.M. system of the 0°.

There have been a variety of attempts to produce particles with
energies in the range 200-500 MeV. The results are tabulated in
Table XII and are seen to be uniformly negative, with the possible
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exception of the work reported by ScHEIN et al. [1952], [1958].
These observers report 5 events of the type 2 4 On which give
Q(p, n)-values ranging from 30 to 49 MeV with a mean of (85 + 8)
MeV. A control exposure indicated that production of 2-prong
stars simulating A°-decay by the ncutron flux could be neglected.
A survey of 200 1-prong stars induced by 40 McV (approximately
the kinetic cnergy of the fragment from A°-decay) z--mesons
indicated that the few percent which do not have an associated
recoil give widely scattered Q(p, =)-values. Thus it appears un-
likely that the phenomenon can be attributed to z—-mesons which
are back-scattered from the apparatus. However, it is felt ! that
further work must be donc before a definite statement can be
made.

7. Summary

The A°-Particle. In view of a considerable variety of detailed
evidence, the decay scheme

A —>p+n4Q

appears to be relatively well-established. The specific identity
of the decay fragments has been determined in a number of
different ways. The 2-body character of the decay is indicated by
the uniqueness of the Q-value and by coplanarity. The best
available value of Q is 86.9 McV with an uncertainty which proba-
bly does not exceed 1Y%,. The corresponding parent mass is
(2181 + 1)me. The best value of the mean life is (3.7 igg) X 10-10
sec.

There is good evidence, both from artificial production at the
Cosmotron and from cosmic ray observations, that the A°-particles
can be produced at encrgies below the threshold corresponding
to their rest mass, the implication being that they can be formed
or excited, in some sense, from an existing proton.

Further indication for a close relationship between the A°-
particle and the nucleon is provided by the unstable nuclear
fragments which are consistent with the hypothesis that a ncutron
in the fragment is replaced by a A°.

A number of new cxamples of the cascade decay process have
been observed. The V° fragment is very probably a normal A°
and the charged fragment is probably a pion. The observations

T ScrEIN, M., private communication, [1954].
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rather suggest, or at least are entirely compatible with, 2-body
decay. Thus we have

Y- A°4 7 +Q
where @ == (66 + 6) MeV and the corresponding mass of the Y- is
(2583 4 12)me. If the A° is, in some sense, an cxcited nuclcon,
the Y- would then correspond to a higher level of excitation.

There is evidence from the Pasadena group that, in a few
percent of the cases, a decay process (or processes) occurs which is
similar to 4°-decay but has abnormally high and low Q(p, z)-values.

The 0°-Particle. As a result of work done during the last ycar,
there is reasonably firm evidence for the decay scheme

0° > a* + &~ 4+ (214 4+ 5) MeV.
One of the fragments is certainly a pion; the other is very probably
a pion. The 2-body character of the decay is very probably indi-
cated by the uniqueness of the @-value. The best values of the
mass and lifetime are (966 4+ 10)me and (1.71'_3:35) X 10-19 sec.,
respectively.

Although the masses are almost identical, there is preliminary
indication, based on the analysis of 7-decay data by Dalitz, that
the 0° is not the neutral counterpart of the z-meson, but rather
represents a different family of K-particles. Striking evidence for
the existence of a positively charged counterpart of the 0° has
been reported by the Princeton group.

The Anomalous V°-Events. Although the existence of the
phenomenon appears quite probable, very little can be said as
yet about the decay scheme (or schemes) and the parent particle
(or particles). If the group is homogencous or almost homogeneous,
a 8-body decay is probably indicated. In a substantial number of
cases, both charged fragments are probably light. The Q(x, =)-
values range from 40 to at least 125 MeV. Some cvents, but
not all, can be interpreted as ° — n* 4+ n~ + =° + 80 MeV;
however, there is no specific evidence in favor of this particular
scheme. All of the events can be interpreted as an alternate 6°-
decay mode 0° -z + u + v + 248 MeV; but again there is no
specific evidence for this particular scheme.

Cowan has reported a photograph which suggests a V°-dccay
in which the negative fragment is near either nucleonic or
clectronic mass. The positive fragment is identified to be a pion
from n-p-decay.
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Production of V°-Particles. There is good evidence, both from
articial production at the Cosmotron and from cosmic ray obser-
vations, that V°-particles are sometimes doubly produced by the
reaction

a4+ p—>A°+ 6°

The specific identification of the V° products is very probable
in one or two cases; the presence of an additional neutral product
cannot be excluded, however. There appears to be a strong angular
correlation between the A°-decay plane and the reaction plane
which suggests that the A° may have a large spin. In the centre
of mass system, the A° appears to be preferentially cmitted in the
backward direction.

There is prcliminary evidence for the emission of V°-particles
consequent to the nuclear absorption of K--particles.
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INTRODUCTION

The scope of the present paper is a discussion in detail of the
way in which knowledge of an energy balance for cosmic radiation
at a given latitude is acquired, and in this sense the present study
links up with attemps made by Rossi [1948], Puppr & DALLA-
PORTA [1952] and Purpi [1958]. For the definition of the balance
terms, it has been tried, where possible, to follow several methods
of approach, in order to obtain results which might be internally
consistent. The scope of this study is also practical, in the sense of
suggesting opportune cxperiments to be carried out in order to
reach a more complete knowledge of the phenomenology. Since we
believe that we possess a fair overall description of the phenomena,
this further research study is valuable insofar as it is guided by
the knowledge of the experimental results that could effectively
improve the situation. What is above all important is the knowl-
edge, for every experimental result, of its accuracy and what
internal verifications it should satisfy. It must be recognized that
it is now necessary, if we wish to advance in the study of cosmic
ray phenomenology in the atmosphere, to institute a true and
proper metrology. To do so we may take as standard the data in a
vertical direction at a certain latitude, making all the measure-
ments relatively. In this paper the reference latitude is 50° North,
since almost all the available data refer to stations located between
45° and 55°; it must be noted that the said data are not cffectively
those of the latitude examined, but a mean of data within this
latitude interval.

The actual balance sets, perhaps, more problems than it answers,
but as has been mentioned above it is hoped that it may be of
use for precisely this reason.

In the construction of an energy balance, three substantial
elements are present:

(1) Knowledge of the primary radiation, both as regards its
composition and its intensity. This knowledge is summarized in
the construction of cnergy spectra of the various components.
For the purposes of the present balance, the knowledge of the
said spectra in a vertical direction at 50°, to be derived from what
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we alrcady know (PETERS [1952], NEHER [1952]), is sufficient. This
permits the calculation of the energy flux at its entry into the
atmosphere, to be compared with the energy dissipated in the
atmospherec and underground by the various components. The
knowledge of the primary spectra is, moreover, a useful guide also
in the discussion of the secondary components.

(2) Knowledge of the nature and intensity, throughout the
atmosphere and at sea level, of the various secondary components
which are excited by the primary radiation, in order to be able
to construct on them the overall dissipation of the primary
radiation in its absorption processes in the atmospherec.

(8) Knowledge of the exact modality of the various processes in
which, on the one hand, the primary radiation generates the
secondary components, and, on the other, these components
transform themselves one into another or are gradually absorbed.

It is evident that this last element serves as a guide in dis-
tinguishing and following up the various components, and in de-
fining them quantitatively; equally, since the first two elements are
of an experimental nature, their exact definition would permit us to
understand them, if the description which we actually have of the
various clementary phenomena be correct, complete and adequate.

It is thus first necessary to specify the phenomenological scheme
on which the balance itself is based, which reflects what is the
actual state of our information on the processes undergone by the
elementary particles. Such a scheme naturally contains both de-
ficiencies and inaccuracies, so much the more as notable extra-
polations are often made from ‘‘laboratory physics” in order to
formulate it; a satisfactory balance could offer some confirmation
of the scheme itsclf. We shall see unfortunately that, with the
experimental panorama at our disposition, we are still far from
this situation.

We assume that the primary component can be thought of as
constituted of protons and helions, omitting any treatment of the
heavy nuclei which form only a very small fraction. We shall
take as energy spectra at 50° in a vertical direction those most
recently elaborated, due to Singer, which are summarized in the
following table.

We do not consider there to be any sensible contribution to the
primary flux either by electrons or by neutral particles with strong
nuclear interaction.
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TABLE 1
Lat. 55° 41° 0°
pc 3
7 (GeV) 1.6 48 |15 > 15
Proton flux
(cm? seo-1 sterad-1) | 0190 | 0.058 | 0.018 power law
- L with exponent
- set(lg:ﬂs‘tl:rad—l)w 0.030 | 0.011 | 0.002 between —1.6 and —1.7

We moreover assume that the origin of the secondary com-
ponents can always directly or indirectly be connected with the
inelastic collisions of the primaries with air nuclei, in which there
will in general be produced:

(a) Nucleons and nuclear fragments of various types which are
capable of giving new inelastic collisions of the same kind.

(b) Low-cnergy nucleons, which are capable of exciting nuclei,
but not of creating particles.

(c) Positive and negative pions with a mean life at rest equal to
2.55 X 10-% sec. and with a rest mass equal to 273 electron masses.
These particles disintegrate into the u-particle and neutrino. The
u-particle has a rest mass equal to 207 electron masses, and dis-
integrates with a mean life of 2.2 X 10-% sec. into an electron and
two neutrinos.

(d) Necutral pions with a rest mass equal to 264 electron masses,
a mean life of about 10-14 sec. and disintegrating into two gamma
TAYyS.

(e) Heavy mesons and hyperons. No detailed calculation in the
present balance involves these particles in a quantitative manner,
but a hint is given as to the possible effects which they may have.

The chain of generative processes is illustrated by the following
plan (p. 344).

The collision path for the inelastic collisions with air nuclei is
small with respect to the atmosphere, and primary energy de-
gradation after every collision rather marked, so that the chain
of inelastic events consists, on an average, of only a few collisions
and develops almost entirely in the high atmosphere. This natural-
ly complicates the study of the phenomena, and often obliges us
to reason on these events by way of the information which is
brought by the secondary components into the middle and low
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atmosphere. The chain of relatively modest energy phenomena,
in which the secondary components are progressively diminished
in energy and absorbed, is, on the contrary, long and quite
different.

Because of their very short mean life, neither the pions (charged
or uncharged) nor any type of heavy meson or hyperon can
constitute a component of marked intensity anywhere in the
atmosphere, for which reason when we speak of secondary com-
ponents we mean to refer principally to (a) u-particles, (b) clectrons
and photons and (c) nucleons. As the basis of the balance there
will be, thercfore, the information on the behaviour of these com-
ponents with altitude, and our first task will be that of distinguish-
ing these components in the vertical becam of cosmic rays in the
atmosphere; of distinguishing, for example, muons from electrons
and protons among the charged particles; of photons from ncutrons
in the uncharged ones. This has been understood for some time
(Rosst [1948]), and we do not intend to repeat the criteria which
lead to the scparation of the physical components. Let us assume
in Fig. 1 the result of such a separation for the ionizing particles.
In tracing the height intensity curves we have taken into account
the most recent experimental results (see DymoND [1954]). Other
data will be introduced as necessary throughout the text. In
Table IT we have derived, the total track length of the various
ionizing components, defined by

to
Ty = f Iy(t)dt
0
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which will be found useful for what is to follow.

TABLE II
Component I(')rngz:;rllg Mesonic | Electronic Prx'i;'}‘l: +

Total track

(g. cm™ sec,™! sterad™?) 155

1. The Mesonic Component

1.1 THE p-SPECTRUM AT SEA
LEVEL

For an understanding of the
mesonic component and its be-
haviour in the atmosphere it
is essential to have an energy
spectrum, at some depth, which
should be as accurate as possible.
The knowledge of this spectrum,
and of the behaviour of the
component with depth, then per-
mits the definition of a generation
spectrum, which is of prime im-
portance for the energy balance.

The efforts of workers have for
many years been concentrated
on this problem, and the muon
spectrum at sea level has always
been the best-known datum in the
phenomenology of cosmic rays.
In recent years new cxperimental
results have been added to the
already existing ones, and we shall
try in this paper to construct
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Fig. 1 — Height — intensity curves
for the various components at 50°
North.

what we consider to be the most reliable muon spectrum at sea
level. It should be remembered that this spectrum is based on two
series of experimental data, i.e. integral and differential.

Integral data consist of absolute measurements of the flux of
muons of a range greater than a certain value B: such data are the
measurements obtained at sea level with counter telescopes sur-
mounted by absorbers of condensed matter, or the measurements
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of the underground intensity. The measurement has a precise
meaning in that the range of a muon is a well-defined quantity
which, in all homogeneous condensed materials, depends only
on muon energy. This fact also permits the transformation of a
range spectrum into one in energy or momentum. As a point of
reference we may take the measurement of the vertical intensity
below 15 em of lead, at sca level in normal conditions and at
50° N., which has already been discussed in previous papers
(Rossr [1948], Puppr & DaLLAPORTA [1952]), as

I, = 0.83 X 10-2 cm~2 sec-1 sterad-1.

The measurements of the underground flux at various depths
have been collected and discussed by GEORGE [1952], and this
analysis leads to the tracing of an intensity-depth function which,
if we assume that there is no sensible generation underground
of penetrating particles and that the nuclear interaction of muons
may be overlooked, can also be considered as an integral range
spectrum of muons at sea level. From this spectrum we can deduce
a differential range spectrum, which appears as a continuously
decreasing function of the range, at least for ranges greater than
some metres of water. It is true that the method of deducing a
differential spectrum from an integral onc is not very sensitive,
owing to the dispersion of the individual measurcments, and it
is not to be expected that this method will give anything beyond
the general bchaviour of the spectrum. Local peculiarities of the
spectrum, in particular, may not be shown, and therefore dircct
inspection is required. Certain measurements, in particular,
GLASER et al. [1950], have shown, even though never completely
outside the experimental crrors, indications of some pecularities
in the differential spectra in the muon cnergy range around
8 GeV. An accurate experiment on the behaviour of the differ-
ential range spectrum carried out with iron absorbers (Brini ¢t al.
[1952]) has shown that in the energy interval between 1 GeV and
8.5 GeV there does not exist, at least insofar as the range spectrum
of the ionizing particles is concerned, (which we consider in such
conditions to be the range spectrum of the muons), any fine
structure of an amplitude greater than a small percentage of the
local mean intensity. The measurements on the diffcrential
momentum spectrum dealt with below, also seem to corroborate
this conclusion. More complicated, and not yet resolved from an
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experimental point of view, is the problem of the absolute value
of the differential range spectrum for very small ranges, i.c. from
zero to onc or two metres of water. As is known and as has been
discussed clsewhere (Rossi [1948], Puppr & DarLarorTA [1952]),
the measurements in this interval are made by a method of
delayed coincidence and anticoincidence, but the corrections which
must be adopted to isolate the effective contribution of the muons
vary from one experiment to another and from device to device,
and are considerable, so that an estimation of the absolute intensity
is always uncertain. The problem has also been amply discussed in
various papers (DEL Rosario & DaviLa-AroNTE [1952], YORK
[1952], LicHTENSTEIN [1954]), and we shall adopt the solution
proposed by Lichtenstein of a flat spectrum in this region. This
solution provides a differential range spectrum which never in-
creases with energy, and which fits well with the spectrum in
range transformed from the momentum measurements.

Passing to the direct measurements of the differential spectrum,
we note the magnetic spectrograph measurements of the Melbourne
and Manchester groups, which arc the completest up to date and
cover a large range of momenta. Reference is made for the first
group of measurements in GEORGE’s paper [1952]; the behaviour
of the differential spectrum agrees well with that transformed by
the range measurements. The new Manchester measurements
(OWEN & WiLsoN [1955]) cover a range of momenta between 0.5
GeV/e and 20 GeV/e, the uncertainty at every point being of the
order of 29%,. These values have been normalized for our present
purpose in the manner described below.

The agreement between the behaviour of the spectrum defined
by these mcasurements, (Melbourne group), and the one trans-
formed by the range mecasurements is very good, and there remains
only the problem of the normalization of the magnetic measure-
ments, and in general the problem of the absolute value. With
such a purpose in view we may take as a reference point the value
of the vertical intensity below 15 cm of lead, which we may also
consider as the value of the vertical intensity for total energies of
muons greater than 400 MeV. It is now necessary to construct a
differential spectrum; in order to do this let us take:

(a) between mc? and 0.5 GeV, the transformed value of the
flat range spectrum;
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(b) between 0.5 GeV and 20 GeV, the values deduced from the
magnetic measurcments;

(c) beyond 20 GeV, the Melbourne magnetic measurements and
the integral range spectrum.

The result of thesc operations is represented by the spectra
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reported in Figures 2(a and b) and 8(a and b), differential and
integral, as a function of the range in water, and of the total
energy of the muon. If we compare these spectra with those given
by RossI [1948], it can be scen that, in addition to a difference of
behaviour in the low energies, to which it is not possible to ascribe
great importance, (uncertainties still existing in this region), there
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cxists a definite difference towards the very high energics, a
diffecrence which is considerable beyond 10 GeV. In the interval
between 1 and 10 GeV, on the other hand, the new spectrum
follows faithfully that one traced by Rossi, but the absolute value
is approximately greater by 5%,.

The value of the total flux for the muons of any energy can be
shown thus —

0.89 X 10 2 em-2see-! sterad-?,

and the total encrgy contained in the spectrum (kinetic energy
together with rest energy of the muons) may be represented as

38 MeV. em~—2 sec! sterad-1.

1. 2 CONSTRUCTION OF THE GENERATION SPECTRUM OF MUONS IN
THE ATMOSPHERE

The spectrum of the muons at sea level, and the growth of the
p-component with altitude allow the construction of a generation
spectrum.

We describe the construetion of this function for latitude 50° N.,
and mention thereafter how it is possible to proceed for other
latitudes.

The method lies in assuming that the muons originate from the
disintegration of pions in flight, and that these pi-mesons are
produced by a primary nucleonic component absorbed exponential-
ly, or, to be more exact, that the production function of the
zm-mesons in the atmosphere can be formulized thus:

(B, 1) = g(E) | exp (—4/L).

With the experimental data to hand it is not possible, or indecd
justifiable, to make wider hypotheses by introducing a dependence
of the energy spectra on depth; this is not to say, however, that
such a dependence does not exist, as is shown by the fact that
the primary spectrum which generates the pions certainly varies
considerably through the atmospherc; what is actually constructed
is to be considered as a mean production spectrum, diluted in the
atmosphere in an exponential manner. Only a knowledge of the
differential spcetra at various depths could permit the construction
of the effective production function of the n-mesons, namely g, (k, t).

We first consider the high encrgy part of the spectrum, i.c.,
those pions which at sea level give muons of energy greater than
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1 GeV. In order to establish the relation between z-mesons and
pu-mesons in this region of energy, recourse can be made (Pupp1 &
Davrrarorra [1952]) to the diffusion equations which describe
their behaviour in the atmosphere. Let us call

ue, t)de n(E, t)dE
the differential energy spectra (total energy) respectively of the two
kinds of particles, and let us indicate by the function 8 the energy

losses by ionization, with b and B standing for the two well-
known quantitics:

-__’_'LECH B=""Hy
0 7, 0"

Let g, represent the generation function of the #-mesons and L,
their production length, 4, their collision length for inelastic
events, and lastly let ¢ and E stand for the total energy of the
muons and pions respectively. Then the differential equations which
describe the propagation of the two components in a unidi-
mensional approximation are:

9, /] b B
‘37,‘ ~ % (Bum) — P e EE“(I"S’ 1)

o= o m) — (1 + )7+ 1= exB(—t/L)elE)

The quantity & is the ratio between the total pion and muon
energy in the laboratory system, which, on an average, has the
same valuc in the centre of the mass system, and which from
recent data (SmrTn ¢t al. [1958]) appears to be 1.27. As regards
energy losses through electromagnetic interaction, these can be
represented for mu-mesons of energy greater than 1 GeV in air
by means of the formula —

B. = (0.256 In ¢ + 2) McV. g1 cm?.

and for m-mesons the following relation can be adopted, taking
into account that, at equal velocities, the total energies are pro-
portional to the masses

B — (0.256 In — + 2) McV. g1 em?.

132

The equations with variable energy losses are rather complicated
to solve, and are also beyond the limits of our purpose; an approxi-
mate solution can, however, be attempted for high energies
(>1 GeV), where the losses can be assumed to be constant. If we
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consider, for example, a muon which reaches sea level with 10 GeV,
it is immediately apparent that in the atmosphere the maximum
loss variation amounts to 2%,. Assuming for any particular meson
a mean constant loss equal to that rclative to 11 GeV, the error
committed is very small. In other words, the diffusion equations
concern only a limited range of energics, between that at the limit
of the atmosphere and that at sca level; such a condition allows
the losses to approach the constant losses. The differcnce in the
function of loss between the mu-mesons and pi-mesons can also
be overcome; it is sufficient to remember that at high energies
those mesons which are genctically related have encrgies which are
approximately proportional to the relative masses at rest.

In these conditions and with the hypothesis that the pion pro-
duction spectrum can be represented in a limited range of energics
with a power spectrum of the form

GlB) =24, and A~
the equations offer approximately a solution:

~ 14 I‘n("?“"ﬂot)]b/ﬂ. B 1
i < Nt B +Kn

and a comparison with the spectrum at sea level allows us to
define the parameters 4 and y. We have thus arrived at the point
of considering that, for energies much greater than 1 GeV, the
pi-meson production spectrum in the atmosphere is given by
g(E) = OE:—?%(GeV)—l cm~2 sec~! sterad-!.

[It must be noticed that the slope of this spectrum is intermediate
between that of the spectrum of the primary nuclconic component
and that of the spectrum of the secondary muons].

Use of the diffusion equations is, however advisable only for
energies which are sufficiently high (sce also MESSEL [1954],
HABER-ScHAIM & YEKUTIELI [1954]). For low energics the problem
has been attacked in a direct manner (OLBERT [1954]), by first
constructing the so-called gencration function of the muons, a
step already taken by Sanps [1950], and then passing to the
production function of the pi-mesons.

The use of the range spectrum is more convenient in this region,
and we shall indicate by

u(R, t)dR n(R, t)dR
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the differential range spectra of the y-mesons and #-mesons at the
depth ¢. If in this case also we assume exponential production of
muons in the atmosphere, as was assumed for the pi-mesons at high
energies, the relation between the mu-differential spectrum at a
certain altitude and the generation function G of the same u-
mesons appears to be of the type

u(R, 1) = f G (R + t—7) exp (—/L) w (R, t, v)dr,
0

where the function
w(R, t, T)

indicates the probability that a muon with residual range R + ¢t — =
produced at depth v may reach the depth ¢ without disintegration.
Such a survival probability depends on atmospheric density at
the various levels and on the mean life of the muon, and can be
calculated starting from these data.

In the actual calculation, the sea level mu-spectrum, the 4,500
m. mu-spectrum (Krausmaar [1949]) and the variation of the
slow mesons with altitude (CoNvERsI [1950]) were used as experi-
mental data. This calculation has permitted the construction of
the generation function of the mesons at 50° N. for encrgies which
are not too high; this function can be joined smoothly, as can
also the absolute values, with the calculation deduced for high
energies through the diffusion cquations. The result of the two
methods is given in Fig. 4 as a differential energy spectrum at pro-
duction, integrated over the whole atmosphere. This production
spectrum will constitute one of the fundamental clements of the
cnergy balance; it refers to the vertical direction and a well-
defined latitude, and its meaning requires some comment. As
regards the high energy part, it can, apart from the approximations
inherent in the calculation, effectively rcpresent the z-meson
spectrum, if all the y-mesons originate in effect from the pions
and only from these. But at low energies the question is a little
more complicated. It is necessary to remember that the function
which is actually reached is the u-meson generation function;
from this one passes to that of the =-mesons, substituting
for every mu-meson at a certain energy, and in a certain direction,
a pi-meson in the same direction and with a total energy equal to
1.27 times the total mu energy. The entire treatment implies
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unidirectionality of trajectory development. It can be effectively
shown (OLBERT |1954]) that both deviations due to scattering
and those due to angulation in the process of pi— mu dis-
integration are contained, for energics which are not very small,
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Fig. 4 — Generation spectrum of charged pions in the atmosphere at 50°N.

i.e. for R > 100 g. cm~2 residual range, within limits such that a
unidimensional treatment can be considered satisfactory. The
problem of angular coherence between the nucleonic component
and the mesonic one is more complicated, but this will be dealt
with in relation to the balance. In conclusion it can be said that
a unidimensional treatment of the diffusion of the mesonic com-
ponents in the atmosphere is probably a good approach to the
effective state of things, and that in each case the production
spectrum obtained is to be considered as a lower limit, since every
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deviation from unidimensionality neccssarily causes an increase
in the generation function in order that the same condition in the
secondary spectrum at sea level may be reached. Continuing to
approach the matter from a unidimensional point of view, one
can casily estimated what cffect would be expected if part of the
u-mesons with the same spectrum in total energy originated from
K-mesons instead of from z-mesons. At high energies, if we assume,
just to emphasize the ideas, a two-body decay for the K-meson,
into a g-meson and a ncutrino, the decisive factor is the ratio
between the total energies of K- and u-. Representing the pro-
duction spectrum in the following manner

_ Meln + k)
=g + 8k T EviT

the mu speetrum is given by the approximate expression

L — B)°ln 1 [ A B A B,
pr (M S T o )

The problem is of interest for the energy balance and will be taken
up again in that connexion. Given the cxtremecly qualitative
character of these last considerations, we do not consider it oppor-
tune to advance more complicated hypotheses, since the available
information has itself an essentially qualitative character.

Returning to the hypothesis that the z-mesons are alone respon-
sible for the mu-mesons, the total energy contained in the pro-
duction spectrum represented in Fig. 4 amounts to

366 McV. em-2 see-! sterad-1.

1.8 DEVELOPVENT OF THE MESONIC COMPONENT IN THE ATMOS-
PIIERE

The study of the development of the mesonic component in the
atmosphere and, in particular, the calculation of energy losses by
ionization was a basic clement in the old balances for reaching the
cnergy transported by the mu-particles. Let us summarize briefly
the features of the procedure. We may still consider that the mu-
mesons in the atmospherc originate from the generation function
G(e, 2), without worrying ourselves for the moment with the pions
which produce them. Let us go back to the diffusion equation,
which we may rewrite:

B2 (b + pu+ 1 exp (—/L) Gle)
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In the term describing mu-disintegration, it is to be noted that we
have now written p in the denominator instead of &, hecause we
are not always at high encrgies, and identification of total energy
and momentum is not permitted.

Multiplying now ecvery term of the equation by & and inte-
grating over all the energies and the whole atmosphere, we obtain
the expression:

oo oo t, oo t, oo
f iG(a)de - £ ?(e, t,)de -+ of dt ! ﬁ(s)‘u(e, f)de - of dt ,J,: 2 2 e, t)de
u u u "

t
+ J.m,,c’ﬂ(m,ﬁ)y(m J% t)dt .
0

Here, the left hand side represents the total energy contained in
the generation spectrum, i.e. the global energy transferred to the
mu-mesons; the various terms on the right hand side represent
the manner in which this energy is dissipated in the atmosphere,
the first representing the energy residue at sea level, the second
the energy lost in ionization and, in general, in electromagnetic
interaction, the third the energy which disappears with the u-
mesons which disintegrate in flight, and the fourth the encrgy
which disappears with the mu-mesons which disintegrate at rest.
It is to be noted that the energy contained in the two latter terms
is in part recuperated; the disintegration process being a ternary
process in three light particles a third of the encrgy which dis-
appears at the act of disintegration is recovered in the electro-
photonic component.

If we succecd in measuring the four terms on the right hand side,
we have the possibility of being in a position to measure the
energy transported by the u-mesons. Since the process is not
independent of what leads to the construction of the generation
function described in the preceding paragraphs, it is opportune to
follow it up, to prove the coherence of the trcatment which we
are developing.

As regards the first term, i.e. the total energy contained in the
mu spectrum at sea level, this has already been discussed in con-
nexion with the construction of this spectrum, and we get:

38 MeV. em—2 sec! sterad-1.

For the calculation of the sccond term, i.c. of the energy dissipated
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in electromagnetic interactions, it is necessary to know the differ-
ential spectra at various altitudes, or to measure a mean B, (i.c.
a mean loss over all the energies of the spectrum) and, by trans-
forming the integral into

f B(t)Io(t)dt

make use, as a direct datum, of the global variation of the mesonic
component 1,.

Let us begin then by calculating a § at sea level where the
speetrum is well known, then in the middle of the atmosphere and
thereafter at the limit, adopting the generation function, since
for t —> 0 the form of the u-spectrum tends to the expression

e 0) =755 (1)

The result of thesc calculations is that g appears as a very slowly-
varying function of altitude. The knowledge of it now permits us,
taking I,(t) as a basis, to calculate the second term. We get:

59 MeV. cm~2 sec! sterad-!.

It must be said that the fundamental element of this calculation,
I,, is affected by a notable uncertainty. As we know, it is ob-
tained initially from the vertical intensity of the so-called hard
component of cosmic radiation, i.c. by radiation filtered through a
block of lead, the thickness of which, according to experiments
made, varies from about 10 to 20 ems. In the low atmosphere it is
presumed that, below such an absorber thickness, only the u-
particles are registered by counter telescopes, since the electro-
photonic component is rapidly absorbed and the nucleons reduced
to a small percentage. There it only remains to add the contri-
bution of the slow muons, i.e. of those cut out by the aforesaid
lead block for recasons of minimum range; the measurement of
this contribution is carried out on the basis of the absolute
intensity of slow muons. In the high atmosphcre, however, the
problem is much more complicated, since the nucleonic component
grows rapidly, until at the limit of the atmosphere it becomes the
totality of cosmic radiation, or practically so, because of the stight
contribution of non-nucleonic radiation to the primary albedo.

In the high atmosphcre, then, the knowledge of the vertical
mu-meson intensity depends on a subtraction operation, in which
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the nucleonic contribution is subtracted from the penetrating
component, and this operation is not without uncertainty. If we
remember that the high atmosphere is, for all its components,
much more important than the low, and therefore in particular
the mesonic component grows rapidly with altitude, it is clear
that the errors which may be made can be large. The same
situation also appears in connexion with the other terms, when the
sea level residue has been removed, and it is thus easy to under-
stand how, in all balances made in this manner, one must at the
end put large limits of uncertainty.

Passing to the third term, i.e. to the energy which disappears
with the disintegration of muons in flight, it is apparent that the
knowledge of differential spectra at the various altitudes would also
be useful here. But let us proceed here too as in the preceding case
by introducing an auxiliary function a which is slowly variable
with altitude and depends on the relation existing in the spectrum
at the various altitudes between the low energy mesons, for which
€ # p, and the high energy ones for which ¢ = p. Having written,
then

(o]

alt) = [ 5P ule, el L),

2
m 7] &

the integral in question appears as
t
[300 + a1
0

The computation of the integral gives us for this term
187 MeV. em~2 sce-! sterad 1.
The fourth term is very small, arising from those mesons which

stop in the air and disintegrate at rest. It depends essentially on
the growth with height of slow mesons, and can be calculated:

5 MeV. em~2 sec-! sterad-1.

Summing up the various terms, we reach a total energy contained
in the muon generation spectrum:
289 MeV. em-2 sec-1 sterad-1.

When we pass from the muons to the pions, in the usual way,
we get for the total encrgy contained in the pion spectrum:
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867 MeV. cm-2 sec! sterad-!

as given by the gencration function.

Insofar as the two procedures use many common elements we
repcat that the agrecment which has now been found should be
considered simply as a proof of the internal consistency of the
calculations which we are carrying out, and not as a confirmation
of the generation function. It is necessary also to point out
immediately that the figures obtained, when the various losses
have been added up, cannot yct serve as a basis for the balance,
since the problem of the angular corrections to be applied to the
one-dimensional treatment has not yect been discussed. In con-
structing the muon vertical intensity in the atmosphere, we have
given particular importance, as regards muon separation from the
protons in the high atmosphere, to CLARK’s experiment [1952],
which agrees with many other authors, (sce DymonD [1954])
on the other hand, as regards the growth of the penetrating
component. The agreement reached in the computation on the
basis of energy losses shows the coherence between the various
data on the mesonic component, namely between the spectra at
sea level and 4,500 metres, the growth of the slow mesons and the
global growth of the y-mesons.

1.4 ANGULAR CORRECTION ON THE VERTICAL BEAM

In the preceding paragraphs we have discussed the structure
of the vertical beam of u-mesons at 50° N., both as to shape of the
speetrum and as to behaviour with height. We have seen that
everything can be derived from a u-meson generation function,
from which a pion generation function can be deduced. In the
hypothesis that all the g-mesons come from pions, this generation
function permits us to calculate the energy dissipated in the pro-
duction of pions by the primary radiation, and then to define onc
of the principal terms of the balance. But at this point our calcu-
lations require an important correction, one which takes into
account the particular manner in which the generation function
has becn constructed. This function was constructed initially from
the secondary mu-mesons, which were observed in a vertical di-
rection, making a u-meson originating in the same direction
correspond to every u-meson observed in a vertical direction at
a certain level, with an energy increased by an amount equal to
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the losses in the passage from the u-meson point of origin to that
of observation. This implies naturally that the u-meson trajectory
from the point of origin to the one of observation can be supposed
straight, or, in other words, that from the point of origin to that
of observation, the density per unit solid angle of u-meson tracks
is conserved. This is true only if we completely overlook the mul-
tiple Coulomb scattering undergone by u-mesons in the collisions
with the air nuclei; this approximation will, therefore, be so much
the better as the u-meson energy is greater. To get an idea of the
angular spread caused by multiple scattering, it is necessary to
calculate the mean square angle of scattering for a y-meson as a
function of the initial level, that of observation and the relative
energies. Assuming the product of the encrgy loss and velogity
to be constant and limiting our considerations to u-mesons which
have energy that is not very small, we get from the standard
theory of Coulomb scattering

2 ~ 1 1

<0>— 49(-—1)

For a p-meson produced at the 100 mb level and reaching sea
level with a residual momentum of 300 MeV/c, this mean square
angle of scattering measures 7.3°, while for a u-meson produced
in the middle of the atmosphere and reacking sea level with the
same residual momentum the figure is 6.4°. On the other hand,
a u-meson which, produced at the 100 mb level, traverses the
atmosphere at an angle of 80° and also reaches sea level with
residual momentum 300 MeV/e, we have a figure of 7.4°.

From these examples it can be concluded that, owing to the
exponential production in the atmosphere, angular spread is
essentially a function of u-meson energy at the point of obscr-
vation, the y-mesons of very low encrgy being as usual excluded.
For this problem then we can go back to our schematizing where
all the mesons originate from the 100 mb level and try to discover
by how much it is necessary to increase the density of tracks at the
origin in a vertical direction in respect to those arriving, in order
to take multiple scattering into account. If the angular distri-
bution around the vertical is representable with a function of the
type sinm, it is immediately apparent that the relation between
the vertical intensity in the absence of scattering, I°, and that
effectively measured is given approximately by
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< 0% > being in every case of the order of 10-2, we can at once see
that this correction, which amounts at most to a small percentage,
does not have a sensible cffect on the balance and can be over-
looked. It, however, would behave in the sense of increasing the
muon generation function at very low cnergies. To be more exact,
for a muon of residual momentum of 800 MeV/c, the correction at
the vertical intensity and, therefore, at the generation function,
would amount to 29%,; it would not, on the other hand, be of any
use to extend these considerations to muons of momentum inferior
to such a limit, in that in the construction of the generation
function, muons of momentum inferior to 8300 MeV/c, which corre-
sponds approximately to a residual range of 100 g. cm-2 of air,
have never entered.

We can in consequence conclude by saying that in the limits of
approximation in which the muon generation function has been
constructed, the variation in density of vertical tracks hetween
the points of origin and observation is maintained within limits
so small (29,) as justify the procedure by which the muons tracks
in the atmosphere were considered straight.

We can now definitely pass on to considering how the pion
gencration function can be correeted, and, to begin with, let us
explain how we pass from muons to pions. At high energies the
passage from the muon generation spectrum to that of the pions
implics in substance the substitution of a u-meson with a total
encrgy & with a pion of a total energy E = ek, which moves in
the same direction as the u-meson. This means that the density
of the tracks in a vertical direction is maintained in the passage
from the g-meson gencration spectrum to that of the pions. This
procedurc is certainly coherent in that for great energies the
maximum emission angle is very small in respect to the direction
of the pions, and the passage from a power speetrum for pions to
one for y-mesons can be made with a good approximation through
the mean encrgics. Referring to the formula which gives the
maximum muon emission angle in the laboratory system:

PoMac?
tan amax = V:_:._a—_’;nrrﬂ
Dr€g” — Fan™Py

and to that which gives the passage from a pion spectrum S(,)dE,
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to a muon spectrum g(e)de:

Emax i
le)de = Matde [ S(E)IE,
2po ) Da

Emin

it is immediately apparent that, for energies greater than 1 GeV,
the maximum angle of emission is always less than 2° and the
passage formula between the two spectra

dle)de — S(ke)d(ke) ,

Mmae? . .
where we use A = —E"( , is correct for the power spectrum in

question to about 2%?

As for the passage on the other hand between the spectra at
lower energies, this does not offer any difliculty as far as regards
cnergy dependence, since the transformation formulae above were
in fact used for this purpose (OLBERT [1954]), and it only remains,
therefore, to discuss the question of angular spread.

Let us consider as usual as a limiting case, that of a muon
of momentum equal to 300 MeV; we may examine the maximum
and minimum energies of the originating pions, which measure
respectively 550 and 830 MeV of total cnergy. At such total pion
encrgics, 4.83° and 7.6° are respectively the maximum emission
angles for u-mesons. Considering the higher limit, it represents
an angular diffusion comparable to that of multiple scattering,
for which the error introduced into the vertical beam intensity
is still only of the order of 29,. In concluding this first analysis we
can therefore affirm that neither the multiple Coulomb scattering
nor the angulation in the disintegration process @ — y represents
an important correction, since it reaches a maximum of 4%, for
the pions with a total energy of 330 MeV.

There remains the third correction, the most important to the
balance effects, that rclative to the angular distribution of pions at
the act of generation. We are at this moment interested in a balance
on the vertical cosmic ray beam, and it is necessary to know what
relation exists in the infinitesimal vertical solid angle between
the density of primary nucleons and that of secondary pions. We
consider two limiting cases, that of a secondary which is in com-
plete angular coherence with its primary, and that of a sccondary
which is part of an isotropic distribution. In the first case we can
compare directly the vertical fluxes per unit of solid angle of
primaries and secondaries, both as a number of particles in order
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to express the number of pions which are produced on an average
per primary nuclcon, and as a power in order to express what
fraction of the power transported by the primary is expended in
the generation of charged mesons.

In the second case, if there is a primary absorbed in a directional
manner and a secondary produced isotropically, the parameters
to be in related are at every level respectively for the pions and
nuclcons:

n/2

47 I(t) 2n j J(t, 6) sin 6d0 .
0

If we put a for the mean number of collimated mesons and g for
the number of isotropic mesons produced per primary nucleon,
(considering the mean values over whole atmosphere, given the
demonstrative character of the relation), we have the two fol-
lowing relations, where M indicates the intensity of the pions
produced per unit length and J the intensity of the nucleons:

n/2

M(t) = a7 M(t) = fy: [ J(t, 6) sin 69 .
0

It is easy to sec that, as regards the isotropic mesons, if we want
to make a directional balance, it is necessary to introduce a
corrective factor which is 2 for pions produced at the limit of the
atmospherc and 10 for pions produced in the mid-atmosphcere.
This obviously means that, even taking into account the com-
pensation due to the inclined primaries (which at thesc Jatitudes
we consider to be distributed uniformly on entry over the whole
hemisphere), only a fraction of the isotropic mesons is counted in
the vertical beam. This correction can by no means be overlooked,
and we must therefore try to measure it. We begin by integrating
the loss factor as a function of atmospheric depth, in order to
decide what is the maximum corrcetion to be adopted in the
case of mesons produced isotropically. The calculation cannot be
made in a very detailed manner, because we have no precise
information on the production length of pions in the high atmos-
phere, and it would be necessary also to take into account the
deformation of the primary spectrum due to absorption in the
atmosphere. It is not possible then to make other than a rough
estimate which furnishes four as a corrective factor. As was to be
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expected, it is a question of a big and, therefore, rather important
factor for the balance. We must now decide as to the manner of
applying this corrective factor, since in reality these two limiting
cases do not exist, there is rather a gradual passage from one to
the other which is a function of pion energy. Let us see when we
may expect the pions to be produced isotropically. It is important
to note that what is of intcrest is that they may emerge from the
air nuclei with an isotropic distribution, and not that they are
generated with an isotropic distribution in the nucleon-nucleon
collision. In determining an isotropic distribution, or at least
one which is not collimated in a forward dircction, both the
gencration process in the nucleon-nucleon collision itself, (when
the primary and secondary cnergies arc not high), and the suc-
cessive diffusion of the pions among the nucleons of the same air
nucleus in which they were produced, can contribute. There exists
a large energy interval for the pions, which extends approximatcly
between 800 and 400 McV of total energy where the pions (FErMI
[1954]) present a very high cross section for diffusion in which
large diffusion angles are favoured; the composition of the angular
distribution in the generation process and the successive one due to
scattering can well simulate nearly isotropic distribution, and in
any case a distribution which is not collimated in a forward
direction. The back-scattered mesons in such collisions emerge
with a mean total energy of 350 MeV, and it is to such mesons that
we must apply the correction.

We may remark that the differential cross section for pions
in the encrgy range considered gives, on an average, a greater
number of pions diffused backward for encrgies lower than 150
MeV, and, on the contrary, a greater number of pions diffused
forward for energies greater than 350 MeV.

Whatever the distribution form, even should it be strongly
collimated at 0° and 180°, the corrective factor for thos¢ mesons
which have undergone scattering can never be less than two. On
the other hand, the probability of subsequent scattering in the
air nucleus in which the mescn has been formed varies, in the
energy range which we have considercd, between 609, and 909, ;
it accordingly secms reasonable, on the basis of the preceding
considerations, to assume a corrective factor of two. With the
increase of pion energy this factor will be rapidly reduced to one.
Correcting the pion generation spectrum with these criteria and
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computing the global energy contained in the spectrum, we obtain
409 MeV. cm-2 sec! sterad-! .

The applied correction is not far from the correction which was
made in the previous balance, and so the global balance of this
component does not differ in substance from the old balances;
this depends essentially, however, on the fact that in the two
balances very similar height curves were used. We consider that
only a very substantial change on muon vertical intensity,
especially at very high altitudes, can appreciably modify the
present conclusion.

1.5 POSITIVE EXCESS FOR THE VERTICAL MUON BEAM

As is well known the muon beam which forms the vertical
component present a positive charge excess, in the sense of the
number of positive muons being in general, if the very low energics
are excluded, greater than the negative muons for each energy.
The problem of the presence of this excess has already been
discussed in a previous paper (Puppl & DaLrarorTA [1952]);
we only want here to touch on the most recent results and their
link with the incoming primary speetrum.

We can be said to-day to have a very exact knowledge of the
behaviour of the charge excess for the muon spectrum at sea level
in the energies between 1 and 20 GeV, thanks to two groups of
experiments, which were carried out in completely different ways
but are in perfect ogreement one with the other. The first relates
to measurements made at 55° North at sca level by the Man-
chester group (OweN & WiLson [1951]) with the magnetic spectro-
graph, in which mu-particles of a given momentum and of both
signs were magnetically separated and purified of the small proton
percentage through observation of interaction properties. The
second rclates to measurements made at 45° North underground
by the Padua group (BERETTA [1958], FirLosoFo [1954]), in which
the muons of a certain energy band were detected in a device
containing a magnetized iron core, which distinguished them by
the sign of the charge. The energy band which enters the device
is always the same, but is picked up at various depths underground,
and is thus relative to diverse energies at sea level. Fig. 5 shows
the results of the two groups of measurements; as regards the low
energies (< 1 GeV), we do not intend here to repeat the report
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which has recently been made in this connexion (MorFwiTz &
Suamos [1958]). A study of the figure will show clearly that this
charge excess is a very slowly-varying function of muon energy
at sea level, and thercfore also of pion encrgy, from which the
muons are derived. Now the pion charge excess is derived from the
charge excess transported by the primary beam; since this is
predominantly made up of protons, it possesses, in respect to the
normal state of the clectric charge per nucleon existing in the air
nuclei (1/2), a positive charge
excess. Let us consider for an

13

d I ; il instant the primary beam to be
R f i { constituted of protons alone,
12 and let us take a collison

between a primary proton and

anucleoninan air nuclcus with
;:::;::""’ production of charged mesons.

Since after the collision the
primary proton can emerge
either as a proton or as a neu-
tron, we can understand how a
certain fraction of the charge
is transmitted on average to the charged mesons, bestowing on
them a positive cxcess. In order to make quantitative estimates
it is of course necessary to go back to a production theory, i.c,
to make some hypotheses on the number and energy of the mesons
produced in the elementary collision.

The result which may be expected is that the valuc of the posi-
tive excess is dependent on the multiplicity with which the pions
are produced. Without having recourse to a particular, theory, we
can, however, single out the factors which will enter in the afore-
said relation, by recalling the quantity

u
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Fig. 5 — Ratio of positive to negative
muons at sea level.
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which is defined as positive excess.
Let us refer to the first collision of a primary proton with an air
nucleus, generating n = n, + n_ mesons; then n, — n. will, on
average, be zcro should the collision take place against a neutron,

and unity if it takes place against a proton. We may putn, —n_=

[e5 . . . N
= —FP?__ where the various ¢ indicate the cross sections for

opp + opN
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gencration of the said number »n of charged mesons in the collision
under examination. Not all the primaries are protons, for there is a
fraction of alpha particles and heavy nuclei which does not
contribute to the positive excess of the mesons generated; we
must bear this in mind by introducing a factor @ which represents
the fraction of mesons of a given energy generated by protonic
primaries; this factor is determined by a study of the efficiency
of a-particles and protons of the same energy in producing
mesons.

The actual state of things is difficult to determine. It depends on
the modecl which we take for the alpha particle in its interaction
with a nucleon, and we can construct two extreme models, between
which the true one will be included. We can think that the alpha
particle, whosc dimensions are given by the range of the nuclear
forees, is a very compact system; in this case what will regulate
the inelastic collision process will be the total energy in the centre
of mass of the alpha particle and the nucleon which has suffered
the collision. We can, on the other hand, imagine the alpha particle
as a rather loose system, a system whose dimensions are consider-
ably greater than the range of the nuclear forces, and in this
case interaction will take place between the nucleon which has
suffered collision and onc of the alpha particle nucleons. In this
second case the phenomenon depends on the relative energy which
exists in the centre of mass system of the nucleon which has
suffered collision and onc of the alpha nucleons. In the laboratory
system, in the first case, the number of mesons produced will
depend on alpha cnergy, and in the second on the energy per
nucleon. The effective situation will probably be an intermediate
one hetween the two, since the alpha particle is ascribed dimensions
which arc bigger, but not very much so, than the range of the
nuclear forces. Principally on the basis of the second model,
whose essential value is of bringing the problem back to that of a
nucleon-nucleon collision, calculations have been carried out
(HaBER-ScHAIM and YEKUTIELI [1954]) in order to forecast pion
behaviour in the atmospherc. In these cases it can be assumed
that, on average, only a fraction of the alpha nucleons produce
mesons as if they were free, and this fraction is about onc half.
In order to calculate the alpha contribution to meson production
we shall have then to about double the initial alpha spectrum
expressed in energy per nucleon.
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From known data we can in consequence see that the factor @
will be of the order of 0.8.

What we measure is the positive excess at sea level, which
is not only the result of the first collision in the atmosphere, but
of the successive ones too. Since these successive collisions are
caused on average by primaries with normal charge, i.e. made up
of protons and neutrons in comparable numbers, this will merely
dilute the primary excess, and the dilution factor will approxi-
mately, (if we overlook the finer effects originating from the
spectrum differences between protons and neutrons at sufficiently-
high energies), be equal to the ratio between the absorption length
and the collision length of the generating component. Putting the
various factors together, we find that the link between the positive
excess of the u-mesons with an energy € and the generation multi-
plicity of pions with an energy E = k(e + ft,) will be:

20 opp A

E) = Sz v ()

where we have as usual indicated with ft, encrgy losses through
ionization in order to reach sea level, and where & = m,c¥/¢,.

This multiplicity refers to the first collision; if we limit ourselves
to a consideration of an average global multiplicity in the various
collisions in the atmosphere, it is sufficient to cancel the factor
A/R. Assuming opp =~ apy, We see that for charged pions with an
energy at generation between 4and 830 GeV, the average production
multiplicity is around 4. This multiplicity, more precisely, can be
represented with a function of the type:

n(E) = 8.5 E°!
which is very slowly variable with pion energy. Unfortunately
the datum which has now been obtained, is expressed as a function
of the energy of the pions produced, and the link with the genera-
ting component is not so immediate, and involves a knowledge of
the pion encrgy spectra, the primary and, above all, the inelasticity
function, about which it is at present not possible to say very
much. Without going into further details we can only point out the
circumstance that the positive excess distribution is a datum on
the pion generation spectrum independent, from an experimental
point of view, of the behaviour of the spectrum, and that it
reflects a peculiarity of the generating primary radiation; if at
least another unknown term of the problem, for example the
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primary spectrum, could be determined, we should have sufficient
elements to sct out the problem of the production model.

2. The Electron-Photon Component

2.1 ORIGIN OF THE ELECTRON-PHOTON COMPONENT

We can see at once from the phenomenological picture traced at
the beginning of this paper, that the origin of the clectron-photon
component is, as for the meson component, wholly in the atmos-
phere; it originates from three principal sources:

(1) from muon, pion and proton knock-on and bremsstrahlung
processes,

(2) from muon disintegration, in flight or at rest, into an electron
and neutrinos, and

(8) from neutral pion disintegration in flight into two photons.
From these thrce processes either electrons or photons are pro-
duced, which, by multiplication in cascade form the clectron-
photon component.

The cascade multiplication produces a progressive degradation
of the mean cnergy of the electrons and photons because of the
increasc in their number; it is the dominating phenomenon for
energics which are much greater than the critical energy, which in
air is about 84 MeV. Such an energy having been reached, the
multiplication begins to exhaust itself, and the shower enters a
phase in which the most important phenomenon is absorption,
due substantially to ecnergy losses through ionization. Such losses
through ionization are the principal source of shower encrgy dissi-
pation, if we exclude a small contribution due to nuclear processes
initiated by the photons, which depending on the photon energy
may be cither pion production processes, or excitations of nuclei
in different forms. We are not going to devote ourselves to these
sccondary processes, because, albeit they arc of great interest
as regards a dctailed phenomenological knowledge, their contri-
bution to the global balance is not very sensible, since, if they lead
to #-meson formation, their contribution has been computed and
included in the generation function of charged pions, and will be
in that of ncutral mesons; should they lead in the last instance,
on the contrary, to the production of either ncutrons, protons or
low-cnergy alpha particles, they are included in the nucleonic
component. On the other hand, the drive for a very detailed
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analysis requires us to take other secondary contributions into
account; for example, the contribution to the soft component by
high-energy charged pions, which, interacting with nuclei in the
atmosphere, gencrate ncutral mesons which then produce photons.
Our knowledge of the phenomenology of cosmic rays in the atmos-
phere is unfortunately incapable of furnishing clements for such
an analysis, and we must continue to be satisfied with a global
analysis, in which we state how many charged and uncharged
pions are generated in the atmosphere, whose sccondary products
we can recognize, be they muons or photons, without being able
to distinguish if they are generated by the nuclconic component
directly or at seccondhand, i.e. as a product of secondary products.
An analysis which claimed to be complete, should take these
secondary cffects into account, by using a more complicated
phenomenological scheme than the one which we have put at the
basis of the present balance. In our scheme we can, however, say
that the whole electron-photon shower energy must reappear as
ionization, and consequently that the basis of our balance on this
component will be (Rossr [1948]) the total electronic track-
length, i.e. the total development of tracks of all the electrons in
the atmosphere. The cxpression to be calculated would generally
be of the form:

oo U
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where f(E, t) indicates the differential energy spectrum of the
electrons at the level ¢; but since at this point our information is
completely insufficient, we must have recourse to the approximate
calculation already given, which connects the total track of
electrons of energy greater than a certain limit (which, in our
present case, is usually 10 MeV) with the global encrgy of the
primaries which have generated the cascade. The connexion
between the two quantities has been calculated by various authors
(Rossi, Ch. 5, [1952]), and, according to Rossi and Klapman, for
electrons with an energy greater than 10 MeV, it measures

E,=8.27T,

2.2 DIVISION OF THE INTEGRAL ELECTRON TRACK LENGTH

With the measurement which we obtained for the electronic
integral track, it is be possible to reach an estimate of 824 MeV.
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cm-2 sec-! sterad-t. It should, however, be remembered that the
electron-photon component is obtained by means of a difference
between the height intensity curves of the total ionizing component
and the mesonic component, and that the differences in the ex-
perimental results of various authors, especially as regards the
total component, are considerable, so that the figure for the track
length which we have obtained can very well have a 109, and
perhaps even a 209, error, as can easily be seen by taking extreme
cases. (ontinuing, however, in our component analysis, we note
that part of the clectrons come from elcctromagnetic interactions
of muons, and part from muon decay, and represent, in conse-
quence, cnergy terms, which we have already taken into account
in the mesonic component. The “knock-on’’ electron contribution,
which is small, is casily calculated by supposing a condition of
cquilibrium throughout the atmosphere with the mesonic com-
ponent, by evaluating what fraction of the total electron track
must be attributed to the secondary clectrons of the muon knock-
on processes, and by ncglecting the contributions of the brems-
strahlung of muons, and the proton knock-on processes. It is
only necessary then to know what fraction of the hard component
produces knock-on clectrons, which are in equilibrium with it in
the low atmosphere. The calculation supplies this datum as about
7%, and, in consequence, we can see that the small contribution
will be about 6 MeV. cm~2 sec-! sterad-!. We have still to isolate
the contribution which comes from the u-disintegration electrons
taking into account the three-body decay of muons into an electron
and two neutrinos, and the form of the spectrum (MicHEL |1952]).
Taking for this contribution one third of the decay losses of muons,
i.e. 62 MeV. em-2 sec! sterad-!, there remains

256 MeV. em—2 sce-! sterad-!

for the third source of the electron-photon component, i.e. for
the ncutral mesons.

2.8 SPECTRA OF ELECTRONS AND PHOTONS

The above-mentioned figure has been obtained by consider-
ations of the electron-photon component based on the difference
method, and without any information as to the shape of the
spectrum of this component and its variation with depth. The
information which we possess to-day is not very great and is, in
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any case, not such as to provide the basis for any procedure of
analysis, so we will only hint at it bricfly. We can say that, once
in possession of the differential spectra of photons and electrons
at various altitudes and of the zenithal dependence, we shall have
an effective knowledge of the electron-photon component. Some
indications have been obtained in the last few years both as
regards the electron spectrum and the photon spectrum. Parma-
TIER [1952], by accurately analyzing the soft component of various
ranges at altitudes of 275 m and 3,240 m, both for intensity and
zenithal distribution, has succeeded in giving us indications on the
integral electron spectrum at these two levels, and in isolating
the contribution which is not secondary to the muon component,
which in the present scheme we are attributing to the neutral
pions. In the low atmosphere such a contribution is expressed as
the directional intensity of the electrons with an energy greater
than 80.8 MeV through the formula:

I(6,t) = 0.70 exp. {—1/(160 cos 0)} cm~2 scc—! sterad-1.

A direct attempt (Baront [1958]) was also made at 2,860 m
altitude with photographic plates; this was carried out by examin-
ing the isolated tracks of relativistic particles and identifying the
electrons directly up to cnergies of 70 MeV through multiple-
scattering, and by evaluating the contribution for encrgies greater
than 70 MeV by diffecrence, assuming the muon intensity to be
known. With the data obtained and by means of the angular
distribution determined by Palmatier for the various energy bands,
an integral spectrum which is in good agreement with Palmatier’s
can be constructed. As regards photon spectra, we must remember
two direct determinations with photographic plates, one at 2,860
m found in the above-mentioned work (Baront [1953]), and the
other at an altitude of 20 km (CARLSON et al. [1950]). In both these
experiments what is observed are the pairs of electrons generated
in the photographic plate by photon materialization. From the
energy and angular distribution of the materialized photons, on
the basis of the knowledge of the cross sections for materialization
at the various cnergies, and on the basis of the geometry of the
experiment, it was possible to go back to the spectra of the photons
entering the plates. The results of these various experiments have
been gathered in Fig. 6, and can be supplemented, as regards the
highest energies, with the following information. For very high
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energies it is possible to obtain some indications on the differential
electron and photon spectra by observing the showers produced
in condensed matter; the analysis of the development of an
electron-photon shower, for example in a cloud chamber, can
permit an estimation of the energy of the primary. Recent
experiments of this kind (Lovari [1954]) state that the differential
spectrum, whether of photons or electrons with an encrgy greater
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Fig. 6. - Integral energy spectrum of electrons and photons in the low atmos-
phere ——— (electrons) — — — — (photons).

than 800 MeV, can be represented at 8,500 m with a power law
of cxponent 2.5. Previous results (Hazen [1944]) in a cloud
chamber at 8,240 m, BrIDGE & Ross1 [1947]), using ionization
chambers), indicated an exponent between 2.6 and 8 for energies
greater than 1 GeV. Both the results obtained with plates and
those with cloud chambers in the mountains show high-energy
photons to be more numerous than electrons, which fact confirms
the photonic origin of this main component, as would be the case
should it originate from neutral pion disintegration.

Another group of experiments in this direction, i.e. experiments
intended to emphasize the behaviour of the differential spectrum
of the photon component, relates to the frequency of the showers
urider lead. From a comparison between the previsions of the
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cascade theory and the experimental results, something can be
said on the behaviour of the photon spectrum; for example, if
we assume a power law for the said spectrum, we can try to
measure the cxponent. Let us give some recent results at sea
level; for example, in the photon spectrum for a given energy
band, centred at moderate energies (1 GeV), CERNIGOI & Po1an:
[1954] have found a 2.1 exponent for the differential spectrum.
These estimations arc not in disagreement with various older
ones of 2.5 reached by CLay [1949] and JaNossy & Rossi [1940].
The problem of obtaining absolute values for the frequencies from
these experiments is, on the contrary, most uncertain, and we do
not intend to pursuc the matter further.

We draw attention to another experiment, which is understood
to emphasize the behaviour of the said spectra (CHOU [1958]), and
which was carried out practically at sea level (60 m). Here we
again go back from the dimensions of the electron-photon shower
which emerges from a certain thickness of condensed matter to
the primary energy which has generated it; we are dealing,
therefore, with experiments which are analagous to those made
with ionization chambers or in cloud chambers; in this experiment
scintillation counters are used for the detection of the shower. The
results obtained both for the photon primary and the clectron
primary refer to an energy band between about 80 MeV and 2,000
MecV, and show that, in an energy interval betwcen 300 MeV and
2,000 3MeV, the differential spectra of the photons and electrons
which initiate the showers, can be well represented with a power
law with exponents of —2.71 and —2.81 respectively; they show,
moreover, that the frequencies of the showers initiated by photon
and electrons in the abovementioned cnergy interval are practical-
ly the same. If we assemble all the information which we have
gathered up to the present, we can arrive at the following con-
clusions in regard to the low-atmosphere clectron-photon com-
ponent:

(@) The integral spectra of photons and electrons in a vertical
direction can be represented with functions of the form

]
it EB

with p lying between 1.7 and 1.8 and B between 50 and 150 MeV.
Before reaching more detailed conclusions, it would be oppor-
tune for new data to make their contributions, especially to the
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problem of absolute intensity; in this connexion, it would be
useful if, in all research studies of this type, people would try to
give absolute intensity measurements, by referring to the absolute
value of the hard component.

(b) The photon-electron ratio never seems to be less than unity,
or, to state the matter more clearly, a ratio of about unity at
sea level already leads back at the 8,000—3,500 m altitude to a
ratio of about two. This fact, should it not be contradicted by
future experiments, might constitute a proof that the origin of the
bulk of the electron-photon component is to be found in the decay
photons of neutral pions. In fact, at mountain altitudes where the
clectron-photon component is practically wholly of nuclear origin,
the ratio is in favour of the photons, while at sea level it is lower,
because the muon secondary contribution is relatively more im-
portant, and this contribution originates substantially through
decay electrons and ‘“knock-on”, with the bremsstrahlung con-
tribution being negligible. In conclusion, it is suggested that an
experiment which is carried out to determine both the electron-
photon ratio and the behaviour of the spectra, by means of the
same device, underground, at sea level and at high altitudes,
could confidently allow us to prove the descriptive scheme which,
at present, we consider valid for the electron-photon component,
and, with it, the nuclear origin of part of the component itself
through the ncutral pions. At the present time this origin is
indicated by the photon spectrum at a high altitude, by generation
experiments in condensed matter in cloud chambers, and by what
we have learned in cosmic rays and in the physics of accelerating
machines on nuclear inelastic collisions.

The knowledge of the spcetra at various levels would also
permit a direct calculation of the global energy dissipated in the
clectrophotonic component, and would thus allow us to control
the worth of the subtraction mcthod, on which to-date all csti-
mations have been based.

2.4 THE TOTAL CONTRIBUTIONS ARISING FROM NEUTRAL AND
CHARGED PIONS

Turning to the balance, let us observe that to the global energy
which enters the electron-photonic component through the neutral
pions, it would be necessary as usual to apply an angular cor-
rection of the same kind as that discussed in connexion with the
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charged mesonic component. The two major corrections affect (a)
angular diffusion of the low-energy electrons due to multiplicative
processes during the development of the electron-photon cascade,
and to multiple Coulomb scattering, essentially below the critical
energy; (b) angular correlation in the generation processes in air
nuclei between the generating nucleonic component and the
neutral pion component which is produced. For the purposes of
the present balance, we do not consider it opportune to enter into
details about these corrections, because to do so would be to go
back to the uncertainties which actually exist, and which we have
already mentioned, on the entity of the electron-photon com-
ponent. We prefer for this reason, then, not to correct the encrgy
figure obtained above and to keep the measurement of

256 MeV. cm—2 sec! sterad-?!

for neutral pion energy.

The comparison between this figure and that given by the total
energy dissipated in the production of charged mesons, can be of
use in determining the relation between charged and neutral
pions, if some hypotheses on the behaviour of the relative pro-
duction spectra were made. If it is assumed, as the most rcason-
able hypothesis, given the actual state of things, that the two
spectra are alike, we obtain

n0fnt = 0.63
as a figure for this relation.

This value is slightly higher than might have been expected on
the basis of our knowledge of the elementary generation processes
at low energies, and is also greater than what is normally found in
cloud chambers in direct experiments (DULLER & WALKER [1954]),
the difference is not such as to demand any essential novelties in
the generative processes.

2.5 COMMENTS ON SECONDARY GENERATION PROCESSES

In conclusion, we return for an instant to the secondary gener-
ation processes, in order to appraise their importance; we shall
consider two typical cases, i.c. the production of ncutral mesons
from charged ones, and the production of charged mesons from
photons. With regard to the first contribution, this is determined
by those charged mesons which, instead of disintegrating into
muons and neutrinos, undergo nuclear interaction with an air
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nucleus which is different from that in which they were gencrated.
If we recall that, for energies which are sufliciently high, the pion
generation global spectrum can be represented by the function

74/E7+1

we can at once calculate that the pion spectrum which interacts
with air nuclei is given approximately by

p4 E
EA\E B

A numerical calculation shows that the fraction of the inter-
acting pions is of the order of 19, of their total number, and that
the energy which can be reconverted into neutral pions is of the
order of 2%, of the total energy which goes into charged pions;
from this figure it can be understood how the situation cannot be
much modified in this way. The situation is, however, different
should we think of those secondary processes which can take
place within the same air nucleus and which can alter the results
of the elementary nucleon-nucleon collision, but this is beyond
the limits of our analysis, since what we purpose to establish is the
proportion of charged and discharged mesons which escape per
air nucleus.

In order to calculate the second contribution, i.e. the fraction
of charged mesons which are produced by the photons, we must
know the mean cross-section of production, per air nucleus, above
the production threshold, which is of the order of P $mb. Then,
T, being the integral photon track for energics above the threshold,
the number of mesons produced is given by:

t, oo P
N —
ny=Ja] (3) o) ¥ (w, §y dwo ~ 57— T,
"th

A numerical estimation shows immediately that this number only
represents a very small percentage of the total number of pions
produced by the nucleonic component.

We may conclude, therefore, that neither of the second-hand
generation processes which we have taken into consideration can
modify our balance in a substantial manner, and that the phenome-
nological scheme which we assumed represents the wide generality
of the phenomena.
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3. The Nucleonic Component

8.1 COLLISION LOSSES AND STAR FORMATION

We have now to discuss the contribution of the nucleonic
component to the balance. To be more exact, what is left to
consider is the nature of the energy dissipated throughout the
atmosphere by this component in processes other than the gener-
ation of charged or neutral pions. As usual in our current consider-
ations we shall leave out the production of heavy mesons and
hyperons. The nuclconic component is fundamentally composed
of protons, neutrons and alpha particles, and the energy dissi-
pation to be discussed will consist partly of encrgy losses through
ionization of the protons and alpha-particles and partly of energy
losses through nuclear excitation. As regards the first, the quanti-
ties to be calculated are

joc f}f,, (E) fo(E,t)dE dt fo f ﬂ (E) f.(E, t)dEdt
mpet 0 mact 0

where #p and g, indicate encrgy losses through ionization of the
two components, fp(£,t) and f(&,t) representing the relative
differential spectra.

We can, however, as usual leave the exact knowledge of the
spectra out of consideration, and assume average losses, so that
the problem is reduced to a knowledge of the resulting tracks
which are respectively

to t
T, — f Lo (t) dt T, -= f L, (t) dt
0 0

We are thus in a position to estimate the figurc of
70 MeV cm-2 sec-! sterad?

for the said contribution.

The problem of the analysis of the losses by nuclear excitation,
being more complicated, deserves some comment. Consider a
nucleon which collides with an air nucleus; inside the nucleus one
or two elementary collisions against the nucleons will take place,
and in these collisions pions will sometimes be created. In conse-
quence of these collisions, and the successive phase of rearrange-
ment, the nucleus can be completely broken-down into its com-
ponent nucleons, which will escape with different energies, or the
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break-down may be partial into one or more residual groups
and some nuclecons. In order to effect this partial or total break-
down, a certain quantity of energy is, of course, necessary, and
this is one of the terms to be cstimated, to which we have given
the name of nuclear “binding energy”. If the breakdown were
always complete, an estimation would not be-difficult, because
we know that in such a case the mean energy required would he,
in round figures, 10® ¢V per breakdown. In reality the breakdown
is often only partial, as is shown by the fact that for such light
clements (BArBouUR [1954]) the frequency N of nuclear disinte-
gration as a function of the number n of the ionizing prongs
emitted can be represented at balloon and mountain altitudes
respectively with the expressions

N(>n) —= Ny exp (—0.4 n) N(>n) == Nyexp (—0.55 n)

To be able to estimate the cffective value, we must know the
nature of the ionizing prongs emitted from the stars, and in parti-
cular the ratio a/p, because of the high binding cnergy of the alpha
particle GriLLI ¢t al. [19514]. We do not possess sufficient data for
a calculation of this quantity. Bearing in mind, however, that the
average number of prongs per star at mountain altitude (Browx
|1954]) is around 3 for N, it does not seem likely that the figure
will go below one half. This binding cnergy is in practice not
recovered, since the low-energy protons stop through ionization
and the slow neutrons are captured mainly according to reaction
N (n, p) C; it would be interesting to be able to calculate it
correctly, since it is above all important for the omnidirectional
balances founded on ionization chamber data. In our balance,
which is founded fundamentally on counter data, and for the
nucleonic component on the frequency of the nuclear disintegra-
tions, there are other energy terms which we must bear in mind.
Normally, the frequency of nuclear disintegration throughout the
atmosphere is judged on the basis of the frequency of the dis-
integration processes themselves which take place in a nuclear
plate, where the necessary energy for producing a star with at
least three ionizing prongs is of the order of 100 MeV; this means
that, if we take the data given by the photographic plates as the
basis for our calculations, we shall exclude the nuclconic com-
ponent with an energy less than this limit from our measurements.
Ar improvement in the situation can be made by carrying out the
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measurements in the gas of a cloud chamber (BrowN [1954]),
because then the above-mentioned cut-off is considerably lowered,
to an energy of the order of 20 MeV, since all nuclear interactions,
in which a global energy greater than 8 McV is dissipated within
the chamber are registered. Measurements analogous to these are
obtained by measuring ionization bursts in a fast ion-chamber
with a low cut-off (BrRIDGE & Ross1[1947]). In a previous summa-
ry (Puppt & DarrLAPORTA [1952]), we traced a height curve for
these nuclear disintegrations, which, for what concerned absolute
intensity, was based on the frequency of disintegrations registered
in photographic plates, but which was also in agrcement, as
rcgards the law of growth with height, with the disintegrations
measured in other ways. We said there that the attenuation of
production of emulsion stars with at least three prongs could be
represented in the atmosphere by a law of the type:

Nem = 2500 exp (—2/140) cm-3 day-1.

Reducing this to stars in air on the basis of the ratio between the
geometrical cross-sections, i.e. by means of the formula

Nair (gt sec™?) = 4.8 X 106 Ny (cm-3 day-1)

we find the equivalent of these disintegrations in air. The datum
is not very significant, both because the reduction with the geo-
metrical cross sections certainly represents an overestimate, and,
above all, because the behaviour of the disintegrations in the air
and in emulsion is fundamentally different; the datum on the
disintegration in a cloud chamber secms more significant. Numeri-
cal estimates for both cases (BrowN [1954]) show how the fre-
quency in the cloud chamber is higher than that calculated on the
basis of the plate data. But these data too represent only onc
part of nuclear disintegrations, because they lack those with
emission of neutrons alone, and those in which the energy dissi-
pated by ionizing sprongs is lower than the cut-off. We cannot
estimate such a contribution, but we consider that it is important,
a point of view which is further strengthened from the analysis of
the slow neutrons.

Let us take as a basis the absolute frequencies for stars as a
function of N, and, using the height curve already mentioned,
integrate this frequency over the whole atmosphere: we obtain a
global number of disintegrations in a small atmospheric column of
unit section per second equal to about
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8 cm~2?sec!,

If we knew how to increase this figure in order to take the
undetected disintegrations into account, and if we knew the mean
energy for cach disintegration which is not recovered, because it
is cither a matter of nuclear binding energy, or of kinetic energy
of low-energy particles, we should be in a position to define this
term of the balance. For each of the nuclear disintegrations now
examined, we must not, of course, bear in mind only the ionizing
particles, because we know that neutrons are also emitted, to-
gether with the ionizing particles. On the contrary, it is known
that at mountain altitudes (OrTEL [1954]) for every nuclear dis-
intcgration with N ionizing particles, there are about 1.5 N
neutrons, which would lead to 4.5 cm~2 sec-! as a total production
of ncutrons in the unit atmospheric column. Of course this figure
does not take into account disintegrations in which neutrons only
are produced, or of those which are excluded by the sclection
device for ionizing particles. We therefore need to control these
figures in another way, and, in order to do so, we turn to the
slow necutrons.

3.2 SLOW NEUTRON DATA

We recall how during recent years our knowledge on the be-
haviour of slow neutrons in the atmosphere has increased in a
remarkable manner. Many experiments have been carried out to
determine the hchaviour with height and absolute intensity,
variations with latitude, and variations with time (Simpsox
[1949]). As a result we are well informed for the latitude in question
on the frequency of the captures in air of slow neutrons produced
by cosmic radiation, and on the variation of this frequency with
height. The origin of these slow neutrons in the atmosphere must
be sought in the nuclear collisions produced by primary and
secondary nucleonic radiation with the nuclei in the atmosphere.
More precisely, these slow neutrons originate principally from the
low-energy stars, where they are emitted with modest energies
of the order of some MeV; through various collisions with air
nuclei, they are slowed down until they reach thermal energy; in
these conditions they are captured by N in the reaction N14(n, p)C14.

We measure the number of thermal neutrons captured per gram
of air at various levels, what is of interest for the balance is, on
thé contrary, the number of neutrons produced in nuclear inter-
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actions, because they do not all reach the thermal condition. Therc
is a fraction of them which escapes from the atmosphere (albedo)
measurable as about 109, and a very marked part which does not
reach thermal energies having first undergone nuclear interactions.
The theoretical problem has been treated by many authors from
1940 onwards (BETHE et al. [1940]); according to such an analysis,
in order to justify the number of captures in air per atmospheric
unit column per second, which measures

8.5 ecm—2 sce,

(Kouts & Yuan[1952]), it is necessary to suppose that the number
of neutrons produced is much greater. If we assume for the sake
of simplicity, that the neutrons are generated in nuclear dis-
integrations with kinetic energy of 4 MeV, we find that the number
(GALLI [1953] of neutrons produced must be
(22 + 4)em—2sec!.
Continuing this hypothesis, it is possible to interprete the variation
with height in the atmosphere of the neutron capture frequency
by admitting a generation function for ncutrons at 4 MeV of the
type:
0,218 [exp (— t/157) — 0.8 exp (—¢/70)] gL sec!.

This expression, as we can sce, shows a very marked transition
effect. Since we are at northern latitudes, this means that the
slow neutrons are essentially produced in low-energy nuclear dis-
integrations, for this transition effect emphasizes the contribution
of nucleons of energy helow the magnetic cut-off to the generation
function for slow neutrons. Figure 7 shows the growth of captures
of slow neutrons and the behaviour of the generation function at
4 MeV.

From the above-mentioned results we can at once proceed to a
calculation of the binding energy which must be supplied for the
production of neutrons alone, taking as a basis the binding cnergy
of the last nucleon in N and O, which appears as ~11.5 MeV.

We think it more opportune to apply ourselves to the binding
energy of the last nucleon, instead of to the mean binding energy
per nucleon, since we consider the production of alpha particles
in the disintegration air nuclei to be likely, and reject the possi-
bility of there being always a complete breakdown; moreover,
the localization of production in low-energy events is coherent
with this assumption.
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Fig. 7 — Slow neutron capture, (B), and neutron generation function, (A),
in the atmosphere.

3.3 (COMPARISON BETWEEN THE STARS AND NEUTRON CAPTURES

If we compare the results obtained in the two preceding para-
graphs, we at once see that the results do not agree. What happens
is that, while, from the frequency of the disintegrations with
ionizing particles, we should have expected to find a neutron
production frequency in the usual air column of 4.5 per sec., with
the thermal neutron captures in the air as a basis, we reach a
figure which is five times greater. If we consider this estimate
reliable, we must conclude that the major source of the slow
neutrons is not to be found in nuclear disintegrations with ionizing
particles, but probably takes place in events in which only a
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neutron is emitted, and, therefore, principally in processes of the
type (p, n) and (n, 2n) or in processes in which the energy found in
ionizing particles is extremely small. It is true that the result
also depends on the cnergy with which we imagine the neutrons
to be produced, but it seems rather improbable that a much lower
production energy could be adopted. It is easy to see that the
(y, n) processes can be overlooked; in fact only y-rays with an
cnergy near the giant resonance, i.e. those with an energy included
between 19and 26 MeV, could in practice contribute; but the cross
section is too small even in this region (8mb per air nucleus) to
make an effective contribution (FERGUSON et al. [1954]). We must
then conclude that it is a matter of disintegrations which are
produced by the low-energy nucleonic component. On the basis of
the results quoted, we ought to conclude that only 1/5 of the slow
neutrons come from those disintegrations which contain ionizing
particles, while 4/5 escape our control. For this part there is a
contribution of at least 270 MeV cm-2 sec-! to the energy. Adding
a global estimation of 150 MeV cm-2 sec-! in the disintegrations
with ionizing particles for the encrgy dissipated in low-encrgy
particles which is not recoverable into the present balance, we
have a total:

720 MeV. em-2 sec-!

The fraction of this cnergy to be attributed to the vertical beam,
on which we are making the balance, is, as we know, ~ I/z,
whence we obtain for this contribution

280 MeV. em~2 sec! sterad-1.

We would point out that the figure proposed for those ncutrons
which do not originate from visible disintegrations is a minimum
one, since, in order to extract it, we merely added the cnergy of
4 MeV at production to the mean binding cnergy of the last
nucleon (11.5 MeV for each neutron). We are not thus taking into
account the inelastic losses of neutrons generated with energies
greater than 4 MeV; we have, morcover, not considered the
eventual low-energy particles (protons, alpha and deuterons)
which are generated together with these neutrons.

As regards the visible disintegrations, we do not think that we
have gone too far in our estimate of the disintegration cnergy, at
least as it effects of the present balance. In fact, the average
number of ionizing particles emitted per disintegration (BrownN
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[1954]) is about 8, and the particles produced are to be considered
as lost to the effects of the present balance should their energy
be not considerably greater than 100 MeV for reasons of energy
loss through ionization.

The figures presented are of course very uncertain, and the whole
problem of the low-energy nucleonic component would merit a
more profound examination in order that the situation might be
improved.

4. Conclusion

As a conclusion of our analysis on the vertical beam of cosmic
rays at 50° North, let us summarize and tabulate the various
contributions to the balance.

Energy dissipated through pro-

duction of charged pions 409 MeV. cm-2 sec-! sterad -1
Energy dissipated through pro-
duction of ncutral pions 256 ”
Energy dissipated by the nucleonic
component 300 ’
Total 965 »

The figure obtained will always remain below that estimated
for the incoming energy transported by the primary component,
which, is around 1400 MeV. em-2 sec—! sterad-1. Owing to the un-
certaintics which are still to be found in the balance, especially as
regards the low-energy nucleonic component and the contribution
to the nucleonic cascade of particles other than those considered
in the present balance, we do not consider it yet possible to affirm
that there is a real conflict of results.

It would be very interesting to construct balances of a kind
similar to the one presented here at other latitudes; an attempt
made in such a sense at the equator (BENzI [1954]) has brought
to our notice that there exists, even at that latitude, a difference
between the incoming power flux and the power flux dissipated
in the atmosphere.

A further improvement might consist in passing from the
vertical balance to the omnidircctional one, by taking advantage
of the zcnithal dependencies of the various components at the
different levels. Moreover, the uncertaintics on the data in the
high atmosphere being what they are, a very interesting type of
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control could be that of carrying out a balance between two
levels within the atmosphere.

All this concerns directional balances, which arc essentially
founded on data obtained from counters, and in which an attempt
is made at distinguishing the physical components. There exists,
however, another way of attacking the problem, which has bcen
known for some time and which consists in measuring the total
ionization induced by cosmic rays through the whole atmosphere.

It is cvident that experimental results of this kind must be
coherent with directional experiments, and that thereforc the
total ionization measured in a unit column of atmosphere must
coincide with what can be calculated on the basis of directional
balances.

From our results we can in particular derive an indication for
a comparison of such a type by subdividing the total cnergy in the
following way

Energy which goes in ionization 615 MeV cm-? sec! sterad-!

v . . s neutrinos 232 ’

v set against the binding of
nuclei 80 »
Residual energy at sea level 38 »
965 ’

The figure relative to the energy dissipated through ionization
is obtained here by difference. It agrees with what can be extracted
from direct measurements (NEHER [1952]).
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