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I.—INTRODUCTION.

Cosmic rays at sea-level contain at least three different components.
Two of the components, the hard component and the soft component, are
well known and have been studied extensively. The hard component is
of secondary origin and is due to a primary component, which may be
called the third component. In Chapters II-1V we shall deal with the
properties of this third component. As an introduction, however, we shall
give a brief summary of the more important features of cosmic rays.

A. Hard and soft com'pénents‘

The existence of at least two distinet components in the cosmic ray
beam near sea-level and at moderate altitudes can be demonstrated by
simple absorption experiments.

Consider a counter arrangement consisting of two counters in
coincidence (fig. 1). The rate of coincidences plotted as a function of the
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Fi1¢. 1.—COINCIDENCE ARRANGEMENT.

thickness of absorber S placed between the counters gives the absorption
curve of the radiation. A typical absorption eurve is shown in fig. 2. It
is seen that the coincidence rate is decreased by about 30 per cent due
to the first 10 em. of lead absorber, while the intensity drops to about half
between 10 em. and 1 m. of lead.

! Lectures delivered at the Dublin Institute for Advanced Studies, 1945.
A2



4  Communications of the Dublin Institute—Ser. (A).

The first rapid drop is due to the absorption of the soft component;
it is the hard component which penetrates greater thicknesses.

Hard and soft components can also be identified by cloud chamber
photographs. Figs. 3 and 4 show examples of a hard and of a soft particle
traversing a lead plate placed across the cloud chamber. The hard
particle traverses the plate without giving rise to any secondary effect
and without being scattered appreciably. The soft particle seen to enter
the lead plate in fig. 4 emerges together with a number of secondaries,
giving rise to a small shower.

B. The Nature of the hard and the soft components.

It is now known that the soft component consists of positive and
negative electrons together with photons. The hard component consists
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F1a. 2.—ABSORPTION CURVE (SCHEMATICAL).

of mesons—that is, of particles of mass intermediate between that of the
electron and the proton, and carrying positive or negative electric

charge. We now reproduce the arguments which led to the identification
of the two components.

(a) Ionising particles.

The bulk of' the cosmie ray particles are ionising, i.e. they are
electrically charged. After the discovery of cosmic rays it was first
wrongly assumed that they were non-ionising rays; the fact that the
cosmie rays consist mainly of ionising particles was first realised by Bothe
and Kolhorster (1929). It was found that cosmic rays passing through
two counters will discharge them both. Non-ionising rays, e.g. photons,
could only give coincident discharges as a result of the production of
lonising secondaries in each counter; and the probability of the process
would be very small,



Jinossy—Cosmic Rays. 5

Tracks of cosmic rays observed in a cloud chamber first by
Skobelzyn (1927, 9) and then by many others showed directly that ionising
particles were present.

The above experiments showed clearly that cosmie rays contain ionising
particles. The question arose, however, whether these ionising particles
formed the main cosmic ray beam or whether they were secondaries of a
more penetrating non-ionising radiation.

Absorption experiments (Rossi, (1933), Street, Woodward and
Stevenson (1935)) showed that about 50 per cent of the hard component
consists of particles capable of penetrating more than 1 m. of lead. The
energy loss in 1 m. of lead must be assumed to be comparable with that
suffered by a particle traversing vertically the whole of the atmosphere.
Tt is seen, therefore, that about half of the penetrating particles observed
at sea-level have remaining ranges exceeding the equivalent of the
atmosphere. The same conclusion could be drawn from the measurement
of the momentum spectrum of the cosmic ray particles by means of a
cloud chamber in a magnetic field. The measurements of Kunze (1933),
Anderson and Neddermeyer (1937), Blackett (1937) and others showed
that about half of the cosmic ray particles at sea-level have momenta
exeeeding 3000 MEV /e. It is estimated that the loss of energy of a singly
charged particle due to ionisation when traversing the atmosphere is
2000 MEV (see below).

Thus many of the cosmic ray particles at sea-level have momenta
which would be sufficient to traverse the atmosphere once more. It is
seen, therefore, that, regarding merely their energy, the particles of the
hard component might have come from outside the atmosphere. In actual
fact, however, the penetrating particles do not come from outside the
atmosphere, but they have their origin near the top of the atmosphere.

(b) Charge and velocily.

The rate of ionisation of a particle of charge Z velocity v and
momentum p is proportional to

J — Z* (¢} £ (D) ol

where f(p) is a function which inereases logarithmieally with increasing p.
For not too large ranges of p the function f(p) can be regarded as nearly
constant (see fig. 5).

We note from (1) that the rate of ionisation of fast particles » ~— ¢)
of single charges (Z = 1) has a value which is nearly independent of
any other properties of the particle. In particular, the rate of ionisation
of fast singly charged particles is nearly independent of their rest mass.

The ionisation density observed along the tracks of most cosmic ray
particles is of the same order as that found for fast B-particles. Hence
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it is concluded that most cosmic ray particles are singly charged and
move with velocities near e.

The sign of charge of a cosmic ray particle can be determined from
its curvature in a known magnetic field, provided the direetion of motion
of the particle is known. Most cosmic ray particles move downwards,
and, therefore, for statistical purposes it is permissible to determine the
sion of charge of particles crossing a chamber assuming that all move
downwards. It is thus found that cosmie rays contain about equal numbers
of positively and negatively charged particles with a slight excess of
positively charged ones.
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F16¢. 5—IONISATION-ENERGY DIAGRAMS FOR ELECTRON, MESON AND PROTON.

(¢) Mass.

(i) The density of ionisation along the track of a fast particle is
nearly independent of the rest mass of the particle; therefore, fast tracks
cannot be used for the determination of mass. The track of a fast
particle deflected in a magnetic field can, however, be used to find an
upper limit for the rest mass m, of the particle.

For a particle with veloeity

v = ¢f/2 fernimrl

we have
p = myec g i (3)

According to (1), a particle of velocity ¢/\/2 ionises about twice as
much as a ‘‘fast’” particle. Thus, if we find a track with an ionisation
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density not exceeding twice that of a fast particle, we can conclude
that the rest mass of the particle

m’,, < ple PETTIT . 1

We note, that fast particles of a few MEV/ec momentum cannot be
much heavier than electrons; such particles observed among cosmic rays
are assumed to be electrons.

A track with ionisation twice the minimum density will appear slightly
denser than the track of a fast particle. Under usual experimental
conditions, it is not safe to classify a particle as slow unless its density
of ionisation is three to four times the minimum density.

Investigation of electron tracks by Anderson (1932, 3) and later by
Blackett and Occhialini (1933) led to the discovery of the positive electron.

The equation (4) gives mo useful information for particles with
momentum exceeding, say, 1000 MEV /e. It was stressed, however, by
Williams (1934) that electrons with momentum exceeding 1000 MEV /e
ought to ionise noticeably more than ordinary B-particles because of the
increase in the function f(p) with momentum. As the density of
jonisation of cosmic ray particles does not seem to change between a few
MEV /¢ and 1000 MEV /e, Williams concluded that the particles with
high momentum are not electrons, but particles of greater mass. -

(ii) It can be concluded from the observed penetrating power of cosmie
ray particles, that most of the particles are not electrons but particles of
greater mass.

Electrons of energy exceeding 10 m.c® lose a large amount of energy
by radiative collisions. The cross-section for radiation loss increases with
the primary energy, and, therefore, the range of energetic eleetrons is
severely limited by this process. The average free path of an energetic
electron is about 05 em. of lead or 40 em. of water.

The particles of the soft component of cosmic rays lose energies in
accordance with the prediction of theory, as was shown by Anderson and
Neddermeyer (1934), Blackett and Wilson (1937) and others. The
partieles of the hard component are, however, capable of traversing lead
plates without producing secondaries. These particles cannot be assumed
to be electrons.

According to the theory of collision radiation, the ecross-section for
radiative collisions for particles of constant energy is inversely proportional
to the square of the rest mass of the colliding particle. The small radiation
loss suffered by the penetrating cosmic ray particles shows, therefore, that
these particles have masses exceeding that of electrons.

~ (iii) The penetrating cosmic ray particles are now known to be mesons
with a ‘mass of about 200 m,. Before the experimental discovery of the
meson, two alternative hypotheses as to the nature of the hard component
were considered :
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(1) It was suggested that the penetrating particles are electrons, but
that the theory of radiation loss breaks down for energies above 100 MEV.
This hypothesis seemed to be supported by the fact that most penetrating
particles have energies exceeding 200 MEV /e, while most soft particles
have energies below this limit. It has been shown, however, since that
in fact the spectra of hard and soft particles overlap; in particular,
particles losing energies like electrons with energies much exceeding 200
MEV were observed. Thus penetrating and soft particles in the same
energy region have been observed, showing that the different behaviour
of these particles cannot be accounted for in terms of their energy.

Furthermore, it was pointed out by Williams (1937) that a breakdown
of the radiation formulae at high energies is quite unlikely from general
consideration.  Considering, namely, a radiative collision in the rest
system of the radiating electron, it is found that the collision in this
system is essentially one within the well-established range of validity of
the theory. The high energies which appear in the rest system of the
observer are merely introduced by the Lorentz-transformation from the
rest system of the electron to the rest system of the observer.

(2) Alternatively, it was suggested that the penetrating particles might
be protons. This assumption was rendered difficult, as the negatively
charged penetrating particles would have to be assumed to be negative
protons, while no experimental evidence for the occurrence of slow
negative protons is available. The proton hypothesis was finally ruled
out by the fact that many fast penetrating particles with momenta between
1000 and 100 MEV /e are found. Protons in this region could not be
fast, and aceording to (1), such protons ought to ionise heavily. Thus
the penetrating particles between 100 and 1000 MEV /e have to be assumed
to be lighter than protons on account of their ionisation and heavier than
electrons on account of their small radiation loss.

(38) A particle, the mass of which could be shown to be intermediate
between that of the electron and the proton, was found by Neddermeyer
and Anderson (1938). The particle showed heavy ionisation, and was
therefore slow, while its momentum was somewhat below 100 MEV /e.
This particle was the first direct evidence for the existence of mesons,

Tracks of slow mesons were since found by a number of other observers.
Such tracks are very rare, as the remaining range of a slow meson is very
short, and, therefore, the probability of observing a meson very near the
end of its range is necessarily small. Observations so far reported,
permitting accurate determination of the mass of the meson, suggest a
mass of »

u = (180 + 20)m, e ARk

(m. = electron mass.)
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C. The Meson.
(a) Yukawa’s theory.
Nuclear Forces.

The meson was predicted from purely theoretical consideration by
Yukawa (1935) in an attempt to give a theory of inter-nuclear forces and
of B-activity. The nucleons (i.e. protons and neutrons) are supposed to
carry a ‘‘meson charge’ acting as the source of a field which may be
called the meson field. The relation between meson charge and meson
field is somewhat analogous to the relation between charges and field in
the electro-magnetic case. The Laplace-Poisson equation representing
Coulomb’s law is replaced in the meson case by

Vig = AN'¢

where ¢ is the meson potential, and A is a parameter of the dimensions
of an inversed length. The meson potential due to a point charge is thus
obtained as:

g-Af

g

Thus the meson field gives rise to short range forces with a range of the
order of 1/A. As the range of the nuclear forces is known to be of the
order of e?*/m, c? one expects as an order of magnitude relation

1A == éfme? SN |

The meson field thus deseribed is essentially elassical; it does not
contain h. By quantising the field it is found that the quanta of the
meson field have a finite rest mass, and that the parameter 1/A plays the
role of the de Broglie wave-length of the quantum; thus

1/A = h/uc (u = mass of quantum) R T

From (6) and (7) one finds for the order of magnitude of the mass p of
the quantum

p -~~~ 137m, i rywekily

The quantum of the meson field is identified with the meson.

The nuclear forces arising from the meson interaction were assumed
to be essentially exchange forces, protons and neutrons interchanging
their state of charge by means of emission and reabsorption of virtual
mesons. The mesons themselves must hence be assumed to carry electrie
charges.

The existence of neutral mesons or neutrettos was postulated later in
order to account for the forces between like nucleons (Arley and Heitler
(1938), Kemmer (1938b)).
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Instability of the Meson.

(i) In order to account for the p-activity of some nueclei, Yukawa
postulated further that the meson is unstable. It was assumed that
mesons decay into an electron and a neutrino after an average life of
about 02 X 10-° seec.

Later caleulations have shown that the half-life of the meson ought
to be of the order of 10-% sec. in order to account for the p-life times
(Nordheim (1939)).

The meson observed in cosmic rays is found experimentally to be
unstable. The life of the meson observed with stationary particles is
found to be

r = 21+ 015 x 10-°sec. Srp.

(Rossi and Nereson),

thus the observed lifetime is too long to account for the B-decay. In spite
of this discrepaney, the striking analogy between the predicted properties
of the Yukawa particle and the observed properties of the meson makes it
very likely that the cosmie ray particle is in fact identical with Yukawa's
particle,

(ii) It was shown by Kemmer (1938a) that there are four different
possibilities for the formulation of the meson field. Firstly, the ‘“meson
field strengths’ can be derived as the (four-dimensional) gradient of a
scalar potential. Secondly, in close analogy to Maxwell’s equations, the
field strength can be obtained from potentials represented by a four
vector. In the third and fourth case the potentials are assumed to be a
pseudo-vector (i.e. tensor of the third rank), and a pseudo-scalar (i.e. tensor
ot the fourth rank).

In an attempt to eliminate divergency difficulties arising in the meson
theory and also in order to account for the diserepancy between observed
and expected life of the meson, Moller and Rosenfeld (1940) put forward
the hypothesis that the actual meson field consists of the superposition of
two fields, a vector field and a pseudo-sealar field. It is assumed that the
pseudo-scalar mesons (i.e. the quanta of the pseudo-scalar field) are the
ordinary mesons observed in cosmie rays, while the vector mesons are
supposed to have a lifetime of the order of 10-® sec. It is further assumed
that the pseudo-scalar meson has a spin 0 while the vector meson has
a spin 1.

No experimental evidence for short-lived mesons has been obtained so
far, though no evidence against the occurrence of such mesons can be
brought forward.
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(b) The experimental meson.

Evidence that the penetrating component of cosmic rays consists of
particles with a mass intermediate between eleetron and proton has been
discussed above (page 9). We now describe the main experiments which
show that the meson is unstable.

(i) Direct evidence for the instability of the meson was obtained by
Williams and Roberts (1940). These authors obtained a cloud chamber
photograph showing a decay electron emitted from the end of the track
of a slow meson. A small number of photographs of this kind have been
obtained since by other authors.
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Fia. 6.—ABSORPTION ANOMALY (Rossi, HiLBERRY AND Hoag). -

(i1) Indirect evidence of the instability of the meson was obtatined in
experiments based on an absorption anomaly.

A beam of mesons traversing a dense absorber is gradually absorbed,
due to loss of energy of the particles by ionisation. A beam of mesons
passing through an absorber of low density is absorbed partly by ionisation
loss, but the loss of partieles by deecay is also noticeable, provided the time
of passage through the absorber is sufficiently long. Thus the rate of
absorption of mesons in a gas is larger than the corresponding rate of
absorption in a dense absorber of equivalent mass. In the latter case, loss
by decay ean be neglected.

Experiments of Rossi and co-workers, Neher and Stever, and others
show clearly the oceurrence of such an anomaly. The results of Rossi
and co-workers are reproduced in fig. 6.
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From the analysis of the absorption anomaly, the half-life of the meson
can be derived. A value of the order 10-° see. (see Equation (9)) is thus:
obtained. ]

(iii) The half-life of the meson was also measured direetly with an
experimental arrangement shown schematically in fic. 7. An absorber 4
is placed under a coinecidence arrangement 1-2. A meson entering the
absorber A may be stopped in A and decay shortly afterwards. The
decay electron is likely to discharge one of the counters a surrounding A,
Such a process is observed as a coincidence 1-2, followed shortly after
by the discharge of one of the counters a surrounding the block A, the
time interval between the coincidence 1-2 and the response of the counter
a can be taken to be the time spent by the meson inside A.

Experiments earried out with an arrangement of this kind (Rossi and
Nereson (1942, 3), Auger and co-workers (1942), Maze (1941) and others),
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F16. 7.—ARRANGEMENT FOR THE OBSERVATION OF MESON DECAY.

showed that the fraction of mesons decaying after an interval exceeding ¢
is proportional to

etk coee (10)

with 7 = 2:1 X 10°° sec., as given in Equation (9). From (10) it is seen
that the delay times are distributed like those of radioactive decay.

It is interesting to compare the experiments deseribed in seetions (ii)
and (iii). While the former experiments give the proper lifetime of fast
mesons, the latter lead to the life of mesons at rest. Because of the
relatavistic time contraction, the apparent life =’ of a meson of momentum
p is given by

v = (plur)r (i)
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For an average cosmic ray meson, the time contraction gives rise to a
factor of the order of 30. This time contraction is clearly shown when
comparing the results of the lifetime as obtained from the absorption
anomaly and as obtained from the measurement of the life of a meson
at rest.

We note that the observation of the life of the meson in motion and
at rest is the first direet experimental evidence for the relatavistic time
contraction in a region where this eontraction is not causing a small
correction but is giving rise to a large effect.

D. The Momentum spectrum.
(a) Sea-level.

The momentum spectrum of cosmic ray particles was measured by
observing the curvatures of the cloud chamber tracks of particles deflected
in a strong magnetic field. The most extensive measurements of the high
momentum region are due to Blackett (1937). Apart from a number of
small irregularities, Blackett’s spectrum can be well represented by

T(p) = A(2,000 + p)-1°5 s kA

where T'(p) is the integral spectrum of mesons and p is momentum in
units of MEV /e. The speetrum (12) was observed up to momenta some-
what exceeding 10,000 MEV /e.

The average momentum derived from (12) is

p = 3000 MEV/e.

Equation (12) is valid down to about 200 MEV /e, mesons of lower
momentum become very rare because of inereased ionisation loss and
because of decay. The particles below 100 MEV /¢ are mainly electrons.
Their spectrum was investigated by Williams and others.

(b) Primary spectrum.

(i) Information about the primary cosmie ray spectrum ean be obtained
from the effect of the magnetic field of the earth upon cosmic rays.
According to the theory of the motion of charged particles in the field of
a magnetic dipole (e.g. Stormer (1930), Vallarta (1938)), only particles
exceeding a given momentum ecan approach the earth at a given
geomagnetic latitude* and in a given direction. Considering particles

? Geomagnetic coordinates are those measured with respect to the equivalent dipole
of the earth’s field.
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incident in the vertical direction, it is found in first approximation that
only particles with momentum exceeding

p(A) = 15,000 costA MEV /e §ia 51 8)

can approach the geomagnetic latitude A in a vertical direction.
According to (13), at the equator the spectrum of the vertically incident
particles is eut out below 15,000 MEV/e. Similarly, the vertical
incident spectrum at the geomagnetic latitude of 50° is cut out below
2500 MEV /e. The spectrum above 15,000 MEV /e can thus be regarded
as a background, insensitive to latitude, while due to the gradual cut-off
of the primaries between 15,000 and 2500 MEV /e, the vertical intensity
will deerease on going from the latitude of 50° towards the equator.

The observed cosmie ray intensity increases by about 109, (compare
e.g. Clay (1930), Compton (1933)) between equator and the latitude of 50°.
For higher latitudes, the intensity remains constant. It must be concluded
from the sea-level latitude effect that only 109 of the sea-level
intensity at latitude 50° is due to primaries with momentum below 15,000
MEV /e, the remaining 909, is latitude insensitive, and is therefore due
to primaries of at least 15,000 MEV /ec.

(ii) Comparing the above estimates for the momentum of the primaries
with the observed momentum speetrum of the mesons near sea-level, the
following interesting conclusion can be drawn (compare Nordheim (1938)
and also Bowen, Millikan. and Neher (1937)).

The loss of momentum of a meson passing through the atmosphere must
be of the order of 2,000 MEV/c. Hence the mesons reaching sea-level
must have started with an average momentum not more than

(average momentum at sea-level) + (ionisation loss in the
atmosphere) —

3,000 + 2,000 = 5,000 MEV /e.

The average momentum of the primaries, giving rise to the mesons at
sea-level, must be well above 15,000 MEV, as was shown further above.
It is, therefore, concluded that the primaries of the mesons give rise to
several mesons each, dividing their energy and momentum among the
secondaries. | - et ey

The above argument was used to prove the secondary nature of the
hard component at a time before the experimental discovery of the meson.
As the meson is known to be unstable, the secondary origin of the meson
component has become seif-evident. The argument itself is, however, still of
considerable interest, as it throws light on the mode of production of the
mesons by their primaries.

(iii) The momentum spectrum of all primaries together can be derived
irom the latitude effect in the following way. It may be assumed that
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the total energy coming into the atmosphere is eventually converted into
lonisation.” The average energy spent in producing an ion pair in air is
about 32 e-volts and, therefore, the total inflow of energy at the top of the
atmosphere is given by :

-

W = BZevJJ(H)dG vt L)
0

where J () is the rate of ionisation at a depth 6 below the top of the
atmosphere.  Evaluating the integral (14) from the observed height
ionisation eurves, the latitude effect of the energy flow can be determined.
The points shown in fig. 8 were obtained from the data of Millikan and
his co-workers.

-— -1&
Crd E " Bsoscrom ]
o

MILLIERN , NEVEL

o2k ® .0 PICKECNG /PIE.
o MULLIKON, NEHEL

AND PICKEONG +rDGD.

o, b=
a b 1 1 1 { | —4es,ac0n N
=4 o,/ o2 o3 o4 o8

F16, 8.—HEIGHT INTENSITY DISTRIBUTIONS AFTER BOWEN, MILLLIKAN AND NEHER.

We note that the energy flow is also given by

e s]
WQ) = - w 2L (W) gy T 1
% dw
% min (A)

where 7' is the integral spectrum and w min tRe limit imposed by the earth’s
magnetic field. Putting

Wain = €p(A) v b LAY

* This assumption is not altogether justified for two reasons.
(1) Some of the energy is converted into low frequenecy photons and is converted
directly into heat.
(2) In the process of meson decay neutrinos are emitted and it is unlikely that
the energy of the neutrinos is converted into ionisation.
The effect (1) is unimportant, as was shown by Williams. The energy lost into
neutrinos is more important. It is, however, likely that the fraction of energy
converted into meutrinos is independent of latitude,
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and
T(w) = A4w-1?® w > 2,000 MEV /e an
= 0 w < 2,000 MEV /e
we find from (13), (15) and (16)
1 0
) e A i 18

= const. A > H0°

We have plotted (18) in fig. 8. It is seen that the agreement between
the observed points and the calculation based on the spectrum (17) is
satisfactory.

Incidentally, the total flow of energy at high latitudes is found to
be (Millikan and co-workers (1943)) :—

W@ >50) = 1'4 x 10° MEV per ecm? per min. .... (19)

the number of particles incident at the top of the atmosphere calculated
from (17) and (14) and (19) is

6 particles per em.? per min. per unit solid angle 5. ()

(iv) The incident spectrum must be assumed to be cut off below 2000
MEV irrespective of the effect of the magnetic field of the earth. This
cut-off is shown very clearly by the observations of Carmichael and
Dymond (1939) near the earth’s magnetic pole; the height intensity curve
near the pole is found to be very similar to that obtained at about A = 50°,
The two curves would show a marked difference if the primary spectrum
did contain particles below 2000 MEV /e.

I have attempted to interpret the cut-off of the primary spectrum in
terms of the blocking effect of the sun’s permanent magnetic field
(Janossy (1937)); this suggestion was taken up by Vallarta (1937) and
Epstein (1938). Implications of this theory were later discussed by
Vallarta (1939), Janossy and Lockett (1941).

It appears that no experimental evidence can be brought forward
against the assumption that the sun’s magnetic field is responsible for the
latitude cut off.* Experimental evidence as to the existence of a solar
dipole field has been obtained recently.

¢The latitude cut off cannot be accounted for, as was suggested by Hamilton,
Heitler and Peng (1943) to be due to the lack of meson production below 3000 MEV :
the total flow of energy into the atmosphere remains namely constant for high
latitudes; the total flow of emergy is, however, independent of what transformations
of the radiation are taking place inside the atmosphere. Thus, if the primary
spectrum was not cut off outside the atmosphere, then either the primaries or their
secondaries (i.e. the mesons) would show a latitude effect beyond the latitude of 50°,
contrary to the observed facts. It must be concluded, therefore, that the low energy
cit off is imposed on the primaries before they enter the atmosphere,
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(e) Positive and. negative primaries.

(i) The forbidden directions for positively charged particles are
predominantly to the east, while the forbidden direction for primaries
with negative charge are predominantly to the west. Therefore, positive
primaries are expected to give rise to higher intensity in directions inelined
to the west than in the directions inclined correspondingly to the east.
Negative primaries are expected to give rise to an opposite asymmetry.

(ii) Observations by Johnson (1938) and others have revealed an excess
of intensity from the west, both at sea-level and for observations carried
out at altitudes up to 4000 m above sea-level. From these observations
it must be concluded that the primaries must contain more positively
charged particles than negatively charged ones.

The ratio between positively and negatively charged primaries can in
fact be estimated fairly aceurately by comparing the latitude effect with
the E-W-asymmetry. The shape of the latitude effect is independent of
the sign of charge of the primaries. Thus the total latitude effect is a
funetion of the number of positive and negative primaries taken together.
The amount of the E-W-asymmetry is, however, a function of the difference
between the number of positive and negative primaries. Thus the
comparison of the two effects can be used to determine the positive and
the negative primary intensities separately.

The actual eomparison of the observed latitude effect and the observed
asymmetry led Johnson (1939) to conclude that all the primaries of the hard
component are positively charged. It was suggested that these positively
charged primaries might be protons. The proton hypothesis has won much
ground lately.

(iii) Attempts to observe an E-W-asymmetry at high altitudes were
made by Johnson and Barry (1939). The experiments had, however, an
entirely negative result; no asymmetry outside the limits of experimental
aceuracy could be observed. At great heights the soft component is
predominant ; therefore Johnson’s results indicate that the soft component
shows no asymmetry. The simplest interpretation of the lack of asymmetry
of the soft component is obtained by assuming that the soft component
is due to positive and negative primary electrons. (The primaries of the
soft component could not be photons, as the soft component shows a marked
latitude effect.)

Incidentally, Johnson’s results make it very likely that the soft and
hard ecomponents do not arise from common primaries.

E. The soft component.

Apart from mesons, the cosmic ray beam contains electrons and photons
which form the soft component. This latter component is strongly
absorbed, especially in heavy elements, due to the emission of quanta by

5]
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cleetrons, and the absorption of quanta with subsequent production of
electron pairs,

An energetic electron falling on an absorber will thus give rise to a
number of quanta; the quanta in their turn will give rise to eleetron
pairs; thus an eleetron passing through an absorber will give rise to many
secondaries. In this way energetic electrons (or photons) are giving rise
to showers.

(a) Experimental investigation of showers,

Indications that cosmic ray particles have a tendency of forming groups
were found already by Skobelzyn (1929); some of his first photographs
contained the tracks of two or three simultaneous cosmic ray particles.

Beautiful photographs of very complex showers were later obtained by
Blackett and Occhialini (1933), Anderson (1933) with the counter controlled
cloud chamber. Many cloud chamber investigations into the properties
of the cosmic ray showers have been carried out since.

)
G0

Fia, 9a.—TRIPLE COINCIDENCE, ARRANGEMENT AFTER RoOSSI.

Rossi {ramsition.

Independently of the eloud echamber work, showers were investigated in
detail by Rossi (1933). Rossi used various counter arrangements for his
investigation; a typical arrangement is shown in fig. 9a.

The arrangement (fig. 9a) consists of three counters placed on the
corners of a triangle. At least two particles are required to discharge all
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Fi1a. 9b.—TRANSITION EFFECT (SCHEMATICAL).

the three counters simultaneously. Threefold coincidences of this arrange-
ment are therefore attributed to showers.
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An absorber T is placed close above the counters. It is found that
the rate of threefold coincidences varies with varying thickness of 7.
The rate of coincidences as funection of the thickness of the absorber T
is also shown in fig. 9b. The rate increases strongly with increasing
absorber up to a thickness of about 1'5 em. of lead. For larger thick-
nesses, the rate decreases again. For large thickness, ie. larger than
7 to 10 em. of lead, the rate remains nearly constant.

The effect shown in fig. 9b is usunally termed the Rossi transition effect.
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F16. 10.—THE LATITUDE EFFECT OF THE ENERGY FLOW.
Observed and ecalculated for E-' 5 spectrum.
[Reproduced from Phys. Rev., 61, 405 (1942).]

It is due to the development and subsequent absorption of showers falling
on the absorber 7. The extended tail of the Rossi transition curve is due
to showers which are secondary to the hard component.

Cascade Theory.

The shower phenomena were interpreted in terms of electrons and
photons by Bhabha and Heitler (1937) and by Carlson and Oppenheimer
(1937). These authors showed that most of the shower phenomena can

B2
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be accounted for in terms of cascades started by electrons or photons.
In particular, the height intensity distribution of the cosmic ray beam
can be largely accounted for as the atmospherie transition curve of a
primary eleetron ecomponent. In fig. 10 we have reproduced the height
intensity curves at various latitudes, as observed by Bowen, Millikan and
Neher (1957, 8). We note that the maximum of the intensity lies deeper
down in the atmosphere when observing over the equator than it lies when
observing at a high latitude. This effect is simply aceounted for in terms
of the blocking effect of the magnetic field of the earth and the cascade
theory :—The average energy of the electrons which are incident over the
equator is larger than the average energy of the electrons which are
incident at a high latitude. The cascades over the equator, having larger
average energy, penetrate deeper into the atmosphere and produce a
maximum deeper inside the atmosphere than the cascades of lower energy
cecurring at high latitudes. The eurves of Bowen, Millikan and Neher
were found by Heitler (1937) and by Nordheim (1938) to be in agreement
with the theory of cascades.

Ezxzlensive air showers.,

Very large showers, extending over areas many meters in diameter,
were observed by Auger and his co-workers (1938) and by Kolhérster and
co-workers (1938). These showers are believed to be cascades developing
in the air. To account for the observed phenomena it is necessary to
assume primary electrons of the order of 10%% to 10 ev. Such electrons
are expected to give rise to showers containing 10° to 107 electrons in the
region of their maximum development.

We shall deal with some aspect of these showers in Chapter VI.

II.—Non-1oN18ING Cosmic RAYS.

The first attempts to find a non-ionising component of cosmic rays are
due to Rossi (1931). In these experiments a counter arrangement shown
schematically in fig. 11 was used. Threefold coincidences 1-2-3 were
chserved with an absorber S alternatively placed into the positions I
(above the top eounter) and II closely below the top counter.

It was argued that non-ionising rays giving rise to ionising secondaries
in S could be recorded with § in the upper position, but they could not
be recorded with S in the lower position. Non-ionising rays giving rise
to ionising secondaries would, therefore, contribute to a difference of the
counting rates with S in the positions I and II.

Rossi observed a small inerease of the counting rate when moving S
from II to position I. Realising, however, that a small difference of
this type might be caused by effects other than non-ionising rays, Rossi
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did not conclude that his observations were to be interpreted in terms of
non-ionising rays.

Many experiments of this type were ecarried out by others. The
latter arrangements were designed much less eritically than that of Rossi,
and, therefore, the very contradictory results obtained by various authors
did not yield any reliable information as to the existence of non-ionising
cosmic ray particles. Significant results showing the existence of non-
ionising components were obtained later by replacing the coincidence
arrangements by anticoincidence arrangements. We deseribe the latter
method, suggested by Rossi, in the following section.

NON—IONISING
PRy

e

N
-

.

-
3
I

e il

Q@ -

SONIS/ING ( ) 3
SEcorpaey.

—

F1g. 11.—COINCIDENCE ARRANGEMENT FOR THE OBSERVATION OF
NON-IONISING RADIATION.

A. The anticoincidence method.

The main shorteoming of the coincidence experiments concerning effects
of non-ionising rays is the fact that the absorber S has to be moved in the
course of the experiment. By moving any part of the arrangement the
background due to scattered particles, showers, ete., is necessarily affected
by an unknown amount, and masks any effect due to non-ionising rays.
Rossi suggested, therefore, the use of anticoincidence counters for the
observation of non-ionising rays. The method is explained below :—

(i) An anticoincidence arrangement is shown schematically in fig. 12.
Anticoineidences 1-2-3—A are recorded. An anticoincidence 1-2-3—-A is a
coincidence of the counters 1-2-3 which is not accompamied by the
diseharge of any of the anticoincidence counters A.
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Anticoincidences may be caused by a number of effects. One of the
possible causes of an anticoincidence is a non-ionising ray falling on the
absorber S below the anticoinecidence counters, and giving rise to a
secondary in S, which in its turn discharges the counters 1-2-3. This
type of anticoincidence is the only one which is of interest in the following,
and we shall call it a genuine anticoineidence. Anticoincidences due to
other causes will be termed spurious anticoincidences. Spurious anti-
coincidences are caused, for instance, by showers coming from the side
discharging the counters 1, 2, 3, but missing the counters A. Another
source of spurious anticoincidences is a particle hitting S from the side
and being scattered into the solid angle subtended by the coincidence
counters. The rate of spurious anticoincidences can be reduced by
extending the areas covered by the anticoincidence counters.

(ii) The rate of anticoineidences observed with an arrangement of the
type of fig. 12 gives an upper limit as to the number of non-ionisng rays
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Fia. 12.—ANTICOINCIDENCE ARRANGEMENT FOR THE OBSERVATION OF
NON-IONISING RADIATION.

producing secondaries in S. The following method has proved useful in
establishing what fraction of the observed anticoincidences can be taken
to be genuine. On placing the absorber 3 close above the anticoineidence
?-ou.nf:ers, the rate of genuine anticoincidences is reduced, since non-
lonising rays will give rise to ionising secondaries in 3, and may be
absorbed in doing so. (Even if a non-ionising particle is not absorbed
_whc.en giving rise to the ionising secondary in 3, still the presence of the
lonising secondary prevents the non-ionising particles from being counted
as an anticoincidence.) 3
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The rate of spurious anticoincidences is unlikely to be affected by the
presence of the absorber 3. Therefore, a substantial reduction of the
anticoincidence rate due to an absorber 3 placed close above the anti-
coineidence counters can be taken as evidence for the oceurrence of genuine
anticoincidences.

(iii) Recording the rate of anticoincidences as a function of the
thickness # of 3, the mean free path of the mon-ionising rays can be
determined. Write adz for the probability of an ionising secondary
being produced along dz. The probability of a non-ionising ray traversing
the whole of the absorber 3 without encounter is then

Px) = ¢ ™.

P(z) is proportional to the rate of genuine anticoineidences, and thus a
can be determined from the observed rate of change of anticoincidences
with .

In order to estimate the absolute rate of non-ionising rays falling on
ihe arrangement, one has to consider the probability that a non-ionising
ray, which has not been absorbed in 3, gives rise to an ionising secondary
in S. Assuming that the probability of producing a suitable secondary
in S is the same as to give rise to a secondary emerging from 3, we find
for the probability of a non-ionising ray giving rise to an anticoincidence

P=e¥~e"Y wsnw KoL)

where y is the thickness of the absorber S. Equation (21) gives the ratio
of all non-ionising rays travelling inside the solid angle subtended by the
coincidence counters, and those non-ionising rays which actually are
recorded by anticoincidences.

B. The Photon Component.

Experiments of the type described above with the object of studying
the photon component of cosmic rays were carried out by Jéanossy and
Rossi (1940) and by Trumpy (1943).

In the experiments of Janossy and Rossi, the absorber S (fig. 12) was
chosen about 2 em. thick. A considerable rate of anticoincidences was
observed, without any absorber 3 above the anticoincidence counters. A
few ems. of lead in position 3 reduced the rate of anticoincidences to
about one-half. It was, therefore, concluded that about 50%, of the
observed anticoincidences were genuine.

From the dependence of the anticoincidence rate upon the thickness
of S in the actual experiment, it could be shown that the non-ionising rays
are absorbed like photons; both the absolute cross-section and the
dependence of the cross-section on the atomic number Z of the absorber
were found to agree with the theory of Bethe and Heitler.
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These experiments thus proved the existence of a photon component
of cosmic rays and at the same time gave a direct experimental verification
of the Bethe-Heitler theory.

Further, arranging the coineidence counters in a triangle (fig. 13), the
arrangement could be made seleetive for showers produced in 8 by ineident
photons. By varying the thickness of S, the transition effect of photon-
produced showers could be studied. (Compare Nereson (1942), Trumpy
(1943), Janossy and Rossi (1940)).

Finally, it was found that genuine anticoincidences disappeared when
an absorber 8, of about 8 em. lead was placed between the counters of
the coincidence arrangement (fig. 12). This experiment proves that

Fi1a. 13.—ANTICOINCIDENCE ARRANGEMENT FOR THE OBSERVATION OF
PHOTON PRODUCED SHOWERS.

photons do not give rise to an appreciable number of penetrating particles.
The soft cascade showers produced in 8 are, of course, all absorbed in the
absorber §,.

C. Penetrating Non-ionising Rays.

(1) Rossi and Regener (1940) carried out experiments with an
arrangement of the type deseribed in fig. 12 at Mt. Evans, 4300 m. above
sea-level. The rate of anticoineidences showed the usual reduction
due to photons while the absorber = was increased from 0 to 2'5 em. of
lead. The anticoincidence rate showed, however, a further significant
reduction while ¥ was increased from 25 to 75 em. of lead. This
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decrease could not be accounted for in terms of photons, and it was
coricluded that it was caused by the absorption of non-ionising rays more
penetrating than photons. :

(ii) More extensive experiments leading to the same conclusion were
carried out near sea-level by Jéanossy and Rochester (1942). The
penetrating non-ionising component near sea-level was :Eound.to be very
weak, and, therefore, extensive precautions had to be taken in order to
reduce the background, due to spurious anticoineidences. :

The arrangement used by Jénossy and Rochester (1943a) is shown
schematically in fig. 14. The coincidence counters 1, 2, 3 are surrom.lded
from five sides by a box of anticoincidence counters. The box consisted
of 76 counters in parailel. Every ray giving rise to a coincidence 1-2-3
must necessarily traverse the surrounding anticoincidence counters, and,
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Fi16. 14.—SCHEME OF ARRANGEMENT OF JANOSSY AND ROCHESTER FOR
THE INVESTIGATION OF PENETRATING NON-IONISING RADIATION.

b

therefore, no ionising rays coming from outside are capable of giving
rise to anticoincidences. The “leakage” of ionising particles arising from
the inefficiency of the counters eould be reduced to less than 0-3 of a
per cent—i.e. not more than three particles out of 10,000 could enter the
anticoineidence box undetected.

An absorber S was placed close above the coincidence counters. Anti- -
coincidences were thus given rise to by non-ionising rays from outside,
giving rise to ionising secondaries in S. :

Most of the anticoincidences recorded with an unshielded arrangement
are due to photons. In order to cut out the eontribution of photons, the
anticoincidence counters were further surrounded with a lead absorber
o em. thick. Photons traversing 5 em. of lead are unlikely to emerge
unaccompanied by eleetrons. Therefore the lead absorber cuts out
effectively all genuine anticoincidences due to photons.
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About half of the anticoineidences observed under the 5 em. lead shield
could be shown to be genuine by placing further lead absorbers 3 on top
of the 5 em. lead box. The rate of anticoincidences as funection of the
thickness of = is shown in fig. 15. It is seen that the anticoincidence
rate drops sigmificantly when = is inereased from 5 to 35 cem. of lead.
‘Whether or not all the anticoincidences observed under 35 em. of lead are
spurious could not be decided.

The following properties of the penetrating non-ionising rays could be
inferred from the above experiments:—

(1) The mean free path of these rays must exceed 5 em. of lead, and

20

’ & ghserved point (lead)

' & obscrved point (alumfnium)
S s s

o RNt i s
B TR 1111 g <o R

_rate counts per hour

=

i

thickness of absorber X g./cm.?

Fie. 15.—EXPERIMENTAL RESULTS OBTAINED WITH THE ARRANGEMENT
N Fig. 14.

[Reproduced from Proe. Roy. Soc., A, 181, 404 (1943).]

is probably less than 35 em. of lead. The absorption curve, fig. 15, makes
a mean free path of about 10 em. of lead not unlikely.

(2) The intensity of the penetrating non-ionising component at sea-
level appears to be about 1/700th of the total cosmic ray intensity. (This
estimation refers only to directions of incidence near the vertical direction.)

(3) Comparing the results of Rossi and Regener at Mt. Evans and
those near sea-level by Jénossy and Rochester, it can be shown that the
intensity between the two stations is reduced by a factor between 30
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and 60. From this absorption, it is estimated that the mean free path
in air of the non-ionising particles is of the order of 100 g. per em.2

From (1) and (3) it is inferred that the absorption of the penetrating
non-ionising rays is roughly proportional to mass. The reduction of the
rate of anticoincidences caused by 15 em. of Al is also compatible with the
assumption of mass absorption.

III.—PENETRATING SHOWERS.

Most of the showers observed at sea-level are cascade showers consisting
of electrons and photons. Such showers are soft—i.e. most of the cascade
showers are absorbed in a few cms. of lead; very few cascades have
ranges exceeding, say, 10 em. of lead.

Besides the ordinary cascades, so-called knock-on showers are observed.
Knock-on showers are due to an electron secondary produced by a meson.
Similarly, a meson can give rise to a secondary shower by emitting a
photon. The characteristic of the knock-on showers is that they contain
ene penetrating particle, namely, the primary meson giving rise to the
shower.

In the following we describe experiments showing the existence of
penetrating showers—that is, of showers containing more than one
penetrating particle.

A. Photographic Evidence.

Photographs showing two simultaneous mesons traversing a lead plate
were obtained by Braddick and Hensby (1940). Photographs containing
three or more penetrating particles were later obtained by several
observers. 1In fig. 16 we reproduce a photograph obtained by Janossy,
MeCusker and Rochester (1941).

Penetrating showers do not always consist of a number of penetrating
particles coming from one point. Complicated penetrating showers were
obtained by Fussel (1938). We reproduce in figs. 17 and 18 two
complicated showers. The photograph, fig. 17, is due to Hazen. The
shower is seen to traverse eight metal plates in succession. The photo-
graph, fig. 18, was obtained by MeCusker.

B. Counter investigations into the properties of penetrating showers.
(a) The experiments of Wataghin and his co-workers,

(1) Wataghin and his co-workers (1940) observed fourfold coincidences
with an arrangement as shown in fig. 19. The four counters, 1, 2, 3,4,
are placed on the corners of a rectangle. The lower counters 3 and 4 are
cmbedded in lead; they are separated by 17 em. of lead from the upper
counters 1 and 2.

Fourfold coincidences can be produced by showers containing at least
two penetrating particles. We shall show that the fourfold coincidences
cannot be produced by either knock-on showers nor by caseade showers.
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(ii) According to the cascade theory, cascade showers penetrating
17 em. of lead must have a primary energy of at least 10° MEV.
Electrons of this energy are expected to be infrequent, but their existence
cannot be excluded altogether. An electron of 107 MEV, giving rise
to a casecade in. the lead, could, however, discharge only one of the
upper counters and one of the lower counters of the arrangement shown
in fig. 17. A fourfold eoincidence could only be accounted for in terms
of at least two electrons both exceeding 10" MEV and separated by about
1 m. of the order of the distance between the eounters 1 and 2. Aeccording
{0 the theory of the extensive air showers (see Chapter VI), the root mean
square separation of electrons of ‘energy E is of the order of
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Fi1g. 19.—THE ARRANGEMENT OF WATAGHIN AND CO-WORKERS.

where £, = 100 MEV, the critical energy in air. Electrons of an air
shower exceeding 10" MEV are, therefore, separated in air by about

60m/10° = 0-06 cm.

Hence the electrons of 10° MEV are erowded together very closely to
the core of the shower. The possibility of an air shower containing
10" MEV electrons separated sufficiently to account for a fourfold
coineidence 1-2-3—4, can therefore be exeluded.

By a similar argument, it can be shown that the fourfold coincidences
chserved by Wataghin cannot be due to knock-on showers. .

Consider a meson discharging the counters 1 and 3 (fig. 19). In
crder to discharge the counters 2 and 4 as well, the meson must give rise
to a knock-on shower with an initial energy of at least 10° MEV. Such
a shower is initiated at an extremely small angle to the direction of the
primary, and the energetic part of the knock-on cascade follows closely the
path of the meson. Therefore, the knock-on shower cannot spread
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sufficiently far apart from the primary meson so as to complete the four-
fold coincidence. :

It must be conecluded, therefore, that the showers observed by Wataghin
are neither knock-on showers nor cascade-showers.”

(iii) 1t was found by Wataghin that a counter placed at a distance of 3 m.
from his arrangement was occasionally discharged simultaneously with the
main set shown in fig. 19. It can be concluded, therefore, that at least
some of the penetrating showers are parts of large showers extending over
areas of several meters in diameter.

Further, a counter 5 was placed between the counters 3 and 4. It
was found that the rate of fivefold eoincidences 1-2-3-4-5 was not much
less than the rate of fourfold coineidences 1-2-3-4. From the ratio of
the fourfold and fivefold coincidences, it was concluded that the
penetrating showers contain a fairly large number of penetrating particles.

(b) The Experiments of Jdnossy and his co-workers.
Extensive Showers.

(i) The arrangement of Jéinossy and his co-workers (1940, 1, 3, 3b, 4)
ic shown in fig. 20. The counters are arranged in three trays separated
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Fiag. 20.—THE ARRANGEMENT OF JANOSSY AND CO-WORKERS.
[Reproduced from Phys. Rev., 64, 348 (1943).]

by lead absorbers 15 em. thick. Sevenfold coineidences containing three
counters of the top tray and two counters out of each of the middle and
bottom trays were recorded. It was shown in detail (compare Jéinossy,
1941) that sevenfold coincidences of this arrangement eannot be due to
caseades or to knock-on showers.

(ii) The arrangement, fig. 20, was used both with and without an
absorber T placed close above the top counters. Most of the coinecidences
obtained without the absorber 7' above the counters are caused by large
air showers, as was shown by the following experiment :—

® This argument was put forward by Auger and independently by the author,
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A counter tray E containing several ecounters in parallel and covering
an area of about 2000 em.? was placed near the main set (PS). It was
found that (in the absence of an absorber 7) most of the sevenfold
coincidences PS are accompanied by the discharge of the tray E. The
rate of eightfold coincidences PS, E proved to be insensitive as to the
distance between PS and E up to 10 m., the largest distance for which
observations were actually carried out. From these observations it is
concluded that the showers causing the eightfold coincidences contain a
large number of particles distributed over an area of more than 10 m.
radius.

These large showers do mot contain many penetrating particles. It
was found that the rate of eightfold coincidences PS, E is largely reduced
when the tray E is covered with a lead absorber 15 em. thick.

To show the orders of magnitudes, we have collected a few observational
data in the table below (Jénossy and Broadbent, unpublished) :—

rs PS-E PS-E (E shielded by 15 em, Ph)
unshielded number of counters discharged in
the tray E.
=1 =2
Rate per hour 0-16 011 0°03 001
05
g
= 041
g
% 03—
g
3
02
lllllllllllilllllllll
10

0 5
thickness of absorber in cm. Pb

F16. 21.—THE TRANSITION EFFECT OF PENETRATING SHOWERS
(JANOSSY AND ROCHESTER).

[Reproduced from Proc, Roy. Soc., A, 183, 183 (1944).]
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Local Penetrating Showers.

(i) Penetrating showers have a pronounced transition effect; the rate
of sevenfold coincidences PS inereases when absorbers are placed close
above the top tray of counters of the arrangement PS. The transition
effect observed by Jéanossy and Rochester (1944) is shown in fig. 21.

The transition effect can be interpreted in terms of production of
penetrating showers in the absorber 7' by some primary radiation. The
transition effect shows saturation for thicknesses of the order of 5 em.
of lead, thus the mean free path of the primaries must be assumed to be
about 5 em. of lead. Comparison of the transition effects in different
materials seems to suggest that the rate of production of penetrating
showers is roughly mass proportional. The mean free path of the
primaries can be assumed to be of the order of 100 g. per em.%

(ii) Whether the primaries giving rise to penetrating showers are
ionising or non-ionising was investigated by Jéanossy and Rochester
(1943b), in the following way :— :

A counter arrangement of the type shown in fig. 22 was used. The
lower half of the arrangement of fig. 22 is analogous to the arrangement
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F16. 22.—ARRANGEMENT FOR THE OBSERVATION OF THE PRODUCTION OF

PENETRATING SHOWERS BY NON-IONISING PRIMARIES (JANOSSY AND
ROCHESTER).

[Reproduced from Phys. Rev., 64, 348 (1943).]

fig. 20; this arrangement responds mainly to penetrating showers, some
of which are produced in the 10 em. thick lead absorber T.

To investigate the nature of the primaries, the absorber 7T was
surrounded from five sides by a set of anticoincidence counters A.
Non-ionising primaries falling on 7' and giving rise to penetrating showers
in T are expected to give rise to anticoincidences PS-A.
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A number of anticoincidences PS-A were observed with the arrange-
ment, fig. 22. It could be shown that these anticoineidences were genuine,
i.e. due to non-ionising primaries and not due to spurious effects of any
other kind. It was found, namely, that the rate of anticoincidences
FPS-A decreases greatly when a sufficiently thick absorber = is placed
above the anticoincidence set A. Though the rate of anticoincidences was
found to be only little affected by 5 em. of lead in position = above the
counters A, the rate was considerably reduced by 35 em. of lead.

From the actual rate of anticoineidences, it was estimated that about
one-third of the penetrating showers produced in 7 is due to non-ionising
primaries, while the rest is due to ionising partieles.

(iii) The mean free path of the non-ionising primaries producing
penetrating showers can be estimated from the rate of change of anti-
coincidences with inereasing thickness of .

As the rate of anticoincidences is not much reduced by 5 em. of lead,
it must be concluded that the non-ionising rays are considerably more
penetrating than photons. The range of the non-ionising primaries must
be less than 35 em. of lead, as 35 em. of lead causes a considerable reduction.
It is, therefore, plausible to assume that the range of the non-ionising
primaries is of the same order as that of the ionising primaries, namely,
of the order of 100 g. per em.2

(iv) The absolute intensity of the primaries giving rise to penetrating
showers is estimated to be of the order of 1/10,000 of the rate of cosmic
ray particles.

Summarising, the penetrating shower experiments reveal the existence
of a component of cosmie rays with the following properties :—

1. The particles give rise to penetrating showers with a mean
free path of about 100 g. per em.2
2. The particles are partly ionising and partly neutral.

3. The intensity of this eomponent is about 1/10,000th of the
cosmic ray intensity near sea-level.

We add, that the penetrating non-ionising ecomponent reported in the
previous chapter may consist of particles of the same nature as the
non-ionising particles giving rise to penetrating showers.

The intensity of the neutral component reported in Chapter II is
much larger than that of the component giving rise to penetrating
showers. This difference could be due to the different type of selection
in the two experiments. The arrangement, fig. 14, reported in Chapter I1
is sensitive to fairly low energy neutral particles; this arrangement is
capable of recording neutral particles giving rise to an ionising secondary
with a range of a few em. of lead. On the other hand, the arrangement,
fig. 20, is only sensitive to neutral particles capable of producing a
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penetrating shower containing a number of particles with ranges
cxceeding 30 em. of lead. Therefore, the latter arrangement is only
sensitive to a much smaller part of the neutral spectrum than the arrange-
ment, fig. 14.

Connexion between local penetrating showers and extensive
penetrating showers.

In the following we show that the local penetrating showers and the
extensive penetrating showers are two different phenomena; the fact that
both can be recorded with similar arrangements is only aceidental.

(i) Observations were ecarried out with the apparatus of fig. 20
recording coineidences PS and using the tray £ (see page 30) as anti-
coincidence. An anticoincidence PS-E is thus a coincidence PS, not
accompanied by the discharge of any of the (anticoincidence) counters E.
Such anticoincidences are mainly eaused by local showers not aceompanied
by extensive showers.
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Fi¢. 23.—TRANSITION EFFECT OF LOCAL PHNETRATING SHOWERS
(JANOSSY AND BROADBENT).

The rate of eightfold coincidences PS, E and also the rate of anti-
coincidences PS—E were recorded as funetion of the thickness of the
absorber 7' placed close above the set PS. The result of these records is
shown in fig. 23. (Unpublished results of Janossy and Broadbent.)
While the rate of anticoineidences, which are due to the local showers, is
found to increase appreciably with increasing T, the rate of eightfold
coincidences, due to extensive air showers, remains unaffected by the
variation of T. We see, therefore, that the observed coincidences PS can
be regarded as due to two independent contributions, namely, (1) “back-
ground,”’ ie. eightfold coincidences PS, E, the rate of the background is
not affected by 7'; and (2) local showers, ie. anticoineidences PS-E.

[e]
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These anticoincidences are very rare without an absorber 7'; their rate
increases strongly with 7.°®

(i) The penetrating extensive showers were investigated by Coecconi
(1943) and others. It appears that these showers are large cascades
containing a few mesons. It was pointed out by Ferretti® that the
penetrating particles appearing in extensive air showers may be produced
either in the air, or in the absorbers shielding the counters of the
penetrating shower arrangements.

(iii) The local penetrating showers are probably groups of mesons
produced in the absorber 7. The primaries giving rise to these groups
of mesons are probably neutrons and protons, as will be shown in the
following chapter.

In faet, photographs taken with a cloud chamber controlled by a
penetrating shower arrangement show occasionally groups of mesons

coming from a point. An example of such a photograph is reproduced
in fig. 16.

C. Meson production at high altitudes.

The bulk of the meson component is produced at high altitudes. This
can be seen from the observed absorption-anomalies; in particular, the
height of the layers where most of the mesons are produced can be
estimated from the analysis of the temperature effect. Duperier (1944)
concludes from such an analysis that most of the mesons have their origin
at heights exceeding 16 km.

Because of this larga height of formation, the most direet experimental
approach as to the process of meson formation would be to carry out
experiments on meson formation at high altitudes. Only a small number
of experiments of this kind have, however, been carried out so far. We
give a short summary cf some of them.

() W. H. Regener (1943) used on Mt. Evans an arrangement
over 100 self-recording counters arranged in trays separated by absorbers
of lead. 'With this arrangement, Regener finds evidence for the production
of mesons singly, and also in groups. The primaries in this process are
found by Regener to be mainly non-ionising particles. The ecross-section
for meson production is found to be of the order of the geometrical cross-
section of the nuclei of the producing substance.

Unfortunately, only few details of these experiments have been
published.

%2 More detailed observations have revealed that the extensive showers show a

small transition effect in lead but no transition effect in paraffin (Janossy and
Broadbent, 1947).

®In conversation with the author.
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(1i) Schein, Tona and Tabin (1943) wused a complicated counter
arrangement to detect the production of mesons and meson showers in
paraffin. The arrangement was carried in a balloon up to a height
corresponding to 2 em. Hg. pressure. The experiments reveal that the
rate of production of mesons increases considerably with height.

The cross-section for the production of the mesons is found to be of
the order 10-*" em.? per atomie nucleus. Unfortunately, the actual results
of Schein have not been published in detail.

IV. INTERPRETATION OF THE EXPERIMENTAL EVIDENCE CONCERNING THE
ProbuctioN or MESONS.

A theory of the origin of the cosmie ray mesons was put forward by
Heitler and various co-workers (1943, 4, 5). All the calculations are
based on the version of the meson theory proposed by Méller and Rosenfeld
(1940).  This theory was formulated so as to give the best possible
agreement with nuclear data. The theory assumes the existence of both
charged mesons and neutral mesons. Further, the meson field is supposed
to consist of two components—(1) the pseudo-scalar field, econtaining
mesons of spin 0 and an average life corresponding to that observed for
the mesons in cosmie rays; and (2) the vector field, containing mesons of
spin 1 with a short life of the order of 10-* see.

The application of the Moller-Rosenfeld theory to fast eollisions was
made possible by a procedure suggested simultaneously by A. H. Wilson
(1941) and by Heitler (1941). The procedure introduces radiation
damping as an essential feature of the theory.

Using the Moller-Rosenfeld theory and using the radiation damping
method, cross-sections for various high energy collisions involving mesons
were calculated.

Heitler and Peng (1944) worked out the eross-section for the emission
of mesons in the collisions between two fast nucleons. Hamilton and
Peng (1944) caleculated a number of other processes, such as the photo-
electric emission of mesons, ete.

The cross-sections obtained for the emission of mesons in the collision
between fast nucleons cannot claim great aceuracy, as they have been
evaluated with the semi-classical Weizsicker-Williams method. We shall
not make use of the actual values of the theoretical cross-sections; we shall
merely assume that the cross-sections are large, and that, therefore, the
cross-sections of the various nucleons inside the same nucleus overlap.

A. The height of production of the meson component.

(1) The primaries of the meson component are assumed to be protons.
This assumption is supported by the interpretation of the geomagnetic
c2
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effects (Johnson (1938)). The primaries are unlikely to contain neutrons.
The assumption of a strong neutron component would not be compatible
with the geomagnetic evidence; besides, the neutron is believed to be
unstable with a half-life of the order of hours; thus neutrons from distant
sources could not reach the earth.

(ii)) The primary protons entering the atmosphere of the earth are
expected to collide with neucleons inside atomiec nuclei, and thus emit
mesons. The cross-sections of the separate nucleons in one nucleus are
supposed to overlap, and, therefore, it is expected that one incident proton
gives rise to a small group of mesons when traversing a nucleus. Such
groups of mesons appear as small penetrating showers. The shower of
fig. 16 may be an example of such a process.

It is also seen that a primary splits up its energy, giving rise to several
mesons in accordance with what one should expeet from the analysis of
the geomagnetic effects (compare page 14),

(iii) The total ecross-section for a collision with a nuecleus must be
expected to be of the same order as the geometrical cross-section of the
nucleus.  Assuming for the geometrical cross-section of a nuecleus of
mass-number A4,

D (A4d) = 7 (0:54¢*/me) 421 -3 e 1

(Heisenberg, 1937)
we find for air

® (air) = 4'5 x 10-%cm? R 7

and the mean free path of nucleons in air corresponding to the eross-
section (24) is about

Rair = 1/N @ (air) —~ 60 g per cm?  divm - ik )

This value represents, of course, only an estimate of the order of
magnitude. Similarly, we obtain for the mean free path in lead

L py ~~ 1404 per ecm?® ev.s (26)

The bulk of the mesons is expected to be produced near the top of the
atmosphere inside the mean free path of the primary nuecleons. Thus,
according to (25), the bulk of the mesons should be produced in the first
60 g. per em.? of the atmosphere. Such a height of production is
compatible with the observed absorption anomalies and also with the
experiments of Sehein and his co-workers (1943).

B. Interpretation of the local pemetrating showers.

(i) It was shown that the local penetrating showers are due to primaries
with a mean free path of the order of 100 g. per em.? in lead. Protons
and neutrons have, according to (26), a mean free path of this order;
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therefore, it may be assumed that the local penetrating showers are due
{o the emission of mesons in the collision of nucleons with atomie nuclei.

The nueleons initiating the penetrating showers can be assumed to be
the remnants of the primary proton component, which we suppose to have
given rise to the hard eomponent at greater heights.

The primaries of the local penetrating showers were found to eontain
both charged and neutral primaries. This is in accordance with what one
should expect. The primary protons falling on the top of the atmosphere
are likely to change into neutrons in the course of meson production and
the neutrons will be reconverted into protons. Thus, at a sufficiently
great depth, the beam of protons is expected to change into a beam of
protons and neutrons in equilibrium.

(ii) The intensily of the nueleon component at sea-level can also be
understood in terms of the theory of meson production, as we show in the
{ollowing.

We assume provisionally that the primary nucleons are absorbed
exponentially, the absorption coefficient being independent of the primary
cnergy. This assumption is justified provided we assume that a primary
nueleon is completely absorbed in its first close encounter with nuecleus.

For simplicity, we may assume that all primaries are protons (the
conclusions are only slightly modified if one assumes, for instance, that
1/10th of the primaries are protons). The rate of protons incident on
the top of the atmosphere may thus be assumed to be

Jpim = 2,000 per em® per hour all directions of incidence - ... (27)

The vertical intensity of these particles at a depth z below the top of
the atmosphere is therefore
. Jprim ask e-x{R

J(#)dd = “Ep

(28)
where R is the mean free path of the nucleons.
Integrating over all directions of incidence we have
w2
—x/Rcos 0
(J(@)dQ = Jp,im[ o IR g,
0

and for 2 )) R, we can assume in good approximation

/2
-z/Recos8 B ~-zR
J ¢ sin0d -~ =e¢
¥ 5 ’
0

thus the effective solid angle appears to be

Dul
== ves. (20)

X
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and therefore the total flow of primaries at the depth of z,, corresponding
to sea-level is given by

R gxufR

Jﬁea-level = Jprim E € Sy (30)
0
We have thus the following equation
loge (Jpriln/JBea.~level) = xﬂ[R + logc (.’E‘,/_R) RS L6 (31)

The intensity at sea-level is estimated from the rate of penetrating
showers observed. About 0'3 showers per hour were observed with a
collecting area of 1000 em.2. Thus we have

Jprim = 3 x 10-4 per hour per cm? S 30N
We obtain from (27), (31) and (32)

z/R = 13
or
R = 77 gram per cm.? EEAT

This value is in good agreement with the estimated mean free path given
in Equation (25).

If we were to assume that the rate of primary protons is only 1/10th
of the rate of incident particles, we would find instead of (33)

£ = 90g per em?*
for Juim = 200 particles per hour per cm* .... (34)

The above value is still in agreement with the order of magnitude
estimate (25).

We conclude that the rate of local showers can be acecounted for in
terms of primaries which have traversed the atmosphere without suffering
any close collisions with atomic nuclei (compare Janossy (1943)).

C. The origin of the soft component.

It was suggested by Hamilton, Heitler and Peng (1943) that the soft
component is not of primary origin, but is due to the decay electrons of
transverse mesons. It is expected that the primary nucleons give rise to
at least as many short-lived transverse mesons as ordinary pseudo-scalar
mesons. The transverse mesons would decay almost immediately, and,
therefore, they would give rise to the soft component.

It is difficult to decide whether this hypothesis is the correct one. It
would be most important to get direct experimental evidence as to the
existence of transverse mesons.
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It was shown by Heitler and eo-workers that many of the features of
the soft component can be acecounted for in terms of transverse mesons.
We want to point out two difficulties encountered by such a hypothesis.
Firstly, the absence of an E-~W-asymmetry at high altitudes indicates that
the soft and hard components at high altitudes are of different origins.

The seeond difficulty arises in connection with the observation of
extensive air showers. In the high energy region, the spectrum of the
decay electrons can be shown to obey a power law

dwjw?*+*

where the meson spectrum is supposed to be given by dw/w=*!. Thus,
the decay electron spectrum decreases with inereasing energy more rapidly
than the meson spectrum. It can be shown by an order of magnitude
consideration that the decay spectrum with exponent z + 2 contains a
much smaller number of high energy electrons than would be required
to account for the observed rate of extensive air showers.

‘We may note that neither of the above difficulties necessarily rules out
the possibility of the greater part of the soft component being, after all,
due to decay. The first diffieulty might be overcome by assuming that
the lack of KW asymmetry at high altitudes is not due to the lack of
asymmetry of the primaries, but that the observed symmetry is due to
scattering of the electrons and other similar effects, which tend to mask
the asymmetry of the primaries.

The second difficulty, concerning the extensive air showers, might also
be overcome. Firstly, though very probable, it is by no means certain
that the extensive air showers are large electron cascades. Secondly,
the observed extensive air showers, even if of electronie nature, might be
due to a few energetic primary electrons, which may be incident in addition
to the main primary beam of protons.

In our opinion, though there is no decisive difficulty against the
hypothesis of a common origin of the bulks of the soft and hard
components, the evidence as a whole seems to weigh against such a
hypothesis. It seems on the whole more likely that the two components
are independent of each other.

V. THE CascApE THEORY.

It was shown by Bhabha and Heitler (1937) and by Carlson and
Oppenheimer (1937) that most cosmic ray showers can be accounted for
in terms of cascades; that is, in terms of subsequent processes of collision
radiation by electrons and pair production of photons.

The average number of electrons and photons produced by a primary
electron or photon in a given layer can be obtained as the solution of a
certain diffusion equation. In the following we review the methods of
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solution of this equation. It may be pointed out that the solutions finally
obtained are most convenient for numerical computation.

Units of length and energy.

The eross-sections for both pair-production and collision radiation are
proportional to

4rt Z* =18 5
G = “ylog, (1832 B3 SR
Z = atomic number, 7, = &/m,c’.

It is convenient, therefore, to introduce as a unit of length the following
quantity
137

W(Z) = UNG = o 7 Nlog (1832 %)

(36)

where N is the number of nuclei per c.c. if ¢, is to be expressed in cms.
alternatively, N is the number of nuclei per gram if #, is to be expressed
in grams per em.?. We note the following numerical values :

£, (8it) = 842m., t,(Ph) = 0%2em. ... (3D

Electrons lose energy both by radiation and by ionisation. The rate
of loss of energy due to radiation inereases for high energies proportional
to the energy ; the loss due to ionisation increases only slightly with energy.
Thus, for low energies, ionisation loss is more important than radiation
loss, while for high energies, the radiation loss is predominant. A eritical
energy E.(Z) can be introduced as a rough limit between the region
where ionisation loss is important and the region where radiation loss is
important.

It is found convenient to define as the critical energy the energy lost
due to ionisation along one cascade unit.

Thus it is approximately given by

dE
zo(—(&—)l =1 S e

for £ = E,(Z).

The ecritical energy for air is 100 MEV; the critical energy in lead
is 7T MEV.

In the following we shall write { for a thickness expressed in cascade
units, and w for an energy expressed as a multiple of the critical energy.
Thus we shall write _

Z = tft, and w = B/, siviats. 1 (B2
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~ The Diffusion Equation.

We write for the probability that” an electron of energy w emits a
photon of energy between w’ and w” + dw” along a path d¢

a (w, w') dw dg ww - (d0Y

Similarly, we write for the probability that a photon of energy w is
absorbed emitting a pair, the positive electron of the pair having an
energy between w’ and dw’. ;

' b (w, w') dw' dg RO Y o

The aectual expressions for ¢ and b were given by Bethe and
Heitler (1934).

Assuming a cascade contains N (w, {) dw electrons and P (w, {) dw
photons, with energies between w’ and w’ -+ dw’ at a depth ¢, we can
work out with the help of (40) and (41) the average changes dN and dP
taking place along an element d¢ of path. As a result of a short
caleulation, the following equations are obtained (we write B for the rate
of loss of energy due to ionisation; in our units we have, of course, g = 1).

w ==l
a-ai = - N(w, Z)J a (w, w') du' + J Nw + v, &) aw + o, w)dw
0 0
+ 2J Pw+ ow,8).b(w + w,w)dw + ng
0
b : ot
aa? = - P(w, %) J b(w, w') dw + j Nw + w')a(w + v, w) dw
0 0
.. (42)

Solution of the diffusion equations.

For sufficiently high energies, namely, if the following condition is
fulfilled,

w (w

—wfi) ) 137 moe* ' s (4

the functions @« and b depend only on the ratio w/w’. The physical
significance of (43) is that the sereening of the atomic electrons must be
complete for the collision. (See e.g. Heitler, Quantum theory of
radiation.) In the following we shall deal only with approximate solutions
of the system in so far as we shall assume that the functions ¢ and b are
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Lomogeneous, even for small energies. Thus we shall disregard the
condition of full sereening.

1t was observed by Landau and Rumer (1938), that the system (42)
can be simplified considerably by introducing the Laplace transforms of
the numbers N and P. One introduces thus the following new variables,
depending on an arbitrary new parameter s.

o o

q (s, Z) = J w*' N (w, E) daw P (s, Z) = jws—1P(13, Z) dw
0 0 . (44

Multiplying the equations (42) by w®~! and integrating over w, one finds
an expression of the following form

9q (s, &)

68 o 4D BEPGD + 6 - D6 - LY
(45)
aLjé_S_é._‘?) - C(5q(52) - Dp(s 2)

where the funections A (s), B (s), C (s) and the constant D are certain
integrals which have been evaluated by Rossi and Greisen (1941) and
independently by Bhabha and Chakrabarty (1943). We note that the
transition from (44) to (45) is made possible by the functions e and b
being homogeneous.

The equations (45) can be regarded as the infinite number of dependent
differential equations. Approximate solutions of this system of equations
has been obtained by Tamm and Belenky (1939).

In the following we shall reproduce the method of Bhabha and
Chakrabarty in dealing with the system (45).

Solutions meglecting tonisation loss.

As a first step of solving (45), we derive approximate solutions by
neglecting the ionisation term in the first equation (45). We shall thus
deal with the equation

a{{u s

Y A(8) g, + B(s)p,
Po
o

(46)
= C(s)g = Dp,

The solutions of this equation are expected to give a good approximation
of the correct solution for high energies, as for high energies, the loss due
t; ionisation cannot be assumed to be important. Solutions of (46) were
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given by Serber (1938), Snyder (1938), Iwanenko and Sokolow (1938),
and others.

Tor a fixed value of s, (46) represents a differential equation with
constant coefficients. The solution of (46) ean thus be written

. (62) = M(s)e=*$ + N(s)e *

oM _ O =
Bt = gt - ——p

(47)

where M(s) and N(s) are constants of integration and A and p are
the solutions of the following secular equation

A— A4 (s) B(s)

) g e 0 —— L

So as to fix the notation of the two solutions of (48), we shall always
assume that

Als) > pls) ... (48a)
provided A, u are real

The constants M and N have to be determined so as to satisfy the
initial conditions. The most interesting initial condition is that of a
single electron of energy w, starting off a cascade at £ = 0. We find for
this condition from (44)

2,05 0) = wt, Py(s0) =0 vise (BY)
And we find from (49) and (46)

D_A §=1 __fu'_‘D
o S N(s)—p'_{\

M(s) = B e ivis )

The Mellin transform.

(i) The actual solutions N, and P, can be obtained from ¢, and p,
by means of the Mellin transformation. Aceording to the theory of the
Mellin transformation, we have

S3+1
1
NIJ (w: z) i gz w™? Qo(si Z) dS,
Bolim
8 +im ALt (51)
g
P,(w, §) = 5 w Py (s, O ds

8p— 1 @
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The integrations in (51) have to be carried out along lines parallel to the
imaginary axis to the right of all singularities of the integrand. With
the help of (46), (50) and (51), we obtain the following equation—

s+ i ®

1 " fw Ny D - A - D
Fe LSl v it 4B ol St 2 ol P S oo L
]\0\?{., Z) a 271‘?:?:‘.?0 J_(w) ',u. - A g r e A . s
BoR (52)
8,1 1t @
1o oyt 0 et el
o) = HEtpr SERRESS 7 i !
Lo (v, 8) 217?:’![‘0_’ kw) o= A (G 5 f .
s, —iw

(ii) The following expressions derived from (52) are of importance :
1. Integral spectra. The numbers of electrons with energies exceeding
w is given by

[# 2]
N,(w, ) = J N, (W, &) dw' s A98)
w

With the help of (52) and (53), interchanging the order of integrations
we find :
so+io0
ot ik oo b (O ek sty ir A
Nyt 5= 271 s—l(*w} n o= > 1 -—/\e ’ds
sn—iw SD S 1

(54)

2. Spectrum of electrons produced by an incident power spectrum.
Assume for the incident spectrum of electrons

e g1i= :
D ;— duwjw,* T w, 5 w) (55)

0 w, < W)

We find for the number of electrons with energies exceeding w (with
w > w,) from (54)

W

S(w, &) = j 8 (wo) N (w, &) dwy =

()

80+iCD
1 1 ¥ wo\*" (D - A AL s b g
e e = ) e
o7 ZwiJ[_(7+1—s)(s—1)(aﬂ) Peanpedsd A s L
8y —taw

v+ 1>8 >»1
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The integral (56) can be evaluated by the method of residua. The path of
integration can, namely, be deformed into a close path round the point
s = y + 1 we find eventually
L 21 DX p=D .
S(w’g)_§1{}7 {p.——;\e +#-'Rd ST
WS W e Bl

We see from (57) that an ineident power spectrum produces a similar
spectrum at any depth.

(iii) A number of useful expressions can be obtained considering the
Laplace transforms of the various expressions with respeet to C.
(Compare Rossi and Greisen (1941), Nordheim and Hebb (1939)).

We introduce, for instance,

Lu(N,) = je"“f N, (w, £) a2 o (BB
0
and with the help of (54) we find
S+i®
; G- il W, \° D+ u _
Le ) = 52 in (ELT) (A + u)(u + u) 88 x-SR
So—TF0

It can be shown that for s = 2 we have A = 0. Thus for u = 0,
the integrand of (59) has a pole at s = 2. The integrand has further
poles for larger values of s, but provided w, (( w, the pole at s = 2
cives the most important contribution to the integral (59). Neglecting
the contributions of the poles s > 2, one finds by the residuum method

oD
) = 7 =%{__D.) — - %
A £ JNo(w, g = (D) = 08T . (60)
0

The last expression was obtained by introducing numerical values for
L and p.

Other useful expressions are obtained by evaluating derivatives of L,
with respect to u. A collection of the most important formulae thus
chtained is given by Rossi and Greisen (1941).

" Numerical evaluation of the Mellin integrals.

An integral of the type
+
J=Ja“‘*"x’dx e (A0

—an
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can be evaluated by the saddle point method, provided the integrand has
a pronounced maximum and decreases strongly to both sides of the
maximum. Suppose, for example, that the function ¢ (x) has a
minimum for x = z,. Then we have

Y (20) = 0
and

Y) = Y(n) + (@ - @)Y (2)/2 + terms of Ligher order.

Neglecting terms of the third order, we have thus

5 i -y (x:)"jo — (@ — @) ¢ (1‘0)!26{ \/‘3— o™V () (62)
~ € ¢ D Bk G T e 2
«/Hb ()

-

The solutions of the cascade problem are represented by integrals of
the type (52), thus of the type

Su+’im

T j R LA it {68)
am
$9— i@
The integration has to be carried out along a line parallel to the imaginary
axis. The intersections of the line of integration with the real axis has
10 be taken sufficiently to the right of the imaginary axis, but other-
wise S, can be chosen arbitrarily. In particular, s, can be chosen so as
to make

Y (s) = 0.

With this choice of s, we find for the value of the integral (63) according
to (62)

6_4’("'0)
J 4\/ =i 21T'|1b” (Su) (64:)
provided 7 (sy) < 0.
(ii) From Equation (52), we find N, (w, {) = J* with
: - )\ - =il
L(s) = —slocr = gtﬂ_ o ;;_‘\ *‘f}.... (65)

and therefore the value of s, can be determined from the following
equation

Loy da IS Sag Dlge -nf} -
log, —* + ‘loggp_t\ s R 0 .... (66)
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The second derivative is finally given by

” 2 ar (D - X Al n - D _#Cl
“L(S")kf?‘sh',u—,\e +;——~‘_Ae [ (67)

Thus N, (w, {) can be evaluated approximately by introducing (65),
(66) and (67) into (64).

(iii) The procedure of evaluating the Mellin integrals can be somewhat
simplified for sufficiently large thicknesses {. If ¢ is sufficiently large,
we have

A(s)Z ) n(s,)Z (compare 46a) S L

and the term containing the exponential e - #{ can be neglected in the
equations (65), (66) and (67). We find in this ease the following simple
sets of equations:

log, g" - N()E + %(Iog ]F—f:—:)“ms e L ERERR S [ b
Y5 = —=A7(s) + ;;—:; (Iog Hl L AN

For given values of ¢ and w,/w, s, can be determined from the
condition (69) and N, can then be determined with the help of (70)
and (71).

Tables of the numerical values of the funetions—

’ ”
A (s), N (8), M7 (5); n (s); log f = }t . {log ?ﬁ i), (1og f - i)
have been computed by Rossi and Greisen and others.

(iv) For practical purposes a much simpler procedure can be adopted.
Instead of solving the equation (69) for s, it is much more convenient
to consider s, as an wmdependent variable. Thus for a fixed value of s, ,
w,/w, { and N, (w, ) can be obtained as funetions of the independent
parameter s,; as the result of a simple caleulation, one finds, for instanece,

§ = a,(s) logy C%") + O (%)

: (72)
logu No(1r, §) = ax(5) logu (/) + b() - Hlogu(log 2 + e.(5))
where a; (s),.... aresimple combinations of the functions A, D;',\\ s
'u Al ;

and their derivatives.
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For the case of the integral spectrum N, (w, &) (compare (54)), we
have evaluated the various coecfficients. We find

loguo(ufw) = 4:(8)¢ + B.(s)

s e 3
log,, N, (w, §) = A.(s)logio(w/w) - By(s) - T'Ilog.o(logw % + O, (s)> (18)
A

The coefficients A,, B,, 4,, B,, €, are collected in the following
table :—

TasLE 1.
y = 1,2 1,4 1,6 1,8 2,0 2. 9 92, 4 2,6 2,8 3,0
A,(s) | 4,104 | 1,586 | 0,908 | 0603 | 0,430 | 0,318 | 0,240 | 0,183 | 0,141 | 0,109
Bi(s) | 2,151 | 1,151 | 0,852 | 0,726 | 0,673 | 0,653 | 0,647 | 0,646 | 0,642 | 0,633
As(s) | 0,441 | 0,708 | 0,875 | 0,969 | 1,000 | 0,967 | 0,861 | 0,662 | 0,350 |- 0,103
Ba:(s) | 1,084 | 1,073 | 1,065 | 1,056 | 1,042 | 1,004 | 0,926 | 0,793 0,591 0,312
c:(s) | 0,676 | 0,452 | 0,456 | 0,508 | 0,571 | 0,619 | 0,640 | 0,639 | 0,619 | 0,586

The curves, fig. 24, have been computed with the help of (73) and
Table 1.

We note that for s = 2 the equations (72) and (73) are identical with
{he expressions given for the position of the cascade maximum by various
authors.

Cascade theory with collision loss.

The solutions so far obtained are only valid for energies largely
exceeding the eritical energy. For lower energies, the effects of collision
loss cannot be neglected.

To deal with the effects of collision loss, it was suggested by Arley
(1938), that in a first approximation, one can neglect ionisation loss for
energies above the critical energy and neglect the radiative collisions for
ecnergies below the eritical energy. Cascade tables were computed by
Arley on these lines.

Attempts to deal analytically with the effects of collision loss have been
made by various authors. It was suggested that the solutions N, not
involving collision loss, should be taken as a first approximation of the
correct solution, and the full solution was assumed to be given by a power
series

N=1N,+ §N1+(§-)2m+.... or (1)

0 Wy
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It was shown, however, by Bhabha and Chakrabarty (1943) that series
of the type (74) obtained in a formal way are divergent for all values
of B.

Tamm and Belenky (1939) succeeded in solving the equations (45) by
introducing the Laplace transforms with respect to {. The final results
are given in the form of double Mellin integrals.

A different approach is due to Bhabha and Chakrabarty. The solutions
N (w, ) are expanded into series of the type

Nw, &) = fo(w, %, B) + Blwlfi(,%B) + ... ... (75)

(We note that the series (75) is not a power series in B, as the coefficients
depend on B.) The coefficients f,, ete., are given by Bhabha and
Chakrabarty. For most purposes, however, the first term alone gives a
sufficient approximation.” This first term has a remarkably simple
connection with the solution N, of the problem neglecting ionisation loss.
It is shown that

Jo(w, & PB) = Nolw + By, 3) oen (76)

where ¢ is a function of ¢ and s,. For large values of ¢ g approaches
unity and thus

Bg —> w. s SR
the critical energy.

Thus we have approximately for not too small thicknesses ¢,

Nw,8) = Ny,(w + w, Q) RPN 1§

Thus, to a first approximation, the effect of ionisation loss is to shift
the spectrum towards lower energies. For not too small thicknesses, the
shift is equal to the critical energy w,.

VI. THE LATERAL SPREAD OF (CASCADES IN AIR.

In the previous chapter the eascade process was treated as an one
dimensional process. In fact the particles in a cascade spread in the
lateral directions. The main ecause of the lateral spread is the
elastic scattering of the electrons. The mean square angular deflection
of an electron of energy w when traversing a layer of thickness d¢ is
given by '

iF - ("_"’f\)zdz il

w

"For energies w << w, the series does not converge as rapidly as it was originally
suggested. A criticism of the method was given by Tamm and Belenky (1946).
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where w, = 21 MEV, and ¢ is measured in casecade units. As the result
of a simple geometrical consideration we find with the help of (79) for
the mean square displacement of an electron with initial energy w, after
having traversed an absorber of thickness ¢.

¢
@y = J ( ) )”(z 4 e (80)
w(g)
0

w ({’) is the energy of the electron at the intermediate thickness ¢’. The
expression (80) can be modified as to give the mean square displacement
of the electrons in a cascade which have a fixed final energy w.

We note that any electron with a final energy w at the depth ¢’ can
be traced back to the primary in a unique way, as is shown schematically
in fig. 25. 'We assume that the photon which has given rise to the electron

Fia. 25.—SCHEME OF A CASCADE SHOWER. (THE THICK LINE SHOWS
HOW THE ‘HISTORY OF A PARTICLE’ CAN BE TRACED BACK TO THE PRIMARY).

is its ‘“parent”; further, that the eleectron which has emitted the parent
photon is the ‘“‘grand parent,” and so on. Thus, the energy w({) of
the electron to a depth ¢’ can be correlated with the energy of the parent
of the eleetron at that depth, the parent being the electron or photon on
the trace of the final electron at the depth ¢’, as shown in fig. 25.

The scattering of photons is, however, small as compared with that of
the electrons, and, therefore, we can neglect the contributions to the total
scattering by the parent photons of an eleetron. The mean square
displacement of an electron with given final energy w and given history

can thus be written
g: 2
@m = l a(&’)( — )(z - ¢pdy i (8]
0

w(Z')
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(the suffix ‘h’ denotes the ‘history’ of the electron), where

(L if the parent is an electron at ¢’

a(g') (82)

0 if the parent is a photon at &’

To get the mean square displacement of all electrons of final energy w it
is necessary to average (81) over all possible histories which lead to the
same final energy w at the depth {.  This averaging can be carried out
as follows.

We consider thus

{2 = 2 (RN e 10
h

where the sum has to be carried out over all possible histories leading to
a final energy in the interval

w,w+dw and 8N = N(w, w; ) dw

is the number of eleetrons with final energies in this interval. (We write
N (w,, w, {) instead of N (w, {) in order to emphasize that the cascade
has been started by a primary of energy w,).

We proceed to determine the sum = (@)
h

Note that the parent of an electron at the height £ can have any energy
between w and w, Thus we may write

wo
w, 2

¢
S - [ e 0@ - ora
0

w

where = (w’, {’)dw’ is the number of parents in the energy interval
w’, w + dw’ at the height {’. Parents which give rise to several final
clectrons in the interval w, w + dw are counted several times, while
phofons are not counted at all.
The number of electrons at ¢’ with energies in the interval
w’, w' + dw’ is given by
N (wo, w’, &) dw’,

cach of these electrons starts a cascade and gives rise at the depth ¢ to
N (W', w, £ - {) dw,

final eleetrons in the interval w, w + dw. Thus the number of parents
in the interval dw’ is given by '

(W, )dw = N(w, w; YN, w; § - T)dw dw,
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and, therefore, with the help of (83) and (84) we find for the mean square
displacement

|

Equation (85) was given by Bethe and by Nordheim (quoted from
Rossi and Greisen).

1;— (wp; YN W', w; E - 8) (G - 0)*dw'dl ... (85)

3‘—"—'18

(#*) =

N (w,, w0, &)

Evalution of the mean square displacement of electrons in a cascade.

We evaluate the integral (85) using as a first approximation the
approximate expression N, (w,, w, {) neglecting ionisation loss.

Further, it can be seen easily that the mean square displacement of an
clectron is mainly determined by the scattering in the last few caseade units.
Ior large thicknesses, the mean square displacement cannot be assumed
to depend on ¢. 'We shall, therefore, evaluate the mean square displace-
ment averaged over {. Thus we consider the quantity

JNU(wn, W, §) (2 d
K = L, .. (86)
jNﬂ (w,, 0, &) 42
0

Introducing a new variable ¢ - ¢’ = ¢” we obtain with the help of
(85) and (86)

(D)) = [-U.s- du’ JN (woa w Z)da’ JN ,w w, zn) an, dz’
0

w

= T
/([Nﬂ(wo,@ ¢)dz

The integrations with respect to ¢ and ¢’ can be evaluated
approximately by means of (60). We find

Wo

Kty = we w® [ 9w
0

w 0

VBT 88
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Replacing the upper limit w, of (88) by infinity, we obtain further with
the help of (52)
@ 89 + 10 P s
- e - 1 1 - — A0 T D — i
ax? = ‘ 2 2 Bt d
(D) = (ws/w) J?’ dg 2niJ4—3{p-Ae +#ﬁ_}\e } s
0

89 — §@

(89)

The integral with respect to s ean be evaluated by the residuum method;
as the result of a short calculation we find

DX Fa=h

2 == )t ‘z_ s — 0
() = pnfaf e sl (50)

Introducing numerical values we find finally
«ay) = V72 (w,/w)* (cascade units)? e (91)

Similar results have been given by various authors.

(ii) The equation (91) gives the mean square spread of particles of
energy w. This expression is, however, only valid for final energies much
larger than the critical energy. The spread of the low energy particles
can be estimated roughly in the following way.

Neglecting radiative eollisions for electrons below the critical energy, we
cbtain for the mean square displacement suffered by an electron whose
energy is reduced from the critical value to zero

1

[ o L" — ) ’...‘li',f
<”>"£wo=(1~z')u(l epa =T @)

(ecompare (80)). From (92) it is seen that the order of magnitude of the
root mean square scattering of the very low energy particles should be

wy/w, cascade units.

It is, therefore, plausible to assume that the mean square scattering
of the particles of energy w is given by

Karyy = 0, 72 (f i ) o

w + aw,

where a is a constant not very different from 1.
In particular, assuming o« = 1, simple expressions for the density
distribution of the particles in an extensive air shower can be obtained.
We hope to deal with some aspeets of the problem of the density
distribution in large cascades and the interpretation of experimental data
concerning extensive air showers in a future publication.
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Figures 3, 4, 16, 17 and 18 are shown on plates inserted at the end
of the book.

I am greatly indebted to Dr. J. (G. Wilson for kind permission to
reproduce Figures 3 and 4; and to Dr. W. E. Hazen for permission to
reproduce Figure 17.
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F16. 4.—Electron,
(J. G. Wilson).

FiG. 3.—Penetrating particle
(J. G. Wilson).

F1G. 16.—Penetrating shower (Jinossy, McCusker and Rochester).
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F1a. 17.—Penetrating shower (Hazen). Fig. 18.—Penetrating shower (MeCusker).



