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PRETAEE TO SECOND EDITION

NINCE the appearance of the first edition of this book many new results
have been obtained and many ideas have changed. This made it im-
possible to reprint the book in its original form. On the other hand it
did not seem wise to attempt to rewrite the book at the present moment
when so many of the fundamental problems are just being investigated.
On the suggestion of the Delegates of the Press I have taken the middle
course and made just a few changes where the scientific development
made it necessary and left substantial parts of the book unaltered.

It is a pleasure to acknowledge many suggestions and criticisms from
various colleagues. In particular 1 am indebted to Dr. N. Arley and
Professor (i. Bernardini. I hope to receive more gomments and erviticism
to this edition.

L. J.
Dublin, 1918

PREFACE TO FIRST EDITION

Tuis book was-written in an attempt to present a critical and at the
same time a more or less complete survey of the complex subject of
cosmicrays. Ihave dealt with both experimental and theoretical aspects
and though I have gone into considerable detail I have tried to avoid
intricacies. As an example, the classical and semi-classical theories of
crllisions are discussed in Chapter I1I, while the exact quantum treat-
ment of the problem, with its coinph‘lcéﬁed. mathematical details, is
omitted. In Chapter II I have given an account of experimental
methods leaving out purely technical detail. This presentation, it is
hoped, will be of use especially to the research worker.

Chapters I-1V give a general background of our knowledge of cosmic-
ray phenomena; the later chapters are accounts of more specialized
subjects: meson decay, cascade theory, geomagnetic effects, and meson
formation. ’

The greater part of this book was written during the last years of the
war. Cosmic-ray research was greatly slowed down during this period
and so it became possible to survey the whole of the subject without
getting utterly out of date. Nevertheless it was impossible to make all
chapters equally up to date, and certain inconsistencies have crept into
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the presentation due to changes of view during the process of writing.
I am asking the reader’s indulgence on this point and also on occasional
incompleteness caused by the difficulty of obtaining up-to-date litera-
ture.

I shall highly appreciate criticism and comments, particularly con-
cerning details, and hope to make use of them at a later date.

Apart from the difficulties of collecting up-to-date material, I found
it also impossible to acquire expert knowledge on all of the very different
branches of cosmic-ray theory and experiment. It is a great pleasure
to acknowledge the help I received to overcome some of these difficulties.

I owe a debt of gratitude to the late Professor E. J. Williams for
elucidating in detail the impact-parameter method and for clarifying
many obscure points.

I am indebted to Prafessor P. M. S. Blackett and to Drs. J. G. Wilson
and G. D. Rochester for many comments and suggestions. In particular
the section on cloud-chamber technique is largely due to Dr. Wilson.
Further I am indebted to Drs. Powell and Occhialini for contributing
to Appendix III.

The photographs in Plates 1-6 are reproduced from original
photographic prints, for the loan of which I have much pleasure in
thanking Professors Anderson, Auger, Blackett,.Johnson, and Williams,
and also Drs. Daudin, Hazen, Rochester, Wilson, Powell, and
Occhialini. I am also indebted to authors and editors for permission
to reproduce a large number of figures.

I want to express my gratitude to the late Professor Sir Ralph Fowler
and to Professor N. I. Mott for the trouble they have taken to improve
the manuscript. Finally, I am greatly indebted to the Clarendon Press
for the excellent execution and the great trouble they have taken

with a difficult manusecript.
L. J.

Dublin, 1947
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I
HISTORICAL INTRODUCTION

A. DiscoviEry or Cosmic RADIATION

1. TuE ground was prepared for the discovery of cosmic radiation by
the investigations of electrical conductivity of gases. C. T. R. Wilson
(1900, 1) and Elster and Geitel (1900) independently observed that an
electroscope in a vessel at earth potential gradually lost its charge even
if very carefully insulated. It was shown that the loss of charge was due
to gaseous ions.

An ion current can only be maintained if the ions, which are swept
away by the electric field, are constantly replaced by new ones. The
assumption that the ions are produced by some internal mechanism as,
for example, by thermal agitation, was rejected as improbable, and it
was concluded that the ionization must be due to some outside agency
such as X-rays or y-rays.

C.T. R. Wilson (1900) tentatively suggested that the ionizing agency
might be an extremely penetrating radiation of extra-terrestrial origin.
Observations made to test this hypothesis proved at that time inconclu-
sive, and the hypgthesis of the extra-terrestrial origin, though now and
then discussed (e.g. Richardson (1906)), was dropped for the following
ten years.

2. Later investigations showed that the ionization in a closed vessel
is due to a ‘penetrating radiation’ which emanates partly from the walls
of the vessel and partly from outside. That part of the radiation comes
froin outside was established by Rutherford and Cook (1903) and by
McLennan and Burton (1903) by showing that the rate of ionization
in a closed vessel decreases when the vessel is surrounded by a sufficiently
thick layer of material.

3. A large number of investigations on the conductivity of gases and
its cause followed. Wulf (1909) and Gockel (1909), as a result of the
analysis of their own results and those of others, came to the conclusion
that the whole of the penetrating radiation can be accounted for in
terms of the y-rays emitted by the radioactive substances present near
the surface of the earth.

This conclusion was not accepted by Pacini (1912), who observed
simultaneous variations of the rate of ionization on mountains, over a

lake, and over the sea. Pacini concluded that a certain part of the
3596.40 B



2 HISTORICAL INTRODUCTION [Chap. 1

ionization must be duc to sources other than the radioactivity of the
earth or the air.

The observations of Simpson and Wright (1911) showed a considerable
rate of ionization over the sea. This also could not be accounted for by
radioactivity, as sea-water contains only a negligible amount of radio-
active contamination. It was also noticed that the ionization in a closed
vessel changed with the barometric pressure.

4. In spite of these difficulties physicists were reluctant to give up
the hypothesis of a terrestrial origin of the penetrating radiation. Wulf
(1910) measured the rate of ionization on the top of the Kiffel Tower in
Paris (300 m. above ground). He expected to find at the top of the
tower a much smaller ionization than on the ground, because of the
absorption in air of the y-rays emanating from the ground. The rate
of ionization showed, however, too small a decrease to confirm the
hypothesis of a terrestrial origin.

Similarly Gockel (1910, 11), ascending in a balloon up to 4,000 m.
above sea-level, found that the ionization did not decrease with height
as expected on the hypothesis of a terrestrial origin. Gockel’s results
were somewhat uncertain as he used an ionization vessel in which the
pressure varied with the outside pressure and no correction was made
for this factor. ‘

5. The extra-terrestrial origin of at least part of the radiation causing
the observed ionization was established during the next few years. In
a number of balloon flights up to 5,000 m. above sea-level Hess (1912, 13)
succeeded in showing that the ionization, after passing through a mini-
mum, increases considerably with height. Hess concluded that the
increase of the ionization with height must be due to a radiation coming
from above, and he thought that this radiation was of extra-terrestrial
origin.

The results of Hess were later confirmed by Kolhorster (1914-19) in
a number of flights up to 9,200 m. above sea-level. An increase of the
ionization up to ten times that at sca-level was found. The absorption
coefficient of the radiation was estimated to be 10-5 per cm. of air at
N.T.P. This value caused great surprise as it was eight times smaller
than the absorption coefficient of air for the most penetrating y-rays
known at the time.

The ionization-height curve was extrapolated from the heights where
the ionization was certainly caused by cosmic radiation alone down to
sea-level. It was estimated that the cosmic rays coming from above
were responsible for the production of 1 to 2 ion pairs per c.c. per sec.
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of the ionization near the ground, while most of the ionization, which
amounted to 6 to 10 ion pairs per c.c. per sec., had to be attributed to
the radioactivity of the ground. The ionization over the sea is mainly
due to cosmic rays.

After the publication of the first results by Hess and Kolhorster a
violent controversy as to the existence of an extra-terrestrial radiation
or cosmic radiation resulted, in which Millikan and his co-workers (1923,
4), Hotfmann (1925), Behounek (1926) took part. The original results
were, however, maintained by Hess (1926) to be correct; they were fully
confirmed somewhat later and the existence of cosmic radiation has been
fully accepted since about 1926.

B. THE PENETRATING PowERr or Cosmic RAays
Absorption in Lead

6. The large penetrating power of cosmic rays is the feature which
distinguished cosmic rays from other kinds of radiation known at the
time of their discovery. Therefore many investigators concentrated on
measuring the absorption coefficient of cosmic radiation in attempts to
confirm the evidence obtained from the height-altitude measurements.

Observations of this kind carried out by Hoffmann (1925) and also
by Behounek (1926) did not seem at first to support the assumption
of the existence of a radiation more penetrating than y-rays. These
observations werc carried out with ionization chambers shielded with
absorbers of lead. The rate of ionization in the chamber was measured
as a function of the thickness of lead surrounding the chamber; and the
decrease of ionization obtained for the first 10 cm. was found to be of
the same order as expected for y-rays.

"Phe reason why these observations did not at first reveal the existence
of cosmic rays was discovered later. Firstly, the lead absorption curve
of cosmic rays is strongly influenced by the air-lead transition effect.
Owing to secondary effects the rate of ionization under lead is less than
that under an equivalent amount of air, and therefore the total cosmic
ray intensity drops sharply when a recorder is shielded with an absorber
a few centimetres thick. This sharp drop was confused with the ab-
sorption of the radioactive rays from the surroundings.

Secondly, the cosmic radiation hardens while passing through ab-
sorbers. Therefore the radiation after having penetrated 10 cm. of lead
is much less weakened by further absorbers than one is led to expect
from the absorption in air. The small rate of absorption under absorbers
exceeding 10 cm. of lead was at first overlooked, and the ionization
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observed under more than 10 cm. of lead was taken to be due to the
residual ionization of the chamber.

The absorption of cosmic rays in lead was observed by Hoffmann
(1926, 7), a year after the unsuccessful experiments described. It was
also observed by Steinke (1927, 8), by Myssowsky and Tuwim (1928),
and later by many others.

The complicated transition effects taking place between air and a
dense absorber and also between two absorbers of different atomic
number were discovered by Hoffmann (1926). More detailed measure-
ments were carried out later by Steinke (1927) and Schindler (1931).

Kolhorster (1923) determined the absorption coefficient of cosmic
radiation in the ice of a glacier on the Jungfrau Joch. Myssowsky and
Tuwim (1925) observed the absorption under the water of Lake Onega
near Leningrad. Millikan and Cameron (1928, 31) measured the change
in the intensity of the radiation in mountain lakes down to depths of
18 m.

All these determinations gave an absorption coefficient between 1 and
3x10-3 cm.? per gram. These values were thus in good agreement with
the original value derived from the height-ionization data.

Barometer Effect

7. Myssowsky and Tuwim (1928) found that the cosmic-ray intensity
varios with atmospheric pressure. This effect was interpreted as being
due to the absorption of cosmic rays in air. It was shown that the order
of magnitude of the effect can be accounted for by assuming an absorp-
tion coefficient of the same order as found by other experiments. It was
pointed out by Myssowsky and Tuwim that the barometer effect was
probably first observed by Simpson and Wright (1911) before the dis-
covery of cosmic rays. No interpretation of the effect could be given
at the time.

The barometer effect was later studied by many observers; a summary
of the early literature is given by Corlin (1934).

Directional Distribution

8. Information about the absorption of cosmic raysin air was obtained
indirectly by measuring the directional distribution of the cosmic-ray
intensity. It was found that the cosmic-ray intensity is larger in the
vertical direction than in inclined directions. Observations of this kind
were first reported by Gockel (1915) and were later confirmed by many
other authors. Quantitative measurements of the directional distribu-
tion were carried out later with counters. The experiments of Medicus
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(1932), Bernardini (1932), and those of Johnson (1933 a) showed that
the intensity in inclined directions is nearly proportional to cos?%, where
¥ is the angle of inclination to the vertical.

The observed directional distribution can be accounted for at least
qualitatively on the assumption that inclined rays have to pass through
larger amounts of air to reach sea-level than rays coming down vertically.
This interpretation of the directional distribution, first suggested by
Myssowsky and Tuwim (1926), has to be somewhat modified, as will be
seen in § 47.

Absorption under Ground

9. The rate of ionization was also measured under ground in mines
and under great thicknesses of water. The original object of many of
these measurements was to shield an ionization chamber completely
from cosmic rays in order to determine the zero current of the chamber ;
but these experiments turned out to be most interesting, as they led to
the discovery of cosmic rays much more penetrating than the radiation
above sea-level. The measurements of Regener (1930), Millikan and
Cameron (1931), Corlin (1934), Kolhorster (1934), Barnéthy and Forro
(1937-9), Nishina and Ishii (1937), Ehmert (1937), V. C. Wilson (1937-8),
Clay and Gemert (1939), and others revealed the presence of cosmic
rays at very great depths: The more recent measurements were carried
out with counters and not with ionization chambers. The greatest depth
at which cosmic rays have been observed is about 1,400 m. water-equiva-
lent and there is every reason to believe that cosmic rays penetrate to
much greater depths.

. Spectrum
Discrete components?

10. Many attempts were made to express the radiation in terms of
discrete components each having an exponential absorption. This pro-
cedure proves to be most unsatisfactory owing to the large number of
components required. In factit wasfound thatthe absorption coefficient
decreases continuously with depth. The absorption curve was decom-
posed by Eckart (1934) into a continuous spectrum of exponential com-
ponents; such a spectrum has, however, no physical significance as was
realized later.

Power spectrum
11. A physically significant interpretation of the absorption curve
was found later. Follet and Crawshaw (1936) measured the intensity
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distribution under 60 m. of water-equivalent. They found that the
directional-distribution obeys under ground a cosine-squared law similar
to that found near sea-level (§ 8). If the directional distribution is to
be explained in terms of absorption, the intensity in a direction inclined
at & to the vertical has to be assumed to be proportional to

I(@sec 9), (1)

where [(0') is the vertical intensity under an absorbing equivalent 6'.
The observed cosine-squared distribution can thus be understood by

assuming 1(6)) ~ 0’2, 2)

Follet and Crawshaw (1936) pointed out that the directional distribu-
tion should remain the same at any depth, provided the absorption
function is of the type

1(6") ~ 0", (3)
where the exponent z is independent of depth.

Measurements of the absorption curve by Ehmert (1937) and others
(compare § 9) showed that the absorption curve can in fact be repre-
sented by (3). The exponent z is smaller than two near sea-level and
increases slightly with increasing depth.

It was pointed out by Blackett (19370) and Clay, Gemert, and Clay
(1938) that this absorption function can be understood in terms of an
inhomogeneous radiation having a differential rang¢ spectrum of the

type
dR
S(R)AR ~ s
Comparing (4) with the spectrum of high-energy particles as found
by Blackett (§ 16) it is inferred that the range of the particles is rotighly

proportional to their energy, i.e.
R~ W.

(4)

C. Tue NATURE oF Cosmic Rays

1. Charge and Energy
‘Ultra y-rays’

12. In the period after the discovery of cosmic rays it was generally
assumed that cosmic rays are very penetrating y-rays. This assumption
appeared natural as y-rays were the most penetrating rays known.

Later investigations revealed, however, that cosmic rays consist
largely of charged particles. It was first shown that the radiation near
sea-level consists of ionizing particles and somewhat later it was realized
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that at least part of the primary rays themselves must be ionizing.
These investigations will be described in the following paragraphs.

At the time when the cosmic rays were assumed to be y-rays the name
‘ultra y-rays’ was suggested. Later this was modified to ‘ultra rays’
(‘Ultrastrahlen’). This name can still be found in the literature.

(a) Coincidence Experiment

13. Bothe and Kolhorster (1929) observed that cosmic rays are
capable of producing coincident discharges in two Geiger-Miiller counters
placed close above each other. Such coincidences were interpreted as
being due to the passage of single ionizing particles through both coun-
ters. [t was concluded from the analysis of the experiments that the
cosmic rays at sca-level consist mainly of ionizing particles.

The experiments of Bothe and Kolhorster were extended by Rossi
(1931 @) and others. 1t was eventually shown that the ionizing particles
themselves constitute the penetrating part of the cosmic-ray beam and
that these particles are not the secondaries of a more penetrating non-
ionizing radiation.

Rossi (1933, 4 ¢) showed that single cosmic-ray particles are capable
of penetrating L m. of lead. Compare also Street, Woodward, and
Stevenson (1935). The energy loss due to ionization by a singly charged
particle in 1 m. Pb is 1,000 MEV., therefore these experiments estab-
lished the occurrefice of particles with at least this energy.

(b) Cloud Chamber

14. Direct evidence for the existence of fast ionizing particles was
obtained by Skobelzyn (1927) in the course of y-ray investigations with
a clodd chamber in a strong magnetic field. During an investigation in
1927 he observed the track of a fast particle which was not noticeably
defleccted by the magnetic field. From the straightness of the track it
was concluded that the particle must have possessed a momentum
exceeding 20 MEV./c. This track must have been due to a cosmic ray
passing through the chamber, although at the time it was believed that
the track might be a ‘run-away electron’, that is, an electron accelerated
in the field of a thunder cloud (C. T. R. Wilson, 1925).

Two years later Skobelzyn (1929) found 32 straight tracks on 613
photographs. Each of these tracks was due to a particle with momentum
exceeding 15 MEV./c. These tracks were recognized as cosmicrays. It was
shown that their rate was of the right order of magnitude to account for
the rate of ionization of the total cosmic-ray beam. Some of Skobelzyn’s
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photographs had two or three simultaneous cosmic-ray tracks. These
photographs are examples of cosmic-ray showers (cp. § 18).

(¢) The Momentum Spectrum

15. After Skobelzyn’s discovery many cloud-chamber investigations
into the properties of cosmic-ray particles were carried out.

Cloud-chamber photographs of cosmic rays were taken in magnetic
fields much stronger than that used by Skobelzyn. It was found that
most of the cosmic-ray particles could be deflected.

16. The first rough determination of the momentum spectrum was
carried out by Kunze (1932, 3a, b). A solenoid was used which gave
a magnetic field of 18,000 gauss. About 90 particles were observed.
Momenta up to 3,000 MEV./c were measured.

More efficient magnets with iron cores were used by other observers.
The momentum specfrum was determined by Anderson and Nedder-
meyer (1934) up to 6,000 MEV./c and in great detail up to about
20,000 MEV./c by Blackett and Brode (1936), Blackett (1937 a); in this
latter investigation more than 800 tracks were measured.

The low-momentum end of the spectrum was measured with a ran-
domly operated chamber by Williams (1939 b). It was also measured by
Hughes (1940), Wilson (1946), and by Jones (1939).

Other measurements of the momentum speetrum were carried out by
Herzog and Scherrer (1935) (at the Jungfrau Joch), Leprince-Ringuet,
and Crussard (1937).1

The measurements revealed the following features. The numbers of
positively and negatively charged particles were roughly equal with a
slight excess of positive particles.

Apart from small irregularities the high-momentum part of the'spec-
trum obeyed a power law, namely the number of particles with
momenta between p and p+4dp is given by

S(p)dp ~ p~¢+Vdp.
The average momentum of the particles was about 3,000 MEV./c.
17. In the literature the result of curvature measurement is often re-

ferred to as an ‘energy spectrum’. It must be pointed out, however, that
the curvature of a particle in a magnetic field can only be used to deter-

1 The loss of momentum of cosmic-ray particles when traversing a metal plate placed
in the chamber was also investigated. The difference of curvature of the track above
and below the plate gives directly the amount of momentum lost in the traversal.
Measurements of this kind have been carried out by Anderson (1933 @), Anderson and
Neddermeyer (1937), Crussard and Leprince-Ringuet (1937 a, b), Blackett and Wilson
(1937), J. G. Wilson (1938, 9), and by Ehrenfest (1938 a, b).



§17] THE NATURE OF COSMIC RAYS 9

mine the momentum of the particle. The energy can only be derived
from the momentum if the rest-mass is known. For fast particles, that
is, for particles with momentum p > mc (where m is the rest-mass), the
energy is nearly proportional to the momentum, that is

cp=W. (5)

In the high-velocity region it is therefore not essential to distinguish
between energy and momentum. At the time when the spectrum was
measured it was assumed that the particles were electrons and therefore
the relation (5) seemed to be well satisfied for practically all particles.
Later it was found that cosmic rays contain particles of different mass.
Thus to find the exact value of the energy of a cosmic-ray particle it is
necessary to know both curvature and mass.

It seems therefore more suitable to interpret curvatures in terms of
momentum as this interpretation is exact and independent of mass.

2. Showers
(@) Observations of Anderson and of Blackett and Occhialini

18. Skobelzyn (1929) observed that cosmic rays occur in groups.
Among twenty photographs containing cosmic-ray tracks Skobelzyn
found three photographs containing two particles and one photograph
containing three particles.

Complex showers of particles were later found by many other obser-
vers. Anderson (1933), Blackett and Occhialini (1933), Herzog and
Scherrer (1935), Anderson and Neddermeyer (1936), Ehrenfest and
Auger (1936), Stevenson and Street (1936), and many others.

19. The cloud-chamber technique was greatly improved by Blackett
and Occhialini (1932, 3) who succeeded in triggering the expansion of the
chamber by a set of Geiger-Miiller counters whenever cosmic rays passed
through the chamber. With this technique most of the photographs
obtained show tracks of cosmic-ray particles. Besides, the counter-
controlled chamber is suitable for selecting showers.

Controlling the chamber by the coincidences of two Geiger counters,
one above and one below the chamber, the following results were ob-
tained.

1. About 80 per cent. of the photographs contained single particles
while the rest showed more or less complex showers.

2. Both the single particles and the shower particles were found to
contain positively and negatively charged particles in equal numbers.

3. Shower particles were found to have a strong tendency to produce
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secondary showers. This was shown clearly by placing a horizontal lead
plate across the chamber; shower particles falling on the plate frequently
give rise to secondary showers in the plate.

4. Secondary showers were also observed emerging out of the hottom
of the plate without an ionizing particle entering the plate from above.
Such showers must be attributed to non-ionizing links contained in the
showers.

5. Some of the showers were found to contain heavily ionizing par-
ticles moving in random directions. Such particles may be attributed to
nuclear disintegrations. A clear case of a nuclear disintegration obtained
by Blackett is shown in Plate 4.

20. The above features of shower photographs were also found by
many other workers. In particular all the above features can be found
on photographs obtained by Anderson (1936) at Pike’s Peak, 4,300 m.
above sea-level. Ander'son used in his experiments a randomly operated
chamber. Such a chamber is quite efficient at high altitudes owing to
the large increase of the cosmic-ray intensity with height.

Anderson also obtained direct evidence for non-ionizing links—he
obtained photographs showing the production of pairs of particles in
the gas. As will be seen later, this process represents the production of
an electron pair in the gas of the chamber by a photon.

(b) Rossi’s Arrangement

21. The occurrence of showers of cosmic-ray particles was established
independently of the cloud-chamber evidence by Rossi (1933). Rossi
observed coincidences between three GM-counters placed in a triangle.
The counters were so placed that no coincidence could be caused by a
single particle. The coincidences were due to showers, that is, to groutps
of simultaneous particles.

Rossi found that the rate of coincidences in a triangular coincidence
arrangement increases when a thin lead absorber is placed close above
the counters. Varying the thickness of absorber above the counters it
was found that the coincidence rate increases up to a thickness of about
1-5 cm. of lead. For larger thicknesses of lead above the counters the
coincidence rate decreases again and the rate reaches an almost constant
value for thicknesses larger than 5-8 cm. of lead.

This transition effect was observed later by many other observers. e.g.
by Sawyer (1933-5), Finfer (1933), Gilbert (1934), Woodward (1936),
Stearns (1936).

The transition effect is known as the Rossi transition.
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22. A number of observers have reported the occurrence of a second
smaller maximum under a thickness of about 17 cm. of lead. Other
observers have found no second maximum. The available experimental
evidence is not in favour of the existence of a second maximum (see
§ 403, Ch. VI).

(c) Bursts (Hoffmann Stisse)

23. A phenomenon closely connected with showers was discovered by
Hoffmann (1927) (cf. Hoffmann and Pforte, 1930); see also Hoffmann
and Lindholm (1928). It was found that the ionization current in an
ionization chamber shows occasional discontinuities. These discon-
tinuities were attributed by Hoffmann to the simultaneous passage of
a large number of particles through the chamber. This phenomenon,
called ‘Stosse’ or ‘bursts’, was investigated in great detail by many
workers. ’

Montgomery and Montgomery (1935 b) found that the size-frequency
distribution of bursts follows a simple power law, and that this distribu-
tion can be extrapolated smoothly to include the showers observed by
coincidence methods. The connexion between showers and bursts was
also demonstrated by Ehrenberg (1936).

24. Bursts show transition effects similar to those of showers, except
that the maxima_are found at somewhat larger thicknesses than for
showers observed with counter arrangements. Transition effects for
bursts were obtained by Young and Street (1934-7), Nie (1936), Boggild
(1937), Boggild and Karkov (1937), Carmichael and Chou (1939), Chou
(1943).

o 3. Hard and Soft Components

25. Absorption measurements of the cosmic-ray intensity in lead
showed that the intensity is reduced by about 30 per cent. in the first
10 em. of lead. Half of the beam capable of penetrating 10 cm. of lead
can also penetrate 1 m. of lead: Rossi (1933), Street, Woodward, and
Stevenson (1935). These results suggested that the cosmic-ray beam
consisted of a penetrating and a soft component.

Absorption measurements were also carried out in various materials.
It was found that the penetrating component is absorbed proportional
to mass. This was indicated by measurements of Steinke and Tielsch
(1933), Street, Woodward, and Stevenson (1935), and others. The latter
authors find that the absorption is more nearly proportional to the
electron density than to the mass density.
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The soft component was found to be absorbed more strongly in heavy
elements than in light elements. The absorption was found to be pro-
portional to Z2 per atom (i.e. Z%/4 per gram) by Rossi and Alocco (1935),
Auger and Rosenberg (1935 b, ¢), and others.

The hypothesis of two independent components was much empha-
sized by Auger and his co-workers (1935 a, b) (Auger, Leprince-Ringuet,
Rosenberg (1935)); in support absorption measurements were carried
out at various heights above sea-level, at sea-level, and under ground.

26. The hypothesis of the two components was fully confirmed later.
It is known now that the soft component consists of electrons as
already suggested by Auger and others. The penetrating component
consists of mesons, a new kind of particle (see § 28). It was found,
however, that the soft component is not entirely independent of the
hard component.

Clay, Gemert, and’ Clay (1939), V. C. Wilson (1939), and others
observed that the soft component persists down to great depths below
sea-level; the relative intensity of the soft component increases with
depth. The intensity of the primary soft component should be negligible
under ground and therefore the soft component observed there is
secondary.

Soft Component and Showers

27. It was noticed variously that the intensity of showers is propor-
tional to the intensity of the soft component (Woodward (1936), Auger
(1935 @), and others). E. Regener and Ehmert (1939) found that the
shower intensity is strictly proportional to the total intensity at large
heights (10-16 km. above sea-level). As at those heights the soft
component is preponderant, Regener’s results show that the shower
intensity is proportional to the intensity of the soft component at great
heights.

The observations described so far refer to small showers. Large
showers or bursts increase with height much more rapidly than the soft
component. This was shown by Montgomery and Montgomery (1935 a)
and others.

The shower intensity was also observed under ground by a number
of observers, e.g. Follet and Crawshaw (1936), Clay and Clay (1935),
Ehmert (1937), Barnéthy and Forré (1937), V. C. Wilson (1939), and
others.

It was found that the shower intensity under ground is roughly pro-
portional to the soft component.
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D. Cosmic-RAY PARTICLES

1. Positron and Meson

28. The ionizing cosmic-ray particles are found to contain positive
and negative electrons, mesons, and protons.

The positive electron and one type of meson were discovered in the
course of cloud-chamber studies of cosmic rays.

1. The positive electron was found by Anderson (1932, 3a, b). The
evidence brought forward by Anderson was much supported and en-
larged by Blackett and Occhialini (1933). Apart from many photographs
showing positive electrons the latter authors have shown that the posi-
tive electron can be identified with the ‘hole’ of Dirac’s relativistic theory
of the electron.

2. There are at least two types of meson. The more common type,

the pu-meson, has a mass -
" e e m, - 215m,,. (6)

Mesons have either positive or negative charge. The p-meson decays
spontaneously, emitting an electron and possibly one or more neutrinos;
the details of the decay process are uncertain.

Mesons were predicted by Yukawa (1935); the u-meson was dis-
covered experimentally by Anderson, the heavier m-meson by Lattes,
Occhialini, and Powell (1947). Only the m-meson is connected with
Yukawa’s theory. Photc;graphs indicating the occurrence of mesons
were obtained by various authors. In fact a photograph showing the
track of a meson was published by Kunze (1933 b) before Yukawa’s
theory. No notice of this photograph was taken. A convincing photo-
graph of a meson was published by Williams and Pickup (1938). A clear
case of a particle with mass intermediate between electron and proton
was$ published by Neddermeyer and Anderson (1938) and is shown in
Plate 2.

Photographic evidence for the instability of the u-meson was first
obtained by Williams and Roberts (1940). Compare Plate 2.

2. The Analysis of Cosmic-ray Particles
(@) Iomization and Mass

29. The nature of the various types of cosmic-ray particles was
established mainly by the analysis of cloud-chamber photographs and
of photographic emulsions. We give a survey of this problem.

Examining the track of a particle in the cloud chamber or in a
photographic emulsion one can determine its density of ionization.
The magnetic curvature in a cloud chamber gives its momentum p.
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The rate of ionization of a charged particle is proportional to
(Ze[v)*f(p), (7)
where v and p are velocity and momentum of the particle. Ze is the
charge of the particle. f(p) is a slowly varying function of the momen-
tum p. f(p) increases roughly as logp when 9 3> me. For not too high
values of p the function f(p) can be regarded as a constant.

According to (7) the ionization density decreases with increasing
velocity », and reaches a limiting value for high velocities v ~c¢. We
see that all fast singly charged particles show the same ionization
density irrespective of mass.

30. Most cosmic-ray particles show an ionization density comparable
with that of fast B-particles. Tt is concluded therefore that most cosmic-
ray particles are singly charged and are fast.

A few tracks show ionization exceeding that of B-particles. Such
tracks are due to slow particles. ‘Slow’ means a velocity appreciably
smaller than ¢. A particle with velocity lc or less may be termed slow.

Fast particles carrying multiple charges also show heavy ionization.
The tracks of multiply-charged particles were observed in photographic
emulsions exposed at 30 km. height, at a pressure of § em. Hg. (Freier,
Lotgren, Ney, Oppenheimer, ¥., Brandt, H. L., and Peters (1948).)

31. The mass of a slow particle can be determined when both velocity
and momentum arc known. The velocity can be deermined from the
density of ionization while the momentum can be determined from the
curvature or range.

In case of fast particles with velocity v ~ ¢ the mass cannot be deter-
mined from the curvature. It can be shown, however, that the rest-mass
of the particle must be less than p/c. Thus we have

m < plc. . (8)

(b) Hlectrons
32. Fast cosmic-ray particles with a curvature corresponding to a
momentum of the order of 10 MEV . /c are observed frequently, especially
among shower particles. From the relation (8) it is seen that such tracks
are due to particles with small mass; such tracks are assumed to be
electron tracks.

The positron

33. Anderson (1932, 3) found particles with positive curvature and
low momentum; he showed that these particles had to be interpreted
as positively charged electrons. Experimental material supporting the
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evidence for the occurrence of positive electrons was put forward by
Blackett and Occhialini (1933).

34. The sign of charge of a particle moving in a magnetic field can
only be determined if the direction of motion is known. There are a
number of methods which can be used to ascertain the direction of
motion of a particle.

Among other methods we mention the following. A particle travers-
ing an absorber is losing energy and therefore its curvature is smaller
before entering than after leaving the plate.

One of the first photographs which was taken by Anderson as evidence
for the positive electron showed the following features. A particle with
a curvature corresponding to 63 MEV. was seen to enter a lead plate
0-6 cm. thick. The track emerged with a curvature corresponding to
23 MEV. The particle showed positive charge and an ionization density
suggesting electronic mass. ‘

The mass of the positron was later shown to be exactly equal to that
of the negative electron by Thibaud (1933 ).

Properties of the positron

35. Irom curvature measurements it was inferred that most of the
shower particles are positive or negative electrons. Blackett and Occhia-
lini suggested as a possible source for these electrons that they are
created in pairs together with negative electrons by photons. It was
suggested that a photon with energy exceeding

2m,c* ~ 1 MEV.
can be absorbed in the neighbourhood of a nucleus giving rise to a pair
of electrons.

This suggestion was later confirmed experimentally by Chadwick,
Blackett, and Occhialini (1933), by Anderson (1933 b), and by Curie and
Joliot (1933). 1t was shown that electron pairs can be produced by the
y-rays emitted by ThC” (2:6 MEV.).

Dirac’s relativistic theory of the electron

36. The experimental discovery of the positive electron threw new
light on the Dirac theory of the electron.

Before the discovery of the positive electron one of the most serious
difficulties of Dirac’s theory was the prediction of the existence of states
of negative energy apart from the ordinary states of positive energy.
This difficulty was realized to be fundamental, as it seemed impossible
to exclude transitions between states of positive and negative energy



16 HISTORICAL INTRODUCTION [Chap. 1

by some minor modification of the theory. Moreover the negative
energy states were found to play as essential a part as intermediate
states in processes where Dirac’s theory led to agreement with experi-
ment.

Dirac’s interpretation of the states of negative energy was as follows.
Electrons occupying states of negative energy cannot be observed
directly, but once an electron is lifted from a state of negative energy
into a state of positive energy the empty state of negative energy or
‘hole’ becomes observable and it behaves as a particle with positive
charge.

Dirac thought that the empty states of negative energy have to be
identified with protons. It was shown by Weyl that these empty states
must be assumed to appear as particles of electronic mass.

Identification of positron

After its discovery the positive electron was identified by Blackett
and Occhialini with Dirac’s hole.

37. It was pointed out that the creation of an electron pair can be
regarded as the lifting of an electron from a state of negative energy
into a state of positive energy by a photon of energy exceeding 2m, c2.
Further, according to Blackett and Occhialini the falling of a (negative)
electron into an empty hole would appear as the collision of a positive
electron with a negative electron, resulting in the annihilation of both.
The liberated energy was assumed to be emitted in form of two quanta.
This later process was confirmed experimentally by Thibaud (1933 b).
The anomalous absorption of y-rays observed for energies above 1 MEV.
can also be interpreted in terms of the creation and subsequent annihila-
tion of electron pairs (Blackett and Occhialini (1933), Curie and Joliot
(1933)).

Bethe-Heitler theory

38. Bethe and Heitler (1934) derived both the cross-sections for the
production of electron pairs by photons and the cross-section for the
emission of photons by electrons in inelastic collisions with atomic
nuclei.

Both cross-sections are of the same order of magnitude, and lead to
the following conclusions:

1. The rate of loss of energy, of an electron due to the emission of
energetic photons increases rapidly with energy and therefore the range
of energetic electrons increases only slightly with increasing primary
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energy. The cross-section for pair production by photons is so large that
high-energy photons are absorbed almost exclusively by this process.
The range of energetic photons is of the same order as that of energetic
electrons.

2. Both cross-sections, that for pair production and that for emission
of quanta, are proportional to Z2. Thus electrons or photons are ab-
sorbed much more strongly in heavy elements than in light elements.

Cascade showers

39. An energetic electron or photon falling on an absorber is quickly
absorbed but it starts a complex secondary process and the descendants
of the primary may penetrate much farther than the primary.

A primary electron will be stopped atter having emitted one or more
photons with energies comparable with its own. The secondary photons
will be absorbed, giving rise to pairs of electrons, and some of these
electrons will have energies comparable with those of the photons.
These electrons will produce new photons and the process will go on
until comparatively low-energy photons and electrons are produced.

The idea that the absorption of energetic electrons or photons leads
to cascades of this sort was put forward simultaneously by Bhabha and
Heitler (1937) and by Carlson and Oppenheimer (1937). These authors
pointed out that most c0s1.nic-ray showers can be interpreted in terms
of such cascades.

40. It was further shown that the intensity distribution of cosmic
rays in the higher atmosphere could be accounted for by assuming
primary electrons incident on the top of the atmosphere; the variation
of the cosmic-ray intensity with geomagnetic latitude could also be
accounted for in terms of the cascade theory on the assumption that
low-energy particles are cut off by the magnetic field of the earth
(Heitler, 1937b; Nordheim, 1938).

(c) Penetrating Particles

Two hypotheses

41. The cascade theory was thus found to be capable of accounting
for the properties of the soft component. To account for the hard com-
ponent the following two alternative hypotheses were put forward (the
second hypothesis was found ultimately to be the correct one):

1. The hard component consists of electrons. To account for the great
penetrating power of the hard component it must be assumed in this

case that the Bethe-Heitler theory breaks down for sufficiently high
3695.40 o
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energies and that the rate of loss of very high-energy electrons is much
smaller than predicted by the theory.

Alternatively:

2. The Bethe-Heitler theory is valid up to the highest energies but the
penctrating particles are not electrons. In this second case it must be
assumed that the penetrating particles have a rest-mass exceeding that
of the electron as the rate of radiative loss is inversely proportional to
the square of the rest-mass.

Fallacy of the breakdown hypothesis

42. Hypothesis 1 seemed to be favoured by measurements of the rate
of loss of momentum of particles crossing metal plates (Anderson and
Neddermeyer (1937); Blackett and Wilson (1937)). It appeared that
particles with low momentum were losing energy in accordance with the
calculated loss for electrons, while particles with higher momentum were
found to lose much less energy than expected for electrons from the
Bethe-Heitler theory (1934).

These experimental results were explained later. It was established
eventually that hypothesis 1 is inaccurate and that the high-momentum
particles are mesons while the low-momentum particles are electrons.
The apparent change of behaviour at about 200 MEV./c is due to the
fact that most electrons have momenta less than 200 MEV. /¢ while most
mesons have momenta above this limit. These two limits are quite
independent of each other and it seems purely accidental that the two
spectra have only a small overlap.

43. The electron and meson spectra do actually overlap. A small
number of electrons with momentum above 200 MEV./c and also mesons
below 200 MEV./c have been found. Before the experimental discovery
of the meson Anderson showed that the cosmic-ray particles can be
divided into two groups—the first group containing ‘shower-producing
particles’, the second group containing penetrating particles. The energy
loss of the first group of particles was found to be of the order to be
expected for electrons.

44. The breakdown hypothesis 1 was (wrongly) accepted for some
time, because theoretical reasons were put forward to the etfect that the
Bethe-Heitler theory might become invalid for energies above 137m,c?.
These theoretical arguments were, however, fallacious. It was shown
by Williams (1934a, b, ¢) by means of semi-classical considerations
that the Bethe-Heitler (1934) theory must be valid for high energies
if valid for low energies.
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Prgtons

Before the experimental discovery of the meson the alternative
to the breakdown hypothesis was taken to be the hypothesis that the
penetrating cosmic-ray particles are protons.

The proton hypothesis met with immediate difticulties. Fivstly, it
would have implied the assumption of negative protons, while no direct
evidence for the occurrence of negative protons has ever been found.

46. The main difficulty of the proton hypothesis was, however, that
protons with momentum less than say 1,000 MEV./c are slow and ionize
more thickly than fast particles. The analysis of Brode, McPherson, and
Starr (1936) and of Blackett (1937 @) showed that the number of heavily
ionized tracks is too small to be compatible with the proton hypothesis.
Blackett found that among 150 tracks corresponding to particles with
momentum less than 600 MEV./¢ only three positive ones showed any
sign of more than average ionization density. '

From these observations it was concluded that the number of fast
protons cannot exceed about 10 per cent. of the number of fast particles.
It is not unlikely that the actual number of fast protons is even very
much smaller.

Mesons .

47. The penetraping particles found among cosmicrays were eventu-
ally shown to be mainly mesons. The p-meson has a rest-mass of about
200 times that of the electron, therefore mesons with momentum less
than about 100 MEV./c ionize more heavily than electrons of the same
momentum. Mesons with momentum of the order of 50 MEV./c can be
therefore distinguished clearly from electrons on account of their heavier
ionization; they can also be distinguished from protons as protons of this
momentum ionize extremely heavily. Besides a proton of 50 MEV./c has
a remaining range of only 2 cm. of air while a meson of this energy has
a remaining range of several metres of air at N.T.P.

48. The first clear case of a meson track was obtained by Nedder-
meyer and Anderson (1938)7 (see Plate 2). A somewhat heavily ionizing
track is seen to enter a lead plate. It emerges as a thickly ionized track
ending in the gas. From the curvature of the track, its ionization, and
its range below the plate it can be shown that the track must be due
to a particle with a mass intermediate between electron and proton.

Slow mesons are very rare. This is due to the fact that the remaining

T A track of a slow meson was actually published by Kunze (1933 a) [p. 10, Fig. 5];
no notice of this photograph seems to have been taken.
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range of a meson once it has become slow is very short. The small
number of slow mesons observed is therefore in no contradiction with
the fact that most fast cosmic-ray particles are mesons.

3. The Meson
(@) Yukawa’s Theory

49, Mesons were predicted theoretically by Yukawa (1935) long
before their experimental discovery. Yukawa introduced the meson as
a hypothetical particle responsible for the short range forces between
nucleons (i.e. proton or neutron).

Yukawa predicted that this particle should have a mass 300m, with
positive or negative clementary charge and he suggested that such
particles might be found among cosmic rays.

T'o account for the radioactive S-decay Yukawa assumed the hypo-
thetical particle to be unstable and to decay after a half-life of 0-25.10-8
sec. into an clectron and a neutrino.

The predictions of Yukawa seem to have been fulfilled; though the
particle responsible for nueclear forces is most likely not the p-meson as
originally thought, but the somewhat heavier #-meson, discovered later,
in photographic emulsions.

(b) The Instability of the Meson
50. The p-meson has been shown experimentally to be unstable,
having a half-life of about 2.10-6 sec.

Photographic evidence

Direct evidence for the instability of the p-meson was first obtained by
1. J. Williams and Roberts (1940) on a cloud-chamber photographs The
photograph is reproduced on Plate 2, and it will be shown later that
this photograph must be interpreted as showing a slow meson entering
the gas of the chamber, coming to rest, and emitting a fast electron.

More photographs of this kind were obtained by Williams and
Evans (1940), by Johnson and Shutt (1942) in high-pressure cloud
chambers, and recently by Anderson, Adams, Lloyd, and Rau (1948) at
high altitude.

Absorption anomaly

51. Indirect evidence for the instability of mesons could be deduced
from experimental results which were obtained before the experimental
discovery of the meson.

Follet and Crawshaw (1936) compared the vertical intensity of cosmic
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rays under 60 m. water-equivalent below ground with the intensity near
sea-level in inclined directions. They found that the absorption in air
appeared to be stronger than the absorption in the ground. A similar
anomaly was observed by Ehmert (1937).

Auger and his co-workers (Auger, Ehrenfest, Fréon, and Fournier
(1937), also Fréon (1942, 4)) observed very pronounced anomalies in the
absorption of cosmic rays in air. It was found that the absorption of
the atmosphere in directions inclined to the vertical was markedly
stronger than the absorption in mass-equivalent layers traversed in the
vertical directions.

52. The anomalies were interpreted by Kulenkampff (1938) in terms
of the decay of the meson. A meson beam passing through an absorber
of small density is more weakened than it would be after passing through
a dense absorber of the same mass. The passage through the absorber
with the smaller density takes a longer time than the passage through
the dense absorber and therefore the fraction of the beam lost through
decay is larger during the passage through the less dense absorber.

The theory of the absorption anomaly was treated in some detail by
Euler and Heisenberg (1938) and also by Rossi (1939).

The absorption anomaly was observed more directly by comparing
the absorption of mesons in air with the corresponding absorption in
dense materials. Syuch experiments were carried out by Rossi, Hilberry,
and Hoag (1940), Neher and Stever (1940), Alichanov (1942), and others.
The observations lead to a reasonahle half-life of the meson.

Temperature effect

53. It was pointed out by Blackett (1938b) that the temperature
effect observed by Hess, Graziadei, and Steinmaurer (1935), Barnéthy
and Forré (1936), Compton and Turner (1937), Clay and Bruins (1939),
Beardsley (1940), and in great detail by Duperier (1944a,b), and others
can be accounted for in terms of the instability of the meson. If the
temperature of the atmosphere increases without change of pressure
then the mass of air expands and the time of travel of the mesons
through the atmosphere is increased. Thus an increase of the tempera-
ture should be accompanied by a decrease of the meson intensity.

Direct measurement of the mean life of x-mesons

54. The mean life of u-mesons was also observed directly. The experi-
mental arrangement permitted the direct measurement of the time
interval between the instant a meson was brought to rest inside an
absorber and the emission of a decay electron by the meson.
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Such experiments were carried out by Rasetti (1941), Maze (1941),
Auger, Maze, and Chaminade (1942), Chaminade, Fréon, and Maze
(1944), Rossi and Nereson (1942 3). These investigators obtained for
the half-life of the positive p-meson 2.10-8 sec.

For slow negative p-mesons there is competition between nuclear
capture and spontancous decay. In lead capture is predominant, while
decay is negligible; in carbon capture is negligible; in sodium capture
apparently reduces the half-life (see § 346).

The relativistic time contraction

55. 1t is interesting to compare the value obtained for the half-life of
the meson by direct measurement with the values obtained from the
absorption anomaly.

According to the theory of relativity it is necessary to distinguish
between the proper life of a meson, that is, the life as it appears to an
observer travelling with the meson, and the apparent life found by an
observer on the earth having a large velocity relative to the meson.
Owing to the relativistic time contraction the apparent life of a meson is
much longer than the proper life. T'o compare the determinations of the
life of the meson from absorption and from direct measurement it is
necessary to convert apparent life of the fast meson into the proper time.
When the conversion is carried out the results of the two determinations
are found to be in good agreement.

We note, incidentally, that the agreement between the two determina-
tions of the life of the meson yields a direct confirmation of the relativistic
time contraction in a region where this contraction is not a small effect
but gives rise to a factor of the order of ten.

E. GromaexeTIic EFFECTS

56. The researches so far described give evidence as to the nature and
composition of cosmic rays at various points of observation. No direct
information about the nature of the primary cosmic rays falling on the
carth from outside can thus be obtained. The only certain conclusion
is that the penetrating component, consisting of mesons, must be of
secondary origin because of the instability of mesons.

Direct information as to the nature of primaries can be obtained by
observing the effects of the earth’s magnetic field upon cosmic radiation.

1. Stérmer’s Theory

57. Klectrically charged particles are deflected in the magnetic field
of the earth when approaching from outside. The orbits of electrically
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charged particles in the field of a magnetic dipole were studied in great
detail by Stormer. A summary of Stormer’s early results is given by
Stormer (1930). The theory was further developed by Lemaitre and
Vallarta (1933); see for a summary Vallarta (1938). It was found that
particles of any momentum can approach the poles of the earth while
only particles of sufficiently high momentum can approach the earth at
lower latitudes or at the equator. The minimum momentum for a singly
charged particle capable of reaching the equator in a vertical direction is
found to be 15,000 MEV./c and only particles of momentum cxceeding
60,000 MEV./c can approach the earth from any direction.

The total intensity of cosmic rays is therefore expected to decrease
with decreasing geomagnetic latitude, provided the primaries are electri-
cally charged, and provided at least some of the primaries have suffi-
ciently small momentum.

2. Observations

() Latitude Effect
Low altitudes

58. The magnetic latitude effect was first observed by Clay (1927, 8,
30) in the course of a voyage between Amsterdam and Batavia. Clay’s
earlier results were not generally accepted until 1930 because of a
number of negative results of other workers.

The effect observed by Clay was later fully confirmed. The latitude
effect was observed by Compton and his co-workers (Compton (1933)),
Bowen, Millikan, and Neher (1934), J. Clay (1934), and many others.
Literature has been collected by Michlnickel (1938).

A vyarticularly detailed survey was organized by A. H. Compton
(1933). Seventeen physicists equipped with large ionization chambers
of similar design measured the cosmic-ray intensity in sixty-nine stations
distributed over the whole world. The combined observations of these
observers showed very clearly the dependence of cosmic-ray intensity
upon geomagnetic latitude.

The latitude effect can be expressed by the relative change of inten-
sity between geomagnetic equator and pole. This change is given by

r= (190“10)/190-

It was found that » ~ 0-1 for sea-level. The effect increases with height
and at 4,360 m. altitude (corresponding to a pressure of 45 cm. of Hg)
r ~ 0-33.

The survey organized by Millikan led to much the same result.
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High altitudes

59. Millikan and his co-workers measured the latitude effect up to
very great heights (2 ecm. Hg pressure). (A summary is given by
Millikan, Neher, and Pickering (1943).) The latitude cffect increases
considerably with height and at a height corresponding to 3 cm. of Hg
pressure is about 80 per cent.

The latitude effect extends only up to geomagnetic latitudes of about
+4-50°. For higher gecomagnetic latitudes the intensity remains constant.
This latitude cut-off was revealed by Compton’s survey (1933). Such
a cut-off was also found by Clay, van Hooft, and Clay (1935) and Cosyns
(1936 a) at great heights when collecting measurements carried out in
balloon flights over the continent of Kurope. The cosmic-ray intensity
remains constant from 50° to the magnetic poles, as was shown by
Carmichael and Dymond (1939). A number of balloon flights were
carried out from stations at high geomagnetic latitudes, including one
near the magnetic pole. It was found that the height-intensity curves
thus obtained were in agreement with that obtained by Pfotzer (1936)
over Germany.

(b) Longitude Effect

60. On a voyage on which the geomagnetic equator was crossed
several times Clay, Alphen, and Hooft (1934) found that the cosmic-ray
intensity depends also on geomagnetic longitude. This effect was ob-
served independently by Millikan and Neher (1935, 6). Along the geo-
magnetic equator the maximum of the intensity is found in South
America and the minimum near the Philippines. The effect can be
accounted for in terms of the asymmetric position of the equivalent
magnetic dipole (Vallarta, 1935).

(c) Asymmetries

61. The magnetic field of the earth also causes an asymmetry of the
intensity distribution round the vertical. A comparatively large asym-
metry between east and west is to be expected and a smaller asymmetry
between the intensities from the south and north. Apart from these
asymmetries one is led to expect that the intensity distribution round
the vertical shows a fine structure (Schremp, 1938).

An indication for an east—west asymmetry was found by Rossi (1931 ).
The east—-west asymmetry was observed first by Johnson and Street
(1933) and Johnson (1933 a,b, 4, 5b) and also by Rossi (1934) and Clay
(1935a,b). The observations show an excess of the intensity from the
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west over that from the east. This excess indicates an excess of positively
charged particles in the primary beam.

The north-south asymmetry was observed by Johnson (1935a), Clay
(1935a,b), and Rossi (1934). On the northern hemisphere an excess
from the south above the intensity from the north was found. An
extensive survey of asymmetries is due to Johnson (19355).

3. Interpretation of the Geomagnetic Effects
Theories of Stormer and of Lemaitre and Vallarta

62. Stormer’s theory of the motion of charged particles in the mag-
netic field of a dipole was originally developed to account for the aurora
borealis. The theory was applied to cosmic rays by Stormer (1930-8),
Lemaitre and Vallarta (1933, 5, 6), Fermi and Rossi (1933), Rossi
(1934), and Swann (1933). A comprchensive summary of the theory
is given by Vallarta (1938). .

The problem of the intensity distribution was much simplitied when
it was shown by general dynamical reasoning that the effect of the
magnetic field on an isotropically distributed primary radiation was
merely to cut out particles of a given momentum in certain directions.
The problem of the intensity distribution reduced therefore to that of
the determination of forbidden directions as functions of geomagnetic
coordinates and momentum.

The determinatton of forbidden directions was much complicated by
the shadow effect of the solid earth. The theory of the forbidden cones
was treated in great detail by Vallarta and his co-workers, e.g. Lemaitre,
Vallarta, and Bouckaert (1935), Schremp (1938), and others.

63. The observed geomagnetic effects were shown to be capable of
intoi‘pretation in terms of the theory of the magnetic deflexion. The
comparison between theory and observation could not be carried out
strictly as (1) the spectrum of the primaries was not known, (2) the
details of the secondary processes were not known.

Conclusions

64. The following may now be stated:

1. The latitude effect in the upper atmosphere is probably caused by
incident electrons with a power spectrum. This conclusion maintained
by the author is not generally accepted.

2. The latitude effect near sea-level is probably due to primaries
different from those producing the effects at high altitudes. It was
suggested by Johnson (1938¢,d, 9a,b) and later by others that the
primaries responsible for the low-altitude effects are protons.
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3. The cut-off of the magnetic effects near 50° is accounted for most
easily by assuming that the primary spectrum is cut off at the low end
by some other agency than the earth’s field and it does not contain
primaries with momentum less than 3,000 MEV./c. Such a cut-off of
the spectrum could be accounted for by the magnetic field of the sun,
as was suggested by Janossy (1937) and later by Vallarta (1937 b) and
Epstein (1938). The hypothesis was discussed in some detail by Vallarta
and Godart (1939).

Primary energies

65. Ininterpreting the geomagnetic effects the following interesting
feature has to be accounted for. Only primaries with momentum
exceeding 15,000 MEV./c can approach the earth vertically at all
latitudes. (Only particles with momentum larger than 60,000 MEV./c
can approach the earth freely from all directions at all latitudes.) The
latitude effect at sea-level is only 10 per cent. It must be concluded
therefore that 90 per cent. of the particles reaching sea-level are due to
latitude insensitive primaries, thus the primaries responsible for 90 per
cent. of the intensity at sea-level must have momenta larger than
15,000 MEV./c.

The average momentum of the mesons at sea-level is of the order of
3,000 MEV. /¢, while a meson passing through she atmosphere is expected
to lose 2,000 MIEV./c. Therefore the mesons must have started with an
average momentum of 5,000 MEV./c. This momentum is much smaller
than the average momentum of the primaries as deduced from the
latitude effect.

The margin between the momentum of the primaries and the secon-
dary mesons can be best accounted for by assuming that each prinlary
splits up its energy and gives rise to several mesons while passing
through the atmosphere.

This interpretation of the latitude effect was put forward by Nord-
heim (1938) and by Bowen, Millikan, and Neher (1937). As a result of
this consideration it was realized even before the discovery of the meson
that the penetrating component must be of secondary origin. That the
penetrating component must indeed be secondary became quite clear
as soon as it was established that the penetrating component consists
of mesons and that the mesons are unstable.

F. THE OrRIGIN OF THE MESON
66. Since the mesons are unstable they must originate inside the
atmosphere. As the meson component shows a magnetic latitude effect
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it is also clear that the mesons are the secondaries of a primary radiation
coming from outer space. It was pointed out by Johnson (1938d, e,
9a,b) and later elaborated by others that the most likely primaries
giving rise to the meson components are protons.

The most important objective of present cosmic-ray research seems
to be to determine the process by which mesons are produced.

Height of Production

67. The mesons must be created at very high altitudes. 1t was shown
by Euler and Heisenberg (1938) that the absorption anomalies can be
accounted for on the assumption that they are formed in a region about
16 km. above sea-level.

A more sensitive test of the height of origin of the mesons is obtained
from the analysis of the temperature effect. 1t was shown by Duperier
(1940, 4b) that the temperature etfect is best accounted for on the
assumption that mesons have originated at a height of 16 km. or even
higher.

DPenetrating Showers

68. Though it is clear from the evidence given in the last paragraph
that the bulk of the mesons are produced at very great heights a few
mesons are also produced near sea-level. Various observers have ob-
tained photographs containing groups of penetrating particles (Fussel
(1938), Braddick and Hensby (1939), Herzog and Bostick (1940), Powell
(1940, 1), Janossy and co-workers (1941), Wollan (1941), Bostick
(1942), Hazen (1943, 4), Bose and co-workers (1944), Rochester (1944, 6),
Daudin (1942, 3), Fretter (1948)). Such photographs are most easily
intenpreted in terms of the production of mesons near the cloud chamber.

Wataghin and his co-workers (1940) observed showers penetrating
17 e¢m. of lead. Independently Janossy and Ingleby (1940) observed
showers penetrating 50 cm. of lead. Some of these showers must be
interpreted as groups of mesons produced near the recorder.

Transition effects of such penetrating showers were observed by
Janossy (1941) and Janossy and Rochester (1944 a). These effects show
that the cross-section for the production of mesons is of the order of
magnitude of the size of atomic nuclei (compare also Regener (1943 5)).

Stars
69. A phenomenon which may be connected with the production of
mesons was first observed by Blau and Wambacher (1937a,b). It was
found that suitably prepared photographic plates exposed for a long
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time to cosmic rays at high altitudes show ‘stars’ after development.
Kach star consisted of a number of tracks left by particles which
emanated from a common centre. The ranges of these particles were
often much longer than expected for radioactive «-particles. It was
concluded that stars are disintegrations of nuclei caused by cosmic rays.
Only slow particles give rise to a sufficient density of ionization to be
observable in an emulsion. The question whether or not stars contain
fast particles cannot therefore be decided. Cloud-chamber photographs
by Hazen (1943, 4a), however, show explosions which seem to be inter-
mediate between penetrating showers and ‘stars’. It is therefore likely
that the two phenomena are closely connected. The first cloud-chamber
photograph of a ‘star’ originating in the gas of a cloud chamber was
obtained by Blackett in 1933 (compare E. J. Williams, 1934 a).

Theo.ry of Hamilton, Heitler, and Peng

70. The details of the process of meson formation are still somewhat
uncertain. A theory of the production of mesons in terms of the colli-
sions between fast nucleons has been given recently by Heitler and
Peng (1943) and Hamilton and Peng (1943). The theory is capable of
accounting for much of the experimental material connected with the
hard component as was shown by Hamilton, Heitler, and Peng (1943),
Heitler and Walsh (1945), Heitler and Janossy (1940 a, b).

G. EXTENSIVE ATR SHOWERS (4-SHOWERS)

71. Auger and his co-workers discovered in 1938 large showers cover-
ing many hundreds of square metres (Auger and Maze (1938), Auger,
Maze, and Grivet-Meyer (1938)). Auger, Maze, and Robley observed
showers with counters separated up to 300 m. Similar observations
were reported by Kolhorster and his co-workers (1938). These showers
were investigated by many observers and they are believed to be large
cascade showers started by energetic primaries and developing through
the atmosphere.

Some of the showers had an extremely high particle density and it
was estimated from cloud-chamber photographs that the total energy
must have exceeded 10? MEV.

The theory of extensive air showers in terms of the cascade process
was given by Euler and Wergeland (1940) and modified by many others
(see Ch. VIII). While there is some discrepancy in the treatment of the
phenomenon by different authors it is clear that it is necessary to assume
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primaries with energies of the order of 101 MEV. in order to account
for the phenomenon.

"7). Auger (1938) has noticed that some extensive air showers have
a surprisingly high penetrating power. Since the first edition of this
book much work on the penetrating particles in air showers has been
carried out. The question as to the nature of the penetrating particles
is at the time of writing most controversial.

In a number of papers Greisen and his school are arguing to the
effect that the air shower phenomena can be accounted for in terms of
cascades and pu-mesons. Particular stress is laid on the fact that the
absorption coefficient of photons in lead has a pronounced minimum at
a few MEV. (Cocconi and Greisen (1948), Treat and Greisen (1948),
and personal communications.)

It was found by V. Tongiorgi Cocconi that air showers contain large
numbers of slow neutrons.
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EXPERIMENTAL TECHNIQUE

73. THE development of experimental technique has played a decisive
role in cosmic-ray investigation. It was a long time before physicists
could convince themselves of the mere existence of cosmic rays. Thanks
to the development of a suitable technique the existence of the cosmic
rays can now be demonstrated as a matter of routine, and minute details
of the properties of the radiation can be investigated successfully.

In this chapter we give a detailed description of the various experi-
mental techniques which are employed for the investigation of cosmic
rays.

The chapter is intended to serve a double purpose. Firstly, we shall
describe experimental methods so as to facilitate the understanding of
the significance of the experiments. In particular we shall discuss in
some detail the significance of the counter-controlled cloud chamber
and some aspects of the anticoincidence method.

Secondly, we shall attempt to give sufficient technical detail to be of
use to the research worker. For convenience of the reader we shall
mark with an asterisk the paragraphs whichare exclusively of technical
interest. .

A. The loNtzaTioN CHAMBER
1. Total Intensity

74. Most of the early investigations were carried out with the ioniza-
tion chamber. lonization chambers are still used for continuous record-
ing of the cosmic-ray intensity and for the investigation of large showers
and bursts. For other investigations the ionization chamber has been
superseded by other instruments.

A schematic drawing of an ionization chamber is given in Fig. 1. The
chamber usually consists of a cylindrical metal container and a central
collecting rod. It is desirable that the wall of the container should be
as thin as possible in order to avoid effects caused by the material of the
wall. The chamber is filled with gas at as high pressure as practicable
in order to increase the sensitivity. A compromise between these two
requirements has to be found according to the actual experiment for
which the chamber is intended. It is not unusual to find chambers with
walls about 3 mm. steel.

A recording electrometer is connected to the central collecting elec-
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trode. Great precautions have to be taken in insulating the collecting
rod and the electrometer from the other parts of the apparatus. To
facilitate the insulation the electrometer is sometimes placed inside the
chamber. This arrangement, used by Hoffmann (1926, 7b) and by

- Collecting
electrode

Electrometer

I'1¢. 1. Tho iomzation chambor.

Kolhérster (1926), has the further advantage that the capacity of the
central system can be kept very small. The position of the electrometer
is read through a window by a small microscope.

Most ionization chambers are used with an electrometer placed out-
side the chamber. A guard ring kept approximately at the average
potential of the electrometer is placed round the lead connecting the
central electrode with the electrometer.

75.* The rate of ionization produced in the gas can be measured in
two different ways. In the first method the vessel is kept at earth
potential and the rate of discharge of the electrometer from some initial
potential is observed. In the second method the vessel is kept at a
high potential and the rate of charging of the electrometer is observed.
Using the latter method great care has to be taken to keep the potential
of the walls of the chamber constant, as a change of the voltage of the
walls induces charges on the electrometer.

To reduce background ionization, a grid near the wall of the chamber
is sometimes introduced and the ionization current between the grid and
the central electrode is measured (Hoffmann (1927 5)). The grid is kept
at such a potential that the ions produced by «-particles from radio-
active contamination of the wall are prevented from reaching the central
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electrode. The distance between the grid and wall must of course exceed
the range of radioactive «-particles in the gas of the chamber.

If all the ions of one sign produced in a chamber of volume ¥~ are
collected by the central electrode, then the ionization current observed
:an be written as . .
can be written as - )
e being the elementary charge, p the pressure in the chamber in atmo-
spheres,  the number of ions produced per c.c. per sec. per atm. The
rate of change of potential in volts per second is

9 _ 300eprvcC, (2)
dt
where C is the capacity of the central system.

The actual rate of change of potential is smaller than that given by
(2), as ions are lost by recombination. The loss of ions due to recombina-
tion is large for small voltages but becomes small for voltages exceeding
the saturation voltage. Care must be taken therefore that the potential
difference between the electrodes should never fall below the saturation
voltage.

The rate of recombination also depends on the pressure and on
temperature, see e.g. Compton, Wollan, and Bennett (1934). More ions
are lost at high pressures and low tempera%ures than at low pressures
and high temperatures. Therefore the ionization current increases less
than proportionally with the pressure. The effect of pressure recombina-
tion is smallest for the monatomic gases; high-pressure chambers are
therefore most effective when filled with a noble gas. It was found, how-
ever, that even small contaminations increase the recombination con-
siderably; the use of a rather pure noble gas is therefore recommended.
(Compare Fig. 2.)

76.* As an example consider a chamber at atmospheric pressure.
Letp = 1,7 = 5,000c.c.,and C = 1 cm. The ionization due to cosmic
rays at sea-level is of the order of

r, = 2 ions per c.c. and per sec. in air of 1 atmosphere.

The total ionization is, however, of the order of » = 10 ions per c.c. per

sec. because of the radioactivity.
We obtain from (2)

o = 7-2X 1073 volt per sec.

dt

Thus the electrometer will change its potential by about 25 volts per
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hour and saturation can be safely maintained if the electrometer is
brought back to its initial position about once an hour.

Chambers with larger volumes and pressures up to 100 atmospheres
are sometimes used. The dimensions

of the apparatus designed by Steinke /
(see Corlin (1934)) for precision record- 4- //
ing were ¥ = 22,600c.c.,p = 10 atm., /
and C = 14-25 cm. For this appara- // S
tus one finds 5L / @,’é
dd LS
—— == 0-022 volt per sec. /A
d .g n\ Z(O-’O(\
The voltage change of the electro- § Zr e
meter is compensated by inducing &
at half-minute intervals constant
amounts of charge on the electrometer [y
needle. In this way only the differ- A
ence between the induced charge and

the charge due to the ionization cur- L L1t L
. s 0 30 5 70 90 Atm
rent is recorded. The position of the Prossure
needle is photographed hourly, and
after the photograph has been taken
the needle is earthed, and the arrangement is reset for the next hour.

The charge is compensated at intervals in order to keep the ncedle at
almost constant potential all the time. This is important since, even in
the region of saturation, changes in the current with changing voltage
cannot be excluded. Besides by keeping the electrometer needle always
near earth potential the strain on the insulation can be reduced.

77.*% Standard ionization chambers were designed by Kolhorster
(1926), Hoffmann (1926), Hoffmann and Lindholm (1928), Steinke (1928,
29), Millikan and Cameron (1928, 31), Clay (1933), and others. An elabo-
rate instrument, the Compton meter, was designed by Compton, Wollan,
and Bennett (1934). As many models of this type are used for continuous
recording of cosmic rays we give a description of the instrument (Fig. 3).

The ionization is measured in a spherical steel bomb filled with pure
argon at 50 atm. pressure. The ionization current is compensated by the
current of a small auxiliary chamber which is exposed to the radiation
of a source of metallic uranium. By varying the distance between the
uranium source and the small chamber the compensating current can be

adjusted so as to be very nearly equal to the average ionization current
3595.40
D

Fic. 2. Prossuro ionization curves.
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in the main chamber. The electrometer deflexion is recorded con-
tinuously by a moving film. The dimensions of the two chambers are
so chosen that a small change in the voltage supply causes opposite
charges to be induced on to the collecting electrodes of the two chambers
and therefore such a change has no effect on the electrometer deflexion.

L =
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Fic. 3. The Compton meter.

The standard Compton meter is covered with lead shot equivalent to
10-7 em. of solid lead. Continuous recording of the cosmic-ray intensity
with such meters is carried on at a number of stations (see Forbush, 1939).

2. Bursts
78. The bursts described in § 23 are ohserved conveniently with
ionization chambers. Hoffmann and Lindholm (1928) and in greater
detail Hoffmann and Pforte (1930) observed sudden jumps of an electro-
meter string which were caused by bursts of ionization released suddenly.
A typical circuit which can be used to record bursts is reproduced in
Fig. 4. The collecting electrode of the chamber is connected through a
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condenser to the grid of the input valve. The plate of the input stage
operates a linear amplifier of several stages; the output of the amplifier
may be connected to the deflector plates of an oscillograph or to some
mechanical recorder. Using an oscillograph one can brighten the beam

10°Q

7

mpli Frer

Fic. 4. Recording of bursts.

for a short time after each burst and thus record the beam only while
it is deflected.

The size of the pulse caused by a burst can be estimated as follows.
Consider a chamber filled at 70 atm. pressure, the combined capacity
of collecting electrode, coupling unit, and grid of the input stage being
10 cm. and the avesage path length of a particle through the chamber
15 cm. Assuming that a particle gives rise to 50 ions per cm. per
atmosphere, the voltage pulse due to the passage of a single particle is

Thescollecting time of the ions produced by a burst is of the order of
& of a second. The time constant CR of the input must be large com-
pared with this time. The input capacity can hardly be reduced to less
than 10 cm., thus the leak resistance R must be at least of the order of
1012 ohm. Only a valve with a well insulated grid is therefore suitable
for the input stage. An electrometer valve can be used but most H.F.
pentodes with the grid terminal on the top are satisfactory and amplify
more than electrometer valves.

79. Pulses of a few millivolts can be amplified easily and therefore it
would not be difficult to design an amplifier which records even the
smallest bursts. A lower limit for the burst size which can be recorded
is imposed by the statistical fluctuation of the incident rays. An acci-
dental crowding in time of independent particles cannot be distinguished
from a real burst. We estimate the smallest burst size which can be
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distinguished from a background fluctuation as follows. If the time of
collection of the ionization caused by a burst is £, while the average rate
of particles passing the chamber is r, then the average number of par-
ticles crossing the chamber simultaneously with a burst is N = r.¢.
From the figures given in § 643, App. I, it can be inferred that fluctuations
up to five times the standard fluctuation cannot be completely excluded.
Thus it cannot be excluded that owing to statistical fluctuation during a
period of the length ¢ the number of independent particles crossing the
chamber is anything up to

Ny = N+45VN. (3)
Thus only pulses corresponding to more than N, particles can be
attributed to bursts. With ¢ = } sec., r == 20 particles per sec., we have
N == 4, and the smallest burst which can be recognized must contain
N,—N = 10 particles.

Another limiting factor, the fluctuations caused by contamination,
can be eliminated by using a grid near the wall of the vessel.

Additional information about the nature of bursts may be obtained
trom the shape of the ionization pulse (Bridge, Hazen, Rossi,and Williams
(1948)).

B. GEIGER-MULLER COUNTERS
1. Properties of the Counter'
(@) Description

80. The Geiger-Miiller counter (1928-9) is an improved version of the
original point counter of Geiger (1924) (see also Hess and Lawson (1916)).
It consists of a cylindrical cathode and a thin concentric wire as anode
(Fig. 5). The counter is filled with a gas at a pressure of about } of an
atmosphere. A voltage of the order of 1,000 volts is applied between the
electrodes. If one or more ions are produced inside the counter by some
ionizing agency, these ions are accelerated by the field and an electric
discharge results. The discharge is quenched shortly after its onset, and
the resulting electric pulse is recorded either by a sensitive electroscope
attached to the anode of the counter or by a valve and a mechanical
recorder.

The counting action of a counter sets in when the potential difference
between the electrodes exceeds the starting potential. The counting
efficiency of a counter increases with increasing potential up to voltages
50-100 volts above starting potential. For higher ‘over-voltages’, i.e.
in the region of the plateau, the counting rate is almost independent of
voltage. The plateau of a good counter extends over a few hundred volts.
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For higher voltages the counter starts ‘racing’ or a continuous discharge
sets in (see for details Cosyns and de Bruyn (1934) and Werner (1934)).
Counters are used with voltages inside the range of the plateau, as for
this voltage range the counter is most efficient and its counting rate is
only slightly affected by variations of the high-tension supply.

Cathode

_ Anode wire

~ Pyrex

F1a. 5. Geiger-Muller counter.

81. The potential usefulness of the Geiger-Miiller'counter for cosmic-
ray research was realized immediately after its invention. Its practical
application was, however, handicapped by the great instability of the
early counters.

The properties of Geiger-Miiller counters were investigated in great
detail by Cosyns and de Bruyn (1934) and by Cosyns (19365). Cosyns
succeeded in constructing highly reliable counters. The counters were
filled with pure hydrogen and no organic substances were used, so as to
avoid slow changes of properties due to the instability of organic com-
pounds.

82. Counter technique was greatly simplified by the discovery by
Trost (1935, 7) that counters filled with a mixture of an organic vapour
(e.g. ebhyl alcohol) and a permanent gas show excellent properties. The
alcohol counter is a perfectly reliable instrument and can be used for
precision work.

(b) The Discharge Mechanism of the GM Counter

83. The discharge mechanism of the GM counter was studied in detail
and explained by Cosyns (19360).

Similar investigations, apparently without knowledge of Cosyns’s
work, were carried out by C. D.and D. D. Montgomery (1940), Ramsey
(1940), Stever (1942), and others. The role of the organic vapour in the
discharge of counters has been investigated by Korff and Present (1944).

The discharge in a counter is initiated by the production of at least
one positive ion and a free electron. The electron is accelerated towards
the anode by the electric field. In the immediate vicinity of the anode
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the acceleration is so great that the electron ionizes by collision and thus
liberates more electrons. The secondary electrons produce further ioniza-
tion and an electric discharge results. The condition for the onset of
a discharge is roughly that the potential drop along a mean free path
of an electron in the vicinity of the anode should exceed the ionization
potential of the gas molecules.

- AT  +

Fic. 6. External quenching of counter discharge.

According to the experiments of Werner (1934) the actual condition
for counting action to set in is that the potential drop along seventy
mean free paths exceeds 400 V.

84. The discharge proceeds in the following way.

In the region round the anode, where the potential gradient is suffi-
ciently large, positive and negative ions are produced and secondary
electrons are set free. The negative charge is absorbed by the anode
and the positive ions having a small mobility remain, giving rise to an
increasing amount of space-charge. The space-charge weakens the field
until secondary ionization ceases and the discharge comes to art end.

For a short period ¢; the ions remain in the vicinity of the anode.
This period lasts for 10-* to 10~ seconds and during this time the
counter remains insensitive to ionizing particles.

The positive ions are eventually driven off and neutralized at the
cathode. While the positive ions are dispersing, the field in the vicinity
of the anode increases in strength ; it reaches its full strength as soon
as all ions have disappeared. There is a period ¢, for which the field,
though not fully recovered, is already strong enough to make the counter
sensitive. This period is of the same order as the dead time and is usually
called the recovery time.

The dead time and recovery time were discovered by Cosyns (1936b).
They were also investigated independently by Stever (1942) and by
others.
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After dispersal of the positive ions the discharge does not necessarily
come to an end. The positive ions have a tendency to emit secondary
electrons on impact with the cathode. These electrons give rise to
secondary discharges. There are two ways of preventing secondary
discharges.

(c) Quenching of the Counter Discharge
External quenching
85. A large leak resistance R is used (Fig. 6). The current flowing
during a discharge produces a voltage drop across the resistance R. If
the resistance is sufficiently high, then this potential drop reduces the
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Fr16. 7. Neher-Harper circuit.

potential between the counter electrodes to a value below the starting
potential of the counter and thus cuts off all further discharges.

How large a resistance R is required to cut off the discharge depends
on the characteristic of the discharge—in particular of the nature of the
gas. Cosyns found that comparatively low resistances can be used with
pure hydrogen or with a mixture of hydrogen and a rare gas.

Resistances of the order of 101° to 10'* ohm were frequently used.
Hydrogen counters, however, can be used with resistances as low as
10° ohm. It is of advantage to use non-ohmic resistances. Cosyns
recommends the use of a very hard photocell illuminated by a small
lamp: the illumination can be varied in order to adjust the saturation
current through the cell.

The great advantage of the hydrogen counter in comparison with the
alcohol counter is its greater stability; in particular the hydrogen
counter is independent of temperature while alcohol counters deteriorate
when used at low temperatures.

The alcohol counter, however, has the advantage of short recovery
time and is also easy to manufacture.
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Instead of relying on the quenching of the discharge by means of
an external resistance Neher and Harper (1936) use a pentode which
cuts off the H.T. of the counter soon after the discharge has set in. The
circuit diagram is given in Fig. 7 (see also Maze (1941)).

Getting (1938) used a multivibrator circuit for cutting off the H.T.
after onset of a discharge. This method was further elaborated by
Simpson (1945) and Hodson (1948) (see also App. 1V).

Internal quenching

86. The discharge in counters containing alcohol vapour is quenched
internally—Trost (1935-7). It seems that in the presence of alcohol
vapour no secondary electrons are emitted after the initial discharge has
been stopped by the space-charge. As the quenching of the discharge is
independent of the leakage resistance, this resistance can be small and
the time constant of the counter output can be made short.

The function of the organic vapour in quenching the discharge was
investigated by Korff and Present (1944) and was found as follows:

1. The organic vapour molecules being very heavy help to set up
the positive space-charge round the anode.
The organic vapour molecules absorb photons and thus prevent
the discharge from spreading away from the anode.
3. The organic vapour molecules prevent the emission of secondaries

from the cathode after the impact of the positive ions.

o

Spread of discharge

87. It was shown by Brode (quoted by Stever (1942)), Ramsey (1942),
Wilkening and Kane (1942), and Stever (1942) that counter discharges
spread quickly along the counter wire. The amount of charge liberated
in a fast counter discharge is proportional to the length of the wire, and
therefore it must be assumed that the discharge takes place uniformly
along the wire. The spreading of the counter discharge was demonstrated
as follows. The cathode of a counter was split in the middle (Fig. 8).
The anode was kept at a constant potential and pulses were registered
from both halves of the cylinder. It was found that pulses always
occurred simultaneously on both halves of the cylinder, showing that
discharges started in either half of the counter spread to the other
half. It was further shown that a small bead placed on the counter
wire was sufficient to stop the spreading of the discharge. It was con-
cluded therefore that the spread takes place in the region immediately
surrounding the wire. The spread is probably due to photons.
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Fic. 8. Investigation of the spread of discharge along tho counter wire.

(d) Efficiency of Counters

88. (i) The efficiency f, of a counter is defined as the probability
that a discharge is initiated by a particle crossing the sensitive volume.
The quantity 1—f, may be called the lack of efficiency. The efficiency
of a counter will be found smaller than unity for two reasons. A
particle may pass through a counter without giving rise to any ions.
This may happen either because the path of the particle through the
counter is shorter than the mean free path for an ionizing collision or
because of fluctuations. The efficiency determined by this process in-
creases with the pressure inside the counter (Cosyns, 1934). Danforth
and Ramsey (1936) measured the efficiency of a counter as a function
of the pressure and used the results to determine the density of primary
ions along the path of cosmic-ray particles. More refined experiments
of this type were carried out by Cosyns (1937, 42).

(ii) *Particles passing through a counter during the dead time follow-
ing a discharge will cause no new discharge, while particles passing
through the counter during the recovery time will give rise to pulses
smaller than usual. A counter is therefore inefficient for a time ¢ after
each discharge given by

t = t;+ot,,
where « has a value between 0 and 1 depending on the minimum size
of pulse required to set off the recorder. The efficiency determined by
the above process is found to be

fo=1-1t,

where t is the rate of discharges registered. For v ~ 5 per sec. and
t = 2.10~*sec. one finds f, = 99-9 per cent. This is of the same order
as the values observed by various observers for fast counters.
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(iii) For a slow counter some inefficiency arises due to the fact that
for some time after each discharge the counter voltage owing to the
external resistance is reduced to a value below starting potential.

The recovery time of a slow counter is of the order of ;}; sec. The
lack of efficiency of slow counters is therefore much greater.

(iv) It was shown by Rose and Ramsey (1941) that in counters con-
taining some electro-negative gas molecules all electrons liberated by
the primary passing through the counter may be captured and the
discharge may be delayed or even prevented.

The most serious source of inefficiency is the dead time of the counter
after discharge. To shorten the dead time of a counter Simpson (1945)
and also Hodson (1948) apply a strong negative pulse on the counter
wire after discharge and, before it has time to disperse, the positive ion
cloud is absorbed through the counter wire. It is found that the dead
time of a counter can be shortened in this way.

2. The Recording of Counter Discharges
(a) Single Pulses
Slow counting rates
89. A simple recorder for counter discharges is shown in Fig. 9 (a)
and (b).

Gb-

F1e. 9. Recording of counter discharges.

In the circuit of Fig. 9 (a) the negative pulse arising on the anode of
the counter is fed to the input of a triode or pentode. The reversed and
amplified pulse is fed from the input valve to the grid of a gas-filled
relay which controls the mechanical recorder. The mechanical recorder
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may be of the type used by the G.P.O. to record telephone calls or the
high-speed ‘Cenco’ counter (compare Neher (1939)).

The discharge in the gas-filled relay initiated by the counter discharge
can be cut off by a switch in the anode circuit of the relay operated by
the mechanical recorder. Difficulties arise sometimes due to the electric
disturbance caused by this switch. Circuits for the electric quenching
of the discharge of the relay have been given, e.g. by Pickering (1938).

Instead of reversing the counter pulses by an extra stage the gas-
filled relay can be operated directly from the counter as shown in
Fig. 9(b), where the pulse is taken from the cathode instead of the
anode (e.g. Curren and Petrzilka (1939)). The circuit shown in Fig. 9 (a)
is usually preferred. If the counter is used at some distance from the
amplifier a cathode follower stage (see App. IV) may be inserted.

Counting of fast rates .

90. A loss of counts is incurred because the mechanical recorder is
unable to record a pulse while resetting. The resetting time ¢t =-1/M,
where M is the maximum counting rate of the counter. Recording
random input pulses, the relation between the recorded rate r and the
true rate v, is
pes 4)
‘ —1

If + € M, that ié, if the correction is small, eq. (4) can be used safely;
the correction becomes uncertain when r approaches M. One can some-
times avoid large correction by using high-speed recorders. Fora G.P.O.
counter M ~ 25 per sec. The Cenco counter can be adjusted so as to
give M = 1,000 per sec.

Alternatively the output rate can be reduced ina constantratio by using
an electric scaling device. The simplest scaling device uses a condenser
which stores a constant amount of charge for each input pulse. A gas
discharge tube is connected across the condenser, and after a certain
number of pulses the discharge tube strikes and discharges the con-
denser. A large scaling ratio can be obtained in this way but this type
of circuit has not been found to be very stable.

Some authors make use of an integrating circuit which allows the
average counting rate at any instant to be read. A circuit used by Cosyns
and de Bruyn (1934) is shown in Fig. 10. The amplifier operates a delicate
relay A. For each pulse the relay charges a small condenser C;. The
condenser is discharged into the larger condenser C,, which is bridged
by a resistance R. The voltage across the resistance R adjusts itself to

Ty =
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such a value that the current through R becomes equal to the average
rate of charge supplied from (| to C,. Thus the voltage across R is a
direct measure of the counting rate. This voltage can be measured with
an electrometer.

Similar circuits are described by other authors.

%
/////////?
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Fia. 10« Integrating circuit (Cosyns and de Bruyn).
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Fra. 11. Wynn-Williams scale-of-two.

91.* A reliable scaling circuit has been devised by Wynn-Williams
(1931). This circuit consists of a number of similar scale-of-two units
in series, thus giving a scaling ratio of 2* when n units are used. The
Wynn-Williams unit consists of two gas-filled relays in parallel as shown
in Fig. 11. The two gas-filled relays are symmetrically arranged and
usually one of them is discharging while the other is in the non-conduct-
ing state. Assume relay 4 (Fig. 11) has been struck. A positive input
pulse applied to the grids of the two relays will strike a discharge in B
but will not affect the discharge in A. The resulting sudden drop of
potential on the anode of B is fed to the anode of 4 through the con-
denser C, quenching the discharge of A. Thus a positive input pulse
causes the discharge to ‘jump’ from the one relay to the other. Negative
input pulses have no effect, as a discharging relay cannot be controlled
by the grid. The output of the scale-of-two is taken from the plate of
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one of the relays, say B. Positive input pulses give rise alternately
to positive and negative output pulses. The output is fed either to
another scale-of-two unit or to the grid of a gas-filled relay. In both
cases only the positive output pulses and therefore only alternate input
pulses will be effective.

The Wynn-Williams circuit has been improved by W. B. Lewis (1934).

92.* Scaling circuits have also been devised using hard valves only
(see Neher (1939) for a summary). As an example we describe an
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Fia. 12. Scale-of-two (Frisch).

unpublished circuit due to Frisch. The circuit diagram is shown in
Fig. 12. It consists of two pentodes. The screen-grid of the pentode 1
is connected to the plate of the pentode 2 and the plate of the pentode 1
is connected to the screen-grid of the pentode 2. As the circuit is
symmetrical with respect to the two pentodes a state is possible in
which both pentodes carry equal anode and screen currents. For a
suitable choice of circuit components, however, this state is unstable,
and the stable states are those in which the one pentode carries con-
siderably larger current than the other. The input pulses are applied
simultaneously to the suppressor grids of the two pentodes. Positive
input pulses will increase for their duration the difference between the
anode currents of the pentodes without producing a lasting effect.
A negative pulse on the other hand will cut off both anode currents, and
after the passing of the negative pulse the excess of anode current will
have to establish itself in one of the two pentodes. If the state of the
circuit were perfectly symmetrical after the currents have been cut off,
the excess current could establish itself at random in one of the pentodes.
An asymmetry, however, is introduced by the ‘memory circuit’ consist-
ing of the condenser C and the resistances R,, R,. The discharge of
the condenser C' through R, gives rise to a negative bias to the pentode
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which previously carried the excess current. Because of this bias the
excess current builds up in the other pentode. Thus the excess current
is switched over from one pentode to the other by negative input pulses.
Alternative positive and negative output pulses are obtained from one
of the plates.

(b) Coincidence Counting
The Rossi circuit
93. Simultaneous discharges of a number of counters are called
coincidences. A coincidence between n counters can be caused either
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Frc. 13. The Rossi cireuit.

by one particle passing through the counters or by a number of simul-
taneous particles discharging the counters individually.

Coincidences are usually recorded by a circuit due to Rossi (1930)
(Fig. 13). Each counter is connected to the grid of a pentode. The
plates of the pentodes are connected together, and they are fed through
the common load resistance R. The value of the resistance R is large
compared with the impedance of the pentodes; values between 0-2 and
1 MQ are usual. Most of the voltage drop takes place across R and the
plates are kept at a voltage amounting to a small fraction of the applied
voltage ®. The total current does not change much if the anode currents
in some of the pentodes are cut off by negative pulses applied to the
grids as long as at least one pentode remains conducting. The voltage
at the point B where all the anode leads meet will therefore not change
appreciably when some of the pentodes receive negative pulses. If,
however, all the pentodes receive negative pulses simultaneously, the
anode current will be cut off completely, and a large voltage pulse at
the point B results. A gas-filled relay coupled to the point B can be
made to respond to the large coincidence pulses but not to the smaller
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pulses due to discharges not involving all the counters. As the difference
in size between the two types of pulse is large it is easy to discriminate
between them.

Resolving time
94. Any arrangement recording coincidences is bound to record both
genuine and also accidental coincidences, i.e. coincidences caused by

A

.

Anode current

Anode current

' >Time

Cut off valve (-¢)

_Grid volts

Frc. 14. Grid voltage and anodo curront variation caused by counter discharge.

independent particles arriving at too short an interval to be resolved
by the arrangement. The resolving time of the Rossi circuit depends
on the values of the components and is estimated as follows.

The'voltage pulse on the grid of one of the pentodes is shown schemati-
cally in Fig. 14. The voltage drops rapidly to some negative value —®
and rises again exponentially to the original value. The anode current
of the pentode is cut off rather suddenly when the grid approaches the
value —®,. The change of anode current with time is also shown in
Fig. 14. The anode current pulse is nearly square. One finds easily that
the width of the anode pulse is approximately

_ log(®/D,)

T=TC0rR . (6)
where R is the resistance of grid to earth, C is the sum of the capacities
of counter wire and grid. With € = 2.10-% uF, R = 0-1 MQ, r is found
to be of the order of a few micro-seconds. Shorter resolving times cannot
be obtained with the ordinary Rossi circuit because of the finite break-
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down time of the counter voltage which is itself of the order of a micro-
second. Resolving times down to one micro-second can, however, be
obtained by inserting one or more amplifying stages between the counter
and the input of the Rossi circuit. The amplifying stages are used to
‘sharpen’ the pulse obtained from the counter (compare e.g. Maze, 1941).

A coincidence circuit with a resolving time better than 10-7 sec. has
been described by Bradt and Scherrer (1943). The disadvantage of too
high resolving power circuits is that they lead to loss of genuine coinci-
dences. The time of travel of electrons through the counter is not much
less than 10-7 sec. and therefore random delays of this order are to be
expected betwen the passage of the particle and the onset of the dis-
charge, hence genuine coincidences are sometimes separated so much
that they are not recorded by a high resolving amplifier.

Rossi and Nereson (1942) find delays up to a fraction of a micro-
second in ordinary alcohol argon counters. According to Bradt and
Scherrer (1943) half of the pulses are delayed up to 3.10-8 sec.

Accidental coincidences

95. Consider n counters, the rates of pulses registered by the counters
being N, N,,..., N,,. An accidental n-fold coincidence takes place when
each of the counters registers a pulse inside an interval =, where 7 is the
resolving time of the recorder. The rate of accidental coincidences due
to n-fold overlappings can be shown to be .

A, = nN, N,...N, 7*-14terms of higher order in 7. (6)
Compare e.g. Eckart and Shonka (1938); for terms of higher order
Schrodinger (1944 b) and Janossy (1944a).T Under practical conditions

N7 <1 and therefore the terms of higher order are usually negligible.
In particular for n = 2 one finds

Ay = 2N, Ny7+... = Nye M7 N, e~ N7 — (N, + Ny)e- Nt (7)

When evaluating the rate of accidental coincidences in an n-fold
arrangement, n > 2, one finds that this rate consists of a number of
terms. Accidental coincidences will arise when a genuine (n—1)-fold
coincidence overlaps with a single pulse in the nth counter. The rate
of such coincidences is given by

2CL, N +E€2, Ny+-...+€®, N, )r+terms of higher order,

T The exact expression is

n
N;e~Ni7 .
A, = ( I——ie_N—‘—T)(l——e“MT)(l—-e“Na")...(l—-e"Nn‘r).

1=1
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where (), is the rate of genuine (n—1)-fold coincidences which are not
accompanied by the discharge of the i¢th counter. Accidental coinci-
dences arise further from the overlap of genuine (n— 2)-fold coincidences
with two single pulses and so on. The contributions thus obtained are
of the order of 7,72%,..., and so on. It is useless, however, to add the
various contributions unless the ‘terms of higher order’ (eq. (6)) are
included in every contribution.

In many practical cases it is sufficient to neglect all but the term in 7.

Determination of the resolving time

96. The simplest method of determining the resolving time = of an
arrangement is to record coincidences of two distant counters. If the
distance is sufficiently large, the rate of genuine coincidences can be
assumed to be small and most of the coincidences recorded can be taken
to be accidental. From the observed rate of accidental coincidences =
can be determined by means of (7). This method is, however, reliable
only if the resolving time of the arrangement is long, that is, of the order
of 100 pusec. or more. For shorter resolving times the accidental rate
may be of the same order as the rate of coincidences due to extensive
air showers even for distances between the counters of the order of a
few metres.

A short resolving time can be determined, however, by exposing one
or both of the separated counters to a radioactive source. By comparing
the increase of coincidences accompanying the increased single rates the
resolving time of the arrangement can be determined.

The resolving time of an arrangement can also be determined directly
either by applying artificial pulses with known time interval to the
inputs (compare Getting (1937)), or by counting genuine coincidences
and delaying electrically the input pulses to one input. The time of
delay sufficient to decrease the coincidence rate noticeably is equal to 7.

Modifications of the Rossi circuit

97. For a large number of experiments it is useful to modify the Rossi
circuit. Take as an example the recording of showers by means of »
counters placed in a horizontal plane. Coincidences between some of
these counters will be caused by particles moving in a nearly horizontal
direction and by showers of particles. Showers are expected to discharge
some of the counters, and the set can be made very sensitive to showers
if it is arranged that coincidences between any two counters arerecorded.

A very simple circuit can be employed for the recording of any twofold
3595.40 E
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coincidence between three counters. The diagram is shown in Fig. 15.
Each of the three counters is connected to two out of three pentodes so
that there is one pentode corresponding to each counter to which it is
not connected. It is seen easily that discharges of any two of the
counters affect all three pentodes. Thus if the pentodes are used with
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F1a. 15. Counting of twofold coincidences between three counters.
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a common load in an ordinary Rossi circuit then large output pulses
are obtained whenever at least two counters discharge.

The above method can be used with advantage in many other cases.
Before designing more complicated amplifiers to select coincidences of
a specified type one should find out whether the selection can be ob-
tained more simply by cross connexions as described above.

Anticoincidences

98. Itis often desirable to ascertain whether some counters of a given
arrangement are not discharged while the others take part in a coinci-
dence. Coincidences of this type are usually called anticoincidences.
An anticoincidence 1, 2, — A for instance means a coincidence between
the counters 1 and 2 which is not accompanied by the discharge of the
counter 4.

The following method is often suggested for the recording of anti-
coincidences (compare e.g. Strong, Laboratory Technique). The negative
counter pulses are fed to pentodes in the usual way, but the impulse of
the anticoincidence counter is reversed and the anode current of the
pentode corresponding to the anticoincidence counter is cut off by
negative bias (Fig. 16). Usually therefore the pentodes in the coinci-
dence stages carry current while that of the anticoincidence stage does
not carry current.
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A large voltage pulse at the junction of the plates is obtained therefore
when all the coincidence pentodes receive negative pulses, as in this case
the anode current is cut off completely for the duration of the pulse.
If, however, the coincidence is accompanied by the discharge of the anti-
coincidence stage, then the anticoincidence pentode becomes conducting

AAAAA HT +

! ::::_‘{@ P \__, T
gasfilled relay

ha

A ) H3)PA

¥1a. 16. Anticoincidence amplifier.

for the duration of the pulse and the current through the anticoincidence
pentode suppresses the voltage pulse and no coincidence is registered.

This circuit cannot be recommended, however, if a very strict selection
of anticoincidences is required.

99. No anticoincidence circuit can discriminate absolutely between
coincidences and anticoincidences. It is, however, possible to make the
discrimination safe in one direction: i.e. a discriminator can be made
so as to reject all coincidences, but it cannot be avoided that such a
discriminator would also reject occasionally some anticoincidences.
The opposite extreme would be a discriminator which passes all anti-
coincidences but occasionally passes also some coincidences.

The intermediate type would be a discriminator which is subject to
both kinds of errors: occasional passing of coincidences and occasional
rejecting of anticoincidences, the two errors compensating each other
on average.

Which of the three types of discriminators is preferable has to be
decided with a view to the experimental requirements. For many applica-
tions, especially for the investigation of non-ionizing radiation, the first
type of requirement is needed. In such experiments (see §§ 288, 296) a
few anticoincidences may be missed, but it is of importance that no
coincidences should be recorded for anticoincidences.
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100.* A circuit which is safe in rejecting all coincidences was designed
by Rossi and co-workers (1940). The circuit is shown in Fig. 17. Its
function is briefly as follows.

The coincidence pulses are fed to the grid of a gas-filled relay 7} while
the anticoincidence pulses are fed to the grid of a second gas-filled relay

V| 1
Output
< I
3Ry
O+120V
(a)
§lqm =
-2V

Fia. 17. Anticoincidence amplifier.

T,. The pulses initiate arcs in the gas-filled relays; by a suitable RC
circuit these arcs are quenched and the relays reset after about 100 usec.
The coincidence pulse is delayed and shortened by a pentode V; and fed
to a second pentode V;. The anticoincidence pulse is fed directly to a
pentode V;. The pentodes V; and ¥, operate in a way similar to the
pentodes P and P, in Fig. 16. Thus the pentode ¥, is biased o as to
carry no current in the passive state while V; carries full current in the
passive state.

An anticoincidence cuts off the current in ¥; and does not affect 7,
thus such a pulse gives rise to a large rise of potential in the output,
and thus sets off the recording relay.

A coincidence which is not an anticoincidence operates both pentodes
V; and ¥,. But owing to the shaping of the coincidence pulse in the stage
¥, the current in V; is cut off after the current in ¥, has come on, and
the current in V] starts again before the pentode ¥, has gone back to
its passive state. Thus the action of the two pentodes overlap and no
coincidence is recorded even should the anticoincidence counter dis-
charge be slightly delayed due to some accidental process as discussed
in § 88.
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We note that the slow recovery of the relays 7} and 7, far from being
a disadvantage, is in fact an essential feature of the circuit.

During the recovery time of 7, the amplifier is effectively blocked.
This time, however, coincides with the dead time of at least one of the
anticoincidence counters. But during the dead time of any of the anti-
coincidence counters the anticoincidence system is not fully effective

=< g
2 T T C ,j/ .
A{ - 1 Gasfilled relay

> 2 Gasfilled relay

Fic. 18 (a). Anticoincidence amplifier.

WA

and thus safe discrimination is not possible during such a period. Thus
the relay 7}, blocks the amplifier during such periods in which safe
discrimination between coincidences and anticoincidences is impossible.

During the recovery time of 7, some genuine anticoincidences are also
suppressed. This loss of anticoincidences cannot be avoided if it is
essential to have strict discrimination.

101.* If no extreme discrimination is needed simple methods can be
used. For instance, anticoincidences 1, 2, — A4 can be recorded as follows.

We record simultaneously coincidences 1,2 and coincidences 1,2, 4.
The difference between the counts obtained is equal to the number of
anticoincidences. It is, however, important that the two types of co-
incidences are observed simultaneously.

These coincidences can be recorded by different methods, but we shall
describe two of them—TFig. 18 (a) and (b).

Two pentodes (Fig. 18 (a)) are controlled by each of the coincidence
counters 1, 2, while a fifth pentode is controlled by the anticoincidence
counter A. Two pentodes, one from each coincidence counter, are con-
nected in one Rossi circuit while the remaining three pentodes are
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connected in an independent Rossi circuit. Whenever the twofold
circuit responds without the threefold we have an anticoincidence.
The second method is as follows:
Each counter is connected to a separate pentode (Fig. 18 (b)). The
coincidence pentodes are fed through a common load resistance R, while
the anticoincidence pentode is fed through the same resistance but also

Fia. 18 (b) Anticoincidence amplifier.

through an additional resistance R,. Pulses at the junction of the anode
leads caused by counter discharges are of different sizes.

1. In case of a coincidence between all of the three counters the
currents in all pentodes are cut off and a very large pulse results.

2. In case of a coincidence 1, 2 not accompanied by A the coincidence
pentodes are cut off; the size of the resulting pulse is, however,
reduced due to the current flowing through the resistance R, and
the last pentode.

3. In case of coincidences not involving all the coincidence pentodes
only very small pulses are obtained due to the current flowing
through the unaffected coincidence pentode.

The pulses are fed to the grids of two gas-filled relays, and by means
of suitable bias these relays discriminate between the very large pulses
corresponding to coincidences 1, 2, 4 and the large pulses corresponding
to coincidences 1, 2, without A.

Self-recording counters

102.* Tt is often useful, particularly for recording showers, to have
the following arrangement. A number of counters S each control a
neon lamp. Whenever a set of master counters records a coincidence
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the neon lamps record which of the counters § has been discharged
simultaneously with the coincidence.

Circuits serving this purpose have been given by Johnson and
Stevenson (1933), Janossy and Ingleby (1942). A large set containing
over a hundred neon lamps has been constructed by V. H. Regener
(1943).

Regener’st circuit is shown in Fig. 19. It works as follows. Neon
bulbs s,, s,... are controlled by the counters §;,S,... in the following way.

HT +
Neon r% 0:05MQ
bulb -7

I'R'5 q]

+40V

a7 9. G005pF ——<Master
g, - pulse
So———— \\'JJ R, 3 20MQ
I

Fi1e. 19. Self-recording unit (Regener).

The neon lamps s are usually on. A master pulse extinguishes for a short
time all the bulbs s except those which correspond to counters § taking
part in the coincidence.

The bulbs s are covered by a shutter. The shutter opens shortly after
each master pulse M, and while the shutter is open all the neon lamps
which have not been extinguished by the master pulse are recorded
photographically.

The grids g, and g, of the hexode are earthed through the resistances
R, and R,; the neon bulb is inserted into the anode circuit and the bulb
is on in the quiescent state. The neon lamp is by-passed by a 0-05 MQ
resistance. For each master pulse a positive pulse is applied to the grid
g.- The positive pulse draws grid current and after the pulse a negative
charge is left on the grid g,. This charge leaks away slowly through the
large resistance R, and the anode current is blocked for a considerable
time after the master pulse. The bulb is extinguished for the period
where the anode current is cut off.

The counter 8 is coupled directly to the grid g,. The negative pulses

t I am indebted to Dr. V. Regener for communicating the details of his circuit.
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coming from the counter S cut off the anode current for short periods:
these periods are too short to affect the neon lamps noticeably. If, how-
ever, the master pulse comes simultaneously with the pulse of the
counter 8, then the master pulse cannot draw grid current as the current
is cut off by the first grid g, and therefore the anode current comes on
again after the passing of the pulses. The bulb s will therefore be lit
while the shutter opens provided the hexode has received simultaneous
pulses M and 8.

The above circuit may appear at first sight to be unnecessarily compli-
cated. It might seem simpler to have the neon lamps extinct in the
quiescent state and flashing only while recording. It is found, however,
that neon lamps which have not been flashed for a long time do not
strike readily; Regener’s method is of great advantage as the neon
lamps are kept on all the time.

Additional circuits are described in App. IV.

Delayed coincidences

103. For the direct measurement of the mean life of the meson it is
necessary to record the time interval between a coincidence caused by
an incident meson and the subsequent emission of the decay electron.
Circuits of this type have been described by Maze (1941), Rasetti (1941),
Auger, Maze, and Chaminade (1942), and by Rossi and Nereson (1942).

C. TE Croup CHAMBERT
104. The cloud chamber was invented by C. T. R. Wilson (1911) in
the course of experiments on the formation of artificial clouds. Itis now
a research tool with a scope far greater than its application to cosmic-ray
phenomena.

1. Technique of the Cloud Chamber
(a) The Operation of the Cloud Chamber

Expansion ratio

105. Wilson studied cloud formation initiated by adiabatic expansion
in a vessel. A cloud can be formed when a volume of gas, saturated
with water vapour, is expanded adiabatically. The adiabatic expansion
causes the gas to cool and to become supersaturated; in the presence
of condensation nuclei droplets may be formed round these nuclei.

An important characteristic of the expansion is the expansion ratio,
that is the ratio of the volume before and after the expansion.

t Section C is largely due to Dr. J. G. Wilson.
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At small expansion ratios condensation takes place round dust par-
ticles. This kind of cloud formation is usually undesirable and it can
be got rid of by expanding the gas several times in succession. The
droplets forming round the dust particles contained in the gas fall in
form of a fine rain to the bottom of the chamber carrying the dust
particles away.

106. Once the dust particles have been removed no condensation of
water vapour takes place unless the expansion ratio exceeds 1-25. For
expansion ratios exceeding 1-25 condensation takes place on negative
ions. Condensation of water on positive ions starts for ratios exceeding
1-31. Ata very slightly greater expansion ratio other nuclei of condensa-
tion become effective in numbers which increase rapidly as the expansion
ratio is increased.

For the investigation of tracks of fast particles one utilizes the ions
which are formed along the path of the particle. In order to obtain
satisfactory cloud tracks one has to adjust conditions so as to obtain
drops on all ions produced by the fast particles accompanied by as
small a number of background drops as practicable.

Background

107. Background condensation is caused by a number of processes.
An important source of background is the formation of droplets at
expansion ratios exceeding that necessary for the condensation of posi-
tive ions. This last form of condensation takes place on uncharged
molecules or small molecular aggregates, and the expansion ratio of
onset is extremely sensitive to the contamination of the chamber by
molectiles or aggregates, upon which condensation takes place more
readily than in an uncontaminated chamber. Since the difference of
expansion ratio between that appropriate to ion condensation and that
for the background condensation is small, scrupulous care is required
in practice to avoid the introduction into the chamber of materials with
a tendency to increase background. Aluminiumisusually considered to be
an unsatisfactory material from this point of view, and its use in contact
with the interior parts of the chamber is as a rule avoided; knowledge
of contamination background is, however, still largely empirical.

108. After a normal expansion into the region of ion condensation
it is found that a certain number of nuclei persist in the chamber for a
considerable time. They are probably formed by the incomplete evapo-
ration of some of the droplets to small equilibrium size. For these nuclei
condensation takes place with an ease comparable to that for small dust
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particles. A succession of track expansions will quickly lead to an un-
acceptable concentration of this additional background condensation
and it is therefore necessary to remove these nuclei after using expan-
sions into the ion condensation region.

This can be done by means of normal expansions to an expansion
ratio less than the ion limit.

Mechanically it is more convenient to remove the nuclei formed after
a normal expansion by a smoothed slow expansion to the full expansion
ratio. Insuch a slow expansion the normal gas heating from the chamber
wall does not permit the full supersaturation to be reached: the effect
of the slow expansion is therefore equivalent to a fast expansion to a
lower expansion ratio.

uge A B
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Piston
F1a. 20. Scheme of cloud chamber.

(b) Construction of Chambers .
(Compare Blackett (1927), Auger (1926))

109. The basic features of a cloud chamber for the photography of
tracks is illustrated in Fig. 20. The chamber has a transparent window
of good optical quality facing the camera. The cylindrical wall is also
transparent, the illumination entering through this wall. The expansion
is made by moving the piston mechanically through a determined
distance.

Since the expansion ratio of the chamber requires frequent adjust-
ment, it is necessary to furnish means to adjust continuously the stroke
of the piston.

As a rule the piston is made to move between stops, of which one set
is adjustable from outside the chamber.

110. The chamber is operated either at the will of the observer or by a
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trigger system such as the counter control (see § 123). In either case
the photograph of tracks is taken a fraction of a second after the
expansion has been made. This may be done with a normal photographic
shutter, but it is frequently profitable to place the apparatus lamp in a
passive state chamber and camera in a dark enclosure and flash the light
source in order to take the photograph. So much light is needed that
the heating effect of a continuously running lamp would give rise to an
appreciable disturbance of the chamber.

111. An electrostatic field within the chamber sweeps ions out of the
gaseous volume very shortly after their formation. The ions formed
within a small fraction of a second before expansion, or during the
period after the expansion for which sufficient supersaturation persists,
stand out conspicuously, and give droplets very close to their points of
formation. The track of a fast ionizing particle therefore appears as a
line of droplets, the number of drops corresponding to the number of
ions formed.

Limits of expansion ratio

112. The expansion ratio for a particular condensation phenomenon
(for example that for condensation on ions of a given sign) is defined
as the ratio of volume of chamber after the expansion to volume of the
chamber before the expansion, the expansion being assumed to be
sufficiently rapid to make conditions adiabatic.

Practical interest is confined to the ion condensation limits of various
vapours for which ion condensation takes place at an appreciably lower
ratio than the background condensation (Przibram (1906), Laby (1908)).
There,is a different limiting ratio for condensation on negative and posi-
tive ions; water appears to be unique in condensing preferably on
negative ions.

113. The numerical value of the expansion ratio is a function of gas
and vapour. As regards the gas, the expansion ratio is determined to
give a certain drop of temperature, d® ; hence for adiabatic change

dO/© = (y—=1)d¥"|¥".
Monatomic gases (y = §) therefore require smaller expansion ratios than
diatomic gases (y = ), and usually argon is used when the distortion
attending expansion is to be reduced to a minimum.

Since the condensing vapour is as a rule polyatomic, and is present
to a constant vapour pressure, the expansion ratio is a function of the
total pressure; in very high pressure chambers (Johnson, Benedetti, and
Shutt (1943)) the effective y is almost that of the permanent gas and the
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expansion ratio correspondingly low, while at low pressures y is reduced
towards that of the vapour and a higher expansion ratio is required.

Vapours requiring a smaller expansion ratio than pure water are
known, and in particular ethyl and propyl alcohols and their aqueous
mixtures have been studied. In these mixtures the expansion ratio for
ion condensation varies continuously with composition, and there is a
mixture of minimum expansion ratio (Flood (1934)).

114. Combinations of gas and vapour with low expansion ratios are
of practical importance when precision measurements are to be made on
tracks of particles which traverse the chamber before expansion. The
distortion of such a track at expansion is ideally a simple strain in one
dimension, but this clearly fails to describe the motion in the neighbour-
hood of the chamber walls and of absorbing plates within the chamber.
Deviations from the simple motion are reduced to a minimum by re-
ducing the whole of the motion as far as possible. The monatomic
gases with water alcohol mixtures are generally preferred for use in
counter-controlled expansion chambers.

Spreading of the negative ions due to slow transition from free elec-
trons to heavy negative ions has been reported when a pure monatomic
gas was used. A small proportion of oxygen is frequently added there-
fore to minimize such spreading.

Sensitive time

115. When a cloud chamber is expanded to a degree slightly greater
than the minimum required to permit condensation on ions, the sensi-
tive time of the chamber is the interval between the time when minimum
supersaturation is first attained and that at which it is last present as
the whole of the gas of the chamber heats up.

A considerable sensitive time is of value in some cosmic-ray applica-
tions, but it must be emphasized that the sensitive time is not the
distortion-free time, and applications involving precise measurements
require the selection of tracks over an extremely short range of time.

116. In the absence of heavy condensation, and assuming the initial
supersaturation to be attained instantly, Williams (1939 @) showed that
after expansion the gas near the chamber wall is heated by conduction
and that the gas remote from the walls is then compressed adiabatically.
This central mass of gas therefore all becomes insensitive for track
formation at the same time. Williams gives the expression

t =077 ——__ (y (‘///.SP)“’(Sr/r)2 ‘ (8)
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for the sensitive time ¢, where ¥” is the volume and % the total surface
area of the chamber,  is the thermal conductivity of the gas, s is the
specific heat, r is the expansion ratio, and r—3&r the smallest ratio for
ion condensation. This relation applies only in a chamber sufficiently
large to have a region for which conductive heating is inappreciable in
the time ¢. The sensitive time is further limited by condensation, which
simultaneously leads to depletion of vapour in the body of the chamber
and the release of heat of condensation.

The sensitive time may be artificially extended by the method
described by Beardon (1935) in which the fall of supersaturation is
counteracted by a continued slow expansion.

Resolving time

117. The interpretation of observations either with counter systems
or with the cloud chamber must frequently be based on the assumption
that particles are contemporary and are thus associated in origin. The
resolving time, the minimum interval between events for which the
existence in difference of time can be established, is therefore an impor-
tant constant either of counter arrays or of cloud-chamber arrangement.

The cloud chamber is very much inferior to counter systems in its
ability to distinguish events of small separation in time. In any photo-
graph sharp tracks are formed on the trajectories of all particles entering
the chamber between establishment of critical supersaturation and
either the time of photography or the end of sufficient supersaturation,
whichever is the earlier. Particles entering during this peried cannot
therefore be distinguished as to their time of entry.

118’ Operating a chamber by counter control (see § 123), the trigger-
ing particles enter the chamber before the expansion, and the extent of
the ion diffusion before expansion provides a measure of the age of
individual tracks.

Blackett (1934) has shown that X, the 90 per cent. breadth of the
track image (i.e. the breadth containing 90 per cent. of the drop images),

is given by X = 4:68,/(D1), (9)

where 9 is the diffusion coefficient of the ions and ¢ is the time from
the passage of the particle to drop formation.

Only particles with a track breadth X corresponding to the time ¢ can
be regarded as simultaneous with the particles which have triggered
the control system. Therefore in a counter-controlled photograph only
the tracks with the breadth X as given by (9) can be regarded as
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contemporary. If the photographic technique does not enable us to
distinguish tracks of breadth X’ from those of the breadth X, with

X <X <X[f (f<1), (10)
then the tracks formed during an interval
T =yf*—f% (11)

appear to be of the same breadth.

Under good conditions, f may be as great as 0-7, and in a chamber
designed for rapid controlled operation ¢ may be less than 0-01 sec.,
then 7" will be of the order of 0-01 sec.; no great improvement on this
figure seems likely.

In a slow chamber of the porous diaphragm type and with less
critical technique, 7' may very easily become as great as 0-03 sec.

Illumination

119. The drops formed in an expansion are effectively fixed against
further diffusion in times of the order 10-3 sec. and subsequently grow
with a constant rate of increase of geometrical area, and so of scattered
illumination. A typical value of the rate of growth is da?/dt = 5.10-¢
cm.?/sec. (nitrogen).

The practical delay before drops reach a size at which they may be
photographed varies with the intensity of illumination, depth of focus,
magnification, etc., but is usually somewhat greater than the time of
expansion. It thus plays a dominant role in the degree of distortion
developing before photography, and particular attention is necessary
to ensure that it is of the shortest possible duration.

120. Webb (1935) has shown experimentally that drops scatter only
a very small amount of light at right angles. Unfortunately, for practical
reasons one has to use for the photography of tracks light which is
scattered nearly at right angles to the illuminating beam (see Fig. 20).
Very strong sources of illumination are therefore required. It is there-
fore necessary to control the light beam very accurately so as to prevent
those parts of the structure of the chamber to be illuminated which are
in the view of the camera.

Light sources which have been used with success include the con-
denser discharge through mercury vapour at atmospheric pressure
(C. T. R. Wilson), transformer discharge through a similar lamp
(Blackett), flashing of a preheated carbon arc (Anderson), and for
work not demanding rapid illumination, the overload flashing of tung-
sten filament lamps with or without preheating.

All of these sources are likely to be superseded by the condenser
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discharge in rare gas mixtures at about atmospheric pressure between
suitable electrodes. Lamps of this type have been developed recently
with oustanding success and they appear to be exceptionally promising
sources for chamber illumination (Hazen).

(¢) The Design of Cosmic-ray Chambers

Constant pressure change and constant volume change

121. All chambers which are used in cosmic-ray research are based
either on the constant volume-change apparatus of C. T. R. Wilson
(1911) or on the constant pressure-change
apparatus also due to Wilson (1933).

The latter does not seem to offer any signi-  |jg------—--eecene- -
ficant advantage and is for many purposes
inferior to the constant volume-change appa-
ratus. The disadvantages of the constant L
pressure-change apparatus are that it is diffi- Fre. 21. Constant pressure-
cult to make provision for an expansion ratio cherge apg;ﬁ:'z‘;’; (C. T. R.
to remain constant without further attention '
for a long period of time. Further, the expansion is by nature slow in
its later stages and therefore it does not lead to most rapid condensation
on pre-expansion tracks.

The use of a flow-controlling partition (see Fig. 21), first described in
the pressure-change chamber, however, has frequently been applied to
volume-defined chambers. Originally intended to control gas flow, the
partition of velvet supported on a perforated metal plate has proved
attractive as a photographic background.

Wheh the greatest accuracy of gas flow is required, the function of
this partition as a flow regulator is open to criticism, and for work of
high precision, where minimum distortion of gas flow is essential, it has
not been used.

Requirements of the cosmic-ray chamber

122, The particular characteristics of the cosmic-ray chamber design

arise from the following necessities.

1. The chamber has to be used in a vertical plane and therefore the
liquid seal used in earlier chambers has to be replaced by some
other means.

2. The chamber geometry may have to conform with the geometry
of field coils or may have to fit into the gap of an electromagnet.
The expansion must be produced after the passage of the particle.
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The first two of these requirements are sufficiently demonstrated by
reference to Figs. 23 and 22: the first shows the design used by Blackett
and Occhialini (1933) within a large solenoid. The second shows the
chamber designed by Blackett for use in a large electromagnet, where
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F16. 22. Cloud chamber, adapted for use between the pole pieces of an
electromagnet (Blackett, 1934).

it is essential to allow the air gap of the magnet to be reduced as far
as possible.

2. Counter Control

123. Blackett and Occhialini (1933) succeeded in triggering a cloud
chamber by means of a counter telescope covering the chamber. In this
way particles traversing the chamber could be photographed efficiently.

The alternative method to counter control is to make expansions at
random and to minimize the time for resetting and cleaning of the
chamber. Using random expansions it is difficult to make the chamber
sensitive to incoming particles for more than ;sth to s3;th of the total
time of operation.
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Using random expansions the relative efficiency of a chamber can be
increased by using large volume and long sensitive time. The particular
advantage of the random expansion is that the chamber shows no bias on
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Fra. 23. Layout of cloud-chamber mechanism (Blackott).

the observed sample of particles, while a chamber with counter control
necessarily introduces a bias connected with the geometry of the counters.
Large chambers with long sensitive time are, however, unsuitable
when precision measurements on the tracks are required. Therefore for
precision work counter-controlled chambers are largely used.
More recently, chambers have been operated by more discriminating
counter arrays; such systems are described below (e.g. Chap. IX).

(@) Technique of the Counter Control

124. The technique of counter control has been fully discussed by

Blackett (1934). It is shown that a track containing N, ions per cm.
3595.40 F
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will diffuse in a time ¢ so that the projected distribution of ions will be
given by p(x) = Ny(4nDt)-te-="12t, (12)
where p(x) is the density of ion images at a distance x from the line of
formation, and 2 is the diffusion coefficient of the ions. The 90 per cent.
breadth, X, of the track is given by

X = 4-68,(D1). (13)
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F1a. 24. Operation of the expansion.

For air at N.T.P. for both positive and negative ions 2 is

0:034 cm.2/sec., and hence
X = 0-86+i. (14)

This result sets the time scale on which the counter control of cloud
chamber must be based. If X is to be less than 1 mm., { must be less
than J;th of a second.

This rapid operation is as a rule obtained by releasing pressure behind
a piston held forward by excess air pressure, following the mechanism
(¥ig. 24) developed by Blackett and Occhialini. A mechanism in which
the piston is held and released directly has been used with success by
Anderson.

125. When it is required to count drops along a track image in order
to determine the density of primary ionization by the fast particle,
expansion is delayed so that the ions are sufficiently separated by
diffusion for the resulting drops to be distinguished. The electric
sweeping field will be maintained during the expansion delay in order
to separate positive and negative ions into two columns. In water
vapour, for example, substantially complete condensation on positive
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ions establishes that complete condensation on negative ions has taken
place. This technique was applied by Corson and Brode (1938), Sen
Gupta (1940, 3), and by Hazen (1944 c); a photograph of Hazen’s is shown
on Plate 1.

(b) Some Aspects of Counter Control

126. Using counter control the number of significant photographs
can be increased considerably. At the same time, however, some bias
is necessarily introduced and a set of counter-con-
trolled photographs cannot in general be taken as a @
random sample. The bias is particularly disturbing
if photographs are taken with the view of deter-
mining statistically some properties of the cosmic-ray
beam. Ch

Consider as an example the determination of the
momentum spectrum. Because of scattering of low-
energy particles a counter-controlled chamber has
always a bias towards high-momentum particles.
It is therefore essential for the determination of the @ @
low-momentum part of the spectrum to use a random

. . . Fia. 25. Chamber
chamber which is free of bias. controllod by triple-

For higher-momentum values the bias becomes coincidence arrange-
negligible and therefore the higher-momentum regions ment.
can be measured with a controlled chamber which has a much greater
efficiency than the random chamber.

127. Counter control was used very successfully to obtain photo-
graphs of showers. Using, for example, a chamber controlled by the
three counters of a triangular arrangement we expect a high proportion
of the photographs to contain showers, as the coincidence arrangement
responds to showers only.

128. It must be pointed out, however, that the absolute rate of
shower photographs is in general not increased but decreased by a
selective control. The main advantage of the control is therefore that
unwanted photographs are not taken. Take as an example the arrange-
ment shown in Fig. 25 which is selective for showers. Connecting the
two lower counters 2, 3 in parallel instead of having them in coincidence
we can reduce the bias in favour of showers. Each shower, however,
which is capable of setting off the arrangement when controlled by the
more selective triple coincidences is also capable of setting off the
arrangement when controlled by double coincidences. Besides, there
are showers which set off only one of the counters 2, 3. Therefore the
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absolute rate of shower photographs is, if anything, smaller with the
triple-coincidence control than with the double-coincidence control.

Rare phenomena

129. The above argument must not be carried too far. There are
cases where the more rigid control increases the absolute rate of the
photographs of some rare types.

Take as an example a search for slow mesons. It will be seen later
(§ 277) that the rate of slow mesons traversing a chamber of average
dimensions is less than 1 per hour. The rate of single particles is of the
order of 2,000 per hour.

Because of the resetting time of a chamber not more than about
twenty successful photographs per hour can be taken. Thus working
the chamber at its maximum speed one cannot take photographs of
more than 20 particles out of every 2,000. The yield is therefore only
about 1 per cent. of all particles and if the chamber is controlled by
single particles one cannot expect to take photographs of more than
1 per cent. of the slow particles traversing the chamber.

Using a bias in favour of slow mesons the rate of photographs of slow
mesons can thus be increased. In the most favourable case one can
photograph all slow mesons entering the chamber, in this case the
selective control increases the yield by a factor 100.

Similar considerations show that by using a suitable control it should
be possible to increase the yield of photographs showing meson decay.

Selection has been used with advantage to obtain photographs of
penetrating showers.

130. A suitable counter control can also give information, about
processes seen on photographs which could not be obtained from the
photograph alone.

An anticoincidence control, for instance, can reveal that showers seen
inside the chamber are produced by non-ionizing primaries outside the
chamber.

Controlling a chamber by a set of counters spread out over a large
area one obtains photographs of parts of extensive air showers. Such
photographs cannot always be recognized as showing parts of extensive
air showers except for the counter control (compare Ch. IX).

3. The Cloud Chamber in a Magnetic Field

131. Measurements of track curvature when cloud-chamber photo-
graphs are taken in a magnetic field are of the first importance since
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they can be used to determine the momentum and sign of the particle.
The technique of curvature measurement on trajectories only slightly
deviated in the field has up to now been confined to the province of
cosmic-ray measurements; this method will therefore be treated in

some detail.
Curvature measurement

132. The radius of curvature R of the track of a particle of momen-
tum p MEV./c in a magnetic field of H gauss is given by

R = Ip/(10-1H). (16)

Hence the maximum deviation, d, of a length [ of track from a straight
line is _4afg72

d = 18R = g 10-H1 . (16)

For H = 10% gauss, Il = 30 cm., and bearing in mind that the width of
the track is of the order of 0-1 cm., we expect to measure momenta of
1,000 MEV./c readily, while momenta of 10,000 MEV./c should just be
recognizable. The method described by Anderson (1933b), and very
widely followed, using a travelling microscope with micrometer eye-
piece set at right angles to the main motion, gives a performance of
about this standard.

133. The actual measurement of curvature may readily be carried
out to a much higher precision by a method due to Blackett (1937 a)
and improved by Ehrenfest.t This is a null method in which the track
image is reprojected through an achromatic prism, placed normal to the
axis of the projection lens, on a magnesium-oxide coated screen which
is viewed at grazing angle. The prism introduces a curvature, R, into
the image of a straight line which is given by

R = R,sind,
where & is the angle between the line and the principal plane of the prism.
To measure the curvature of the curved track the value of & is deter-
mined which produces a straight image, straightness being judged by
visual inspection of the projected image at a grazing angle.

The probable error of curvature measurement (referring to the actual
curvature on the photographic plate) with an instrument of this type
was found by Blackett to be 0-016 m.~1, corresponding to a radius of
curvature on 2-5 cm. of the image of 60 m.!

This device cannot be used for the measurement of curvatures greater
than about 0-7r, and hence this high accuracy of measurement is not

1t Unpublished.
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available for low-momentum particles. The model of greatest range yet
used (J. G. Wilson, 1939) allowed of measurement up to a curvature
of 10 m.~! on the photographic plate, corresponding with H = 104 gauss
and a photographic magnification of 0-1 to a particle momentum
p = 300 MEV./c.

Limitation of momentum measurement

Distortions

134. Disturbances and distortions render measurements of actual
momenta very much less accurate than the mere measurement of
curvature.

The following are some of the most important sources of error of the
momentum determination, apart from the error of measurement of
curvature.

1. There are a number of factors which tend to displace the track
before photography. Such effects are:

(@) Convection currents in motion in the chamber before expansion.

(b) Turbulent motion and vortices produced at the expansion.

(¢c) Convection currents developing after expansion from the tem-
perature difference between the chamber wall and the adiabati-
cally cooled gas.

(d) Distortion arising from non-axial movement of the piston. The
non-axial movement of the piston may be modified by eddy
currents due to the magnetic field.

(e) Fall of the droplets relative to the surrounding gas according to
Stokes’s law.

All these distortions, except (d), develop after the expansidn and

therefore they can be reduced by speedy photography.

2. Distortions arise from faults of the photographic technique. We
have to be careful to avoid the following distortions:

(a) Distortion by the front plate of the chamber and by the photo-

graphic lenses.

(b) Distortion due to change of size and shape of the film at develop-
ment.

3. A serious limitation of the accuracy of momentum measurement

arises from the scattering of the primary particle in the gas.

135. Of the features listed in the last section 1(b) was tentatively
identified by Blackett with electrical winds from hairs and dust charged
by motion, this trouble is not always encountered.

The effect of 1 (a) is particularly marked in cloud chambers containing
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metal plates, for the plates have little metallic connexion with external
parts and hence are adjusted to temperature changes of the remainder
of the apparatus almost entirely by convection. Careful control of
temperature throughout the chamber and its immediate surroundings
greatly reduces this source of distortion (Blackett and Wilson, 1937).

The optical distortion 2 (a) can largely be eliminated by special adjust-
ment of the lens in manufacture. It may also be corrected for in detail
from a map of corrections based on photographs of straight wires in
different parts of the chamber (Blackett and Brode, 1936).

No systematic investigation of 2 (b) seems yet to have been carried
out, but for high-precision work glass plates have been preferred in
spite of handling difficulties.

The distortion due to non-axial movement of the piston, if not due
to the magnetic field, can be mapped out in a way similar to that used
for the distortions due to photography, except that the distortions due
to movement of piston are determined from the images of tracks in zero
field and not from the images of straight wires.

The part of the distortion 1 (d) caused by eddy currents in the piston
cannot be observed directly. The effect of such distortions on change
of curvature of particles passing through a plate placed in the chamber
can be investigated (compare J. G. Wilson, 1938).

Scattering

136. The spurious curvature arising from Coulomb scattering has
been treated by Williams (1940a). It is shown that the probable error
of the measure of the momentum of a fast particle arising from scattering
can be expressed in terms of the ratio R/R,, where R is the radius of curva-
ture due to deflexion in the magnetic field and R, is the mean curvature
due to scattering. R /R is given by
_ o.20HPE,
R/R =0 2052?,
I is the track length, ¢ is the potential number of nuclei per c.c. divided
by Avogadro’s number, and

& = 3-69+4-0-28log,, ZtDI/AB2.
For fast particles in air at N.T.P. and for | = 10 cm.
R/R, = 40/H,

and thus for the normal momentum measurements in high magnetic
fields this correction is not of importance. For slower mesons, however,
the effect is of importance. Take as an example the meson measured
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by Williams and Pickup (1938). We havel = 20 em., H = 2,300 gauss,
vjc = 0-4, ¢ = 1, and R/R, = .

For the very end of a meson track the scattering is still more impor-

tant. For the last 5 cm. of track we have
R/R, = 500/H.

It must be borne in mind that this is the spurious curvature for mean
scattering of the particle, and the probability of larger scattering is
appreciable. A spurious curvature up to three times the average cannot
be excluded (see App. I).

The limitations of very high pressure chambers, even in the higher
magnetic fields, from this cause do not need to be stressed.

137. Apart from actual distortion of the image, the measured curva-
ture of a track may be influenced by undue weight given to dense groups
of ions, from ionization by low-energy secondaries, which may be centred
appreciably off the line of trajectory. These groups may be ignored in
cither method of curvature measurement provided that the photo-
graphic exposure has been sufficient to record clearly the normal single
drops of primary ionization. This source of error is a direct consequence
of faulty photographic technique.

A maximum detectable momentum of 10,000 MEV./c has been ob-
tained by Wilson (1938, 9) using a length of track of about 10 cm.;
corresponding to a central deflexion of the track from straightness of
soth mm. It is unlikely that any significant improvement in precision
can be made by further attention to detail. It is probable that greater
precision must now be sought in the use of larger equipment and stronger
magnetic fields.

Maximum detectable momentum

138. When all possible sources of curvature error have been elimi-
nated, the residual random errors of curvature may be expressed either
directly or in terms of the ‘maximum detectable momentum’—that
momentum which would give curvature equal to the probable curvature
due to residual random distortion. In a single compartment chamber
this quantity can be measured only in zero magnetic field. Blackett
obtained a maximum detectable momentum in this way of 20,000
MEV./c.

In a chamber separated into two halves by a metal plate, it is possible
to make a comparable determination of maximum detectable momen-
tum in the full magnetic field (Wilson, 1938). Values so obtained have
shown excellent agreement with those measured in zero field. We have
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stressed the very numerous sources from which distortion of track
images may arise; in many cases distortion is encountered without
external indication that error has been introduced. It is important that
all possible measurements which can serve as cross-checks of internal
consistency of a set of track photographs should be investigated.

D. ProPORTIONAL COUNTERS

139. Proportional counters are based on a process intermediate
between those utilized in the ionization chamber and in the GM-
counter. In the ionization chamber the ions produced by a primary are
collected and the resulting charge is measured. In the GM-counter the
primary ions are sufficiently accelerated to initiate a gas discharge and
the amount of charge liberated by the discharge is independent of the
number of primary ions.

The proportional counter is a GM-counter worked under starting
potential but with a sufficiently high voltage to secure secondary
ionization. Thus in the proportional counter each primary ion gives
rise to a fixed number of secondary ions without, however, initiating a
discharge. The amount of charge liberated is proportional to the
primary ionization and can be taken as a measure of it. A description
of the use of Geiger’s point counter as a proportional counter was
given by Geiger and Klemperer (1928).

140. Proportional counters can be used in cosmic-ray work for
detecting the tracks of slow particles giving rise to more than average
ionization or else to detect narrow showers. The main application of
proportjonal counters has been in the investigation of slow neutrons.

The Neutron Counter
Fiinfer (1938) has used proportional counters with a deposit of
metallic boron on the inner surface of the counter. Neutrons passing
through the wall can produce disintegrations according to either of the

following reactions: BN = Li’tq,
B4 N = Be'%+P.

The process giving rise to a-particles is assumed to be more frequent.
The a-particles (or protons) emerging from the wall can be detected by
their large ionization.

A somewhat different arrangement has been used by Montgomery
and Montgomery (1939) and Korff (1939). In these investigations the



74 EXPERIMENTAL TECHNIQUE [Chap. II

counter is filled with BF,;. Thus neutrons are recorded by means of
a-particles produced in the gas.

Though the two methods of detecting slow neutrons are very similar,
the following features may be noted. Fiinfer’s method has a larger
absolute efficiency as a large fraction of the neutrons will be absorbed
in the boron wall. The limit to the efficiency is given by the range of
a-particles in the metallic boron. The disadvantage of this method is
that the pulses obtained differ widely since the remaining ranges of
a-particles in the gas depend on the depth of their formation; moreover,
because of the complicated geometry it is not easy to calculate the in-
tensity of the neutron beam from the number of observed disintegrations.

E. PoorograrHIC PLATE METHOD

141. Recently the photographic plate method has been playing an
ever-increasing role in nuclear and cosmic ray research. Some aspects
of the method and recent results are summarized in App. 111, added to
this edition.

142. The photographic plate method was first introduced by Blau
and Wambacher (1937a,b) into cosmic ray research. Photographic
plates exposed on the Hafelekar 2,300 m. above sea-level showed, when
developed, tracks which could not be ascribed to radioactive contamina-
tion. In particular these authors found ‘stars’ consisting of a number
of particles emerging from a common centre. These stars are due to
nuclear explosions caused by cosmic rays. Similar events were found
later by, e.g. Schopper and Schopper (1939), Rumbaugh and Locher
(1936), Heitler, Powell, and Fertel (1939), and at present the investigation
of cosmic ray stars is one of the principal problems of cosmic ray
research. )

143. The photographic plate technique has been greatly advanced.
Tracks obtained in modern emulsions (see, e.g., Powell, Occhialini,
Livesey,and Chilton (1946))resembleinall respects cloud-chamber tracks.

The grain density of tracks gives a measure of rate of energy-loss of
the particle and thus of velocity. The change of grain density gives
information as to the slowing down of the particle in the emulsion.
Tracks ending in an emulsion permit an estimation of range.

With a new Kodak emulsion it is now possible to obtain tracks of
fast particles near the minimum ionization (see Berriman (1948)).

A completely new feature of the photographic plate technique is that
it makes it possible to get evidence on very short-lived particles
with ranges too short to be observed in a cloud chamber.
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THEORY OF FAST COLLISIONS

A. INTRODUCTION

144. THE theory of collisions between elementary particles and atoms
was developed in attempts to account for the behaviour of radioactive
rays. The formulae obtained for energy loss, ionization, scattering, etc.,
of radioactive rays were later applied to cosmic rays. This application
met a twofold difficulty. Firstly, the cosmic rays have energies much
exceeding those of radioactive particles, and therefore it was not clear
whether one was justified in extrapolating the formulae from the radio-
active region where they were known to be valid to the region of the
cosmic-ray energies. Secondly, for a long time the nature of cosmic-ray
particles was unknown.

As the result of long series of researches both difficulties have been
reduced. The cosmic rays contain, like radioactive radiations, electrons,
photons, protons, and neutrons; apart from these particles cosmic rays
contain also various types of mesons.

It has been established that the relativistic quantum theory of the
collisions of fast electrons and energetic photons is certainly valid in
the region of cosmic-ray energies. It has been established, however,
that the interaction of fast neutrons and protons is very much stronger
than it would appear from the theory based on electromagnetic inter-
action alone. Itis believed that nucleons apart from the electromagnetic
field théy produce give rise also to another field which is termed the
meson field. The meson field is assumed to be responsible for the short
range forces between nucleons and therefore the meson field is taken to
be the agency keeping the atomic nuclei together.

In collisions two nucleons will interact by means of their electro-
magnetic fields as well as through their meson fields. It seems that the
interaction through the meson field is much stronger than the electro-
magnetic interaction; hence the energy loss of fast nucleons when
traversing matter is supposed to be mainly determined by the meson
interaction which results in the emission of mesons.

145. It should be pointed out that the validity of the quantum theory
when dealing with the energy loss of fast electrons or energetic photons
must be regarded as firmly established. It can be shown from elementary
principles that the radiation formulae governing these losses must be



76 THEORY OF FAST COLLISIONS [Chap. III

assumed to be valid for high energies provided they are found to be
valid for radioactive energies (Williams (1934 a,b, 1936)). The validity
of the formulae in the region of radioactive energies has been well
established by experiment.

Apart from these theoretical considerations there is much experi-
mental evidence supporting the validity of the radiation formulae in
the region of cosmic-ray energies.

146. The theory of the interaction of nucleons through the meson
field is on a much weaker basis. The assumption that nucleons give
rise to the meson field is inferred from Yukawa’s (1935) theory of the
nuclear forces. This theory led to the accurate prediction of the proper-
ties of one of the mesons and must be taken very seriously.

The existence of at least two types of mesons is now well established
from cosmic-ray experiments. That at least one of these mesons is
emitted by nucleons was established by the experimental findings con-
cerning penetrating showers (see Chap. 1X).

The best experimental evidence for the meson field of nucleons is the
fact that w-mesons have been created artificially by a beam of fast
a-particles (Gardener and Lattes (1947)).

The application of the theory of the meson field to collision processes
meets with great difficulties as divergent integrals appear in the theory.
Definite results can therefore only be obtained by some cutting-out
process which eliminates the divergencies.

The most successful attempt to get rid of divergency was made by
Heitler (1941) and also by A. H. Wilson (1941); it was shown that by
considering radiation damping it is possible to give an unamblguous
method of dealing with the divergent terms.

In the present chapter we give a short account of the theory of colli-
sion processes but we shall confine ourselves mainly to electromagnetic
interactions, that is, to the processes where the validity of the theory
can be regarded as well established. A brief account of some aspects of
the meson theory will be given in Section E of this chapter.

B. SumMARY OF THE THEORY OF RELATIVITY
Lorentz Transformation

Coordinates and Time

147. An event taking place at the time ¢ at a point with the Cartesian
coordinates z, y, z with respect to a coordinate system K will appear to
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have happened at the time ¢’ at a point with coordinates z’, y’, 2’ when
observed from a coordinate system K’, where

x' = (x—t)B,
y' =Y,
2 =z, (1)
, v
and -1 (2)
= Y=’

v is the constant velocity of the system K’ with respect to K. This
velocity is assumed to be parallel to the x-axis, and at the timet =¢"= 0
the two systems are supposed to coincide.

From the transformation (1) the following effects have been derived.
Firstly, the length of a rod which is at rest in the system K appears
contracted in a system K’ in which the rod is in relative motion. The
projection parallel to the velocity vector is contracted by a factor B,
while the component perpendicular to the motion remains unaffected.
Secondly, a clock moving with a velocity » towards the observer appears
to lose time in the ratio 1: B. The two effects are complementary and
are referred to as Lorentz’s length contraction and time dilatation.

We find from (1)
Ayt b o — a2yt byt o2, (3)
Momentum and Energy

148. The momentum of a particle with rest-mass m, when moving
with a velocity v is given by
p = myv, (4)

with m = Bm,; (5)
m is called the relativistic mass.

According to Einstein’s principle of the equivalence of mass and
energy, the energy of a particle can be written as

w = mc? = Bmc?. (6)

For a particle at rest we have
Wy = My c?; (7)
w, is the rest-energy of the particle. The kinetic energy w,, of a particle
is defined as the excess of the energy w over the rest-energy w,. We have

wy, = w—wy = (B—1)mgyc?. (8)
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Developing B in powers of v/c we have

wy, = myv?/2-+4terms of higher order in v/c. (9)
We see, that for v < c the kinetic energy w, defined by (8) is very nearly
equal to the kinetic energy of non-relativistic mechanics.

149. The components of momentum and the energy of a particle
transform similarly to coordinates and time. Consider a particle with
momentum p and energy w when referred to a system of reference K.
The values of the momentum and energy as referred to a system K’ in
relative motion is obtained as

’ v ’ ’ ’
P = B(px_‘c‘.jw): Dy = Py Dz = Pos w = B(W—”Px)
(10)
With the help of (2) and (10) we obtain the following relation between
momentum and energy of a particle

w = cy(p*-mc?). (11)
Another relation is obtained from (4) and (6). We have
cplw = v/c. (12)
Considering particles of very high velocity, that is particles with
v~c¢ and B >1, (13)
we find  w = pc+m3c3/2p+higher order terms in mgc/p. (14)

The above approximation will be referred to as the extreme relativistic
approximation.

The Electromagnetic Field
150. The electromagnetic field can be expressed either by the com-
ponents of E and H, the electric and magnetic field strengths, o: by the
components of the vector potential A together with the scalar potential
®. The connexion between field strengths and potentials is given by the
following Lorentz invariant equations:

E = —% a—;-t\—gradcb, H = curl A. (15)

The components of the potentials transform as the components of the
momentum and the energy. The field strengths are transformed from
the system K to the system K’ by the following equations:

B =1, E;:(EV—EHZ)B, E;=<Ez+§Hy)B;

H, = H, H;,:(Hy-i-%’E,)B, H;=(Hz-—z-Ey)B. (16)
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It is seen that the components in the direction of motion remain
unaffected while the components perpendicular to the direction of
motion are increased by a factor B. Besides, the electric field gives
rise to a magnetic component, while the magnetic field gives rise to
an electric component. The induced components are proportional to
vBJc. Thus for transformations corresponding to small velocities the
induced components will be small; for transformations between systems
moving with velocities of the order of ¢ the induced components will
be of the same order of magnitude as the transformed transverse
components.

Applications
151. Two applications of the equations (16) will be discussed:

Static field of moving charge

1. The field of a uniformly moving charge e can be determined by
transforming the Coulomb ficld in the rest-system into the system of
the observer. The Coulomb field can be written as

E = er/r3, H =0,

with r = (z,¥,2). (17)

The field of a charge moving with the velocity v is obtained by
transforming (15) into a system K moving with velocity —v with respect
to the rest-system of the charge. It can be seen, with the help of (14),
(15), and (1), that

’ eé‘ ’ ey ’ ez’ .
Ex:_—RE’ EV:B—Rﬁ’ Ez:B-E—,-é,
" H,=0, H, = °B, H,=-'E, (18)
where & = B(x'+t'), R? = £4y'2422,

The interpretation of (18) is as follows. The field of the charge moves
as a solid body together with the charge. The moving field differs from
a stationary field in the following ways:

(1) The length dimensions of the field are contracted in the ratio 1: B.

(2) The transverse component of the field strength is increased by a

factor B. Due to (1) and (2) the electric field strength remains
radial.

(3) The electric field of the moving charge is accompanied by a

magnetic field.

It can be seen from (18) that the total electric flow through a surface
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enclosing the moving charge is equal to 4we, that is, equal to the flow
of the charge when at rest. It follows therefore from Gauss’s theorem

that e = e. (19)

Thus the value of an electric charge is not affected by the Lorentz
transformation.

Doppler effect and aberration

152. 2. We consider the electromagnetic radiation emitted by a
moving source. Consider a source moving with the velocity » along the
z-axis of the system K. This source is at rest in the system K’.

A sufficiently small section of the radiation at a large distance from
the source can be approximated by a plane wave. It is therefore suffi-
cient to consider the transformation of an electromagnetic plane wave
from the system K’ to the system K.

We consider a plane wave moving at an angled’ to the x’-axis in the
system K’, having a wavelength A" and an intensity 42 Transforming
the field of this wave according to (18) we find that the field in K
represents also a plane wave moving at an angle ¢ to the xz-axis with

cosd +v/c
§ — _cosvrvje 20
cos 1+ (v/c)cosd (20)
The wavelength of the wave in K is given by
A= A'B(l _’E’cosﬁ). (21)
The intensity in the system K is found as
2 e
42 = A'z/(1_3;cosf}) B, (22)
Eq. (20) represents the aberration, while (21) and (22) represent the
Doppler effect.
We are interested in the extreme relativistic case where B > 1. We
have 1
’l)/c ~ l '—'2—‘32 .
Further ¢ ~ 2tan(®'/2)/B.

The above equation is only valid provided
B > tan(d'/2).

We see that almost all directions of emission in K’ appear in K
as crowded together into a narrow cone round the forward direction.
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We find, for instance, that all the directions which have a forward
component in K’ (§' < {=) appear in K inside a cone with the solid angle

Q= 2"{1—/(1_791_2)} ~ 7;12. (23)

The radiation emitted in the forward direction appears in K with
shortened wavelength. We have

Y _1_), Y I—U/CN ’ 9
/\6\:0_)\3(1 c)_’\A/lev/c X/2B. (24)

On the surface of the cone (23) the wavelength is unaffected, while
the wavelength in the backward direction is

Ay = XA/H"”/C ~ 2BX. (25)

1—v/c

Thus the wavelength, as seen in K, is increased in almost all directions.

The ¢ntensity of the radiation is increased in the forward direction
by a factor ~ 4B? while in the backward direction it is reduced to
approximately 1/4B2 of the original intensity.

The difference between forward and backward intensities appears to
be due to the interaction of the electric and the magnetic vectors. Both
the field of the waves moving in the forward direction and the field of
the waves moving in the backward direction are transverse to the
direction of motion of K’ and therefore the transformed components
contain the factor B. But the electric field in K is the sum of two
contributions, namely the transformed electric component and the
electric component set up in K by the magnetic component in K.
These two contributions are in phase when considering waves moving
forward but are out of phase for the waves moving backwards. The
difference in the backward and forward intensities is therefore due to
the interference between the fields set up by the electric and magnetic
components of the original field.

Consider a light source resting in K’ and emitting the same intensity
A2 uniformly in all directions. The rate of energy emitted is thus 4742,

The rate of energy emitted as observed from K can be calculated with
help of (22). We find

f A2dQ = 4nA". (26)

Thus the rate of energy flow remains the same.
The total energy emitted in a flash of a given duration ¢’ is, however,

larger when measured in K than when measured in the rest-system.
3596.40
G
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Owing to the time contraction the duration of the flash appears in K
as t— Bt

and therefore the energy flow as seen in K persists B times longer than
it persists in the rest-system. The total energy emitted as measured in

K is therefore
W = BW', (27)

where W' is the energy emitted in the rest-system.

C. APPLICATION OF CONSERVATION LAwS To COLLISIONS
1. Elastic Collistions

(a) Ezact Treatment of Relativistic Collisions

153. Collisions between two particlesin which energy and momentum
are conserved may be called elastic. Consider two free particles, one
having a rest-mass M,, momentum P, and energy W = c,/(P*+ M3c?),
the second having a mass m,, momentum p, and energy w. In an elastic
collision the total energies and momenta of the particles will be con-
served. We have thus

P+p=P+p’,
Wtw= W 4w, (28)

where primes indicate the values after the collision. The equations (28)
have been solved and discussed by Jiittner (1914). It is convenient to
refer the collision to the rest-system of one of the colliding particles.
Thus we assume that
P =0, W = M,c2. ©(29)
The results obtained with this special initial condition can be generalized
by a Lorentz transformation.
By means of a simple calculation we obtain from (28) and (29), with
help of (11),
(m002+M w)cosd+ (w+ M, cz)J(Mz——mosm%‘})
(w/c+M,c)®?—p? cos?P
_ (wtM, c?)(md 2+ Myw)+-c*p? cos & /(ME—m} sm219) (30)
(w/c+M,yc)?—p? cos?$
P = p*4p'2—2pp’cosd,

P =

where # is the angle of scattering, that is the angle between p and p’
(see Fig. 28). Alternatively energies and momenta can be expressed in
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terms of «, the angle of recoil, that is the angle between the vectors p
and P’. With this change eq. (31) is obtained:

P — 2My(w—+ M, c?)cos «
(w/c+ Myc)2—p? cos?a’
2 2 2
W' = M,c*+ 2p? cos?aM,c (31)

(wfc+ M, c):—p? cos?a’
p'? = p*4+P?2—2pP'cosa.

ey

Fi1a. 26. Elastic collision.

The momentum of the colliding particle can also be determined from
angle of recoil and recoil momentum: one finds
(W’+M c?) M, cos a+{mG( W' + M, c?)cos®a— (MF—m)c?}
(W'jc+M,c)? cos®a— P2 ’

(32)
Finally, it is useful to express «, the angle of recoil, in terms of the
energy transferred in the collision. We find

w+Myc? (W' —M,c?
= . 3
cos e ES A (33)
The corresponding expression for ¢ is rather elaborate and will be
omitted.
Finally, we can express the mass m, of the colliding particle in terms

of p’, P, M,, and the angle

8 = d+a. (34)

3 is the angle between the directions of the two particles after collision.
We find, with help of (23), as the result of a short calculation

mg = (o'l (jpr gt ) —1). (35)
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The above relation was pointed out by Gorodetzky (1942) (see also
Leprince-Ringuet and Gorodetzky (1941)), and it was shown to be of
use for the determination of the mass of a colliding particle based on
data obtained from a secondary electron (see Ch. IV, § 275).

(b) Extreme Relativistic Approximation

154. For most applications it will be sufficient to use the ‘extreme
relativistic’ approximations of the collision formulae. These approxima-
tions are obtained by neglecting quantities of the order of myc/p. We
find

(p+ My c)ey/(MG—mGsin®P)+ My cp cosﬁ

pi~wife~p s (2p+M,c) M, c+p? sinzd

, 2Myc(p+Myc)cos a
P~ 0 9 - 36
P (2p+ M, c)Myc+p?sin®a’ (36)

2Myc(p+Myc)cosa
2~ oo ——e
W=y * ~ cp (2p+ My c)Myc+p?sina”

In eq. (36) terms of the order of M c/p have been retained. These
terms are of importance in collisions between a light fast particle and
a heavy particle provided the rest-energy of the heavier particle is not
negligible compared with the kinetic energy of the lighter particle.

(c) Discussion of the Collision Formulae

Angle of scattering
155. According to (30) a heavy particle colliding with a lighter or
equal particle can only be scattered through an angle ¢ < ¢,,, with

sind,, = My/m,. (37)

A particle colliding with a heavier one can be scattered through any
angle.

Angle of recoil

156. It follows from eq. (33) that the angle of recoil tends towards }=
for collisions where the energy transfer is small compared with the rest-
energy of the recoiling particle. All slow secondaries of a sufficiently fast
particle will be ejected nearly at right angles. Slow secondaries at right
angles to a fast primary are frequently seen on cloud-chamber photo-
graphs.
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Transfer of energy

157. No energy is transferred in a collision for which & = 0. The
maximum possible energy is transferred in a head-on collision with
a = 0. The maximum transferable energy W, is therefore found from

eq. (31) as 2p2 M, c?

_ L . _ . 38
W, = (W' —Myc?)ax mg 2+ My(2w-+ M, c?) (38)

This formula can, however, only be applied to the collisions of two
unlike particles. In the case of the collision of two like particles it is
impossible to distinguish between the scattered and the recoiling par-
ticle. In this case one defines the particle which comes out of the
collision with more energy to be the scattered particle. The energy
transfer cannot therefore exceed half the primary energy and thus for
like particles we obtain

W, = (w—myc?)/2. (39)
In the extreme relativistic approximation

w unlike particles

W = w/2 like particles

m

(w > myc?, Myc?). (40)

The above approximate formula for unlike particles is only valid if
w > mic?/M,. In the case of incident heavy particles colliding with
lighter particles the above limit may be very high. Eq. (40) applied to
protons colliding with electrons is only correct for w > 10¢ MEV. and
in the case of mesons colliding with electrons it is correct for w > 10%
MEV. For the intermediate region, that is for myc? <w < mic?/M,,
we have, approximately,

W, = 2(p[myc)> My 2. (41)

158. Regarding the dependence of the energy transfer on the angle
of scattering two cases have to be distinguished:

(i) The energy of the incident particle is large compared with both
its own rest-energy and the rest-energy of the knocked-on particle. In
this case the transfer of energy is of the same order as the primary
energy except when the angle of scattering is of the order of /(24 c?/w)
or less. The momentum loss as a function of #, the angle of scattering,
is shown in Figs. 27, 28.

(ii) A light particle collides with a much heavier one. The energy of
the light particle is much larger than its own rest-energy but does not
exceed the order of the rest-energy of the recoiling particle. In this case
the transferred energy changes uniformly with angle of scattering as
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seen in Fig. 28. An example is the collision of an electron of say 103
MEYV. with a proton.

-10 00 ¥ 10
COSs

F1c. 28. Transfer of momentum from a light particle to a heavy particle
for large angles of scattering.

Compton effect
159. A photon can be regarded as a particle with zero rest-mass
and w = pc = hv. Introducing m, = 0 we obtain from (30) and (31)
v (14 M, c2/hv)(1+cosd) My c?/h
T (24+Myc?/hv) My c2/hv+sin?d ’
P 2Myc(14M,c*/hv)cos a ‘
(2+ My c?/hv) My c?[hv+sina

(42)

2. Inelastic Collisions

160. There are collision processes which can only occur in the pre-
sence of a third particle which suffers a recoil in the collision. Processes



88 THEORY OF FAST COLLISIONS [Chap. III

of this kind are essentially inelastic although the recoil-energy may
often be small compared with the total transfer of energy in the collision.
Pair production

Consider a process in which a photon is absorbed, giving rise to a
number of particles with momenta P, P,,... and energies W, W,,....
The conservation laws require

hvje = [BABt...|. (43)
For particles with non-zero rest-mass P << W/c and therefore
BABt| < [BI+[BI+... < WetWyet.. (44)

Comparing (43) and (44) we see that energy and momentum cannot be
both conserved in this process. If the energy is conserved an excess of
momentum remains. Thus the creation of particles with finite rest-mass
by photons is only possible in the presence of heavy particles capable
of taking the excess momentum in the form of recoil.

D. Fast CoLLISIONS

161. In order to obtain information about the relative probabilities
of collisions we have to consider the forces acting between the colliding
particles.

As the quantum theory of collisions is dealt with elsewhere (e.g. Heit-
ler, Quantum Theory of Radiation, Oxford, 1944; Mott and Massey, The
Theory of Atomic Collisions, Oxford, 1949) we restrict ourselves to a very
brief sketch of the quantal treatment; we shall, however, give an account
of the very instructive classical theory of collisions based on the work
of Bohr (1913, 15), Weizsidcker (1934), and Williams (1933 a, 4a, 6).

1. Classical Theory .
(@) Impact Parameter Method

The impact parameter

162. Consider two particles, one of mass m, charge ze, and momentum
p, and the other of mass M, charge Z, e, initially at rest.

The distance a of closest approach between the particles will denote
the impact parameter. If the impact parameter is sufficiently large,
the orbit of the moving particle can be taken in first approximation
to be a straight line and the change of velocity can be neglected. The
force acting upon the stationary particle perpendicular to the direction

of motion at a time ¢ is
F, = Z,ze*Ba/(a*+ B¥%?)}, (45)

B—_ !

ST =212y’
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where it is assumed that the nearest approach takes place at ¢ = 0.
v is the velocity of the colliding particle. The recoil suffered by the
stationary particle is given by the time integral of the force. We find

P, = fo dt = 2Z, ze%|va. (46)

The momentum transferred in the longitudinal direction can be treated
similarly. It is seen, however, that the longitudinal component of P’
vanishes if treated in the same approximation as before. We shall
assume therefore in the following
Plone = 0, P, = P

163. The momentum transferred in a collision is limited by the con-
servation laws and therefore (46) is clearly inaccurate for too small
impact parameters. This inaccuracy arises from having neglected the
motion of the recoiling particle and also from having neglected the
reaction of the collision upon the colliding particle. A more accurate
treatment of the collision, according to Bohr (1915), gives for the recoil

momentum o2
" _2_ZLf__, (463)
vy/(a%+-b2)
. Z, ze*(M +m)
= T T 46
with b Vol (46b)
The loss for a = 0 is therefore
, 2Mp
i 4

as is expected.
In most considerations it is sufficient to use the approximate for-
mula (46).

Differential cross-section

Momentum transfer

164. The impact parameter a can be expressed in terms of the
momentum transferred. We find from (46)

a = 2Z,ze*[vP’. (47)

The above expression defines the distance at which the momentum
transfer is equal to P’.

Consider an absorber of thickness 3 containing N stationary particles
perc.c. A particle traversing the absorber will suffer on the average dA”
collisions at distances between a and a+da from any of the stationary

particles, where dA" = N32ma da. (48)
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From (47) and (48) we find that the average number of collisions
leading to transfers between P’ and P’+dP’ is given by

dN = N38nZ§z264/vzi,—};. (49)
We divide (49) by N3 and obtain the average number of collisions
per scattering particle

X(P')dP" = 877Z§z264/02%%. (50)

x(P’)dP’ is the differential cross-section. It has the dimensions of an
arca and it can be regarded as the effective area per scattering centre
in which the specified collision takes place.

Scattering
165. The angle of scattering, if small, is given by

&= Plp (81)
and the differential cross-section for an angle of scattering in the interval
&, dd is found from (50) and (51):

x(#)d¢ = 8nZ2 2264/1)21}2(—;1—2. (52)

Sometimes it is useful to consider the projection ¢ of the angle of
scattering on to a plane parallel to the initial direction of the particle.
As the result of a simple geometrical consideration we find for the
differential cross-section in terms of the projected angle

x(8) 48 = 3x(9) do. (53)

Energy transfer

166. The differential cross-section for the loss of energy is obtained

from (50) by expressing the momentum in terms of energy. With the
help of (11) we tind

, / W dW’

x(W)dW’ = SﬂZ§z2e“/vzc~-—ﬁ——. (54)

In the non-relativistic case we have
W' ~ Mc2, P~ (2M W),
and dW;, = dW’, where W, is the kinetic energy. We find thus
aw,,
w2’
In the extreme relativistic case we have instead
aw’

X(W) dW’ = sﬂzzzzetw_ (54b)

x(Wi) AW} =~ 2mZ3 224 | Mok (54 a)
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Rate of energy loss

167. The rate of loss of energy of a fast particle traversing matter
is obtained by averaging over the effects of independent collisions. It
is seen from (54a) that the loss of energy is inversely proportional to
the mass of the stationary particle; in collisions with atoms most energy
is therefore lost to atomic electrons and the loss of energy due to
collisions with nuclei can be neglected.

We restrict ourselves, therefore, to electronic collisions and put

Z,=1, M=m, (55)

By averaging over collisions leading to various amounts of energy
transfer we obtain with the heln of (54a) for the average rate of loss

of energy

dw 27Nzt W
R ! ’ [ 1 max
: N [ Wix(w)aw - log e,

min

(56)

where W, is the maximum transferable energy. The expression (56)
is based on the non-relativistic cross-section (54a). If W, > m,c?
this is not justified and the cross-section as given by (54) should be used.
It is seen, however, that for relativistic energies the cross-section
decreases with 1/W'3 and therefore the contribution to the total loss
arising from energetic collisions is negligible. The total loss is found in
this case to be approximately

aw 27er2e4IO m, c?

Td T Tmeet W

168. The expression (56) was obtained by Thomson and also by
Whiddington (see Bohr (1913)). The expression (56) diverges, however,
if W, approaches zero. The theory as presented is therefore not

consistent.

. (564a)

Effect of binding forces

The divergence of the expression (56) is due to the distant collisions,
and it must be assumed therefore that the transfer of momentum (or
energy) for distant collisions is less than expected from (46).

In earlier attempts it was postulated that the momentum transferred
in collisions is given correctly by (46) up to distances of the order of
the atomic radius, and that for larger distances the loss is smaller than
predicted by (46). Such a postulate is unsatisfactory (compare § 180),
and it leads also to results incompatible with observations.

The problem of energy loss of fast particles was eventually solved by
Bohr (1913, 15). Bohr realized that it was not permissible to treat the
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atomic electrons as free electrons; he showed that the momentum
transfer, especially in distant collisions, is strongly affected by the
binding force between the electron and atom.

Bohr assumed the electrons to be bound by harmonic forces to the
atoms; the energy transferred to the bound electron is approximately
the same as that transferred to free electrons, provided the time of
collision is short compared with the natural period of the electron.
In slow collisions the energy transfer is much reduced by the binding
force.

Time of collision

169. The time of collision is the time during which the interaction
between the colliding particles is relatively strong. According to (46) the
Coulomb field is relatively strong for a period 2a/Bv, and we may put
therefore for the time of collision

teon = 2a/Bv. (57)
We may write therefore
2amax/Bv = 1/,

where 7 is the average atomic frequency and a,,, the collision parameter
for which the time of collision is equal to the period of free oscillation.
We have therefore tyox — Bo/25. (58)

The effect of binding forces can be introduced schematically by assum-
ing that collisions at distances less than a,,, are not affected by the
binding while no energy is transferred for collisions at distances exceed-
ing amax‘
The energy transferred at the distance @ = a,,, is obtained from (46),
(68), and (56). We have :
2

Tain == 2’“"‘ = 822¢42/ B2v%m, (59)
me

Introducing W, from (59) into (56) we have for the rate of loss
aw 2metz? og Bvtmg c? _ 47mret2? og szm,,c'
d3 mo? 822¢12 mu? V8 ze%
It was pointed out by Bohr (1913, 15) that in the case of bound
electrons the momentum transferred into the longitudinal direction must
not be neglected. Including longitudinal terms Bohr obtained
204
—(—ZL;’ = -4-7"7”1\%—8- {log(...)-}-log B—2v—;}. (61)
Bohr’s expression under the log differs slightly from that given in
(60).

(60)
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Distant collisions
170. It is interesting to note the actual magnitude of a.,, (see
Williams, 1933). The order of magnitude of v can be assumed to be
v~ Zm,c?/137%h
and therefore Amax = 137a, B/Z,
where a, = 137%r, is the Bohr radius of the H-atom. For air we have

approximately yay — B.10~7 cm.

Thus for B = 107 we have a,,, = 1 cm. and for sufficiently energetic
primaries @, can be of the order of metres. If the primaries are
electrons, then B == 107 corresponds to 1013 eV. primaries. Thus suffi-
ciently energetic particles may lose energy in collisions at distances up
to centimetres or even metres. Limitation of this theory may arise
owing to the polarizability of the medium traversed (Fermi (1939-40),
Halpern and Hall (1948)).

Classical energy loss formula
171. The number of electrons contained in a cubic centimetre of an
absorber can be written as
N = L(Z/Ak, (62)
where A is the atomic weight of the absorber and Z the atomic number.
L is Avogadro’s number and £ the density. We may express the thick-
ness of absorber in grams per cm.2 instead of centimetres. We introduce
therefore 6 — 3k. (63)

Introducing numerical values we have further

. 477_[”% m,c® = 0-3 MEV. per (gram/cm.?) (64)
and

aw (Z]A) Bv*m,c v?
T T 03 (v//c)2 {log V8 ze;ﬁ +logB—2—62}
MEV. per (gram/cm.2).  (65)

We note the following features of the energy loss formula (65).

1. The rate of loss of energy is nearly proportional to 1/v%. Thus
slow particles lose much more energy than fast ones. The rate of loss
decreases with primary energy, reaches a minimum, and increases
logarithmically with the energy for higher energies.

The density of ionization produced by fast particles is proportional
to the rate of energy loss and therefore the ionization density of par-
ticles is high for slow particles, reaches a minimum for a velocity near c,
and increases with the logarithm of the energy for high-energy particles.
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2. The atomic number of the absorber appears outside the logarithm
only'in the combination Z/4. This ratio does not change greatly with
atomic number and therefore the rate of loss is roughly mass propor-
tional. The expression under the logarithm depends, however, on Z as
the electrons are bound more strongly in heavy elements than in light
ones: therefore the rate of loss of energy expressed on a mass scale
decreases somewhat with increasing Z.

3. The rate of loss is proportional to 22; thus the loss of multiply
charged particles greatly exceeds that of singly charged ones. In par-
ticular a-particles lose about four times as much energy as electrons or
protons of the same velocity.

Secondaries
172. In collisions where an electron receives an energy exceeding the
ionization energy the electron is ejected from the atom and appears as
a secondary.
The cross-section for the production of secondaries with energies in
the interval W', dW' is obtained from (54a) as
, ;. c\2m, c2dW’
(W) AW = mzrg(a) et .
The equation (66) is in agreement with the corresponding equation
obtained from quantum theory provided W’ is much larger than the
ionization energy and much smaller than the maximum transferable
energy.
The cross-section for the production of high-energy secondaries is also
influenced by the interactions of spins and magnetic moments of the
colliding particles. ‘

(66)

Scattering

Multiple scattering and large-angle scattering

173. A particle traversing an absorber suffers a large number of
collisions and the change of direction of the particle is due to the
resultant effect of the single collisions.

The distribution of the angles of scatter suffered in the individual
collisions is given by (52). We see that the number of deflexions of a
given size increases very rapidly with decreasing size; collisions leading
to small angles of deviation are therefore predominant.

The individual angles of scatter have independent azimuth and there-
fore they compensate each other to a large extent. The total deflexion
increases on average with the square root of the number of collisions.
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Occasionally a particle suffers a close collision in which it is deflected
by a comparatively large angle. The effect of such a collision can be
much larger than the cumulative effect of the frequent distant colli-
sions, and the two processes can be treated separately.

174. We call multiple scattering the scattering due to the cumula-
tive effect of many small-angle deflexions. This scattering has to be
distinguished from the large-angle scattering due to a single close collision.

Distribution of angles of scattering

The difference between multiple scattering and large-angle scattering
becomes apparent from the distribution of the total angles of scattering
of similar particles traversing the same absorber.

The particles traversing an absorber can be divided into two groups:
(1) Particles which have passed through the absorber without having
encountered any close collisions. (2) Particles which did encounter
one or more close collisions.

The angles of total scattering of the first group are distributed accord-
ing to a Gaussian law; this can be shown exactly, but it is plausible
when remembering the random azimuth of the individual collisions. The
angles of deviation of the second group will follow closely the distribu-
tion (52) as most of these particles will have suffered one collision only,
and this collision is expected to give a predominant contribution to the
total angle.

Thus the distribution of the angles of scattering is given for small
angles by a Gaussian, but for large angles the distribution tails off
according to a law of the form

. d9/9. (67)

Scattering angles lying in the region where the Gaussian distribution is
predominant may be ascribed to multiple scattering, while the larger
angles in the region where the distribution obeys (67) may be ascribed
to large-angle scattering.

The region where the two distributions intersect is called the region
of plural scattering. Particles in this region are expected to have
suffered a small number of collisions at intermediate distances.

175. Limiting tmpact parameter. There is no sharp division between
large-angle scattering and multiple scattering. It is useful to introduce
a limiting impact parameter a, so that a particle traversing an absorber
of thickness 3 suffers on average one collision at a distance less than «,.

Thus we put Nyma? = 1
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or (68)

1
“ = )
corresponding to an angle
S — 27, ze?

T opy(n )
(Williams (1939c¢)). We consider collisions at distances less than a, as
close collisions giving rise to large-angle scattering and collisions at
distances larger than a, as distant collisions contributing to multiple
scattering.

The expression (68) for @, depends on the thickness 3 of the absorber.
This is justified, as a collision which is rare in a thin absorber may not
be rare in a much thicker absorber. The distinction between what is
taken as a rare large-angle collision and what is taken to be a ‘frequent’
small collision depends necessarily on the thickness of the absorber.

(68a)

Averaging over collisions

The theory of scattering of fast particles crossing absorbers was
developed largely by Williams (1939¢). We reproduce parts of the
theory which will be of importance in connexion with cosmic-ray
observations.

176. We proceed to average over the individual collisions encountered
by a fast particle traversing an absorber. We are interested mainly in
the angle of scatter and the linear displacement resulting from a large
number of independent collisions. We shall always assume that the
energy loss of the scattered particle on its way through the absorber
is negligible, and therefore we shall assume the velocity of the particle
to be constant through the absorber. The problem of the scattering of
electrons in thick absorbers will be treated in some detail in Ch. VIII.

The differential scattering cross-section according to (52) is propor-
tional to Z3. Hence the scattering due to nuclei is usually much more
important than the electronic scattering and we shall not consider the
electronic scattering.

In the following we shall assume therefore

Z, =7 and m= AM,. (69)

177. The mean square angular deflexion and the mean square dis-
placement can be determined as follows.

Consider a particle traversing an absorber 3 cm. thick. Assume
collisions to take place at the depths 3, 3,,..., resulting in deflexions
#1,9,,...; the azimuth of the orbit will change after each collision, and
the subsequent azimuths are assumed to be ¢,, 4,,... .
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The projected angle of deflexion at the depth 3 is given by

¢ =3, cos;+P,cosdy+-..., (70)
while the projection of the linear displacement can be written as
x = (3—3)0 cos b+ (3—35)P5 cos ot (71)

178. We have to average over the parameters of the single collisions.
The azimuths can be taken to be independent and therefore we may
assume for the average values

(oospeoonty = [0 171

Further, as we neglect the change of energy of the particle while
passing through the absorber, we may assume that the values of 3; are
independent of each other and are distributed at random. We assume
therefore

3
1
=30 =3 [ a0y = 3 (73)
0
Introducing (72) into (70) we find
@ = %52, (74)

where n is the average number of collisions per cm. absorber and 92 is
the mean square angle of scattering in one collision. We have

n = (N/Z) f @) do, = f 92x(9) d&/ f x(@) do, (75)
and, finally, @ — %3 f 9y (9) db. (76)

Similarly we obtain for the mean-square displacement, with help of
(71), (72), (73), and (75),
N3
2y = 2 2 . 77
@ =35 [0 5 (7)
The expressions (76) and (77) refer to the projection of the angle of
scatter and the projection of the linear displacement. The mean-square

values of the actual angle and the full displacement are twice those of
their projections and thus we have

O = A_g’ f 925(9) dd (78)

and o = %3_? f 9y (9) dF. (79)

nnnnnn
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179. It remains to determine the numerical value for the integral
f 92x(9) dd.

Inserting the cross-section from (52) we obtain

8 Zz 2,4 19
f 92y (9) d = ",,2;26 log mex, (80)

min

Itis seen that the integral (80) diverges owing to the contributions of the
small angles, i.e. owing to the contributions of the distant collisions.
1t must be concluded therefore that the contribution of the distant
collisions is reduced by some process.

Screening

180. The analogous difficulty in case of the energy loss was overcome
by considering the effect of the binding forces between electrons and
atoms. As, however, scattering is mainly due to nuclear collisions, and
the nuclei can be regarded as practically free, the divergency in the
expression for the scattering cannot be overcome by introducing the
effect of binding forces.

Nuclear scattering at large distance is, however, reduced by the
electrostatic shielding of the nucleus by its electrons.

The electrostatic shielding reduces the scattering of distant particles
but it does not reduce the loss of energy. It was seen in § 170 that
sufficiently energetic primaries are capable of losing energy to atoms
very far from their path. Thus a primary travelling at a distance such
that the fields of the electrons and the nuclei compensate each other
almost completely is still capable of transferring energy to the atom.

The physical reason why screening reduces scattering much more
than the energy transfer is as follows. A fast particle passing an atom
transfers a certain amount of momentum to each electron and also to
the nucleus. The angle of scattering is, however, determined by the
transverse component of the total recoil. Due to the opposite sign of
charge the electrons recoil in the opposite direction to the nucleus,
and if the fast particle passes at a sufficient distance, the transverse
components of the recoiling electrons cancel the transverse component
of the nuclear recoil and thus no scattering results. The total energy
transferred is equal to

_21_ B%ucleus
L 2me+ 2M,

The energy transferred to any of the electrons or to the nucleus is
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positive, and is not affected by the presence of the other particles
except for the small effect of binding forces.

In other words, a particle passing an atom suffers Z+1 collisions
with the constituents of the atom and loses energy to every one of them.
The Z+-1 angles of scattering, however, tend to compensate each other
and therefore the scattering is reduced strongly by shielding.

181. The scattering of a fast particle at increasing distancesisreduced
gradually due to shielding. Schematically we may assume, however,
that in collisions up to a distance a = 2r,, the effect of shielding is
negligible, while for distances larger than 2r, no scattering takes place.

We may put P = @y Z-Y, @, = 1377, (81)

(@q is the Bohr radius of the H-atom) and thus obtain from (46) and (54)
Ztzm,, c? .

P = Zze*|opry, = —1372—;—]; (classical). (82)

Finite nucleus (see Williams (1939¢))

182. The value of &#,,, depends on circumstances. If no more
stringent limitation of the angle of scattering is imposed we may put

(compare (68 a)) D ax = Dy (83)

183. It was pointed out by Williams (1939¢) that in case of fast
particles an upper limit for & is imposed by the finite size of the nucleus.
The nucleus can be taken as a sphere with radius

The Coulomb field inside this sphere is much weaker than that of a
point charge, and therefore the angles of deflexion for collisions with

a <71y

are smaller than expected for a point nucleus. In a schematic treatment
one can neglect all collisions at distances less than r,. One finds thus
for the maximum angle of deflexion

2Z%m, c?
vp
For fast particles 3,,,, as obtained from (85) is small. With v ~ ¢,

we have
Fmax = 2Z%(m,/mB) (classical, finite nucleus). (86)

Ppax = 2Zze%[vpr, = (85)

max

It will be seen that the value for &,,, obtained from quantum theory
(§ 192) is 137 times larger, but even this larger value is fairly small and
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thus no large-angle scattering of fast particles due to Coulomb inter-
action is to be expected.

Large-angle deflexions of fast cosmic ray particles have, however,
been observed. Such observations give direct evidence for the existence
of non-Coulomb forces between nucleus and particle (compare Ch. 1V,
§ 319, and also § 193).

184. Introducing (52) into (85) and (82), we find with the help of (78)

and (79) __16nZz* r0N31 13772

2> =
2y — 322 “0 g 13724,
3 p/ c

It will be seen later that (87) is conﬁrmed by the quantal treatment.

(b) Limatation of Classical Theory of Elastic Collisions

185. 1t remains to point out the limitation of the classical treatment
of elastic collisions (compare Williams (1940 a)).

All considerations were based on eq. (46) which gives the momentum
transferred in a collision with impact parameter a.

In an exact treatment of the collision the wave properties of the par-
ticles have to be considered. The position and momentum of a particle
represented by a wave packet are uncertain by amounts given by the
uncertainty relation of Heisenberg:

ApAx ~ h. (88)

The classical treatment of a collision is only valid if the transverse
extension of the wave packet representing the moving particle is small
compared with the impact parameter a. Thus we have the following

condition: ‘ Az < 2a. (89)

At the same time it is necessary that the transverse component of the
recoil momentum should be small compared with the uncertainty of the
momentum in this direction. Therefore with the help of (46) we obtain

the second condition
Ap L 2P, = 4Z, ze*|va. (90)

From (88), (89), and (90) the following condition is obtained,
8Z,2e%/v > ApAx ~ 2nfi,

and therefore we find that the classical treatment is only valid provided

Z,z
1.37(v/ ) >im (91)
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The condition (91) is, however, only fulfilled for slow particles and large
values of Z,. For fast cosmic-ray particles the condition (91) is not
satisfied and therefore the classical treatment cannot be relied upon.

186. In spite of the condition (91), which is not satisfied for fast
particles, the formulae obtained from the classical treatment lead to
qualitatively correct results. It is found that the classical expressions
for energy loss or scattering are only in error under the logarithm, while
the factor outside the logarithm is obtained correctly. The reason for
this partial agreement between classical treatment and quantal treat-
ment is due to the analytical accident that in the case of a Coulomb
interaction the two treatments lead to the same expression for the
differential cross-section.

The difference between the two treatments becomes, therefore, only
apparent when collision parameters appear explicitly; the collision
parameters, however, always occur under the logarithm and therefore
do not affect the results considerably.

2. Quantal Treatment of Collisions
(@) Elastic Collisions

187. We give the following very brief treatment of the quantum
theory of elastic collisions. The non-relativistic treatment of this prob-
lem was given by Wentzel (1927) and by Gordon (1928) ; the relativistic
treatment of the problem according to Dirac’s theory was carried out
by Mott (1932). The loss of energy of fast particles was treated by
Moéller (1932), Bethe (1932), Williams (1932), Bloch (1933).

Transition probabilities

188. Consider an atomic system the stationary states of which are
represented by wave functions

Y, ¥ ... (92)

A perturbation switched on at a time ¢ = 0 may cause transitions of

the system from one to another of its stationary states. It can be shown

that the probability of a transition from state 1 to state 2 due to a
perturbation II is given by

2

(93)

t
IT,, d
=

1
Tm:ﬁ"g

with I, = f ¥, IV d7 ™, (94)

where the integration denoted by d¥"* has to be carried out over all
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coordinates; the time integration (93) has to be carried out over the
time of the perturbation. II,, will be referred to as the matrix element
of the transition.

In case of a time-independent perturbation it is useful to introduce
a transition probability per unit time. We assume the final state to
lie in a continuum; the transition probability per unit time is then

given by
ay

aw’

where dN is the number of stationary states in the vicinity dW of the
final state. The expression (95) for ¢, refers to transitions in which the
total energy of the system is conserved (compare e.g. Dirac, Quantum
Mechanics, Oxford, 1947, p. 172).

It is often convenient to replace transition probabilities by effective
cross-sections. We find

1 2
typ = ﬁl“lzl' (95)

(D12 =t~ (96)

where v is the velocity of incident particles.
The above approximate treatment is referred to as the Born approxi-

mation.

The Rutherford formula

Matrix elements

189. Consider two free particles of mass m and M and initial momen-
tum p and P. To a first approximation we consider the particles as free
and introduce the Coulomb force as a perturbation causing transitions.

The initial state of the system is described by the following wave
function:

g, — ! exp{%[PR—Wt—{—pr—wt] . (97)

A
This wave function corresponds to the non-relativistic approximation
and is normalized to represent one particle of each kind per volume A3,
It is further assumed that the particles are different.

Consider the transition into a final state 2 with the wave function
1 i

¥, = geexp[[PR— Wt pr—wi]. (98)

Take the one particle to be a nucleus of charge Ze surrounded by Z
alantrana T 44 +ha chialdinae affant Af+ha Alandnanas $ha Manlawmah 8413
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of the nucleus dies out exponentially at large distances and we may put
for the interaction energy

2
(e, R) = 2 exp(—s/2r,0), (99)

where s =R—r (s=|s]). (100)

The matrix of transition from the initial to final state is obtained with
the help of (94), (97), and (98)

M, — 2Z¢* H M\ﬂ?; drdR. (101)
Both R and r have to be integrated over the volume A3,

Centre of gravity system
190. It is convenient to introduce new variables, namely s and

S = (MR+mr)/(M~+m). (102)
S is the position vector of the centre of gravity. We find
drdR = dsdS, (103)

where we write dr, etc., for the differential volume element, thus

dr = dr,dr,dr,, etec.
The integral (101), expressed in terms of the variables ds and dS can be
written as follows (note w—w'+W—W’ = 0):

2 ; 1 /%) Qs —s
M, — 2Ze Jexp{z[p—p'+P—P’]S} s Ffexp{(Z/ﬁ)qs $/2rge} ds,

A3 k s
. m 7 ’ m
with q= [—M(P—P )—(p—p )]/(1 +M)' (104)
The int'egral into dS is equal to one, provided
p+P = p'+P, (105)

and vanishes otherwise.

Eq. (105) expresses the conservation of momentum and thus we see
that transition can only take place in accordance with the conservation
of momentum.

With the help of (104) and (105) we find

q=P-—P, (106)
thus q is the amount of momentum transferred in the collision. The

remaining integration in (104) can be carried out analytically. We find

with the help of (94)
4z Ze?[A3
M, = o281 107
B (@R (1) (on
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In order to find the actual collision cross-section we have to determine
the density dN/dW of final states. It is convenient to consider the
collision in the centre of gravity system. In this system we have

p = —P. (108)
The number of stationary states in which the momentum of the scat-
tered particle is found in the interval p’, dp’ and moving in a direction
inside a solid angle Q is found to be

A3p"2 dp'dQ

The energy in the centre of gravity system is

and therefore we have

L dv =~ m2dQ (110)
NvdW ~— (2wh)3(14+-m/M)
Inscrting (107) and (110) into (96) we obtain for the cross-section in the
centre of gravity system
_ 4Z%%mrdQ 1

T G T ‘“”

Xo(q) A2

Transformation into rest-system

191. We note that vy(g)dQ has the same value for any system of
reference and thus the cross-section in the rest-system of the scatterer
becomes

47%2e*m?*d )
dQ=_=""_ __"".

XD = gy aefare e

The cross-section (112) may also be expressed in terms of #, the angle

of scattering. For small scattering angles we have

T 12)

p~p and q~ Zpsin}d (113)
besides dQ = 27sind dd.
And thus we have
X(8)dd 87 Z22%4sin & di (114)

~ P 4sin? 3O+ (5] 2pre )t
Putting further sin® ~ & and neglecting #/2pr,, compared with & we
find finally

. 871'22226;4 @

i e (115)

x(9)dd
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Comparison with the classical result

192. It is seen that the cross-section (115) obtained from quantal
treatment is identical with the cross-section (52) obtained from the
classical treatment. A notable difference between the two treatments
appears in the limitation for small angles. It is seen from the fuller
expression (114) that for small angles & <&, the scattering cross-
section increases much less than d¥/9% with decreasing angle. The
difference becomes apparent for angles smaller than

&mln = 77//2])7‘80. (116)

The classical value for &, is 137v/c times smaller (see § 181).

Finite nucleus

193. The large-angle scattering of fast particles is limited by the
finite size of the nucleus. The Coulomb field inside the nucleus is much
smaller than that of a point charge. Schematically the field can be

represented by

%(e—-l?/2r,c_e~1?/2r,) (117)

(Williams, 1939¢). Inserting (117) into (94) we see that the matrix
element can be split into two similar contributions and we have

1 1
— 4 2 R
tha = dnZize {f12+(ﬁ/2rsc)2 q2+(ﬁ/2rz)2}' (118)

The cross-section can be derived from this new matrix element exactly
as before and we obtain

822224 1 1 2
. NdY = -0 Fd 119
O = ) 01
with Pin = 5/2p7 e, Pax = 1/2pr,. (120)
For angles in the region P < Ppax (121)

the second term in the curly bracket is small compared with the first
term and therefore the cross-section is only slightly affected by the
finite size of the nucleus.

For angles &> 9

max
the two terms in the curly bracket tend to cancel each other and there-
fore the probability of scattering through angles much larger thand_,.
is negligibly small.

In Fig. 29 we have reproduced from Williams (1939 c) the cross-section
for scattering through various angles. Curve A refers to scattering by
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Coulomb interaction only, while curve C gives the scattering by the
short-range forces between the nucleus and the scattered particle. It
is seen that for a pure Coulomb interaction scattering through large
angles is unimportant.

“
O

e ——— e — e, e e ————— e ———

log &

0
-05 0 05 10 15 20 25

(arbitrary units)

F1a. 29. Showing scattering by 1 em. lead plate due to ‘non-
olectrical’ and electrical forces respectively. Krom E.J. Williams,
Proc. Roy. Soc. A, 169, 553.

(b) Inelastic Collisions

194. The energy transferred in an inelastic collision is equal to the
energy of excitation or ionization of the atom. This energy is large com-
pared with the energy which can be transferred in an elastic collision
and therefore the energy loss of charged particles traversing an absorber
is mainly due to the inelastic collisions.

The rate of loss of energy can be worked out by evaluating the
matrix elements and by averaging over the various collisions. A differ-
ent method which corresponds much more closely to the classicél treat-
ment of the problem is due to Williams (1933 a). In this method the
collision between primary and atom is treated as a time-dependent
perturbation, the field of the primary particle sweeping over the atom
being regarded as the perturbation.

The probability of a transition being induced by the disturbing field
of the passing particle is given by (93). The integration has to be
carried out over the duration of the encounter.

Collision with a hydrogen atom

195. We consider the collision of an H-atom with a charged particle
passing at a large distance a. If a is much larger than the dimension
of the atom then it can be assumed that the disturbing field is constant
at any instant over the region occupied by the atom.
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The perturbation energy can thus be written as
II(¢) = «F,, (122)
where z is the coordinate of the electron parallel to the field and F, is the
force defined in (45). With (122) and (93) we obtain for the transition
probability
Tio = (J2l?/f2)] [ B emt0htbim dy?, (123)

where Ty = f Py(ry)afy(ry) dry;

(e )T, (e
are the wave functions representing ground state and excited state of
the atom.
1f the time of collision is short compared with the time of oscillation,

teon < H/|W—Wyl, (123a)
then the exponential in the time interval can be taken as constant and

thus we have

cb

[ Bye-tonmimit ~ [ F,dt = P, (124)

where Py, is the momentum transferred according to classical theory to
one of the atomic electrons.

The total energy transferred to the atom according to classical theory
is , P2

4= om
€

(125)

We proceed to compare the energy loss obtained from classical theory
with that obtained from quantum theory.

The transition probability according to quantum theory can be
written with the help of (123), 124), and (125)

|22 (126)

The average energy transferred is obtained by averaging over all types
of transitions. We have

W= WaTgt > leul (W), (127)
%
where the sum has to be extended over all stationary states of the atom

including the continuum. It was shown by Bethe (1932) that
2 |2y A(We— W) = #2/2m,,
And thus one finds W= W.. (128)
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Thus the average energy lost by a fast particle in collisions at large
distances is given correctly by the classical theory; the actual amounts
lost in individual collisions are, however, much larger than predicted by
the classical theory. A fast particle passing an atom at a large distance
will usually pass without interacting, while in rare cases a strong inter-
action leading to excitation or ionization will take place.

We note that the above derivation becomes invalid for slow collisions
where (123a) is not fulfilled. It can thus be shown that inelastic colli-
sions with atoms at distances larger than a, .. (58) are improbable.

3. Radiative Collisions

The theory of radiative collisions using Born’s method was given by
Bethe and Heitler (1934). The radiative collisions can also be treated
by the impact parameter method (Williams (1933 a) and Weizsécker
(1934)). In the following we sketch the latter method of approach.

Treatment as two-body collision

196. Charged particles involved in close collisions suffer sudden
acceleration and thus emit electromagnetic radiation. According to the
classical theory the rate of energy emitted is given by

dWw  2e?(dr\? .

S SE(W) : (129)
For fast electrons these radiative collisions cause a much greater loss
of energy for fast particles than the inelastic collisions.

Energy loss in rest-system of colliding particle

197. Consider an electron with velocity » ~ ¢ flying past a nucleus
of charge Ze. We proceed to calculate in terms of the classical theory the
radiation emitted by the electron.

It is convenient to consider the collision in the rest-system of the
electron and to transform eventually the results thus obtained from
the rest-system of the electron to the rest-system of the nucleus.

In the rest-system of the electron the nucleus is flying past the
electron ; the Coulomb field of the nucleus acting upon the electron is
given by (45).

The electron is accelerated and the rate of energy thus emitted is
obtained from (129) and (45) on setting

Z, =7, z=1 m=om, (130)

% _ 2e2 Ze2Ba }2

We find thus (131)

dt — 3c3|\my(a?+ B2v2)l
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The total energy emitted is obtained by integrating over the time of
collision, R
W, = f —dt = ( ") Z2Bm,c® (v~ c). (132)

Transformation into rest-system of nucleus

198. We have to transform the energy into the rest-system of the
nucleus.

In the rest-system of the electron the radiation is distributed as that
of a radiating dipole. No radiation being emitted in the transverse
direction, the maximum of the intensity is emitted in the plane per-
pendicular to a. We assume, however, for simplicity that the radiation
is distributed isotropically round the electron.

Transforming into the rest-system of the nucleus we find from (27)
that the total energy emitted in the system of the nucleus will be

W~ W,B. (133)
The probability for a collision at a distance between a and a--da

from the nucleus is 2mada and therefore the average energy loss per
collision is obtained as

2 2
__‘fd_'i _ Nf W 2ma da = szﬂ—zr%( &l ) (134)

m,C @min

The rate of loss of cnergy thus diverges due to the contribution of the
close collisions.

Limitation of the method

199, The divergency of the expression (134) can be shown to be caused
by the breakdown of the classical theory for close collisions. The limita-
tion of the classical theory can be best shown in the rest-system of the
electron.

The wave-packet representing the electron must be smaller than the
width of the Coulomb field passing over the electron. The field has a
width of the order of 2a/B and thus we have the condition

2a/B > Ax. (135)
The uncertainty of the momentum of the electron must be small as
compared with m,c. We have therefore

m,c > Ap. (136)
With the help of (88) we have thus the condition
2a/B.m,c > 2k
or a > 137nry B = ay,. (137)
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Introducing the above value for a,;, into (134) we have
2
——=——NWr (138)

(138) represents, however, a lower limit only, as collisions at distances
less than a,,, though not accessible to classical treatment, still contri-
bute to the energy loss.

Treatment as scattering of light

200. The collisions at distances less than a,, can still be treated
classically as follows.

The field of the fast-moving nucleus in the rest-system of the electron
is almost identical with the field of an electromagnetic wave. The
difference between the field of an electromagnetic wave and that of the
moving nucleus is confined to discrepancies of the order of 1/B; thus:

1. The field of the nucleus is almost exactly transverse. Because of

the Lorentz contraction of the field the ratio of the longitudinal
and transverse components is 1/B.

2. The field moves almost with the velocity of light. The difference

between v and ¢ can be expressed as

v 1
] — ~ —
¢ 2B%
3. The electric field is accompanied by an induced magnetic field.
The electric and magnetic components are perpendicular and they

differ only by amounts of the order of 1/252.

Equivalent spectrum
201. The passing field can be resolved into Fourier componénts and
therefore the collision can be considered as the scattering of the mono-
chromatic components by the electron.
The field strength E(t) due to the passing nucleus consists of a short
light pulse. The intensity in the spectral region v, dv is given by
+ 00

dl(v)~du( [ Becosw dt)

—00

2
. (139)

Considering small frequencies v, the cosine term can be regarded as a
slowly varying function, and we have approximately

fE(t)cosvt dt~fE(t) dt.

For frequencies large compared with the period of the collision the
function E(t) can be taken to vary only slowly as compared with the
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cosine term and thus the value of the integral is small. Schematically
the spectrum (139) can be represented as follows:

2
= const. forv <€ —,
dl(v) tcoll
dv =0 for v > 2

(140)

coll

202. According to the classical theory the cross-section for the scat-
tering of radiation of any frequency by a free electron is given by the
Thomson formula

Dycattering = 8mry/3.

The energy scattered by the electron can thus be worked out and after
transformation into the rest-system of the nucleus the energy loss of the
electron is obtained. The total rate of loss thus obtained is of course
the same as that obtained in the previous treatment.

Scattering of equivalent radiation field

203. The scattering of light by free electrons has been treated by
Klein and Nishina (1929) using Dirac’s relativistic quantum theory of
the electron. It is found that the classical cross-section is valid only for
small frequencies. For frequencies exceeding v, = m,c?/#i, the scattering
cross-section becomes much smaller than the Thomson cross-section.

This breakdown of the classical theory can be understood in general
terms. The interaction of light with an electron can be treated classically
as long as the wavelength A of the light is large compared with the wave-
packet representing the electron. Assuming that the uncertainty of the
momentum of the electron is smaller than m,c, this gives

Am,c > 2nh

and thus v = g;—c < m, k.

204. Thus the large frequencies contribute comparatively little to
the total scattering. We can assume schematically that classical theory
holds up to frequencies v,, but that no scattering takes place for higher
frequencies.

At distance @ > ay,;,/m (compare (137)) the time of collision is longer
than 2/v, and thus the spectrum (140) does not contain frequencies
above v,. For these collisions the classical treatment is justified.

The limitation of the classical theory becomes important for smaller
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distances. From (57) and (140) it is seen easily that for collisions at
distances a < ap;,/7 only a fraction

A0y
of the spectrum contains low frequencies and therefore the classical
expression for energy transfer must be reduced by this factor. Thus

excluding frequencies larger than v, we have to replace (133) by

2 3
F’f—(%)) Bm,c? (@ > ayin/m),
Wo = w2 [ro\3[ =r (141)
T(?;‘)) (a .O)Bmecz (@ < ayin/m).
min,

Inserting the value for a,;, from (137) we can integrate over collisions
at different distances and we obtain

2
_W _ N [ wy2mada =T 2T
d3 2 137
where a, is the smallest distance for which the modified classical picture
holds. Asthe wave-packet representing the particle is rather larger than

hjm,c we may put

N{log(amm/a1 +1}m, c?, (142)

A, = h/mec = 2amin/B!
and thus with the help of (137) and (142) we obtain

aw szro{ W }m,ce,

_aw _ = log—1"— 11 143
=2 37| e T (143)

Effect of screening

We have so far neglected the effect of screening due to the atomic
electrons. For energies larger than .

W > W, = n13Tm,c2Z*
we find a, /7 = r,, and thus for energies larger than W, many of the
collisions take place outside the screen of the atomic electrons-and are
therefore ineffective.

The shielding of the electrons can be taken care of in a rough way by
assuming that collisions at distances less than r,, are not affected by
screening while collisions outside r, lead to no energy transfer at all.

With these simplified assumptions we find

aw Z%?
Tdy “N 137
205. The treatment of the collision radiation as given in the pre-

ceding section is due to Williams (1934a) and to Weizsdcker (1934).

m, c2log(192Z-3) (%137 = 192), (144)
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Making use of the exact Klein-Nishina formula these authors also
obtain expressions in good agreement with the results obtained by
Bethe and Heitler from Born’s method.

Discussion of radiation formulae

206. The following features of the radiation formulae should be
noted.

1. The rate of loss of energy is proportional to the energy of the
primary. The range of energetic electrons therefore increases only
slightly with increasing energy.

2. The loss of energy for electrons is proportional to 73 and therefore
is proportional to 1/m2. It is seen therefore that the radiation loss for
particles heavier than electrons is much smaller than the corresponding
loss for electrons.

3. The rate of loss is proportional to Z2. Therefore the radiation loss
is much more important in heavy elements than in light elements.

4. The collisions take piace at large distances as compared with the
nuclear radius and therefore no effects due to the finite size of the
nucleus should be expected. This is true irrespective of the energy of
the incident electrons.

5. The possibility of a breakdown of the radiation formulae for high
energies has been much discussed. It is seen, however, from the treat-
ment of the collision in the rest-system of the electron that the theory
of the radiative collisions is based on the scattering of quanta with
energies less than m,c%. The high energies which appear in the system
of the observer are only introduced later by the Lorentz transformation.
It is therefore unlikely that the radiation formulae should become
invalid even for very high energies.

E. MEeso~N THEORY

207. The meson theory was created by Yukawa (1935) (see also
Yukawa and co-workers, 1937, 8) in an attempt to account for the forces
acting between nucleons in atomic nuclei and to account for the
B-activity. Yukawa’s theory is an improved form of the theories of
Heisenberg and Fermi. These older theories regard the nuclear forces
as exchange forces due to the exchange of electron neutrino pairs.
Yukawa postulated the existence of a new particle which is responsible
for the short range forces. The u-meson discovered among cosmic rays
seemed to have all the properties predicted by Yukawa and was prelimi-
narily identified with Yukawa’s particle. At present it is thought more

likely that the 7-meson is Yukawa’s particle.
35695-40 I
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One of the outstanding problems of theoretical physics is to under-
stand the significance of the distressingly increasing number of ‘elemen-
tary’ particles and to account for their properties. (Compare, e.g.
suggestions put forward by Klein (1948).)

No fully satisfactory theory of the production of mesons in the cosmic
ray has been found. Hamilton, Heitler, and Peng (1943), have worked
out the cross-sections for the emission of mesons in collisions between
fast nucleons and give a qualitatively correct picture of some features
of cosmic rays, if the latter theory is taken to apply to 7-mesons rather
than u-mesons. (See also Heitler and Janossy (1949a,0).)

In the following we give a brief account of meson theory.

1. Yukawa’s Hypothesis

208. The short range forces between nucleons can be accounted for
according to Yukawa (1935) by assuming that the nucleons are sources
of a field somewhat similar to the electromagnetic field, called the
‘meson field’. The nucleons have to be assumed to carry a ‘meson
charge’ which gives rise to the field. Meson charge and meson field are
analogous to quantities appearing in the electromagnetic theory.

To account for the strong spin dependence of the nuclear forces it is
assumed that the meson charge consists of two parts.

1. A scalar meson charge, analogous to the ordinary electric charge.

2. A dipole charge having the direction of the spin of the nucleon and

corresponding to magnetic dipole moment in the electromagnetic
theory.

2. The Meson Field

(@) General Properties
The static field
209. A static electric field can be derived from a potential which
obeys the Laplace-Poisson equation
VXD = —4mp. (145)
The field of a point charge is obtained by assuming p = §(r), where 5(r)
is the three-dimensional Dirac function. The corresponding solution of
(145) is the Coulomb potential
D = ¢/r.
The meson field is supposed to be derived from a meson potential &,
obeying the following equation in free space:
Vg = 24, (146)

1 A bar (7) will be used to signify quantities referring to the meson field.
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where 1/t has the dimension of a length. The solution of (146) corre-
sponding to the field of a point charge is found as
é = (1/r)exp(—F¥r). (147)
It is seen that the meson potential decreases exponentially with dis-
tance. The forces due to the meson field are therefore short range forces
with a range of the order of 1/f. The forces between nucleons are known
to have ranges of the order of r, = e%/m,c® and therefore in order to
account for the nuclear forces in terms of the meson field it is necessary

to assume 1/f =~ e2/m, c2. (148)
Meson waves

210. Electromagnetic waves in free space obey the following wave
equation: 160
o
1 22A
VA . =0.
c? o2
One form of the wave equation of the meson field can be written as

veg_ L2 _pg,

c2 ot
2K_32 ’A - 24,

ot?
where A is the vector potential of the meson field. The meson field
strength E and H can be derived from the potentials ¢ and A by the
equations analogous to (15), which are valid for the electromagnetic case.
The general solution of (149) can be represented as a superposition
of plane waves. Similarly the solution of the meson wave equation can
be taken as a superposition of plane waves. To obtain a plane wave
travelling in the a-direction we look for a solution depending only on x
and ¢t. Further we restrict ourselves to monochromatic waves with

frequency v and assume

2
(149)

(150)

d(x,t) = Po(x)exp(—irt). (151)

Introducing (151) into (150) we find the following equation for the
amplitude ¢(x): P .

£é=<—%+ﬂ$w (152)

and therefore the plane wave solution can be written as follows:

&(x,t) = const. xexpi{xA/(Z—:—f2) —vt}. (153)
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211. The solution (153) representing a plane wave of the meson field
differs appreciably from a plane wave in the electromagnetic field. The
main differences are as follows:

1. We state without proof that the meson wave, when expressed
in terms of the field strength, has both longitudinal and transverse
components. The longitudinal component is proportional to f and
disappears in the limiting case of f > 0.

2. The phase velocity v, of meson waves is larger than c. We find
from (153)

v c

") T (It

v

(154)

The meson
212. According to quantum theory the electromagnetic field can be
resolved into quanta with energy

W =ty
and momentum
P = f#i/A (A = wavelength/2x).

The corresponding treatment of the meson field leads to the following
expressions:

2
W =%y, P-= ]iA/(:—z—fz), (155)

where W and P are the energy and momentum of the quantum asso-
ciated with the meson field. The velocity of the quantum is obtained

from (12) as
'U—-C_2€——-—c 1_(_:.212 —-.‘f
W ) )]

this velocity represents also the group velocity of a meson wave-packet.
From the relation (6) we have

My = J(W2fct— P2fe?) = 2 (156)

o=

where m,, is the mass of the quantum. The quanta of the meson field
are assumed to be the mesons and thus m_, is the meson mass.
Comparing (156) and (148) we find

m, = Z%cmc = 137m,,. (157)

The above estimation refers to the order of magnitude only. A more
detailed treatment leads to a somewhat larger value of m,,.
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The observed value of the 7-meson mass (see App. III) is about
m, = 280m,,

in agreement with the prediction of the theory. There are, however,
some indications for a meson of mass u’ ~ 1000m, (Leprince-Ringuet
and Lhéritier (1944), Rochester and Butler (1947), Powell (1948)).

(b) Nuclear Forces
Electric charge of the meson

213. Yukawa (1935) postulated that the mesons carry unit electric
charges, either positive or negative.

The electric charge carried by the mesons can be expressed in terms
of the meson field. Expressions have been given which represent the
electric charge density and the electric current density associated with
a meson field.

In analogy with the emission and absorption of electromagnetic radia-
tion by an electric charge it must be assumed that nucleons are capable
of emitting or absorbing mesons. To safeguard the conservation of
charge it must be assumed that a proton can only emit a positive meson,
changing thereby into a neutron, and that a neutron can only emit a
negative meson, changing after emission into a proton.

Processes in which a proton emits a meson which is absorbed by
another neutron give rise to exchange forces between the nucleons very
similar to the exchange forces between atoms due to the exchange of
electrons. It is believed that the internuclear forces are due to meson
exchange.

Neutretto

214. Exchange forces as described in the preceding paragraph are
expected to act only between unlike nucleons. Two protons or two
neutrons are clearly incapable of the exchange of a charged meson. It
was shown by Frohlich, Heitler, and Kemmer (1938) that forces between
like particles arise due to higher-order exchanges in which two mesons
are exchanged simultaneously. An essentially different approach is to
postulate the existence of neutral mesons or ‘neutrettos’ (Arley and
Heitler (1938)).

Kemmer (1938b) has given a formulation of the meson theory in
which positive, negative, and neutral mesons are introduced and which
leads to exchange forces between nucleons independent of their electric
charge.
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215. Kemmer’s (1938b) formulation is made attractive by its
great simplicity. It must be pointed out, however, that there is no
experimental evidence available to indicate the occurrence of neutral
mesons.t On the other hand no experimental evidence against the
oceurrence of neutral mesons has been brought forward.

The spin of the meson

216. It was shown by Kemmer (1938a) that there are four different
possibilities for the formulation of the equations of the meson field.

In its simplest form the meson field has only a scalar potential obeying
the first equation of (150). The ‘meson field strength’ is then defined by

F = —graddg, G = %%’. (158)
It is readily seen that plane waves in this case are longitudinal and
therefore the waves show no polarization. This case corresponds to
mesons with spin zero.

The meson field originally suggested by Yukawa (1935) was actually
the scalar field. The scalar field leads, however, to a wrong spin depen-
dence of the nuclear forces: Assuming the scalar field, the force between
a proton and a neutron is obtained to be attractive in the 1S-state and
repulsive in the 3S-state. The deuteron is found experimentally to have
a spin 1 and therefore the ground-state of the deuteron must be in first
approximation a 3S-state, in contradiction to the prediction of the
scalar theory.

A better agreement with observation is obtained when the meson field
of the vector type is assumed (Frohlich, Heitler, and Kemmer (1938)).
The vector field is that described in § 210. The state of polarization of
the field is connected with the spin of the meson ; the vector meson with
three states of polarization has spin 1.

217. The actual value of the meson spin, though not known at
present, should be accessible to experiment. The cross-section for the
production of high-energy electron secondaries by fast mesons travers-
ing matter depends strongly on the value of the spin of the meson. The
spin of the meson could in principle be deduced from the number of
high-energy secondaries produced by the meson component. The experi-
mental evidence derived from cosmic-ray data will be discussed in

t Certain experiments are often quoted in the literature as evidence for the exis-
tence of neutral mesons. It will be shown in §§ 286, 294 that these results are quite
inconclusive.
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Chapter VI. The interpretation of results is rendered difficult as
the relative contributions of 7- and p-mesons at high energies are not
known.

218. Apart from the two types of field discussed in § 216 two more
possibilities giving rise to fields with similar properties can be envisaged.
These fields may be denoted in accordance with their covariance
properties as ‘pseudo-scalar field’ and ‘pseudo-vector field’.

(¢) B-Decay
Instability of the meson

219. Yukawa tried to account in his theory for both the nuclear
forces and B-activity. He assumed that the meson is unstable with a
half-life of about 0-25x10-% sec. and assumed that it decays into
an electron and a neutrino. It was pointed out subsequently by
Nordheim (1939a) that the life of the meson must be assumed to be
shorter, namely about 10-8 sec., so as to account for the B-decay of
nuclei.

When the p-meson was discovered among cosmic rays it scemed
natural to identify it with Yukawa’s particle. Furthermore, it was
found that the p-meson is unstable, giving rise to an electron in its
decay, and this seemed further to support Yukawa’s theory, particularly
its connexion with B-decay.

However, the observed half-life of the u-meson is £, = 2-1x 10-8 sec.
(see § 345 Chap. V) and it was realized that this time is too long to be
compatible with the requirements of Yukawa’s theory.

Suggestions were made to bridge the difficulty. Nordheim (1939«)
discussed the possibility that the y-meson decay may be forbidden in
the first approximation and may be more rapid inside a nucleus than
in free space.

Theory of Meller and Rosenfeld

220. Mogller and Rosenfeld (1940) were the first to consider the possi-
bility that B-decay might after all not be connected with the com-
paratively long-lived p-meson.

These authors assume the existence of two different types of mesons:
a meson of spin 0 (which they tentatively identified with the u-meson;
the only meson known at the time) and secondly a (vector) meson of
spin 1 which was supposed to have a half-life of 10-8 sec. and to be
responsible for the 8-decay.
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While Mgller and Rosenfeld assumed the two mesons of equal mass
a more general theory was put forward by Schwinger (1942) assuming
two mesons of different mass.

221. Asaresult of the discovery of the 7-meson (and possibly heavier
mesons) these theories have to be regarded in a different perspective.
It is now clear that the pu-meson is not connected with nuclear forces
and therefore it cannot be connected with B-activity either.

The theory of B-activity is quite obscure at the moment but the
following possibilities may be stated. The m-meson may possibly have
a probability of decaying into an electron and neutrino. Though there
is no experimental evidence to support the assumption of such a decay,
there is no objection to assuming such a process provided its half-life is
taken to exceed noticeably 10-8 sec., the period of the 7-u-decay.

Alternatively it is possible that the 8-decay is a property of nucleons
and does not take place through the medium of mesons. In this latter
case there would be no direct connexion between B-decay and nuclear
forces.

222. On account of the conservation of momentum a free particle
can just break up into two components. It was generally believed that
the u-meson decayed into one electron and a neutrino. Recent evidence
makes the assumption of a decay into three particles, e.g. one electron
and two neutrinos, likely (Steinberger (1948); Leighton, Anderson, and
Aaron (1949); C. F. Powell and co-workers (1949)).

223. The following interesting order of magnitude relation between
the observed half-life of the u-meson and other universal constants was
observed by Blackett (1939).

One finds ¢ty = Ry(e/w), (159)

where R, = e?/uc? and w = Y@ u is the ‘gravitational charge’ of the
meson. (I is the gravitational constant.

The relation (159) is only qualitatively correct. As the order of magni-
tude of ¢, cannot be expressed simply in terms of universal constants
without the gravitational constant the above relation can be taken as
evidence for a connexion between meson decay and gravitation.

3. Observational Evidence for the Meson Theory

(@) The Deuteron
224. A crucial test of any formulation of the meson theory is whether
the formulation leads to correct predictions of the properties of the
deuteron.
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The following relevant facts about the deuteron are known experi-
mentally:

1. The ground state of the deuteron is a triplet state, probably 38S.

2. Scattering experiments indicate the existence of a 1S-state with
roughly half the potential energy of the ground state.

3. According to the observations of Kellogg, Rabi, Ramsey, and
Zacharias (1940) the deuteron possesses a quadripole moment. The
moment is parallel to the spin and its magnitude is @ = 2-73 X
10-27 ¢cm.2 Thus the nucleus behaves as a prolate spheroid
spinning about its major axis.

225. Each of the four possible meson fields described in the previous
section contains two arbitrary parameters f and g corresponding to the
meson charge and the meson magnetic moment of the nucleons.

It was found by Frohlich, Heitler, and Kemmer (1938) that the
requirements (1) and (2) can both be fulfilled by a suitable choice of the
constants f and ¢ provided the vector meson field is used.

However, the vector meson field gives rise to a dipole interaction
between the nucleons leading to a force proportional to 1/73. It is well
known that stationary states cannot exist for such a high singularity
and therefore no reliance can be based upon this treatment.

226. Bethe (1940) has investigated how far it is possible to eliminate
the singularity by a ‘cutting-off’ process. It was found that it would
be necessary to cut out the meson field up to distances of the same order
as the radius of the deuteron to make the cutting off effective. This
procedure appears quite unsatisfactory.

If only neutral mesons are assumed then a more satisfactory ‘cutting-
off’ radius can be obtained. But as observations give evidence only for
charged mesons, it appears unsatisfactory to formulate a theory of the
nuclear forces based on neutral mesons only.

227. A way of eliminating the singularities was proposed by Mgller
and Rosenfeld (1940). It was shown that by choosing a suitable super-
position of two meson fields it was possible to obtain an interaction free
from dipole singularities.

In particular, by choosing the superposition of the pseudo-scalar
field with the vector-meson field it was possible to obtain a force
between nucleons free from the dipole term and which at the same
time satisfied all the three requirements given above regarding the
deuteron.

228. According to this formulation of the meson theory the mesons
have to be regarded as a mixture of two types; namely ‘pseudo-scalar’
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mesons and ‘ vector’ mesons. The former have spin zero while the latter
have spin one. It is further suggested that the ‘pseudo-scalar mesons’
are the ordinary mesons observed in the penetrating component of
cosmic rays while the vector mesons are supposed to have a mean life
of only about 10-8 sec. and these mesons are supposed to be mainly
responsible for the radioactive 8-decay.

The theory of Mgller and Rosenfeld (1940) represented for some time
the most satisfactory formulation of the meson theory. The situation
has become more complicated recently: more experimental evidence
has been brought forward and more theoretical work has been carried
out. In particular experimental results on the scattering of nucleons by
nucleons have become important.

A review of the rather uncertain state of the theory has been given
by Rosenfeld (1948) in his Solvay report. While it still appears neces-
sary to assume the existence of at least two different types of nuclear
force meson it does not seem likely that the dipole singularity of the
field can be removed even to a first approximation by superposing
the fields.

(b) Collisions

Scattering

229. The simplest collision process involving mesons is the scat-
tering of mesons by nucleons. This process is analogous to the
scattering of light by an electric charge, and therefore the classical
treatment of the problem of scattering of meson waves necessarily
leads to a scattering cross-section analogous to the Thomson cross-
section for light. *

The scattering cross-section obtained from the classical treatment is
according to Bhabha (19386) (writing p for the meson mass)

~ (ﬁ)z, (160)

uc?

where f is the meson charge of the scattering nucleon. We note that
the cross-section contains the meson mass and not the nucleon mass M.
The reason for this can be understood by comparing the process of the
scattering of meson waves with that of the scattering of electromagnetic
waves in more detail.

A light wave falling on an electric charge makes the charge vibrate
with an amplitude inversely proportional to the mass of the charge,
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resulting in emission of light by the vibrating charge inversely propor-

tional to the square of the mass.
A meson wave falling on a nucleon produces two effects: (1) the

nucleon as a whole vibrates with an amplitude inversely proportional
to M; (2) the wave induces transitions between proton and neutron
states accompanied by the emission and reabsorption of a meson. This
second process may be compared with the polarization of the nucleon
by the meson wave. The inertia in this process arises from the mass
of the virtual meson and thus the cross-section is proportional to
1/u%. The second process is, of course, far more important than the
first.

230. The cross-section (160) is of the same order as that obtained
from the quantal treatment for low-energy mesons. According to this
treatment the cross-section for scattering increases rapidly with the
incident energy. The cross-section (160) is, however, clearly incom-
patible with observation.

We may write instead of (160)

ey

f*/fic is a number which plays a role in meson theory comparable with
Sommerfeld’s fine structure constant e?/#ic for the electromagnetic field.
It is estimated that f2/fic is of the order of unity. The cross-section (161)
is therefore according to (148), (156) of the order of

. ~ (fijuc)?* ~ (e3/m,c?)? ~ 10-% cm.? (162)

231. Because of the short range of the meson force most collisions
should result in large-angle collisions. Thus the mean free path of a
meson before being scattered through a large angle should be, according
to (162),

A ~ 20 gram/cm.? (163)

Although this cross-section applies to 7-mesons, and not to u-mesons
as supposed originally, it seems to be unreasonably large.

232. Various other collision processes have been treated by Born’s
approximation. Most of these cross-sections are too large to be
compatible with observation; we have collected in Table 1 a few

results.



124 THEORY OF FAST COLLISIONS [Chap. 1II

TABLE 1

Cross-sections for processes tnvolving mesons
calculated without radiation damping

Process Cross-section Author
Scattering of meson by nu- o a7 , P* | Heitler (1938), Bhabha
cleon scattering ~ 107" em. 2wt (1938b), A. H. Wilson
(1940), Ma (1942), and
others.
Scattering of a photon by a 5[ e?\ fiv Smowolinsky (1940).
meson. 18 \pc?/ pc?
Absorption of meson emitting | ~ 1072 cm.2 for primary | Massey and Corben (1939
a photon, or emission of energy uc?, decreasing a, b).
meson by photon: with primary energy.
hw+P 5 N+ut,
w4+ N5 P+pu.
w
PIUEI . [ 202 2 \2
Emission of meson pair by dq,___ﬁg_c(_{_) | Booth and Wilson (1940).
photon.t 149 Zic \pc?/ pc?
0
hv . ;
I54 Z2 2 2
Emission of photont by meson. wdD =222 (-e—) 2% | Booth and Wilson (1940).
9 fic \uc?/ pc?
0
Scattering of meson by Cou-
lomb field. .
Production of secondary elec- Seo §§ 240, 241.
tron by meson.

1 In Coulomb field of nucleus.

Besides, the cross-sections thus obtained are increasing with energy;
this is also difficult to reconcile with observational evidence. *

It is thus seen that the meson theory in its simple formulation leads
to results incompatible with observation.

An attempt was made (Heitler and Ma (1940), Bhabha (19400, 1)) to
overcome the difficulties of the meson theory by postulating that proton
and neutron are the lowest states of energy of the nucleon and assuming
the existence of higher excited states corresponding to charges —e, 2e,...
and to spin values %,....

This theory leads to the strong coupling theory; it gives smaller cross-
sections for some of the collisions, but it has been largely abandoned
because of its great internal difficulties.

233. The difficulties have been removed in a different way. It was
pointed out by Bhabha (1940a) that the radiation damping in the
classical meson theory plays an important part. Radiation damping
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was introduced into the quantal treatment of the meson field by
Heitler (1941) and by A. H. Wilson (1941).

The treatment of the radiation damping is rendered difficult because
diverging terms appear in the theory. A method was suggested accord-
ing to which the diverging terms can be neglected in an unambiguous
way.

234. The various cross-sections obtained by the treatment including
radiation damping have reasonable values. A very satisfactory feature
of the cross-sections thus obtained is that they decrease for large
energies with increasing energy.

Some of the cross-sections thus obtained are given in the following
table:

TABLE 2

Cross-sections involving mesons calculated
with radiation damping

Process Cross-section Awuthor
. A\%  f? [uc?\? Wilson (1941), Heitler and
Scattering by nucleon. 417(;6-) g_z—i——:if’(Tu—) Peng (1942).
assuming charged me-
sons only.
7 \?( uct\?
st () ()
f pe/ \w

assuming the symmetri-
cal theory including
neutrettos (§ 174).

Emission of a (pseudo-scalar) 2 n’ef""(h)z(yc’)’

meson by light quanta. 7 - Hamilton and Peng (1944).
*

w

All cross-sections for w > uc?/f.

Low-energy interaction is discussed by Hamilton and Peng (1944), Heitler and Peng
(1944).
Emission of mesons by nucleons

235. The collision between two nucleons can be treated by analogy
with the radiative collisions between two electrically charged particles.

Consider a fast nucleon flying past a stationary nucleon. The meson
field of the fast nucleon is comparable with the field of meson waves.
In particular the meson field can be resolved into Fourier components,
each component corresponding to a monochromatic meson beath. Thus
the field of the nucleus can be represented by an equivalent meson
spectrum.

The meson waves passing over the stationary nucleus are scattered
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and the scattered waves appear to the observer as mesons emitted in
the collision.
236. The emission of mesons in collisions between fast nucleons was
treated in the above way by Heitler and Peng (1944), Heitler (1945).
The results obtained were shown to agree reasonably with experiments
(Hamilton, Heitler, and Peng (1943), Heitler and Walsh (1945), Janossy
(1943)). This problem will be discussed in Chapter IX.

F. SuMMARY OF THEORETICAL EXPRESSIONS
1. Elastic and Inelastic Collisions

Energy loss (a) Charged Particles

237. Charged particles lose energy due to inelastic collisions. Most
of this energy is spent in ionizing atoms. Some energy is also lost by
exciting atoms.

The rate of energy loss is given by the Bloch (1933) formula for a
particle of charge ze, mass m. We have for electrons

dW _ 2aNZzDym,c*(, B>m, v*Wp,, z
= N max - 164
a8 = (o) {l" g +B2+ (1371)/(:)}’ (164)

W(x) = 0-577+logx+... = real part of (¢x)!,
N = number of atoms per gram,

€2 \2
o = (mcc“’) ’ ,
I=135¢eV,,

Woax = maximum transferable energy.

238. For fairly fast particles we shall use sometimes the fE)llowing
approximation (compare Rossi and Greisen (1941)):

aw x4 .
48 T (o) (165)
with
P {20 24 3log c—Zlog Z} (electrons)
o = 01537 % (166)

G
{20 5+44log pc —2log Z} (protons, mesons).

Unit: MEV. per (gram/cm.2).

Neglecting the terms log(p/m,c), & can be regarded as constant; intro-

ducing 1
W, = mc¥B—1) and (v/c)?= l—ﬁ (167)
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eq. (165) can be integrated. We find for the range of a particle with
initial energy W,

AW — (168)
A (W, +me?)’
] | |
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Fic. 30 a. Range of mesons or protons in air, iron, and lead. (From Rossi and
Greisen, Rev. Mod. Phys. 13, Fig. 3.)

The following two approximations are useful:
(1) non-relativistic case

w2 P
g ~ e .
A (W) Ime? 4f/m3c?’ (169)
(2) extreme relativistic case
R ~  (F—me?). (170)

The exact range momentum relation is reproduced in Figs. 30 a, b, ¢ for
air, iron, and lead. The graphs are taken from Rossi and Greisen (1941).
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Rate of ionization

239. The rate of ionization of charged particles is nearly proportional
to the rate of energy loss due to inelastic collisions. The average amount
of energy expended per ion is 32 volts. Thus the rate of ionization can

be taken roughly as L) — — 1 dw
. ~ 32eV.dl°
The rate of primary ionization is according to Bethe (1933) given by
2eNZ®, a 2m, v>B?

= "0 ] b— 172

P A(vfe)* I, A I, + } (172)

where a and b depend on the absorbing material and I is the excitation
potential of the outer shell. For hydrogen an exact treatment is possible
and one has

(171)

I,=1356eV., a=0285 b= 304, (173)

Production of secondaries
240. The cross-section for the production of a secondary electron
with an energy in the interval w’, dw’ by a primary of energy w is given

approximately by m, ¢ dw’

x(w,w') dw" = 2 o) W (174)

QWAK. AN -
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The equation (174) is not valid for secondaries of the order of the
ionization potentials of the atoms; it is also invalid for secondaries with
energies near the energy of the primary.

For close collisions where the amount of energy transferred is compar-
able with the primary energy it is important to consider spin interaction
and also interaction of the magnetic moments of the colliding particles.

The cross-section for the production of secondaries by an electron is
" obtained as (Mgller (1932))—w),, kinetic energy :—

2‘”(1)‘“{ Yk ——-1—}2111cc2 dwy,. (175)
(v/e)* \wp(w—w')  wy
The cross-section for the production of secondaries by positive electrons
is given by (Bhabha, 1938a)
wi\4\m, % duy,
(wk) } w?

o= b
(176)

(v/c)? W,

The cross-section for the production of secondaries by mesons depends
on the assumptions regarding spin and magnetic moment. In the follow-
ing we give the cross-sections computed for various assumptions.

Neglecting m,/u against unity one finds for meson spin 0, magnetic
moment 0 (Bhabha, 1938«)

x(w,w') dw’ =

2 77 2
x(w, w') dw' = Q”q)g M, W ,fw (1 -z . ) (177)
(v/c) Wi c? Wi max
spin 4, magnetic moment efi/2uc (Massey and Corben, 19394; Bhabha,
1938a) _ 27, m, c® dw'’ 1 v: w 1{w\?]. (178)
- (’U/C)2 w;cz C Wi max 2\w ’

spin 1, magnetic moment efi/2uc (Massey and Corben, 1939 b; Oppen-
heimer, Snyder, and Serber, 1940)
2n®, m, c? dw’ v wy lwy) 1w 1wy,
= —-0-—-——-—,2 [(1—-—5 ﬁ)(l —-——) ————(1—{—55)}. (179)

10)2
(’I),C) Wy C” Wi max 3 W, 3 w? [

w, = ,u.c2£— ~ 2x10* MEV.
(4
Scattering

241. The differential cross-section for a particle of momentum p to be
scattered through an angled > 38, by a nucleus of charge Ze is given as
follows:

Particle of spin 0 (Williams, 1939¢):

@) dQ = 22®y(m,c)* dQ

4p¥(vjc)t sint}d’ (180)
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Particle spin 1% (Mott, 1929)

Z2Dy(m,c)? v2 o
=t 181
4p?(v/c)? ( 0o sm“%ﬁ (181)
Particle spin % (Massey and Corben, 1939)
_ ZPDy(m,c)* 1p%22% . ..\ dQ
T 4p¥(v/c)? ! +6 mich sint}4° (182)

For small deflexions these cross-sections reduce to (180).

242. The cross-sections are calculated for scattering by a point
nucleus. If both screening and the finite size of the nucleus is taken into
account then for small angles the cross-section (180) has to be replaced
by (Williams (1939¢))

_ 4Z2®y(m,c)? 1 1 )2
x() = 2v/c>2 d (aw%nm g (189
241m,c
. L — (d
19mln I 37p Z &max p . (184)

It is seen that scattering through angles & > &, is very rare.

The cross-sections for the large-angle scattering of mesons due to
short-range interaction is given in §234.

It is seen that the number of secondaries with energies comparable
to the primary energy depends strongly on the value of the meson spin.
Such high-energy secondaries are found to be much more frequent for
spin A than for spin A or zero.

243. The mean-square angle of scattering for fast electrons or mesons
in an absorber 3 cm. thick is given by

. 87 N3 Z2Dy(m,c)?
92y — -0
CO=TT ey
The mean-square linear displacement after traversing an absorber of
thickness 3 is given by

log(181Z-%). (185)

o = 8w N 3% Z*Dy(m,c)?
34 p¥(v/c)?
(b) Absorption of Photons

244. Low-energy photons are mainly absorbed by the photo-electric
effect. The cross-section for this effect is given by

log(181Z-%). (186)

2
32«/2-11Z5(D0 m, c?\§ (W < m,c),
3.1374 w
Dpg = (187)
dr . M, C?

maZ e, > med)
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The photo-electric effect is, however, unimportant for cosmic-ray pho-
tons. More important is the scattering of photons by electrons. The
cross-section for scattering is given by the Klein-Nishina (1929) formula.

10

Thomson cross-section

09

~~.— Equation (189, 1)

08—
07—
06—
05
04
03—
02

01

J
01 1 10 100 1,000

00
Fia. 31. Klein-Nishina cross-section.

The total scattering cross-section is given by (Klein and ,Nishina,
1929)

o I+y[2y(d+4y) 1.1 o 1+3y}
Dy = 200 5[ 2D —log(14-29) | + - og(1-29)— 7
with y = mwcz‘ (188)

For low energies this cross-section tends to the limit of the classical
Thomson cross-section, namely
87 2w | 26 w \?
Oyy =~ = Oy{l ——— +—(—) +... <m,c?). (189
R e P I I UR L NL RCE)
For high energies we have in good approximation
m, c?
w

2 1
Dy = 70, (log;n—zg—z-{-zz-) (w > m,c?). (190)
€
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We note that for high energies the Klein-Nishina cross-section is much
smaller than the corresponding classical cross-section. In Fig. 31 we
have plotted ®xy as function of y. We have also plotted as broken lines
the approximations (189) and (190).

2. Radiative collisions
Electrons
245. Fast electrons lose energy due to the emission of light quanta.
The rate of loss is different for high and low energies because of the
effects of the screening of the nuclear field by atomic electrons.
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* Frc. 32. Fractional encrgy loss of radiation for electrons per
radiation length for air and lead. (Rossi and Greisen, ¥ig. 9.)

The rate of loss is given as follows (Bethe and Heitler (1934))

dw ’ ’ ’
—% = wa(l)md(w,w ) dw
2w 1
log 2w 1 .
AN Z { og w1 2} (screening neglected),
= O, m,c? (191)
137 (complete screening,

1
log183Z-%4
{ 8 + 18} le. w > 13Tm,c*Z-1).

The rate of loss of electrons in lead and air calculated from the combined
effects of ionization and collision radiation is given in Fig. 32.
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It should be remembered that the loss due to collision radiation takes
place in large but infrequent steps. The actual loss is therefore subject

to large fluctuations.
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Fia. 33. Differential radiation probability per radiation length of air for electrons of
various energies. (The numbers attached to the curves mmdicate the energy of the
electrons m MEV.) (Rossi and Greisen, Fig. 6.)

The cross-section for an electron of energy w to emit a photon with
energy in the interval between w’ and w'+-dw’ is as follows:

w' dw’

D pa(w, w') = OH(w, w') e log 183Z-4,
—  47%( €% \2
O =_"" — 9-872.10-27 2
137 (mecz> 3Z2.107% cm.2, (192)
®log 183Z-t = (12—1-76log,, Z)Z%.10-27 cm.2,
— 2
Ndlog183Z-% = %(0-72——0-10610ng). 10-2cm.%/g.
with 5
’ w w
R e
wow
. 0-021 (H),
0-030 (Pb).

t Compare Fig. 33.
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The value of $(w,w’) is valid for complete screening, i.e. if

ww—w'’)

e > 1314+, (194)

-
wm,

The form of §(w, w’) in the case of partial screening may be obtained
from the original paper of Bethe and Heitler (1934).
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Fia. 34. Differential probability of pair production per cascade unit of air for photons
of various energies. (The numbers attached indicate the energy of the primary photons
in MEV.) (Rossi and Greisen, Fig. 10.)

Photons

246. High-energy photons are largely absorbed by production of
electron pairs. The cross-section of a photon producing a pair containing
one electron with energy in the interval w’, dw’ is given by (compare also
Fig. 34) ,

O oi(w, w') dw’ = OH(w’, w)(};—l}—log 183Z-1. (195)
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The total cross-section for the production of a pair by a photon of energy
w is as follows: )
(_D[7 Io 2w 109

9 m——ec—z— 3?] (no screening)

w
f (Dpnlr(w: w')dw' = q)pa.ir = .
° (—D[; log 1832 — }_] (complete screening ;
9 54 w > 13Tm,c*Z-}).
(196)
Mesons

247. The energy loss of fast mesons is mainly due to ionization. The
rate of loss is given by the Bloch (1933) formula (compare E. J. Williams,
1938).

A beam of mesons is also diminished due to spontaneous decay. This
process will be dealt with in Chapter V.

Radiative loss of mesons has a small probability only, as such a loss
is inversely proportional to the square of the rest-mass. The radiation
cross-section for mesons is therefore expected to be (m,/u)? times that
for electrons given in (191).

According to the meson theory without radiation damping the radia-
tion cross-section increases with primary energy. Booth and Wilson
(1940) find

2 2\2
Dy ()’ = ()
meson pnCe) pc
Taking, however, radiation damping into account the cross-section
decreases with energy ; compare Hamilton and Peng (1944).

’9
-

w’ w ,
(2_2—2;-{.7 wﬂ)dw . (197)

Protons .

248. Radiative loss is for protons even smaller than that for mesons.
The energy loss of protons is therefore mainly due to ionization as far
as clectromagnetic forces are concerned.

According to the meson theory both protons and neutrons lose energy
in collisions resulting in the emission of mesons. For fast nucleons the
loss due to this process is believed to be much larger than that due to
ionization loss.

G. ABsorprTIiON FUNCTIONS

1. Straggling of Energy Loss

The range of a particle is given by the average absorber thickness in
which the particle is brought to rest. A mono-energetic beam of particles
is, however, not stopped sharply at a given thickness of absorber. Due
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to fluctuation of energy loss the actual ranges of the individual particles
are distributed round the average value.

Catastrophic Absorption

249. If the absorption of a beam is due to collisions, each of which
removes one primary particle completely, we speak of catastrophic
absorption. An example of this kind of process is the absorption of
photons by pair production. Assume the cross-section for a catastrophic
collision to be ¥ and the number of centres per gram of absorber to be
L. The probability of a collision along a path df is then LY df (8 is the
path expressed in grams per cm.?) and the change of intensity dc along

df is dc = —(cL¥') db, (198)
whence ¢ = coexp(—ab), a= LY.

The absorption is exponential. We call the reciprocal absorption coeffi-
cient 1/a the mean range.

250. 1t is interesting to consider cases where the primaries are
removed by a fixed number of collisions. Putting again a = L'V we find
that the average number of collisions a primary suffers in a path - would
be af, if the primaries could survive any number of collisions. The
probability that a primary suffers exactly n-—1 collisions when tra-
versing 6 is, according to Appendix I,

(af)n-1
_ _ 199
oxp(—ad) =y (199)
And the probability that the primary suffers its nth collision in the

intervgl 6, 6+4-df is therefore

((;(i)_nl_;, ads. (200)

If primaries are removed by the nth collision, then the rate of prima-
ries removed at A is

exp(—ab)

9
co—c(0) = ¢, f exp(—aﬁ)%ad(), (201)
0

where c, is the rate of incident particles.
We find for n = 2
c(0) = co(1+4 ab)exp(—ad). (202)

Similar expressions are found for higher values of n. The casesn = 1,
5,10, and 20, are shown in Fig. 35. It is seen that with increasing n the
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absorption function approaches a step function. For very large values
of n the particles have an almost sharp range

X = nja. (203)
That c(h) approaches a step function can also be seen from (201).
According to Appendix I the integrand of the right-hand expression

Ave+rage range

F1a. 35. Absorption functions.

(201) can be approximated by a Gaussian distribution having a sharp
maximum near § = n/a. The width of the Gaussian distribution is of

the order of SR = ++n/a. (204)

23 R can therefore be regarded as the mean straggling.

L]

Range Absorption
251. Primaries arve absorbed according to range if the number of
collisions required to stop a primary is large, so that the straggling can
be neglected. Range absorption is expected, e.g. for particles losing
energy mainly by ionization, as the ionization loss is built up of a large
number of very small losses. A certain amount of fluctuation is, how-
ever, expected due to occasional large losses. A detailed investigation
shows, however, that the straggling of the range of ionizing particles
which results from the occasional emission of energetic secondaries is
small (Landau (1944)).

2. The Gross Transformation
252. The absorption functions dealt with so far were all derived for
a parallel beam of rays. Such absorption functions can be applied, for
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instance, if the intensity of the radiation is measured with a vertical
coincidence arrangement under varying thickness of absorber.

Cosmic-ray intensity is, however, often measured by means of an
ionization chamber. An ionization chamber is equally sensitive for rays
coming from any direction and therefore we measure with the ionization
chamber the radiation intensity integrated over all directions of inci-
dence.

The problem arises as to the relation of the intensities measured by
an ionization chamber and by a vertical coincidence arrangement.

This problem was solved by Gross (1933) (compare also Williams,
1933 b) for cases where the following assumptions hold:

(1) It is assumed that the radiation incident on the top of the
atmosphere is distributed isotropically;

(2) that the primary particles traverse the atmosphere without being
appreciably scattered, or if the primaries produce secondaries
these continue in the direction of the primary;

(3) that the intensity c(r) at any depth below the top of the atmo-
sphere is a function of the mass which the particles had to
traverse when travelling in the direction r.

253. Consider a point 4 below the top of the atmosphere so that the
mass equivalent of the atmosphere above 4 is § gram per cm.? Denote
the vertical intensity at 4 by ¢(0,0). The intensity in a direction
inclined by & towards the vertical is, according to the assumptions

(1)-(3),

c(#,0) = ¢(0,0/cosB). (205)
We find therefore for the total intensity C(6),
i
C(0) = 2n f ¢(0, 8/cos 9)sin & dd. (206)

0

Introducing as a new variablex = 6/cos$ under the integral one obtains,
after dividing by 6 and differentiating with regard to 0,

(0(0)—0‘%"_)),

Equation (207) is the Gross transformation; it is very useful for the
comparison of absorption curves obtained by means of the ionization
chamber with absorption curves obtained with counters. The Gross
transformation was generalized by Janossy (1936).

¢(0, 6) (207)

=1
B
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254. We note two of the properties of the transformation (207):
1. Differentiating with regard to 6 we find
de(0,0) 1 ,d*C(h)
ST (209
It is seen therefore that maxima of the vertical intensity c¢(0, 8) coincide
with inflexions of the intensity C(6).
2. Introducing C(0) = 1/6% we find
_F+11_ z+1 ¢
o0,6) = Z5— 2= 7= C(0). (209)
Thus if the intensity C(f) changes according to a power law the vertical
intensity is proportional to the total intensity.
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NATURE OF COSMIC RAYS AT SEA-LEVEL AND
UNDER GROUND

255. THE cosmic-ray beam near sea-level contains the following kinds
of charged particles:
(1) positive and negative electrons;
(2) positive and negative mesons (at least two types of each);
(3) protons.
Non-ionizing agencies have also been identified, namely:
(4) photons;
' (5) neutrons.
It has been further suggested that cosmic rays may contain
(6) neutrinos;
(7) neutrettos.

In this chapter we shall describe the experimental evidence as to the
existence of the various particles.

We shall disregard the historical development of the subject. Recent
results obtained by the photographic plate technique could not be
included in this chapter: they are dealt with in Appendix IIT added to
this edition.

A. Tonizing CosMIC-RAY PARTICLES

1. Velocity and Charge
ITonization of Fast Particles

256. The cloud-chamber tracks of cosmic rays can be classified
roughly into two groups according to the density of ionization. Most
of the observed tracks are thin, i.e. showing a low density of ionization,
but we find thick tracks, i.e. tracks showing high density of ionization.

It was shown in § 125, Ch. II, that the individual ions giving rise to
the track can be located if the expansion is made a short time after the
passage of the particle so that the ions have time to diffuse before
condensation takes place. With the technique of delayed expansions
the rate of ionization of individual cosmic-ray particles can be

measured.



142 COSMIC RAYS AT SEA-LEVEL AND UNDER GROUND [Chap. IV

257. The density of ionization produced by a particle of velocity v
and charge Z, e is given by
Z2
F(w) = L J(w), 1
() = s ) M
where J(w) is a function which increases logarithmically with energy
and has nearly the same value for all types of particles (§ 238).

Due to the logarithmic increase of J(w) the ionization density #(w)
reaches a minimum for a certain velocity. The minimum is found to

occur for v = 0-96¢ air, v = 0-95c argon,

corresponding to
B = 3-6 air, B = 3-3 argon.
The ionization minima are therefore as follows:

Electron Meson Proton

P, 2 420 4,500 MEV./c

minimum
For fast particles, v ~ ¢, with single charge Z, = 1, we have
F(w) = J(w). (2)

As J(w) varies only slowly with energy we find that the ionization
density for a fast singly-charged particle is nearly independent of both
the type of the particle and the actual value of its energy.

In the following table we give calculated values of the rate of ioniza-
tion of fast particles in air of N.T.P.:

TABLE 1
B= 14 2 5 10 100 1,000
J(w) = 648 432 438 467 57-2 75-0
B = (1—v?c?)1/2, ¢

It is seen that the ionization up to reasonable values of B is of the order
of 50 ion pairs per cm. This is of the same order as the ionization density
observed for thin cosmic-ray tracks.

It must be concluded, therefore, that the majority of the tracks are
due to cosmic-ray particles with single charges and with velocities v ~c.

Positive and Negative Particles
258. The sign of the charge of cosmic-ray particles can be determined
from the curvature of the tracks in a magnetic field provided the
direction of the particles is known.
In order to determine the relative numbers of positive and negative
particles appearing in the cosmic-ray beam we can assume that all the
particles are moving downwards.
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259. Experiments carried out by Leprince-Ringuet and Crussard
(1937), Leprince-Ringuet, Nageotte, and Lhéritier (1941), Blackett
(1937 a), Jones (1939), and Hughes (1940) show that the numbers of
positive and negative particles are roughly equal, but that the positively
charged particles are slightly in excess.

The following figures are taken from Jones (1939).

TABLE 2

Positive excess of meson component

Number of Number of
positively charged | megatively charged
Range in MEV. particles | particles
200-2,700 274 208
2,700-5,700 106 81

260. For the determination of the charge of an individual particle it
is not always safe to assume that the particle is travelling downwards.
The direction of the particle can be sometimes determined by one of the
following methods:

1. The direction of the particle can be determined if it happens to
produce an energetic secondary, as such secondaries are always pro-
jected in the forward direction.

2. If the particle passes through an absorber which is placed inside
the chamber it is sometimes possible to observe the difference in curva-
ture of the parts above and below the absorber.

3. If the particle itself is the secondary of another particle it must
be assuemed to move away from its primary.

2. Mass
(a) Electrons
Determination of upper limit of mass by ionization
261. The rest-mass of a particle can be determined from the values
of velocity and momentum (or energy). We have
m = p/Bv. (3)
The momentum can be determined from the curvature of the track in
a magnetic field while the velocity can be determined, at least in prin-
ciple, from the density of ionization.
For fast particles, however, the density of ionization is practically
independent of the velocity, while the expression (3) is very sensitive
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to the exact value of the velocity. Therefore eq. (3) can only be used
to determine the mass of a slow particle.

262. Though (3) is unsuitable for determining the rest-mass of a fast
particle it can always be used to give an upper limit for the value of the
mass of the particle.

Assuming for the moment that the function J(w) is constant and
equal to J;, we find from (1) for the density of ionization of a particle
of momentum p and rest-mass m

H(p) = (¢/v)* Sy = Jo{1+(me/[p)?}. (4)

Observing a thinly ionized track with a magnetic curvature corre-
sponding to a momentum p, we can conclude that the track is due to
a particle of mass

m < ple.

In particular, if we are sure that the observed ionization is not greater
than twice the minimum ionization J,, then we conclude from (4) that

m < pe.

Anderson (1932, 3) and also Blackett and Occhialini (1933) observed
thinly ionized tracks of particles with momentum of about 10 MEV./c.
These particles cannot be assumed to have masses much greater than
electrons. It was concluded that such tracks are due to fast electrons.

263. Anderson first reported photographs showing pairs of oppositely
charged particles of low momentum (see Plate 3) starting from the same
point. These observations led to the discovery of the positive electron.

Evidence obtained from radiative collisions

264. Only electrons of comparatively small momentum can be identi-
fied by the procedure described above. Electrons of higher energy can,
however, be recognized by their large tendency to emit collision radia-
tion.

It is seen from § 245, Ch. III, that an electron passing through a lead
plate 0-5 cm. thick suffers on the average one radiative collision. There-
fore it is expected that electrons should lose a large fraction of their
energy when passing through a comparatively thin lead absorber.

Observations of Anderson and Neddermeyer (1937), Blackett and
Wilson (1937), Ehrenfest and Crussard (1938a,b) show that some
cosmic-ray particles lose as large energies as expected for electrons from
the theory of radiative collisions ; these particles must be assumed to be
electrons.
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265. If an electron passes through a thick absorber it will lose most
of its energy in the form of photons. The photons in their turn will be
absorbed by the emission of pairs of electrons and the process goes on
as a cascade. Thus an energetic electron falling on a lead plate, say 2 cm.
thick, is expected to produce a group of electrons emerging from the
bottom of the plate.

This process is frequently observed—we reproduce a typical case in
Plate 30, Fig. f. The development of a cascade initiated by an
electron is also seen very clearly in Plate 3 b, Fig. c. This photograph,
due to Hazen (1944 a), shows a chamber subdivided by seven thin lead
plates. It isseen that the number of secondary electrons increases after
the passage through each of the plates.

The analysis of photographs of the type shown in Plate 3 b leads
to a fair agreement with the radiation theory as will be shown in
Chapter VI.

266. Most cosmic-ray particles with momenta below 200 MEV./c
lose energy at a high rate and are therefore electrons.

Electrons with energies much greater than 200 MEV./c have also
been identified; such high-energy electrons are, however, comparatively
rare.

Most cosmic-ray particles with momenta above 200 MEV./c lose only
very little energy when passing through metal plates. The reason for
this is that most of the particles above 200 MEV./c are not electrons
but mesons (see § 273).

The reason why mesons are mainly found above 200 MEV./c will be
given in § 277, while the reason why most electrons have momenta
below 200 MEV. /¢ will become apparent in Chapter VI. The limits are
quite independent of each other and it is quite accidental that the two
spectra do not overlap to any appreciable extent.

(b) Protons

Fast protons

267. Protons with momenta exceeding 1,000 MEV./c are fast and
therefore they give rise to thin tracks similar to those of fast electrons.
The minimum ionization is found at 4,000 MEV./c. Protons with this
momentum ionize, however, only half as much as electrons with the
same momentum. Electrons of this momentum ionize heavily because
of the logarithmic increase of ionization with energy.

Most of the cosmic-ray tracks in the region of 2,000 MEV./c show an

ionization density of the same order as expected near the minimum of
3595.40 L
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the ionization curve. The observed ionization density is definitely
smaller than expected for electrons of such high momenta. This was
taken as evidence that cosmic rays of high momentum are not electrons
(Williams, 1934 b).

Slow protons

268. The tracks of protons with momentum less than 500 MEV./c
can be recognized clearly as they are sufficiently slow to ionize more
heavily than electrons of the same momenta.

The observed rate of slow protons is of the order of 0-2 per cent. of all
cosmic ray particles at sea-level. Compare Blackett (1937 a), Brode,
McPherson, and Starr (1936), Anderson and Neddermeyer (1934).

Estimation of the proton component

269. To estimate the total number of protons in the cosmic-ray beam
it is necessary to make assumptions regarding their origin.

Some of the slow protons are due to fast protons which have been
slowed down. Since, however, the observed tracks of slow protons are
distributed in almost random directions it must be assumed that only
few of them represent the ends of primary proton paths, which would
be concentrated round the vertical.

270. We derive an upper limit for the number of primary protons by
assuming that all the slow protons observed at sea-level represent the
ends of the ranges of primary protons.

To obtain such an upper limit it is necessary to know the rate of
energy loss of protons as a function of the energy. The loss of energy is
due to a number of processes. ¢

1. Ionization. The rate of loss is given in eqs. (168-70), Ch. III.

2. Radiative collisions. The cross-section for radiative collisions is
inversely proportional to the square of the rest-mass of the particle and
therefore (see § 206) the contribution of radiative collisions to the rate
of energy loss is negligibly small.

3. According to the meson theory fast protons are expected to emit
mesons in collisions with atomic nuclei. The rate of loss of energy for
fast protons is expected to be very large. According to the calculation
of Heitler and Peng (1944) and Heitler (1945) this loss is at least 100
times greater than the loss due to ionization.

The experimental evidence for the loss of energy of fast protons by
the emission of mesons is indirect. Therefore we estimate the upper
limit for the number of primary protons first under the assumption that
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no energy is lost due to meson production; we shall show how the
conclusions regarding the numbers of protons have to be modified if
meson production is introduced into the argument.

271. Denote the range of a proton of momentum p by Z%(p). The
protons in the momentum interval p, p-+dp then have ranges between
A and Z+dAR, with

dR
d% — (——) dp, (5)
dp/,
and therefore the number of protons in the interval p,dp at sea-level is
Az
S(p,0)dp = S(p,0) =) (6)
’ » 0 e,

where G(p,0) is the differential spectrum at sea-level. 6 is taken to be
the mass equivalent of the atmosphere. Both 6 and # are assumed to
be in grams per cm.2 The particles arriving with a remaining range %
at sea-level must have started on the top of the atmosphere with a range

0+2Z(p) = Z(p'), (7)

where p’ is the momentum of the particle when incident on the top of
the atmosphere.
Differentiating (7) we find, with the help of (5) and (6),

(dZ/dp),

6(17’ 0) = 6(1)', O) W’.
p

(8)

Using the approximate expression (169, Ch. III) with m = Mp we find

* 1
il M
d.@ N M (p > Pc)’ (9)
dp | 1( p )3
7 (m) (p < Mpc),

with &/ ~ const.

We see from (8) and (9) that owing to the decrease of d%/dp with
momentum the spectrum appears decreased in intensity in the region
of small momentum. Because of this effect slow particles are relatively
rare. The actual ratio between slow and fast particles depends some-
what on the incident spectrum. To estimate this ratio we assume the
incident spectrum to be given by (see e.g. § 310)

S(p,0) = 4/p**, (10)

where z is a constant between 1 and 2. Write p, for the momentum
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required to penetrate the atmosphere. The total number of particles
3(6) reaching sea-level is then according to (10)
_f = Log(p,,0 11
T0) = [ S(p,0) dp = 22 &(po, 0). (11)
Do
P, is of the order of 2,000 MEV./c if only ionization loss is taken into
account.
From (8) and (9) we find
— sw.0(LY 12
S0 = 5.0) (-5 (12)
where p’ is the initial momentum required for a particle to arrive with
a momentum p near sea-level. Considering a narrow range only, we
may put approximately

P’ ~ Do
Integrating over (12) we find
n
= , _ Mpe r\*
¥Up,0) = Of S(p,6) dp — Te(po,O)(CM_P)
and therefore
(p,0)/(6) = 2 e[ 2)’ (13)
’ 4 po \Mpc| *

Particles with momentum p << Mpc/2 will give rise to dense tracks and
therefore the relative number of dense tracks is estimated as

U(Mpo/2,0) = o %, (14)

The latter value is obtained for z+1 = 2-5 and p, ~ 2M),c.

According to § 268 at sea-level only two tracks due to slow protons
are found per 1,000 incident particles. Therefore according to (14) not
more than 10 per cent. of the fast particles can be assumed to be
protons.

272. Fast protons lose energy by meson production at a rate at least
100 times larger than by ionization and we obtain with the help of (8)
an upper limit the value of which is 100 times smaller, i.e.

10 per cent./100 = 0-1 per cent.

Further, according to the meson theory, protons change into neutrons
when emitting a positive meson and neutrons change back into protons
when emitting a negative meson. Therefore at sea-level about half of
the original protons have become neutrons and thus the actual upper
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limit for the number of fast protons is only half of the value given
above.

Remembering further that the upper limit is certainly too high, as
many of the slow protons observed cannot be primary protons at the
end of their range, the number of fast protons is probably only of the
order of a few per 10,000 particles. This estimation is in good agreement
with conclusions based upon the observation of penetrating showers
(see Ch. IX).

(c) Mesons

273. Most of the cosmic-ray particles with momenta exceeding
200 MEV./c are too penetrating to be electrons and most of the pene-
trating particles between 200 and 600 MEV . /cionize toolittle for protons.
It was further shown in the previous paragraph that only a small frac-
tion of the particles with momenta exceeding 600 MEV./c can be
assumed to consist of protons. It is seen therefore that most of the
particles with moments exceeding 200 MEV./c are neither protons nor
electrons.

These particles must have a mass larger than electrons or they could
not be penetrating. On the other hand the particles must have smaller
masses than protons or otherwise they would give rise to thick tracks
in the region between 200 and 600 MEV./c. It is therefore plausible to
assume that most of the penetrating particles observed are mesons.

Mass of mesons

274. An upper limit for the meson mass can be obtained from the
observation of thin tracks of penetrating particles with momenta less
than 600 MEV./c. The actual mass of a meson can be deduced only
from its track when slow.

The first track which must clearly be attributed to a particle of mass
intermediate between electron and proton was obtained by Neddermeyer
and Anderson (1938). The photograph is reproduced in Plate 2 (d).

The rest-mass of a meson can be determined if any two of the three
quantities wy, p, v are known.

The rest-mass is given by the following equations in terms of these
quantities

_ b _p—ufjd _ w
K=~ 2w,  (B—1)c*’ (15)

Alternatively, the mass of a meson can be determined from eq. (35),
Ch. III, when it is giving rise to an electron secondary. The mass is
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expressed as a function of the momenta of electron and meson after the
collision and the angle between the scattered meson and the recoiling
electron.

The momentum of the meson can be determined from curvature of
its track in a magnetic field.

The kinetic energy W, or the velocity v can only be determined with
sufficient accuracy from the track of a slow particle.

If the track of the slow particle happens to end in the gas of the
chamber, then the energy of the particle can be determined directly
from the total ionization. If the ionization is too dense for the ions to
be counted, the energy can be determined from the theoretical energy
range relation (see Fig. 30, § 239). Similar methods can be applied to
tracks in photographic emulsions.

275. Theexperimental value of the mass of the u-meson must be based
at present on the combination of isolated results by various observers
using different techniques. It is therefore difficult to assess the relative
weights to be assigned to the available determinations and we here only
indicate the broad status of the methods which have been used.

We distinguish two main types of determination. Direct methods may
be based either on the classical experiments used for electrons, in which
magnetic and electrostatic deflexions are compared, or on close collisions
with electrons, the collision being assumed elastic. The first method
involves severe experimental difficulties and has not yet been applied
(compare Gorodetzky (1942, 3)). The second, used by Leprince-Ringuet
and Gorodetzky (1941) and by Hughes (1941), must rank as the method
with the soundest theoretical basis. However, because of the scarcity
of particles in the appropriate range of energy, the method depénds on
the occurrence of a rare event and extensive results are hardly to be
expected.

Indirect methods are based on the relation between momentum,
rate of ionization, and energy loss in the region where the velocity is
appreciably less than ¢. These methods are based on principles which,
while less fundamental than those described above, are used under
conditions which we have strong reasons to regard as reliable.

276. The relative reliability of individual determinations is affected
in all cases by the spurious curvature of cloud tracks due to Coulomb
scattering which has been discussed by Williams (1940a). We have
considered this error elsewhere (§ 136, Ch. II). We emphasize that
Williams’s figures refer to the average spurious scattering and that the
probability of a spurious curvature several times as great is appreciable.
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This effect in particular increases the uncertainty of determinations
based on momentum measured in low magnetic fields and when » < ¢.
Notably, methods using the last few centimetres of tracks stopping in
the gas of a cloud chamber are strongly affected by scattering.

In Table 3 we have tabulated some results; it must be noted that
uncertainty of measurement does not lead to a symmetrical distribution
of the errors. The scatter in general is much more tolerant of an increasc
of mass than of a decrease.

TaBLE 3

Mass of the meson

Method Observer Mass in units of m,
Elastic collision Leprince-Ringuet and Goro- 240420
detzky (1941)
Hughes (1941) 180425
Momentum loss in plates | Nishina and others (1939) 180420
Wilson, J. G. (1939) 170420
Fretter, W. B. (1946) 202+10
(26 values)
Momentum and ionization | Williams, E. J., and Pickup 1604-30
(1938)
Nielsen and Powell (1943) 180411
(4 valuos)

Fretter (1946) measured the masses of 26 mesons by means of a double
cloud-chamber arrangement. The magnetic curvature was measured in
the upper chamber while the range was measured to the nearest } inch
of lead in a lower chamber containing eight plates.

While we write this, many mass determinations of both u- and
m-mesons are in progress. Results of mass determinations on artificially
produced mesons are awaited with interest.

Rate of slow mesons
277. Assuming that all the slow mesons observed are due to fast
mesons which have come to the end of their range we can apply the
considerations of § 271 to estimate the ratio of fast and slow mesons.
We assume that mesons are slowed down mainly by ionization. We
obtain from (13) when replacing the proton mass Mp by the meson mass
 for the fraction of mesons with momentum less than uc/2 ~ 50 MEV . /c

Tmeson(1¢/2, 0)/Tmeson(d) ~ ._]L_

500° (16)
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This estimation gives, however, too high a value for two reasons: (1) a
considerable number of the mesons will decay, (2) there is evidence that
some of the mesons are captured by nuclei. Taking these two effects
into consideration we estimate the fraction of slow mesons to be of the
order of 1/2000. Though no exact statistics are available, this ratio
seems to be compatible with the rate of slow mesons observed on cloud-
chamber photographs.

It is interesting to note the absolute rate at which slow mesons cross
a cloud chamber of usual dimensions. Consider a chamber of 30 cm.
diameter and a few centimetres depth. The rate at which particles cross
this chamber is of the order 1,000 per hour and therefore a slow meson
will traverse the chamber about once per two hours. Photographs
of slow mesons can thus be obtained with a triggering arrangement
setting off the chamber whenever a slow meson is crossing its sensitive
volume. We shall come back to this question in Ch. V, § 337.

3. Experimental Test of Momentum Ionization Relation

278. Many of the arguments brought forward in the previous section
are based on the theoretical relation between ionization density and
momentum.
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Fic. 36. Rate of iomzation as function of momentum (R. L. Sen Gupta).
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The density of ionization of cosmic-ray tracks has been measured by
varoius observers.

The numbers of secondaries with sufficient energy to ionize them-
selves can be found by counting the small blobs along the tracks of
cosmic rays. The blobs are caused by secondaries of short range.

The actual number of ions per cm. of track can be counted by using
delayed expansions permitting the ions to diffuse before the drops are
formed.

Using this technique Corson and Brode (1938) and Sen Gupta
(1940, 3) have measured the ionization density as a function of
momentum. It is found that the cosmic-ray tracks can be sepa-
rated into three groups corresponding to electrons, mesons, and pro-
tons. The momentum ionization curves are in good agreement with
the theory, both for small velocities and above the minimum of ioniza-
tion. In Fig. 36 we have reproduced the results of Sen Gupta. The
logarithmic increase of the rate of ionization with momentum can be
seen clearly.

B. No~-IoN1zING¢ COMPONENTS

1. Experiment of Bothe and Kolhorster

279. Most cosmic rays near sea-level are ionizing particles. These
particles constitute the main cosmic-ray beam and they are not the
secondaries of a more penetrating non-ionizing radiation as was supposed
for a long time after the discovery of cosmic rays.

It was shown by Bothe and Kolhorster (1929) that two GM-counters
placed close above one another show coincident discharges too fre-
quently to be accidental. These coincidences were attributed to single
rays passing through both counters. From the geometry of the arrange-
ment it was shown that rays passing through both counters have a high
probability of discharging both. Thus it was found that the efficiency
of counters is high for counting of cosmic-ray particles; the efficiency
of counters for recording non-ionizing rays must be small. Therefore
the cosmic-ray particles must be ionizing.

280. Coincidences between two GM-counters show only that cosmic-
ray particles have sufficient energy to penetrate the walls of the counters.
These particles could still be secondaries of energetic non-ionizing rays.
Skobelzyn (1927, 9) observed fast ionizing particles and assumed tenta-
tively that these particles were the Compton electrons due to energetic

y-Tays.
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In order to show that the ionizing particles have long ranges for them-
selves coincidence experiments were carried out with counters separated
by thick absorbers. The coincidences thus obtained must be due to

particles of long range.

281. Bothe and Kolhorster (1929) observed coincidences between two
counters separated by 8 em. of gold. More elaborate experiments were
carried out by Rossi (1933), Street, Woodward, and Stevenson (1935),
and others. Rossi found that about half of the particles which are
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Fia. 37. Absorption curve of cosmic rays in lead at sea-level.
Clay and Van Gomort (1939).

capable of penetrating 10 cm. of lead are also capable of penetrating
1m. of lead; Fig. 37 shows results of Clay and Van Gemert. One
metre of lead has a mass equivalent exceeding that of the whole atmo-
sphere. Thus it is seen that about 40 per cent. of the cosmic-ray par-
ticles near sea-level have remanent ranges sufficient to penetrate the
whole of the atmosphere. This result strongly suggests that the observed
particles themselves constitute the penetrating part of cosmic rays and
are not the secondaries of more penetrating rays.

282. In the experiments of Street, Woodward, and Stevenson (1935)
particular care was taken to show that the particles penetrating the lead
absorber were single particles travelling in a vertical direction. The
counter arrangement is shown in Fig. 38. Fourfold coincidences 1, 2,
3, 4 were observed. The absorber was distributed equally into the three
gaps between the counters. A non-ionizing ray only gives rise to such
a coincidence by producing four ionizing secondaries in the correct
places and the chance of this happening must be assumed to be negli-
gible. Thus the coincidences must have been due to single ionizing
particles.
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Further, six counters in anticoincidence were placed near to the
coincidence counters. These counters were not in line with the coinci-
dence counters and could not be discharged by a single particle passing
through the coincidence counters 1 to 4. Therefore the six anticoinci-
dence counters did not affect coincidences 1, 2, 3, 4 due to single particles.
The anticoincidence counters would, however, cut out coincidences due
to showers coming from the side.
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° Fi1a. 38. Arrangement of Woodward and Street.

283. The existence of particles at sea-level with remaining ranges
much greater than the thickness of the atmosphere are also shown by
the measurement of the momentum of particles in the cloud chamber.
It was found that about half of the penetrating particles observed in a
cloud chamber had momenta exceeding 2,000 MEV./c. If the energy loss
of the penetrating particles was assumed to be mainly determined by
ionization then the initial momentum for a penetrating particle for
traversing the atmosphere was about 2,000 MEV./c. The comparison
between momentum spectrum and absorption curves will be discussed
in more detail in § 311.

2. Search for Non-Ionizing Components

284. The observations described so far show that a considerable part
of cosmic rays consists of ionizing particles.
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The ionizing particles are, however, accompanied by some non-
ionizing rays.

Direct evidence for photons was obtained by Anderson, who obtained
photographs of electron pairs initiated in the gas of the chamber (see
Plate 3 (a)).

Showers initiated by non-ionizing particles were also observed. An
interesting example is a shower containing many particles emerging
from the bottom of a lead plate with no particle entering the top of the
plate (Stevenson and Street).

(@) Cotncidence Experiments

Secondaries of non-ionizing particles
285. More detailed investigations of non-ionizing rays have been
carried out using counter methods.

4 O Counter
© Pb

% &\ Fe
AR o @ Wood

F1a. 39. Rossi’s arrangement.

The following experiment was carried out by Rossi (1931a) in an
attempt to find non-ionizing primaries.

An absorber 30 cm. thick (Fig. 39) was placed alternatively above
and between the counters of a coincidence arrangement. Non-ionizing
primaries giving rise to ionizing secondaries in the absorber might con-
tribute to the coincidence rate when the absorber is above the counter
arrangement, while no contribution due to such secondaries could be
expected with the absorber between the counters. Non-ionizing prima-
ries should therefore produce an increase of the coincidence rate when
the absorber is moved from between the counters to above the counters.

In the actual experiment a small increase of this kind was observed.
This increase was, however, not attributed by Rossi to non-ionizing
secondaries. A small change of the counting rate is to be expected in
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any case due to scattering in the absorber and to showers. Experiments
to be described later show that the increase found by Rossi was indeed
due to such effects.

286. Experiments of the type carried out by Rossi were later repeated
by other observers. Some of the large positive effects found in the later
experiments (e.g. Maass (1936)) are certainly due to scattering and
showers.

Better designed experiments of this type were carried out by Schein,
Wollan, and Groetzinger (1940) in the stratosphere, showing that at
high altitudes a considerable number of ionizing rays are produced
by non-ionizing secondaries. As the effects reported by these authors
are of the order of 100 per cent. they must be attributed to non-ionizing
primaries rather than to showers or scattering. These experiments will
be discussed in greater detail in Chapter IX.

Showers produced by non-ionizing particles

287. The question was also discussed whether showers are produced
by ionizing or non-ionizing agents. The arrangements used were mostly

Non ionizing primary ————)’

D s

Shower

Posttion (1) Position (2)

F1g. 40. Production of showers.

of the type shown in Fig. 40. The lower set of counters can only be
discharged by showers. The absorber s was placed alternatively above
and below the top counter 1. Showers produced in s by non-ionizing
radiation can only discharge all counters 1 to 3 if the absorber s is
above the top counter. If s is placed below the counter 1 then fourfold
coincidences can only be expected due to showers coming from the air
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or else from showers produced by an ionizing particle in s; in the latter
case the counter 1 is discharged by the particle giving rise to the shower.
This experiment has been carried out by various observers using slightly
different arrangements. The results were quite contradictory. The
reason for this ambiguity is that by moving the absorber s the whole
geometry of the arrangement is affected; some showers emerging from s
may discharge the counters when s is in one position but not if s is in the
other position. Thus the actual interpretation of the coincidence rates
as obtained with an arrangement as shown in Fig. 40 is rather compli-
cated and the results do not permit conclusions as to the nature of the
primary radiation.

(b) The Anticoincidence Method

288. The main difficulty of the coincidence experiments described in
the previous section arises from the circumstance that the counting rates
for an absorber s in two different positions have to be
compared. It is clear that the arrangements shown in
Fig. 39 and Fig. 40 are both more sensitive to non-

x
% A lonizing rays when the absorber s is in the higher posi-
tion; butit is difficult to assess how much the background

rate is affected by moving the absorber s. Therefore one
cannot decide how much an observed change of the

@ counting rate is due to non-ionizing primaries and how

ro much it is due to the changing background. The
b= following arrangement due to Rossi is free from this
@ ambiguity. .

Genuine and spurious anticoincidences
Ky 289. The arrangement is an anticoincidence set as
shown schematically in Fig. 41. Coincidences between
the counters 1, 2, and 3 not accompanied by the dis-
@ charge of any of the counters 4 arerecorded. Anabsorber
Fra. 41. s, is placed between the top counter of the coincidence
Anticoincidenco arrangement and the anticoincidence counters. The
arrangement.  anticoincidence counters must cover rather more than
the solid angle subtended by the coincidence arrangement.
Anticoincidences recorded with such an arrangement are in the main
due to the following processes:
1. Anticoincidences will be caused by non-ionizing rays falling on s,
and giving rise to ionizing secondaries which discharge the counters 1,
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2, and 3. In the following discussion we shall be interested mainly in
anticoincidences due to this process and therefore we shall call them
genuine anticoincidences. Anticoincidences caused by other processes
given below will be called spurious ones.

2. Spurious anticoincidences will result if a particle coming from
above crosses all counters but happens not to discharge the anticoineci-
dence counters because of inefficiency. This type of spurious anti-
coincidence can be much reduced by using double or multiple layers of
anticoincidence counters.

3. Particles coming from the side may be scattered in s and thus
discharge the coincidence counters without passing through the anti-
coincidence. Alternatively a shower coming from the side may discharge
the coincidence counters but not the anticoincidence counters. Spurious
anticoincidences of these types can be avoided by covering the coinci-
dence system with anticoincidence counters from all sides except from
below. (No anticoincidence counters should be placed below as such
counters would cut out genuine anticoincidences as well.)

4. Particles coming from below which are absorbed in s give rise
also to spurious anticoincidences. This effect seems to be negligible in
practice.

Test for genuine anticoincidences

290. In order to detect non-ionizing rays with an arrangement of the
type shown in Fig. 41 one has to investigate what fraction of the anti-
coincidences is genuine in the sense explained above. This can be done
by placing absorbers X above the anticoincidence counters. The ab-
sorber ¥ absorbs non-ionizing rays and therefore is expected to reduce
the rate of genuine anticoincidences. At the same time X has only little
effect on the rate of spurious anticoincidences. It is seen that only the
type (2) (§ 289) of spurious anticoincidences can be affected by absor-
bers above the anticoincidence counters. The rate of spurious anticoinei-
dences of type (2) is a constant fraction of the coincidences 1, 2, 3, and
therefore the spurious anticoincidence rate cannot be expected to
decrease more rapidly due to the absorber than the rate of threefold
coincidences 1, 2, 3. If the observed decrease of the anticoincidence
rate is noticeably greater than that of the coincidence rate, one must
then assume that the decrease is due to the decrease of the rate of
genuine anticoincidences.

291. The rate of genuine anticoincidences decreases due to the ab-
sorber X as some of the non-ionizing rays are absorbed when traversing
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2. The term ‘absorption’ is not used in its usual sense. A non-ionizing
ray appears as absorbed in connexion with anticoincidences when it
loses its ability to give rise to an anticoincidence. This happens either
when the ray is stopped in a collision, or when it gives rise to one or
more ionizing secondaries which accompany the primary non-ionizing
ray when traversing the anticoincidence counters.

The rate of genuine anticoincidences plotted against thickness 6 of the
absorber X can be regarded as the absorption curve of the incident non-
ionizing radiation. This curve does not necessarily represent the true
absorption curve but represents the relative probability of non-ionizing
rays traversing various thicknesses of absorber without suffering a
collision. If the incident radiation is homogeneous and the mean free
path before a collision in which secondaries are given rise tois m, then the
fraction of primaries not having suffered a collision in a thickness 6 is
exp(—0/m) and

rate of anticoincidences = €, exp(—0/m). (17)

(i) Photons

292. Experiments with the arrangement shown in Fig. 42 were
carried out by Janossy and Rossi (1940). The rate of anticoincidences
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Fi1a. 42. The experimental arrangement. (Jénossy and Rossi,
Proc. Roy. Soc. A, 175 (1940), 89, Fig. 1.)
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was found to decrease markedly up to a thickness of 5 cm. of lead.
The rate of genuine anticoincidences as a function of the thickness
is shown in Fig. 43 in a logarithmic plot (assuming the anticoincidence
rate with 6 = 5 cm. to be spurious). It is seen that the mean free path
of the non-ionizing radiation is about 1 ¢cm. of lead. This result is inter-
preted most easily in terms of energetic photons according to the theory
of Bethe and Heitler (see dotted lines).
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The production of showers by photons was studied by similar arrange-
ments. Experiments of this kind were carried out by Janossy and Rossi
(1940), by Nereson (1942), by Trumpy (1943), and by Clay and Levert
(1946). The results of Trumpy are shown in Fig. 44.
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F16. 43. The absorption curve of cosmic-ray photons.
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(Janossy and Rossi, op. cit., p. 97, Fig. 3.)
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F1c. 44. Photon-initiated showers observed (Trumpy). calculated (Arley).
(N. Arley, Stochastic Processes, p. 189.)

It can be concluded that the cosmic radiation near sea-level contains
a photon component; the intensity of this component is estimated to
exceed 10 per cent. near sea-level. Further it can be concluded that the
Bethe-Heitler theory agrees with experiment, at any rate for energies of
the order of 108 eV. (We shall see later that there is indirect evidence

for the validity of this theory up to very high cnergies.)
3695.40 M
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293. Rossi and his co-workers (Rossi, Janossy, Rochester, and Bound
(1940)) have also shown that the rate of genuine anticoincidences
decreases very much if absorbers amounting to 10 cm. of lead are
placed between the coincidence counters. This experimental result
further supports the interpretation of the experiments described in
§ 292 in terms of photons producing electron pairs. The range in lead
of the electrons produced by the photons is expected to be small and
only electrons exceeding 101° eV. have an appreciable chance of pene-
trating an absorber of 10 cm. of lead. Thus the 10 cm. of lead placed
between the coincidence counters prevents the electrons produced by
the photons from discharging the lowest counter of the coincidence
arrangement and therefore the rate of genuine anticoincidences is
strongly reduced by 10 cm. Pb absorber.

It can be concluded that photons produce only rarely, if at all, mesons.

294. Incidentally it was found that the rate of coincidences 1, 2, 3
obtained with the arrangement Fig. 41 is larger when the absorber s is
in the position s, above the counter 1 than the rate obtained when the
absorber s is put below the counter 1 in position s,. This effect might
have been interpreted as being due to ionizing secondaries produced
in s by non-ionizing radiation (compare § 286). Such an interpretation
is, however, incorrect as the anticoincidence rate 1, 2, 3, — 4 was found
to be almost unaffected by the position of s. The difference in the
coincidence rates arising from the change of position of s is therefore
not connected with non-ionizing primaries.

(ii) Penetrating non-ionizing rays

295. In a search for non-ionizing rays with a mean free path exceed-
ing that of photons Rossi and Regener (1940) have carried out anti-
coincidence experiments at Mt. Evans (4,300 m. above sea-level). An
arrangement somewhat similar to that shown in Fig. 42 was used and
it was found that the rate of anticoincidences decreased noticeably
when an absorber X above the anticoincidence counters was increased
from 2-5 to 10 cm. of lead. This effect shows clearly the occurrence of
non-ionizing rays with a mean free path exceeding that of photons.
The absorber s, consisted of 5 cm. of lead while an absorber § 10 cm.
thick was also placed between the counters. It is seen therefore that
the ionizing secondaries produced by the penetrating non-ionizing rays
are themselves more penetrating than electrons.

The effect has probably to be interpreted in terms of mesons pro-
duced by neutrons.
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296. Penetrating non-ionizing rays were also found by Janossy and
Rochester (1943a) near sea-level. The experimental arrangement is
based on the same principles as those described above. The intensity
of the penetrating non-ionizing rays at sea-level was found, however,
to be very small and therefore extreme précautions had to be taken in
order to reduce the background of spurious anticoincidences to less than

Fia. 45. Experimental layout of Jénossy and Rochester (1942) (seen from below).
(Janossy and Rochester, Proc. Roy. Soc. A, 181, 401, Fig. 3.)

the raté of genuine anticoincidences. The coincidence arrangement was
therefore surrounded by an anticoincidence set consisting of 76 counters
in parallel and the rate of spurious anticoincidences could be reduced
to less than one per 3,000 coincidences.

Evidence was obtained with this arrangement (Fig. 45) for a weak non-
ionizing component with a mean free path of about 10 cm. of lead. The
intensity of the component was estimated to be one non-ionizing ray per
700 ionizing particles. It is likely that the non-ionizing rays observed at
sea-level and at Mt. Evans are parts of the same component of cosmic rays.

Other Non-Ionizing Rays
(a) Slow Neutrons
297. We shall give in Chapter IX arguments to the effect that the
penetrating non-ionizing radiation described in the previous section
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consists of fast neutrons. This interpretation is supported by the fact
that the occurrence of slow neutrons in the cosmic-ray beam can be
shown directly.
298. Slow cosmic-ray neutrons have been investigated by means of
boron counters (Fiinfer (1938), Montgomery (1939), Tongiorgi (1949)).
The experimental results are collected in Fig. 46. It is seen that the
neutron intensity increases very strongly with height.
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¥1a. 46. Height and intensity distribution of cosmic-ray neutrons (Funfer).
I. Neutrons. II. Shower intensity. ILI. Cosmic-ray intensity.

A summary of the experimental results for slow cosmic-ray neutrons
has been given by Bethe, Korff, and Placek (1940). In this paper a
detailed discussion of the experiments and their interpretations can also
be found. According to Bethe the absorption of these neutrons is due
mainly to clastic scattering and therefore the intensity distribution in
the atmosphere is given by a diffusion equation. The actual distribution
is approximated by a Gaussian with its maximum near the height with
7 em. Hg pressure. No experiments have been carried out at sufficient
height to confirm the decrease of intensity predicted by Bethe.

(b) Neutrinos

299. There are good reasons to believe that a large number of
neutrinos are produced by cosmic rays (compare §222). No direct
experimental evidence for the existence of a neutrino component is
available. The difficulties in establishing a neutrino component are not
purely experimental. As no clear theoretical predictions have been made
as to what processes would be initiated by neutrinos it is impossible
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at the moment to know for certain what are the best experiments to
carry out to prove their existence.

(¢) Neutrettos

300. As was seen in Chapter III there are theoretical grounds for
assuming the existence of neutral mesons or neutrettos. Various pro-
perties of the neutretto can be predicted. One finds, for example, a
finite cross-section for the transformation of a neutretto into a charged
meson and for the reverse process (Heitler and Peng (1944)). Such
processes, if they occur, could be detected. No extensive search for
neutrettos has been carried out. Preliminary experiments of Lovell
(1939) failed to detect such a particle.

301. The theory of Mgller and Rosenfeld (1940) predicts also the
occurrence of charged and neutral vector mesons. These mesons are
expected to have a mass comparable with that of the other mesons but
they should have a S-decay period of the order of 10-8 sec. only.

No experimental evidence either for or against the occurrence of
such mesons has been brought forward.

C. Cosmic Rays UNDER GROUND
1. Absorption Function

302. The cosmic-ray intensity was measured under ground in mines
and under water both with ionization chambers and with coincidence
counters.

The counter measurements have a great advantage over ionization-
chambér measurements. The zero current in an ionization chamber
cannot be determined accurately and therefore only the difference of
the intensities at various depths can be established with an ionization
chamber.

The zero effect of a coincidence arrangement is due to accidental
coincidences and it is always possible to reduce the rate of accidental
coincidences to a small fraction of the observed effect.

With an ionization chamber the intensity integrated over all directions
of incidence is measured. On the other hand with a counter arrangement
the intensity can be measured in the vertical direction. The absorption
curves obtained with a counter arrangement and with an ionization
chamber cannot in general be compared directly.

The two absorption curves can, however, be transformed into each
other by using the Gross transformation described in § 252.
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303. The depth ionization curve was investigated by a large number
of observers. It was found that the ionization still decreases under 500 m.
water equivalent. Most elaborate measurements were carried out by
Regener and his collaborators. An ionization chamber together with a
complete photographic recording arrangement was enclosed in a water-
tight tank and submerged to various depths down to 230 m. in Lake
Constance.

In the course of these measurements it was discovered that dry
batteries were radioactive and that therefore the batteries used in the
recorder disturbed the measurements. After having eliminated this
difficulty a very satisfactory depth-ionization curve was obtained
(compare Weischedel (1936)).

304. Coincidence experiments under ground were carried out by a
large number of observers. Ehmert (1937) submerged a full automatic
coincidence arrangement down to 240 m. in Lake Constance. Clay
and Van Gemert measured the coincidence rate with an apparatus
which they submerged to 440 m. under the North Sea. Observations
were carried out in mines. Clay and Gemert (1939) measured down to
1,380 m. water equivalent, V. C. Wilson (1937, 8) down to 1,420 m.
Myazaki (1949) has measured the intensity under 3,000 m. water
equivalent. The absorption curves can all be represented by a power
law, the exponent increasing with depth. Some of the results are
summarized in the following:

Absorption function according to Ehmert:

Exponent
13 <0 <43 —1-56 '
45 <0 <243 —178
According to V. C. Wilson (1938a,b):
20 < 6 < 250 —1-77

250 < 0 < 1,420 —2-52
According to Clay and Gemert (1939):
60 < 6 < 300 —1-93
300 < 60 < 1,380 —2-95
The agreement between Ehmert and Wilson is very good. The single
point given by Barnéthy and Forré6 (1937) at about 1,000 m. agrees also
with Wilson’s results. The absorption found by Clay and Gemert seems
to be slightly greater than that found by the other observers. The
latter results have greater statistical weight than the former.
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Clay and Gemert carried out their measurements under water down
to 450 m., and subsequently under rock with the same apparatus; this
led to direct comparison of absorption in water and rock.
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F1g. 47. Comparisons of decrease of cosmic-ray intensity in rock by various
observers: e Clay and Gemert, X Wilson, «K Kolhorster, B Barnéthy and
Forré. (Clay and Gemert, Physica, 6, 509, Fig. 7.)

2. Nature of Rays Under Ground

(a) Cloud-chamber Evidence
305. There is good reason to believe that cosmic rays under ground
have much the same composition as cosmic rays at sea-level.
Cloud-chamber photographs of particles under ground were taken
by Braddick and Hensby (1939), by Wilson and Hughes (1943), and
by Hazen (1944 b) at 30 m. of water equivalent. The tracks obtained
under ground have the same appearance as those obtained at sea-level.

(6) Coincidence Experiments

306. Various authors, however, suggested that the radiation under
ground differs essentially in composition from the radiation near sea-level.
1. It was suggested that the radiation under ground consists of
relatively soft particles produced by more penetrating primaries.
2. It was also suggested that the radiation at depths greater than

300 m. water equivalent consists mainly of showers.
We describe in what follows experiments which disprove the above

assumptions.
Absorbers of lead were placed between the counters of a vertical
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coincidence arrangement, and thus the absorption of the rays in lead
was measured (V. C. Wilson (1939), Clay and Gemert (1939)); call this
absorption curve, curve B.

The absorption curve can also be determined by measuring the
cosmic-ray intensity at successive depths. The absorption curve ob-
tained by this second method may be called curve A.

The curve B shows a decrease of the order of 10 per cent. for the first

..__1.-...]r_-jt-——p-.c%'l’e_A__.rT_-

F1c. 48. Absorption curve 1n lead (curve A); (8) observed poimnts

undor 71 m. H,0 equivalent (curve B). (Hughes and Wilson, 1943.)
7 em. of lead. This decrease is due to a transition effect. For larger
thicknesses of lead the curve B shows a very small absorption. The
absorption in lead as found from curve B corresponds exactly to the
corresponding part of curve A if mass-proportional absorption is
assumed (see Fig. 48).

307. The similarity of curve 4 and curve B can be understood imme-
diately if it is assumed that the cosmic rays consist of ionizing particles
only. In this case the two arrangements measure the same effect.

The curves A and B would be expected to differ if the ionizing par-
ticles were the secondaries to a more penetrating non-ionizing radiation.
For in this case the curve B would represent the absorption of the soft
secondaries, while the curve 4 would represent the absorptios curve
of the more penctrating primaries. 1t is clear that the experimental
evidence does not support such an assumption.

308. It has also been shown conclusively that the radiation under
ground consists of single particles and not of showers.

Thus V. C. Wilson (1939) observed the rate of fivefold coincidences
with a set of five counters placed in a plane. It was found that the rate
was essentially the same as the corresponding rates for lower multiplici-
ties. It is seen therefore that the cosmic rays below ground are still
sufficiently ionizing to set off counters with a high efficiency.

Tt was found further that the rate of fivefold coincidences was reduced
considerably when the counters were shifted out of line. It must be
assumed therefore that the coincidences under ground are mainly due
to single particles and not to showers.
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The most penetrating particles are, according to theory, the mesons.
If the cosmic rays at 1,000 m. water equivalent are mesons, it must be
assumed that they have started with momenta exceeding 2.10> MEV . /c.
This value is, however, only a lower limit for the primary energies as no
doubt many of the particles have not come to the ends of their ranges.

Further, the possibility cannot be excluded that very energetic mesons
lose energy other than by ionization. If this is the case, initial momenta
exceeding 2.105 MEV./c have to be assumed.

D. MOMENTUM SPECTRUM

1. The Spectrum

309. The momentum spectrum of cosmic rays has been measured by
many observers (see § 15). The most significant data obtained so far have
been collected by Wilson (1946). The following table is reproduced
from Wilson’s paper.

TaBLE 4

The meson spectrum above 1,000 MEV ./c

Awuthor
Blackett Jones Walson
Range (1937) (1939) (1946)
Number of tracks with 620 802 301
momentum < 1,000
MEV./c
Number of particles for a total of 1,000 in the range
1,000-10,000 MEV.|c
1,000-2,000 383 393 367
2,000-3,000 219 243 223
3,000-6,000 280 258 288
6,000-10,000 118 106 122
10,000-20,000 86 . 102
> 20,000 80 } (289) { 82

TABLE 5
The meson spectrum below 1,000 MEV./c (Wilson (1946))

Number of particles for a total
Range of momenta of 1,000 in the range 1,000~
wn MEV.|c 10,000 MEV.[c
500-1,000 238
300-500 76
200-300 35
100-200 18
30 (Williams (1939)) 2 in a band of about 30 MEV./c
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Fia. 50. Differential momentum spectrum of cosmic rays at
sea-level according to E. J. Williams (1939).

In Fig. 49 the meson spectrum has been plotted.

In Fig. 50 we have reproduced the electron and meson spectra
according to Williams (19395).

2. Interpretation of Observed Spectrum

310. The momentum spectrum as obtained by Blackett (1937 a,b)
shows an irregularity round 2,000 MEV./c. It was pointed out by
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Blackett that this irregularity occurs in the region of 2Mpc? and may
be connected with some process involving protons.

(a) Analytic Expressions
The high-energy part of the spectrum can on the whole be well repre-
sented by a power function such as

S(p) ~ p~ey, (18)
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Fia. 51. Differential momentum spectrum (Blackett, 1936).

with z ~ 1. The spectrum may be regarded to be significant up to say
1010 eV.

It may be noted that for high momenta the spectrum must tail off
more rapidly than 1/p? as otherwise the total momentum would be
infinite.

For our purpose it is more relevant to represent the differential
spectrum by S(p) ~ (p+po) e+ (19)

and the integral spectrum by
I(p) ~ (P+po)~* (20)
We have plotted in Fig. 51 Blackett’s data in a double logarithmic plot.
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Assuming p, = 2,000 MEV ./c; we see that the whole of the spectrum
can be fitted fairly satisfactorily by (19) with z = 1-6. For later applica-
tion we work out the following average values:

[ pe(p) dp
py=0 = E&i ~ 3,500 MEV./c (21)
f S(p) dp
0
. 1 1 =z 1
and similarly <p+290> = o i1 = 3300 MEV e’ (22)

(b) Range Momentum Relation
311. There is a simple connexion between an absorption curve and
the energy spectrum of the particles. Assume an absorption process in
which fluctuations are negligible. The range # of a particle is a mono-
tonic function of momentum. We have

A = R(p). (23)
Reversing the above equation we obtain
p = P(A).

Introducing the last expression into the momentum spectrum we find
the number of particles with ranges exceeding a given value #Z. All
particles with ranges B> 0

are capable of penetrating to a depth exceeding 6, and thus the intensity
at a depth ¢ is equal to the number of particles with ranges exceeding 6.
We have therefore )
%(0) = I{p(0)}. (24)
where % is the absorption function and ¥ the integral spectrum.
312. For moderate depths the observed absorption functionis given by

16
€6) = %(0)(0 9"0 ) (64 = 1,000 grams per cm.? (25)
+0o (equivalent of atmosphere))

(see § 304). Comparing this with the analytic expression (20) obtained
for the momentum spectrum we find

7
9 —plo
pPo
and therefore

dp 1dW _ po

= - — Do 3 .
do c db 00 2 MEV/C cm.© per gram
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The above rate of loss is in good agreement with the loss expected for
mesons due to ionization in light elements (Fig. 30¢, p. 129). It can be
concluded therefore that the meson spectrum together with the absorp-
tion curve for small depths favour the assumption that mesons are
mainly absorbed by ionization loss.

A similar conclusion can be drawn from the comparison of the absorp-
tion curveinlead and the spectrum. Roughly 50 per cent. of the penetrat-
ing component is capable of penetrating 1 m. of lead. From the spectrum
(20) we find that 50 per cent. of the mesons have energies exceeding
1,100 MEV./c. From the theoretical momentum range relation repro-
duced in Fig. 305 we find that the range of 1,100 MEV./c mesons is
73 cm. of lead.

313. The question whether or not high-energy mesons lose energy by
processes other than ionization could be decided experimentally by
measuring the meson spectrum up to momenta of the order of 10°
MEV./c. If the energy loss of these fast mesons is mainly due to ioniza-
tion, then the exponent of the momentum spectrum should show the same
increase as is observed for the exponent of the absorption function.

A further point which could be tested experimentally is as follows.
If the mesons lose energy by ionization only, then the momentum
spectrum at a depth 6 should be given by

1
S(p) ~
)~ e
with p(8) = 2,000 MEV./c e_}"l’.

0
The average meson energy should therefore increase with depth. We

should expect 6+6, 1
0

{p>e = 2,000 MEV./c - (25a)
0, z—1

Because of the increase of (p)y with 6, meson tracks obtained in a cloud
chamber deep under ground should show a markedly higher ionization
density than the tracks at sea-level. The only relevant experiments of
this type are due to Hazen (19440), which do not show the expected
increase in density under 30 m. of water-equivalent. It would also be
interesting to investigate the relative fraction of 7-mesons at different
depths. (See also Hayakawa and Tomonaga (1949).)

3. Momentum Loss in Absorbing Plates

314. Direct measurement of the loss of momentum of cosmic-ray
particles traversing metal plates can be carried out in two ways. Either
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a single cloud chamber with a metal plate placed in the middle of the
chamber is used; the momentum loss can be determined from the
difference of magnetic curvature in the two halves of the chamber.
Or alternatively the curvature of a particle can be measured in two
chambers separated by an absorber.

315. In particular Anderson and Neddermeyer (1937) could show
that cosmic-ray particles can be divided into two types according to
their behaviour when crossing metal plates. The two types of particles
are now known to be electrons and mesons.

The electrons are predominant in the region below 200 MEV ./c; they
lose large amounts of energy and the energy loss is subject to great
fluctuations. It was shown by Anderson and Neddermeyer (1937) and
by Blackett (1938a) that the distribution of energy loss of electrons is
in accordance with the theory of radiative collisions.

316. Precise measurements of the momentum loss of mesons have
been carried out by Ehrenfest (1938a, b) using a gold plate 9 cm. thick
and by J. G. Wilson (1939) using a 2-cm. gold plate.

The following figures are taken from J. G. Wilson (1939).

TABLE 6
Momentum loss of mesons per cm. of lead in MEV .[c.
Momentum range 200-400 400-700
Observed loss 12:142-0 14:34-3-6
Calculated loss for 132 14-0

= 200m,

It is clear that the momentum loss of the particles observed in the
above work can be fully accounted for in terms of ionization.

317. The accuracy of momentum-loss measurement decreases rapidly
with increasing momentum, and the experimental results for momenta
higher than those given in Table 6 must be regarded as tentative.

Wilson (1939) observed a small number of particles in the momentum
range of 1,000-2,000 MEV./c which suffered large losses but were not
electrons; with one exception these particles were of positive sign.
Wilson considered tentatively the particles entering the plate to be
protons; judging from ionization density at least some of the outgoing
particles were mesons. The process may possibly be interpreted in
terms of protons losing large amounts of energy due to the emission of
mesons.

Ehrenfest (1938) did not find any anomaly in the absorption in the
region round 2,000 MEV./c. Ehrenfest, however, observed under a lead
screen 16 cm. thick. Because of their large rate of loss protons cannot



§ 317] MOMENTUM SPECTRUM 175

be expected to be able to traverse such an absorber (compare Ch. IX);
therefore the results of Ehrenfest and of Wilson do not appear to be
contradictory.
4. Scattering
(@) Multiple Scattering

318. The scattering of mesons when passing through metal plates has
been investigated by several workers. The early measurements of
Blackett and Wilson (1938), in which mesons and electrons were not
separated, showed that the major effect was due to Coulomb forces.
The following features were observed: (1) the root mean square of the
angle of scattering is inversely proportional to the momentum; (2) the
angles of scattering of one momentum are distributed according to a
Gaussian. The measurements were extended up to momenta of 2,000
MEV./c.

The results of J. G. Wilson (1940) and of Code (1941) are collected
in the following Table 7. (§%) is the projected angle of scattering.
According to eq. (185), § 243, the product p*(¥?*) is independent of
momentum. Table 7 gives the theoretical average value of p.,/(§%) for
various plates; in the last column this value is compared with the
observed values.

TABLE 7
Scattering VI Ratio of observed and
Observer plate (theoretical) calculated values
J. G. Wilson (1949) 1 ecm. Pb 091 1-:0140:-06
0:3 cm. Pb 0-48 1:00+0-13
. 2 cm. Cu 0-73 0-984-0-10
2 cm. Au 1-75 1-064-0-05
Code (1941) 38cm. W 2-20 0-98

The agreement between observed and calculated values is excellent.
The agreement would not be as good if the observation were compared
with the scattering calculated for a point nucleus.

(b) Large-angle Scattering
319. A few cases of large-angle scattering were found, for which the
product pd is far too large to be reconciled with the Gaussian distribu-
tion arising from Coulomb scattering. The more recent observations of
J. G. Wilson (1940), Code (1941), and Shutt (1942) were directed to
separating these examples of large-angle scattering from the main
Coulomb group.
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The occurrence of large-angle scattering is of great interest as it must
be attributed almost entirely to short-range interaction. The observed
cross-section for large-angle scattering can be used as sensitive test for
the correct formulation of meson theory (see §§ 193 and 231).

Wilson (1940) and Code (1941) both used the direct method in their
search for large-angle scattering. They both measured the product pd
for individual particles and showed the occurrence of deviations from
a normal Gaussian distribution.

Shutt (1942), however, avoided the necessity of measuring the
momentum of individual particles, using the following method. A
chamber is used containing two plates, one 1 cm. thick, the other 5 cm.
thick. The distribution of angles of scattering in the two plates is com-
pared and the occurrence of large-angle scattering is deduced statisti-
cally.

320. The results of the above authors are in general agreement as to
the occurrence of anomalous scattering. It is difficult to estimate the
actual cross-section of anomalous scattering from the available observa-
tions, as the fraction of particles subject to such scattering is not known.

If all mesons were subject to anomalous scattering, as was assumed
previously, the cross-section per nucleon would have to be ~ 5x10-2
cm.? s0 as to account for the observed rate of occurrence of the effect.
However, the actual cross-section must be larger, as only a fraction of
all particles are scattered anomalously.

It is interesting to note that most of the particles found to be scat-
tered anomalously had positive charge (Code).
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THE INSTABILITY OF THE MESON

A. MATHEMATICAL RELATIONS

BEFORE discussing the facts connected with the meson decay we give a
few mathematical relations which are needed for the interpretation of
the effects connected with meson decay.

. 1. Mean Range of Mesons

(a) Mesons traversing Free Space

321. Mesons are assumed to decay spontaneously and therefore the
probability of a meson decaying during any time interval d¢ is the same,
and this probability is independent of the previous history of the meson.

Consider N mesons at the time ¢ = 0. The average number of mesons
still intact at a time ¢ is denoted by N(¢); the number of mesons decay-
ing in the interval ¢, ¢t-4-d¢ is

—dN(t) = N(t) dt/t,. (1)
Integrating equation (1) we find
N(t) = Ne-it )

From (2) we see that ¢, is the mean life of the meson.

322. To obtain the mean range of a fast meson one has to distinguish
clearly between apparent life and proper life. The half-life of a meson
is equal to 4, in the rest-system of the meson. Due to relativistic time
contraction a meson with a velocity v appears to have a half-life

lo=4¢,B (3)
(compare § 147). The mean range of a meson with a velocity v is therefore
R*(v) = véy = v{y B, (4)
and with the help of eqgs. (4, 5), Ch. III,
R*(v) = Q’P, i ()
I

where p and P are rest-mass and momentum of the meson. The range
Z* of a meson increases therefore more rapidly than its velocity.

The following remark may be useful. In the system of reference
where the meson is moving, the apparent life of the meson is prolonged
due to time contraction, and therefore the meson can cover a range #*

which could not be covered during the time ¢,. In the rest-system of
3569540 N
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the meson, however, the time available for the meson is only equal to
£,, but the range which was found to be equal to £* in the system where
the meson was moving appears contracted by a factor 1/B in the rest-
system, and therefore the meson has to live only for the time the
contracted range £*/B is moving past.

(b) Mesons traversing an Absorber

323. In the following we calculate the mean range of a meson passing
through an absorber (compare e.g. Euler and Heisenberg (1938)).

Consider mesons with momentum P entering an absorber. Due to
absorption the mesons reaching a depth 3 will have a momentum

P(3) < P.

Denote the average number of mesons reaching 3 by A47(3). The
average number decaying in the interval 3, d3 is obtained with the help
of (1) and (3):

d3
—dN = (3)E S, 6
(z;)f0 (3) (6)
Integrating over 3 we find s
d
N(3) = A (0)exp| —& | 23|, 7
(3) = 40) p[ %] Pm] ™)

The following special cases are of importance.

(i) Mesons traversing a homogeneous absorber
324. For fast mesons, i.e. for P > uc, we may assume

dP|d3 = const. = uc/a, say, (8)
and therefore P@3) = Po--ai(Po—»Pl), 9)
1

where Py is the momentum of the incident mesons and P, is the momen-
tum of the mesons which have reached a depth 3 = 3,. Introducing (8)
into (7) we find

—p31l 4ol Po—Fy)
) (10)

P,
K (3) = H O
1
(ii) Mesons nearing the end of their range
325. We may use the approximate range momentum relation (169,
Ch. III); we find with help of (8)
Z(p) ~ H(P[uc).a, (11)
and with help of (7) we find

H(3) = «V(O)exp(—

o, POP=P) 12)

3fy  (ue)®
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The fraction of mesons with initial momentum uc which decay only after
being brought to rest is therefore

N(P = 0)/N (P = pc) = exp| —=2). (13)
. 3cé,
In the case of air at N.T.P. we have approximately
%—133 = 2:5x10-3 MEV./em., a = 4x10% ecm.;
further ¢fy = 6-:3x10* cm. (see§ 345),
and therefore * A (P = 0)/A4 (P = pc) = 0-81. (14)

Thus most slow mesons moving in air at N.T.P. will be brought to rest
before decaying. The numerical values of course represent only the
correct orders of magnitude. Using the correct momentum range rela-
tion given in Fig. 30, A47(3) can be evaluated by numerical integration.
The result of this integration carried out for air at N.T.P. is shown in
Fig. 52. For convenience both ordinary and logarithmic plots are
shown.

(iii) Mesons traversing the free atmosphere

326. The change in air density with height has to be taken into
account. For simplicity we assume the density distribution to be
exponential. Thus we assume

0(3) = boe~*l*, (15)

where 3, is the height of the homogeneous atmosphere. 6(3) is the absorp-
tion equivalent of the atmosphere at the height 3. 6, is the absorption
equivalent of the whole atmosphere.

Fast mesons arriving at sea-level with a momentum P, must be
supposed to have had a momentum

P(3) = Btpe 20 (1—e-ii) (16)
at the height 3. Denoting the loss of momentum throughout the whole

of the atmosphere by

C
P, =1, (17)

we find from (7), (16), and (17)
P, P(3) ) —~(3alc £)pcl(Pi +Pa)}

P, Py+P—P(3)

H(0) = m(a)( (18)
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327. As the mesons are unstable they must be assumed to be the
secondaries of stable primary particles. Assume that the mean range
of the primaries before giving rise to mesons is 8. According to (15)
the mean height of production of the mesons can be taken to be

3p = 30l0g(0o/0p). (19)
Introducing this into (18) we find

-(golcto)(pc/(Py+Pa)}
_&} ' . (20)

_[b P,
N O (3p) = {@(1 +) -
The above equation gives the fraction of mesons which but for the decay
would have reached sea-level with a momentum £,.

Equation (20) has been derived on the assumption that all vertical
mesons are produced at the same height 3,. This assumption is not
strictly correct; it must be assumed that the mesons are produced by
their primaries over an extended range.

Some numerical values of the decay probability as given in (20) are
collected in the following table (see also Fig. 52).

TABLE 1
Decay probabilities according to (20) with P, = 2,000 MEV .[c,
0,/0p = 10

zy pc )
clo P 0-66.

B, MEV./c =f 200 [ 400 ‘1,000i2,000(4,000j10,ooo|2o,ooo 40,000 100,000 (200,000

1-200|0-956 {0-637|0-422|0-256| 0-118 | 0-062 | 0-032 | 0-013 | 0-007

The probability of decay of mesons arriving with small velocities can
be obtained in two steps. One can work out first the probability of decay
of the meson down to a level where its momentum is of the order of uc.
For the rest of its range the variation of the air density can be neglected
and the probability of decay can be worked out using the graph Fig. 52
or with the approximate expression (12).

(iv) Mesons traversing the atmosphere in inclined directions

328. At any given point in the atmosphere the probability of decay
of mesons incident at an angle & to the vertical is greater than for those
incident in the vertical direction owing to the larger path travelled
if both are taken to have started at the same height 3. The decay
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probabilities for mesons moving in inclined directions can be found from
(18) by replacing 34, P,, and 0, by:

30 = 3o/COSP, P, = P,[cos¥, 0y = 6,/cos?. (21)

One must be careful in evaluating the height 3, where the mesons
which are inclined at an angle ¢ are produced. Assume that the mesons
are emitted in the direction of their primaries. The primaries will have
traversed an absorber equivalent 6, at a point lying at a depth 6, cos &
below the top of the atmosphere. The inclined mesons can therefore be
assumed to originate at a height (compare Blackett (1938b), Fréon

(1942, 4)) o
"= o |, 22
3p 30 log (OP COS8 1.9) ( )

The decay probability for inclined mesons is therefore found with the
help of (18) and (21) as

7} P P ~(30lctod{pc](P, cos & +Fa)}
A47(0 N 5) = 0 1 4 A .
OFAGsr) {01:00819( +Plcosﬂ) +Plcosﬁ}

(23)

2. The Decay Electron

(a) Momentum

329. Themeson is supposed to decay into an electron and a neutrino.
In the rest-system of the meson the electron and neutrino must have
equal but opposite momenta. From the conservation of the energy we
find for the absolute value of the momentum of the electron

pef,  mj) _ pc .
Pd=§(1—-ﬁ§)~-2—, (24)
assuming the rest-mass of the neutrino to be zero.

In the rest-system of the meson the electron must be assumed to be
emitted in random direction. Thus we assume the probability of the
electron being emitted into the solid angle dQ to be dQ/4x.

Considering the components, one finds for the probability that the
x-component of P is in an interval P,,dP,

d? = dP,/2P,. (25)

330. The momentum of the decay electron of a moving meson is
obtained by a Lorentz transformation. Let us consider a new system
of reference in which the meson is moving in the direction of the

t This assumption was taken for granted at the time of the first edition, doubts as to
1ts validity have arisen lately.
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positive z-axis. We denote the momentum of the meson in the new
system by F, and its energy by W,.

The z-component of the momentum of the decay electron in the new
system is obtained with the help of egs. (4), (5), (10), Ch. III, and (24)
as follows:

P;l,:c = (Pd,z m‘*’%Pp)/ﬂcz’ (26)
where W; = ,/(c2P3+-mZc?) is the energy of the decay electron in the
original system of reference. It is seen from (26) that the component
of the momentum of the decay electron is inside the interval P, Prax

Y ;
wit Poin = (—Py W+ W, P,) uc?,
FProx = (Fy m+u{1Py)/ﬂcz‘

The probability of finding Py, in an interval dP’ which is inside the
interval Py, Ppax is independent of P;, and it is according to (25)
and (26)

(27

dP?" = dP’[(Pyax—Foin)- (28)
Assuming as a first approximation
Py = Wyje = pef2, (29)
(27) can be simplified and it reduces to
2c? W, Jc+P,
Proin = __—,‘-LC___’ Prox="* . 30
: 2(W,/c+B,) 2 (30)

It is seen that for high meson velocities
Byn~0 and Py~ DF,. (31)

Thus for high velocities decay electrons will be emitted mainly in the
forwaitl direction uniformly distributed between zero and P.

For very high energies the expression (30) for P, ;, becomes invalid, as
for such energies (29) gives an insufficient approximation of W, /c—F,.
Neglecting nothing, we find from (24) and (27)

_ poc? mg
B = = o, o1 B,) T

The second term in (32) becomes predominant for

(W./c+E,). (32)

P, > 10 MEV Jc
> o Je.
It can be shown easily that for P, = u2c/2m, the velocity of the meson
is equal to the velocity of the decay electron in the rest-system of the
meson. Itistherefore clear that for larger momentum the decay electron
is always projected forward.
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(b) Angle of Emission
331. The angle #; between the direction of motion of the meson and
that of the decay electron can be determined as follows. We have
tandy — P /Py, (33)
where the y-axis is chosen in the direction of the normal component of

P,. The components of the momentum perpendicular to the direction
of motion are not affected by the Lorentz transformation and therefore

h .
o have Pd,u = Pd,y = \/(Pg_‘P(zlz) (34)
We find with the help of (26) .
2 J(P2— P2 )
tand, — HENLPi—Péz) (35)
¢ Pd,.t u{f{_ W{i P,u.
We introduce P, , = P)(1-27). (36)

Jomparing (36) with (25) we see that & is the probability that the
electron has a momentum exceeding P, , in the forward direction when
measured in the rest-system of the meson; £ is at the same time the
probability that the electron has a momentum exceeding Py, in the
forward direction when measured in the system where the meson is

moving.
Neglecting P, , as compared with B, we find from (35) and (36)
2|2 tan2d
tand, — K& -~ ., or P= 4 | 37)
d W, N1-2 (uc?/W,)3+tan?d, (

As the angle &, decreases monotonically with increasing F, , we conclude
that 2 is the probability that the electron is emitted at an angle smaller
than &,. .

Inserting & = } into (37) we find

2
tand,; = % for 2 =14,
thus half of the decay electrons are emitted inside a cone with the
opening angle 28, = 2//.02/m. This result bears some analogy to the
distribution of light emitted by a fast-moving source dealt with in § 152.
The probability of an emission at an angle exceeding 45° is found to be
about (uc?/W,)z.

Thus the decay electrons of a fast meson are concentrated into the
forward direction. This effect is very similar to the Doppler effect as
discussed in § 152. The difference between the Doppler effect and the
emission of decay electrons is that there is always a finite Doppler
intensity backwards, while a sufficiently fast meson emits in the forward
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direction only. Physically the difference is due to the finite rest-mass
of the electron. Decay electrons can only be projected backwards if the
velocity of the meson is smaller than that of the electron. In the case
of the photon emission the velocity of the photon always exceeds that
of the emitting particle and therefore the photon may move forward or
backward.

B. EXPERIMENTAL
1. Direct Evidence
* (a) Photographs of Meson Decay

Discussion of photograph of Williams and Roberts

332. Direct evidence for the decay of the meson was obtained with
the cloud chamber. The first photograph showing a decaying meson
was obtained by Williams and Roberts (1940) (see Plate 2). Similar
photographs were obtained by others. Recently Powell has obtained a
microphotograph of a =-meson decaying into a u-meson and the u-meson
emitting an electron all inside an emulsion (Plate 7). We discuss the
photograph of Williams and Roberts in the following.

The thick track stretching from 4 to F is that of the incident meson.
From the end of the meson track a thin track FG emerges. The thin
track is assumed to be the track of the decay electron.

333. The meson track is much thicker than the track of the decay
electron and is also much thicker than the tracks of a number of electron
tracks seen on the same photograph; thus it is the track of a slow
particle.

The photograph is taken in a magnetic field of 1,180 gauss. The curva-
ture of the meson track between 4 and C is about 70 cm. and therefore
the momentum of the particle at the point B is estimated as

Py = 300.70.1,180.10-¢ MEV ./c
= 25 MEV./c.
Assuming that the particle has come to the end of its range in ¥, the
remaining range is BF and is equal to 41 cm. air N.-T.P. From the
momentum range one finds that the mass of the particle giving rise to
the track A F must be
p = (250-70)m,.

Thus the incident particle must be a meson.

We note that the track 4F is very different from the track of an
electron or a proton. An electron track of the same density would have
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been curled into a small spiral, while a proton track showing the initial
curvature 4C would be expected to have a remaining range only one-
tenth of the observed range BF. Thus the track must be due to a
particle of intermediate mass.

334. The momentum of the decay electron is expected to be 50
MEV./c, and to have a radius of curvature of 140 cm., if the decay
products are one electron and one neutrino. The curvature could be
larger if three decay products were emitted. Only a very short but
straight section of the electron track is visible and not much informa-
tion as to the energy of the decay electron can be qbtained.

335. Though the photograph, Plate 2, shows all the features one
would expect for a photograph showing a decay process it is useful to
refute a number of alternative interpretations of the photograph.

1. One might try to assume that the process seen in Plate 2 does not
represent a decaying meson but a fast particle coming from @, being
scattered through a large angle at F, losing thereby most of its energy.

This interpretation cannot be correct, however, for several reasons.
In case of a large-angle scattering of a fast particle a recoil particle
should appear, while on the photograph there is no indication of a recoil
particle.

Besides, there can be no doubt about the direction of motion of the
slow particle. The slow particle moves downwards from 4 to # and not
in the opposite direction for the following reasons. A §-track is emitted
from the point £ moving initially downwards in the direction of the
meson. Further, the number of §-tracks emitted increases along the
meson track when going downwards. This is to be expected as a result
of the slowing down of the meson. Finally, the end of the meson track
near F shows a large-angle deflexion. Such deflexions are to be expected
near the ends of slow tracks.

The large-angle deflexion near the end of the track gives also evidence
that the meson has come to rest somewhere near F before decay.

2. The direction of motion of the slow track being known, the slow
and the fast tracks cannot be interpreted as an electron pair due to a
photon absorbed in A4.

3. The possibility that the two tracks are independent could not be
ruled out altogether. One might for instance assume that the slow track
ends in 4, and by accident a fast photo or Compton electron is produced
by a photon at the same point. The probability for such a process is,
however, so small that such a coincidence need not be considered
seriously.
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Estimated rate of decay photographs

336. There seems to be no reason to doubt the interpretation of the
photograph shown in Plate 2 as the track of a decaying meson. It would
be desirable, however, to obtain more photographs of this kind. The
rate of photographs obtainable showing decaying mesons is small
under most practical conditions as shown by the following calculation.

In estimating the rate of occurrence of photographs showing decaying
mesons, two types have to be considered.

1. A meson is brought to rest in the gas of the chamber and decays
afterwards. .

The rate of mesons under an absorber of 6 grams per cm.2 at sea-level
is, according to § 312,

N (6) = N (0)(6+-0,)1°.65°, (38)

with 6, = 1,000 grams per cm.? the absorbing equivalent of the atmo-
sphere.
The fraction of mesons stopped in an absorber of thickness df is

dv” d

— = 1-6—. 39

7o, 39
Considering a chamber filled with air of atmospheric pressure having
a diameter of about 30 cm. we can put

df = 0-04 gram per cm.?,

where d0 is the absorbing equivalent of the air in the chamber. We find
from (39) for the fraction of mesons being brought to rest in the gas of

the chamber AN N (0) = 6.10-5, (40)

Thus taking photographs of mesons traversing the chamber one expects
one meson stopped in the gas for every 13,000 photographs.

337. We shall see later that only about every second slow meson
decays and therefore the rate of photographs showing decaying mesons
is only half of that estimated for mesons stopped in the gas.

The rate of mesons stopped in the gas is of course proportional to the
pressure inside the chamber. A better yield can therefore be obtained
using a high-pressure chamber. A chamber filled with 100 atm. of air
is described by Johnson, Benedetti, and Shutt (1943).

The rate of decaying mesons to be expected in a chamber is small.
Assuming that 1,000 particles per hour are crossing the chamber, one
expects one meson to decay inside the chamber in every 13 hours. The
decay electron could be used to trigger the chamber (compare § 277), and
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thus it should be possible to obtain several decay photographs per day
with a chamber operated at ordinary pressure.

2. A meson might decay inside the chamber without having been
brought to rest. The probability of a meson decaying along a path 3 is

according to (6)
P — 8 KC 4
P LT (41)

For a chamber of 30 cm. diameter we thus obtain
1 e
~ 5000 P
The above expression is only valid if the loss of mor'nenturn in the gas
can be neglected compared with P. For very slow mesons the probability
of a meson decaying in the chamber does not increase with decreasing
momentum as one might expect from (42). The rate of mesons with
momentum inside an interval dp was shown to be proportional to
1/(d%/dp) (compare (8), Ch. IV). Using the approximation (9), Ch. LV,
we find therefore for slow mesons
1 P2
AN |N = 3,000 (uo)?
the relative number of mesons with momentum 0 < P << uc decaying
in the chamber is

(42)

(P < pe); (43)

1
2,000’

Thus, apart from mesons actually brought to rest, momenta in the region
of ~ uc are most favourable for the observation of decaying mesons.

338. A fast meson decaying in the gas of the chamber may be difficult
to recognize. If the angle of emission is small, the process' cannot
be distinguished from a meson being scattered in an elastic collision.
Therefore the process can only be recognized as decay if the decay
electron is emitted at a large angle to the direction of the meson.

The probability that the decay electron is emitted at a large angle is
of the order of (uc/P)%. Assuming for the differential spectrum

S(p) = S(0)(p+2,000)-2¢,
we obtain for the fraction of mesons with momentum p > 2uc which
decay in the chamber and emit electrons at large angles

o0

| P/ Pre(p) dp
ANy=2We . ~1/50,000.

©

f S(p) dp

2uc
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This process is therefore very rare. It is seen therefore that photographs
of decaying mesons are expected most frequently of mesons which have
been brought to rest in the chamber.

(b) The Neutrino

339. No direct evidence for the emission of the neutrino in the decay
can be obtained from cloud-chamber photographs. Valuable indirect
information could be obtained, however, by taking photographs of
decaying mesons in a magnetic field which is sufficiently strong to permit
the measurement gf the momentum of the decay electron.

340. The conception of the neutrino was originally introduced by
Fermi in order to safeguard the conservation of momentum, energy,
and angular momentum in the process of B-disintegration. The cross-
sections derived for the interaction of neutrinos with matter are,
however, so small that the probability of observing a neutrino inter-
acting with matter seems to be negligible.

It is very unsatisfactory to have to assume the occurrence of such a
particle which has no observable properties: it was therefore suggested
by Bohr that it might be preferable to assume the breakdown of the
conservation laws instead of assuming the existence of a neutrino.

341. The point of view accepted by many physicists is that the
assumption of the existence of the neutrino should be made subject to
the outcome of the following kind of experiment.

After the emission of a S-particle by a B-active nucleus a certain
amount of energy is ‘missing’; this energy may be attributed to the
neutrino. At the same time it is expected that the momentum of the
system &onsisting of B-particle and nucleus alone is not conserved during
the decay; the ‘missing’ momentum may be attributed to the neutrino.
It is argued that it is reasonable to attribute the missing momentum
and the missing energy to one particle if these quantities obey the
energy momentum relation (6, Ch. III) in each individual case observed.

Experiments of this kind have been carried out by Halpern and
Crane (1939) using radio chlorine (CI®8), and improved by Allen (1942)
with Be?. The experimental results obtained favour the existence of the
neutrino.

342. If the p-meson decay was a decay into an electron and a
neutrino, as was believed for some time, then according to the con-
servation laws the energy of the decay electron would be very nearly
uc?/2. Measurement of this decay energy might give clear evidence
for the existence of the neutrino.
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343. Measurements of Steinberger (1948) have shown that the ranges
of decay electrons in paraffin show too large straggling to be compatible
with the assumption that all decay electrons have the same energy.
Measurements of Leighton, Anderson, and Aaron (1949) in a cloud
chamber, and measurements of the Bristol group in photographic
emulsions have shown that the decay electrons have in fact a con-
tinuous spectrum ranging from 0 to 50 MEV./c; the spectrum is com-
patible with the assumption of a three-particle decay into one electron
and two neutrinos.

(c) Direct Measurement of the Half-life of tne Meson

344. The half-life of mesons can be measured directly in the following
way. An absorber is placed between two sets of counters, Fig. 53.
Particles entering the absorber from above are
recorded by the top set of counters. The lower
counters are made sensitive by an electric arrange-
ment for a short period after the discharge of any

of the top counters. The lower counters are made
( to register only pulses which occur at a time more
than ¢, sec. but less than ¢, sec. after any pulse of
the top counters. Such pulses may occur when a
meson discharges the top counters and is afterwards
electron .

¥io. 53. Arrangoment brought to rest inside the absorber and decays after

for measuring the half- & time ¢ with t <t <t

Iife of the meson. Experiments of this kind have been carried out
by Montgomery, Ramsey, and Cowie (1939), but they were indecisive.
The main difficulty with the arrangement as shown in Fig. 53 is the large
background. There are a very large number of discharges of the top
counters not due to mesons stopping in the absorber. Thus only a
minute fraction of the master pulses of the top counters can be expected
to be accompanied by delayed pulses due to decay taking place inside
the absorber. Accidentally delayed pulses due to any cause are there-
fore very important and tend to mask a real effect.

345. Animproved arrangement to measure the meson life was used by
Maze (1941), by Rasetti (1941), by Auger, Maze, and Chaminade (1942),
by Rossi and Nereson (1942, 3), and by Conversi and Piccioni (1949).
The arrangement (Fig. 54) works as follows. The absorber S is placed
below a coincidence arrangement I-II. A set of anticoincidence counters
A is placed below 8. Anticoincidences I, II,— A are caused mainly by
particles coming from above and stopping in S. To reduce the effect

Meson

Decay
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of showers the top counters are surrounded by lead and a lead block
10 cm. thick is placed between the coincidence counters. Due to this
selection the anticoincidences are mainly due to mesons stopping in 8.

The sides of the absorber S are covered with a counter battery.
The counter battery is made sensitive immediately after each anti-
coincidence. If any of the counters a are discharged shortly after the
coincidence pulse, then the pulse is recorded and the time delay between

Meson

. P

Delaged
¢ anti comncidence

e

Decay

electron %)}A

Fig. 54. Improved arrangement for measuring the half-life of the meson.

the anticoincidence and the pulse of the counter a is also recorded.
Such delayed pulses are mainly due to mesons stopping in S and emit-
ting a decay electron afterwards. The registered time delay can be
regarded as the time spent by the meson in the absorber before it
decayed.

As a result of extensive measurements it was found that the rate of
delayed pulses corresponding to delays greater than ¢ is given by

€ (> t) ~ et (44)
with
1-540-4 pusec. Rasetti (1941).
/ 2:240-2 ’ Chaminade, Fréon, and Maze (1944), (45)
0 2:154-0-15 ,,  Rossi and Nereson (1943),
2:334-0-15 , Conversi and Piccioni (1944).

The above data refer to positive mesons; negative mesons show a more
complicated behaviour.
From equation (44) it is seen that mesons decay at random times.
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346. The above experiments have no bearing on the question whether
mesons with a half-life much less than 2 usec. occur (see § 220) as decay
electrons emitted after a time much less than 2 usec. would not have
been resolved.

347. Tt was noticed by Rasetti (1941) that only about half of the
mesons stopped in a lead or iron absorber emit decay electrons. This
seemed natural as negative mesons are expected to be captured by
nuclei in a time much shorter than ¢, (Tomonaga and Araki (1940)).
Thus only the positive mesons are expected to last long enough for
spontaneous decay. }

That the decay electrons emitted in lead or iron absorbers are in fact
caused by positive mesons was shown experimentally by Conversi,
Pancini, and Piccioni (1945). Magnetized steel bars in the path of the
meson were used to discriminate between positive and negative mesons.

348. It was found subsequently that the capture of negative mesons
becomes less important for light elements.

The competition between nuclear capture and spontaneous decay
gives rise to an effective decay time ¢’ for negative mesons which
depends strongly on the atomic number of the element and differs from
the unaffected decay time ¢, of the positive meson. A few results are
collected below:

Blement | Pbt | ret | Nary | Bs | ot
4l <L ~ 05 ~1

2. Indirect Evidence for the Instability of Mesons

349. The absorption of a beam of fast u-mesons is mainly dug to two
processes. Firstly, ordinary absorption: that is, mesons are slowed down
due to elastic collisions. Secondly, mesons are removed from the beam
due to the spontaneous decay. The ordinary absorption is nearly mass-
proportional, while the decay is quite independent of the material. The
two effects together give rise to the so-called absorption anomaly. This
is that the mass absorption of a beam appears to be greater in air than
in a dense medium. All measurements of the half-life of fast mesons are
connected with observations of the absorption anomaly.

(a) Observation of the Absorption Anomaly
(i) Directional distribution
350. The absorption anomaly was observed by Follet and Crawshaw
(1936); they found that the vertical intensity at a depth 8 under ground
1 Conversi, Pancini, and Piccioni (1947). { Tichoand Schein (1948). § Nereson (19484, b).
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is larger than the intensity at sea-level inclined at & to the vertical,

where (648,)cosd = 6,. (46)
If the absorption of the cosmic rays in various materials was propor-
tional to mass, the two intensities would be equal.

The absorption anomaly was also observed by Auger, Ehrenfest,
Fréon, and Fournier (1937) in a series of counter experiments. The
intensity of cosmic rays at various heights and in various directions was
measured. Ifthe cosmic-ray particles were stable, as they were supposed
to be at that time, the cosmic-ray intensity in any direction and at any
height above sea-level should be a function of fsec®, where & is the
angle of incidence and 8 is the absorption equivalent of the atmosphere
above the observer. In particular, the vertical intensity observed at 4
should be equal to the intensity in a direction inclined by & to the
vertical at a point B, provided

0, = Ogsecd, (47)
where 0, 05 are the absorption equivalents of the atmosphere above
the points 4 and B. The observations of Auger and co-workers showed
that these two intensities were in fact very different, the vertical
intensities at the lower stations being considerably larger than the
corresponding inclined intensities at the higher stations.

351. The anomalies were interpreted in terms of the instability of the
meson by Kulenkampff (1938). Considering mesons of momentum P,
arriving vertically at 4 and those at an angle & at B the ratio of the
intensities is found with help of (20) and (23).

To get an idea of the magnitude of the anomaly, the following
numerical values may be considered. At the Jungfrau Joch (3,400 m.
above sea-level) we have 0 = 600 grams/cm.?2 Comparing with sea-level
observations we have P
cos? = -£ = 0-6

B

and & = 53°. Thus the intensity inclined at 53° on the Jungfrau can
be compared with the vertical intensity at sea-level. Assume P, =
2.10° eV. and as a rough average P, = 10° eV. Assuming further
0p = 6,/10, which means that the mesons are produced at a height of
about 16 km., we find

N (0, 3)/ A" (6,,0) ~ 3. (48)
Auger and his co-workers found for this ratio 0-6; thus the calculated
value is of the right order of magnitude. A better agreement could not

be expected in view of the very schematic treatment.
3RAR.40 ~
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(ii) The temperature effect

352. A negative correlation between temperature and cosmic-ray
intensity has been found. This effect can be accounted for according
to Blackett (1938b) in terms of the instability of the meson. Consider
a change of the atmospheric temperature by 80. If this change is not
accompanied by a change of pressure then it can be assumed to cause
an expansion of the atmosphere, and the height of the homogeneous

atmosphere can be assumed to change by
30
830 = 30—~ . 49
30 = 3o T (49)

The corresponding change of the rate of mesons with momentum P,
arriving vertically at sea-level is obtained from (20) and (49):

3N 30 HC } 30

= 0 1 1 —

= &g E) )

To obtain the temperature coefficient we have to average 5.47/A4" over
the momentum spectrum. We may put in good approximation

(oI BGR) PR, (L Nyl tofy Pe) P )
(51)

Introducing into (51) the numerical values given in eqs. (21), Ch. 1V,
and (22), Ch. IV, and assuming P, = 2,000, §,/0, = 10, ® = 300, we
obtain for the temperature coefficient (e.g. Duperier, 1944 5)

(50)

o = <100 2 = —0:35 per cent. per deg. K., (52)
which is slightly larger than that found by Compton and Turner (1937)
and by Clay (1939) from the seasonal variation of cosmic-ray intensity,
namely
Iy = —0-184-0-011 per cent. per deg. K.
The agreement between the data is as good as could be expected. For
detailed discussion see Duperier (1948).

(iii) Barometer effect

353. Closely connected with the temperature effect is the barometer
effect. An increase of the air pressure by db cm. Hg corresponds to an
increase of the absorption equivalent of the atmosphere by

d6 = db.136. (53)

Apart from the effects due to instability, the change in pressure causes
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therefore a change in intensity. The barometer coefficient due to this
process can be obtained with help of eq. (25), Ch. IV, as

100/o4" .
7(__.> = ——100_1_6 = —2-1 per cent. per cm. Hg.
ob 3=const. b (54)

The increase of pressure is accompanied by an increase of 3,; we
have b
d3o = dog (85)

o), —

Neglecting changes in P, and 6, under the logarithm we find for the
regression coeflicient of this second effect, with the help of (20), (50), and
(81),

rey — %I‘M@ == —1-4 per cent. per cm. Hg. (56)

Adding the two effects we find
Ly = I'D+I'®, = —3-5 per cent. per em. Hg.

The above value for the barometer coefficient is somewhat larger
than the value obtained from observations with the ionization chamber
but it agrees well with the counter observations of Duperier (1944 a),
namely

I', = —3+45 per cent. per cm. Hg.

(iv) Effects of temperature and pressure distribution

354. The main weakness of the preceding treatments of the teinpera-
ture effect and of the barometer effect is that the atmosphere is assumed
to have uniform temperature distribution. In reality the temperature
of the atmosphere changes with height and a change of pressure or
température near sea-level may be accompanied by a complicated
change of the temperature distribution.

The height of formation of mesons is given by

_ . fewd
3= 3o —@;- rE
()3
where ©(f) is the temperature at a level corresponding to a pressure
b = 6/13-6. The values of ©(f) can be obtained from meteorological
records and thus 3 can be evaluated for the periods of observation.
Comparing records obtained during periods of equal pressure but
different temperature distributions one expects a good correlation
between 3 as obtained from (57) and the observed intensities.
A correlation of this kind was carried out by various observers.

(87)
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Duperier (1944 b) carried out the correlation with various assumptions
as to the value of 8. The correlation coefficients thus obtained are as
follows:

TABLE 2
fp gm.[cm.2 Height in km. ’ %)
100 16-1 J —0-67
153 135 ' —0-54
255 10-3 —0-32
510 55 —0-30

|

The correlation improves with decreasing 6p; the best correlation is
found for 8, = 100 grams per cm.?, the smallest value used.

These results show that most mesons are produced by primaries with
a mean range of the order of or smaller than 100 grams per cm.2

355. It seems to be possible to account for both the barometer effect
and the temperature effect on the lines described above. Many details
are, however, still obscure and much more experimental material will
be needed.

The barometer and temperature effects may in future prove to be
very useful to meteorology as the variations of cosmic radiation may
be found to be a useful indicator of the temperature and pressure
distribution of the atmosphere.

The main difficulty for the meteorological application seems to be
that the cosmic-ray intensity shows occasional variations due to causes
which cannot be traced. Variations occur in connexion with magnetis
storms. There are cases where the correlation of the magnetic intensity
with the cosmic-ray intensity is very pronounced. The detailed con-
nexion is, however, very obscure. Large magnetic disturbances may be
accompanied by large or small changes of intensity and cases of large
changes of intensity during slight magnetic disturbances have also been
observed.

(b) Measurement of the Ratio u/¢,

356. The observation of the absorption anomaly permits the experi-
mental determination of the ratio pu//,. As ¢, can be measured directly,
the anomalies can be used to determine the rest-mass p.

The effects described in §§ 3505 were analysed by Euler and Heisen-
berg (1938) and it was found that they can be interpreted by assuming

£y = 27.10"%gec. for p = 80 MEV./c2.
(The value of u was of course assumed to be known from cloud-chamber
evidence.)
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These effects are, however, not very suitable for the exact determina-
tion of the ratio /¢, as their interpretation depends upon 3p, the height
of formation of the mesons, and also on the air distribution over the
observer. Experiments which permit a simpler interpretation have been
carried out by Rossi, Hilbery, and Hoag (1940), and by Neher and
Stever (1940), ard others.

Anomaly under controlled conditions

357. In these experiments it is attempted to compare the absorption
of a well-defined cosmic-ray beam in air with the absorption of a similar
beam in a dense material. The absorption in the dense material can be
chiefly attributed to the stopping down of mesons in the absorber. In air
the absorption is due to both the stopping down of particles and the decay
of mesons. The difference between the absorption in a dense absorber
and an equivalent amount of air gives the effect due to decay alone.

358. A difficulty arises, as according to Fermi (1939) the rate of loss
of particles in a gaseous state may differ from the rate of loss in the
same element when in the solid state, the reason for the difference being
the polarization of the crystallattice by the passing particle. Calculation
showed, however, that the effect of polarization is small and it cannot
be responsible for more than a small fraction of the observed anomalies.

Average decay probability of the mesons in the hard component

359. The actual experimental procedure of Rossi, Hilbery, and Hoag
(1940) is as follows.

The vertical meson intensity was measured with a coincidence
arrangement at various heights above sea-level; and thus an absorption
curve of the meson intensity in air was obtained. At each elevation the
absorption of the cosmic-ray beam was measured in carbon by placing
absorbers of carbon on top of the coincidence arrangement.

The experimental results thus obtained are shown in Fig. 55. The
full curve represents the height-intensity curve obtained without carbon
absorber. The dotted lines branching off the main curve show the
absorption of the cosmic rays in carbon at the various stations. The
difference between the dotted and full curves is due to decay.

360. If all mesons had the same momentum p, then the fraction of

mesons decaying in a layer df of air would be
dé 1
=8 58
k 4yp’ ©%)
where k is the density of air.
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The 1ate of absorption due to decay is obtained by averaging over
the spectrum. We find
1

% E 0 decay

b\~ aelen) —l(aff) J
4(0 <l/p> dense material €\ob air. )
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Fi1a. 55. Intensity of hard component as function of atmospheric
depths. From Rossi and others, Phys. Rev. 57, 466.

The numerical results of Rossi, Hilbery, and Hoag (1940) are col-
lected in the following table.

TABLE 3
@, L
F\0O/ gir €\ 28/ carbon ¢ {uclpy
Depth interval 1072 ¢cm.3/gm. 1073 cm.2[gm. 18° C.
616-700 2:42 1-08 9-4-+09
699-786 2:295 1-16 99412 105
857-944 1-824 0-84 95417 [ X0 o
1,010 1-47 0-59 9-44-1-6
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Assuming 1/{1/p) = 1,300 MEV./c, the value obtained from Black-

ett’s spectrum near sea-level, one finds
{y=2.10"%sec. for puc?= 100 MEV.

"This value is in good agreement with the directly observed values of u
and 4,. The main uncertainty of the method lies in the fact that the
energy spectrum has only been measured at sea-level. One would
expect {1/p) to change with height. The good agreement between the
values of ¢/, obtained at different heights seems to indicate that the
value of {1/p)> does not in fact change very much.

Decay probability as function of momentum

361. The uncertainty due to the energy spectrum can be eliminated
by using an arrangement due to Rossi and Hall (1941); see also Rossi,

_'? |0 30 30 /’//,’ @f "Z/I/
SCALE IN CM Lot @

STEEL g,

IRON AN s
Ao
LEAD 00
e

F1c. 56. Experimental arrangement of Rossi and Hall.
From Rossi and others, Phys. Rev. 59, 224.

Greisen, Stearns, Froman, Koontz (1942), Bernardini and Festa (1943),
and Bernardini (1943). This arrangement enables one at the same time
to measure the dependence of the apparent lifetime ¢, on p; it is
described in the following.

The coincidence arrangement 1, 2, 3 is replaced by an anticoincidence
arrangement A4, B, C, D,—F (Fig. 56). The anticoincidence counters
F are placed below the coincidence system and are separated by some
absorber. Anticoincidences are caused by particles which have a sufficient
range to cause coincidences 4, B, C, D but have too short a range to
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penetrate the additional absorber X placed between the coincidence and
anticoincidence counters. Thus anticoincidences are caused by particles
inside a defined range interval and therefore by particles inside a defined
momentum interval p, < p < p,.

The rate of mesons with momentum between p, and p, is measured
under the following two conditions.

1. At a height 3’ with no absorber X above the arrangement (Fig. 57).

Absorber equivalent
toar layer 3-37

F16. 57. Scheme of the experiment of Rossi and Hall.

2. At a larger height 3” with an absorber X above the arrangement
having an absorbing effect equal to the layer of air between the two
heights. Without decay the two intensities would be equal; the ratio
of the intensities can be used to determine the apparent lifetime of
mesons in the interval p; to p,.

The dense absorber compensating for the air was of iron. The Bloch
formula (§ 237, eq. (164), Ch. ITI) was used for the comparison of the
air and iron absorption equivalents. According to the Bloch formula
one finds that 147 grams per cm.? of air is equivalent to 200 grams per
cm.? of iron.

In this way Rossi and Hall (1942) found the following values for the

mean ranges of mesons: ,
TABLE 4

10~3%¢¢; = mean range
Momentum ’ in 10% cm.
|

Group of mesons round

500 MEV./c 4-540-6
Mesons with momentum |
exceeding 580 MEV./c ‘ 13-34+09

Tt is seen from the above data that the mean life of mesons increases
with increasing momentum.
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The average number of particles falling on any of the counters is
therefore S.D

where § is the area of the counters and D the density of particles in
the vicinity of the arrangement for a particular event.
The probability that each of the » counters is discharged is given by

o P, = (1—eSD)n, (61)
This quantity P, is small for small values of D and becomes nearly 1
for large values of D. For simplicity replace P, by a step function,
namely, P { 1 for D> D,
n 0 for D < D,
The quantity D, may be defined to satisfy the following equation:
(1—eP5r = & (©3)f
and D, S has the values given by the following table:

(62)

TABLE 10
n = 1 2 3 4 5
D,S = 0-69 1-23 1-58 1-84 204

584. Hilberry (1941) used fourfold coincidences. Two of the counters
were, however, placed close above each other, and therefore for sea-
level, where most of the showers are expected from the vertical direction,
n may be put equal to 3. For greater heights the effective value of n
must be between 3 and 4.

The area of the counters was 196 cm.? and therefore the effective
value of D, is between

1-58/0-0196 = 81 particles per m.2
and 1-84/0-0196 = 94 particles per m.?%
whence we obtain the following results:

TaBLE 11
Observed
Height Calculated (Hilberry)
[ =24 071 | 15
16 16 ’ 140

The agreement between calculation and observation is reasonably
good.

4+ As the density distribution obeys a power law, we could also use the methods of
§ 447; in this way we obtain instead of (63)

D,S=a with =1 (63a)

et—1
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585. The results of Cocconi (1943) can be interpreted in a similar
way. The effective D as function of § can be found from eq. (63) (or
(63 a)). The corresponding intensity can be evaluated with help of
Table 8.

We have evaluated both the threefold and fourfold rates for the
extreme values of S used by Cocconi. The results are shown in Fig. 108
together with the experimental results of Cocconi. (We have integrated
numerically over the directions of incidence.)

The agreement between calculated and observed intensities is satis-
factory and it is seen that the spectrum (45) can give a good account
of the observations.

Calculations of Hilberry (1941) and of Cocconi (1943) lead to a
spectrum with an exponent slightly larger than 1-5, the discrepancy is
probably caused by a slightly different approach.

(c) The Barometer E ffect

586. The barometer effect of extensive air showers can also be
accounted for qualitatively in terms of cascade showers.
The regression coefficient of the effect is given by (37) as

dlog¥®
Iy, =31 . 64
€,p dl (64)
Writing for the vertical intensity
€ ~ e-—aC/24’
where « has the values given in Table 8a, we find
[y, = 31X} = 20 per cent. per cm. Hg. (65)

Regression coefficients of this order were observed by Cosyns (1940) for
very large showers. The value seems somewhat too large.

(d) The Penetrating Power of Large Cascades
587. A large cascade shower has its greatest penetrating power
near the centre where the high-energy electrons and photons are con-
centrated. The fringe of the shower should, however, be very soft, as
it should consist mainly of particles with energies of the order of the

critical energy.
From Table 7 in § 579 it follows that for the most important region

of cascades
(rp/B)? ~ 01

and therefore rp~ R/[3.
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Thus particles with energies of the order of
3w, < 300 MEV.

should be expected to be predominant. This is in at least qualitative
agreement with the observation given in § 566.

588. Large fluctuations are to be expected; occasionally we shall
observe th& region near the core which contains many energetic
electrons.

The area containing particles with energies exceeding w is given

roughly by A, = 7 R¥w,/w)? = 10%(w,/w)? cm.?

The density of particles of given energy w decreases with increasing w.
In Table 12 we consider showers in which the density of particles with

energies w > 10w, 100w,,...

exceeds an arbitrary limit, namely 100 particles per m.? The particles
with energy w are assumed, according to (27) to be distributed uni-
formly inside a circular disc. The area A4, of this disc is givenin Table 12.

Further we have collected in Table 12 the values of primary energy
w, giving rise at sea-level to showers containing more than 100 particles
of energy > w per m.2; finally, we have collected the rate of events in
which such a shower falls on a given point at sea-level.

TaABLE 12
Energy of observed (w/w,) = 10 100 1,000
particles A, = 108 104 102 ¢m.2
Primary, giving rise log, (we/w,) = 7-3 6-9 66

to 4,,/100 particles
each exceeding w

Rate of incidence per 2 0-08 0-002
hour, per unit solid
angle, upon 4,,
From the above table it is seen that parts of showers containing
electrons up to 100w, = 10,000 MEV. are comparatively frequent.
Electrons of 10,000 MEV. produce cascades penetrating up to 10 cm.
of lead. However, comparing Table 12 with Table 3 and 4 we see
that about 20 per cent. of the extensive showers are found to penetrate
10 cm. Pb, while only 4 per cent. should be capable of doing so in terms of
the cascade theory. The discrepancy with the cascade theory becomes
more pronounced for thicknesses exceeding 10 cm. Pb as will be shown
in the next chapter.
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These penetrating extensive air showers cannot be accounted for in
terms of ordinary cascades. They have to be interpreted with the
assumption that electron cascades contain also particles more pene-
trating than electrons. Compare Cocconi (1943) and others.

(e) Secondary Showers

589. It remains to discuss the effects of cascade showers originating
from secondary electrons or decay electrons.

An electron originating inside the atmosphere may be more effective
in setting off a counter arrangement than a primary electron of the
same energy because it is created close to the apparatus. A large
shower, however, requires the greater part of the atmosphere for its
full development. It was shown in § 579 that at a depth of 16 cascade
units below the top of the atmosphere, the most important contributions
come from inclined directions, since a thickness of 16 units is not
sufficient for full development. Thus electrons originating inside the
atmosphere are only slightly more effective in producing large extensive
showers than electrons coming from outside.

Local electrons may, however, be responsible for showers of com-
paratively small extension. Take, for instance, the case of a shower
containing 100 particles in the centre area of 10* cm.2 According to
Table 12 a primary of 8.10° MEV. on the top of the atmosphere,will
produce such a shower near sea-level. Using the cascade figures given
in Chapter VI it is found that such a shower can also be produced by
a primary of 10? MEV. originating at a distance of about 5 cascade units
from the arrangement.

Thus a shower covering only about 10* cm.2 can be produced by a
local electron of much smaller energy than the energy required for a
primary. Since the spectrum of the local electrons falls off much more
rapidly than that of the primary electrons (see Ch. VI), the contribu-
tions of the local electrons may be comparable to the primaries.

590. Lewis (1945) observed that the number of coincident bursts
increases strongly when the distance between two burst chambers is
reduced. These observations are not in agreement with the density
distribution as expected for large showers, as the density in large
showers should change only slowly inside large areas.

The observations of Lewis may, possibly, be accounted for in terms
of local cascades as discussed in the previous paragraph. No quantita-
tive treatment of the problem of local showers is available.
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3. Conclusions

591. From the above analysis it can be concluded that most of the
extensive air-shower phenomena can be accounted for in terms of an
incident electron spectrum obeying a power law. The exponent of the
integral spectrum has to be assumed to be about 1:5; this is the same
spectrum ag deduced for low energies from the study of geomagnetic
effects.

Similar conclusions have been reached by Skobelzyn (1942, 1944 a, b).

The effects which cannot be accounted for in a simple way are
(1) dependence of burst coincidences upon distance for small distances,
(2) the penetrating extensive air showers.

The first discrepancy may be accounted for in terms of secondary
showers; though it was also suggested that some of the ‘narrow showers’
are nuclear explosions and not cascades.

The second discrepancy, regarding penetrating power of extensive
showers, is most significant. This shows that extensive air showers
contain agencies more penetrating than electrons or photons: the nature
of these agents has not been established with any degree of certainty
so far.

It was suggested by Auger, Daudin, Fréon, and Maze (1948), and
independently by Broadbent and Janossy (1948) that the bulk of the
penetrating particles in air showers cannot be mesons or nucleons. It
was’suggested tentatively that these particles might be ‘A-mesons’, i.e.
particles of single charge with a mass a few times that of the electron.
Recent experiments of V. Tongiorgi Cocconi (1949) have shown that
extensive air showers are accompanied by large numbers of neutrons.



IX
THE ORIGIN OF THE MESON COMPONENT

592. The origin of the hard component of cosmic rays is one of the most
important questions of cosmic ray research. Already (1938)T. H. John-
son postulated, as a result of a purely phenomenological analysis, that
the primaries of the hard component consisted of protons. The hypo-
thesis was elaborated in a number of publications (e.g. Johnson (1939),
and later Blackett (1941), Janossy and Nicolson (1948)).

A consistent theory of meson production was given by Hamilton,
Heitler, and Peng (1943), their ideas were further elaborated in subse-
quent papers. It was suggested by Heitler and collaborators that the
primaries of the mesons are protons and that the protons in collisions
with atomic nuclei emit mesons in a process not unlike bremsstrahlung.
Though many of the details of meson production are still obscure, there
is little doubt that the ideas put forward by Heitler and his group are
essentially correct. Perhaps the fact that mesons have been produced
artificially in a cyclotron gives the most direct evidence (Gardener and
Lattes (1947)).

In the following section the experimental evidence relating to the
process of meson production will be reviewed. More recent experimental
material which could not be included in this edition is summarizéd in
Rossi’s excellent article in Rev. Mod. Phys. 1948.

A. EXPERIMENTAL EVIDENCE

593. It was shown in Chapter VII that the secondary origin of the
mesons can be deduced from simple energy considerations. Actually,
even before the experimental discovery of the meson, it was concluded
by Nordheim (1938) and also by Bowen, Millikan, and Neher (1937) that
the hard component must be of secondary origin (compare § 550).

The argument of Chapter VII is based on the fact that the average
energy of the primaries, as determined from the geomagnetic effects,
greatly exceeds the average energy of the mesons observed near sea-
level. It is therefore concluded that primaries split up their energies in
producing several mesons.

1. The Height of Formation of Mesons
(a) Absorption Anomaly
594 Evidence of the height of formation of the meson component
mav be derived from the temperature effect. The effect was discussed in
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detail in § 354. According to Duperier (1944 b) one can conclude from
this effect that the bulk of the mesons are produced at a height exceed-
ing 16 km., i.e. one-tenth of the mass of the atmosphere is above the

average height of formation.
Experiments of Fréon (1944) suggest that the mesons are not pro-
duced at one layer but that some meson production continues down

to modera,t:é altitudes.

(b) Experiments of Schein and co-workers
595. Direct evidence for the production of mesons at high altitudes
was obtained by Schein, and various co-workers (1940). Two different
experimental arrangements were used.

(D il
78 1o Un
""___gfm' = A
€
@ s 5
> Q.
A B
Q
S 3
_8
g 2f
£
S 1+
N N N N T Y O T
' 2 3 4 5 6 7 8 9 10
m H,0
Fra. 113. Fic. 114.

Fia. 113. Schein’s arrangement.
F1c. 114. Results of Schein, Jesse, and Wollan.

Experiments were carried out with the object of observing the pro-
duction of mesons by non-ionizing primaries. The experimental layout
is shown in Fig. 113 and the experimental method is discussed in § 285.

Coincidences of the counters 1, 2, 3 and simultaneously the coinci-
dences of the counters 2, 3, 4 were recorded. The rates %(123) and
%(234) as function of height are shown in Fig. 114. It is seen that the
two rates differ by about 25 per cent. for heights of the order of 16 km.

The difference between the two rates may be interpreted in terms of
ionizing secondaries produced by non-ionizing primaries in the absorber
S;. Thus if a non-ionizing primary falls on S; and gives rise to an
ionizing secondary, this secondary may give rise to a coincidence (234),
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but it is incapable of giving rise to a coincidence (123). Therefore in
the presence of non-ionizing primaries the difference

A¥ = €(234)—%(123) > 0. (1)
The difference actually observed is sufficiently large to justify its

interpretation in terms of non-ionizing primaries. Note that a very
small effect might be due to the slight difference

GJGJG] in geometry (see § 294).
®®® The secondaries observed with the arrangement
Fig. 113 have a range of at least 8 cm. of lead. It is
Paraffin SCM.  therefore likely that these secondaries are mesons.
©®0 Asanalternative interpretation it might be assumed
™ that the coincidences A% are due to cascades ini-
ParafFin Scm.  tiated by photons of about 10* MEV. and not to

mesons. The interpretation of the effect in terms

® ® of meson production is, however, the more likely
©00 e one. Photons of 10* MEV. are rare, and they can
hardly exceed 1/1,000 of the total intensity (see

T |Pb 8cm.  Ch. VI).
- 596. Coincidences up to very great heights were
Q) observed by Schein, Iona, and Tabin (1943) with
) the arrangement as shown in Fig. 115. An absorber

Fia. 115. Arrangement T consisting of 8 em. Pb is placed between,the
of Sehefl’};bilr‘l’m’ and counters C and D. Absorbers of 5 cm. paraffin

’ each are placed between 4 and B, and B and C.
The coincidences A BCD were taken as a measure of the vertical inten-
sity. The counters E, F, G, H, K, and L were used to detect various
types of showers.

The following results were obtained.

(i) Less than 3 per cent. of the coincidences 4 BCD (i.e. verticals)
were accompanied by coincidences EFACD. Thus most of the incident
particles were single.

(i) At high altitudes a considerable fraction of the primaries dis-
charged not only the counters 4 BCD but also some of the side-counters
@G, H, K, L. Such coincidences indicate the production of showers in
the paraffin. Some of the results are shown below.

The observations are interpreted in terms of the production of
showers in paraffin by primaries. It is suggested that showers A BCDG@,
etc., are observed whenever a primary is absorbed in the paraffin and
gives rise to a shower containing at least one meson.
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TABLE 1
Shower coincidences as fraction of the rate ABCD

Pressure Accompanied by the discharge of :
(cm. Hg) @ (%) L (%)
6 25 50
17 15 36

Schein concluded from his analysis that the cross-section for shower
production was about 2.10-2% cm.2, i.e. of the same order as the cross-
section of a nucleus.

597. The data of Schein cannot be accounted for either by cascade
showers or by knock-on showers. The probability for the production
of a cascade in 5-10 cm. of paraffin is negligibly small; and even if a
cascade was produced in the paraffin it could hardly penetrate the
absorber T (8 cm. of lead).

The probability of a meson giving rise to a knock-on electron in 5 em,
of paraffin is also very small, and therefore only a small fraction of the
mesons passing through the counters 4 BCD are expected to discharge
any of the side-counters by giving rise to secondary electrons.

It is concluded that the most plausible interpretation of the results
seems to be the production of mesons.

v 2. Penetrating Showers

598. The general argument mentioned in § 550 suggests that mesons
are produced in small groups which should be observed as showers of
penetrating particles. Many observers have succeeded in observing
penetrating showers. It has usually been assumed that penetrating
showers consist mainly of mesons and that the process of production
of penetrating showers is the process responsible for the bulk of the
meson component of cosmic radiation. The relevant experimental data
will be discussed in the following paragraphs.

(a) Cloud-chamber Evidence

599. Groups of mesons were observed on cloud-chamber photographs.
Showers containing penetrating particles were observed by Fussel
(1938).

Photographs containing two mesons passing simultaneously through
a lead plate were observed by Braddick and Hensby (1939). It is
interesting to note that these observations were carried out under
ground with 60 m. water equivalent above the chamber.
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A large number of photographs have since been obtained by various
observers (see § 68, Ch. I). A few interesting cases of penetrating
showers are reproduced in Plate 4, a-d. a shows three particles passing
simultaneously through a lead plate. The three particles appear to
have originated in one point inside a lead absorber above the chamber.
In b a photograph obtained by Hazen (1944) is reproduced. The

®
cloud chamber contains a number of horizontal lead plates. A pene-
trating particle which comes from above the chamber passes through
two of the upper plates and gives rise to a shower in the third plate.
The shower particles are partly penetrating themselves, but one heavily
ionizing particle is also seen to emerge from the lead plate.

This process shows the complex nature of some of the penetrating
particles.

In ¢ we have reproduced a very complex shower obtained by
Rochester. This shower is known to be penetrating because the chamber
was controlled by a counter arrangement which only responded to
penetrating showers (see § 597).

A photograph obtained by Auger and Daudin (unpublished) is
shown in d.

Photographs showing penetrating showers were also obtained by
many others; a bibliography is given by Rochester (1946, 8).

600. Penetrating showers were observed by V. H. Regener (1943 a,
b) with an arrangement consisting of about 100 self-recording counters
arranged in a number of trays separated by lead absorbers.

The neon lamps controlled by the counters gave pictures of showers
setting off the arrangement.

() Counter Experiments

601. The experiments of Schein, Iona, and Tabin (1943), as described
in § 596, give evidence that mesons are produced in showers. Detailed
experiments near sea-level into the properties of penetrating showers
were carried out by Wataghin (1940) and his co-workers and indepen-
dently by Janossy and Ingleby (1940), and Janossy (1941, 3).

Wataghin’s experiments

602. A typical arrangement used by Wataghin (1940) with four
counters, 1, 2, 3, 4, placed at the corners of a rectangle is shown in
Fig. 116. The lower counters 3, 4 are well surrounded by lead and
the top counters 1, 2 are separated by 17 cm. of lead from the bottom
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counters 3, 4. Fourfold coincidences 1234 are observed, and the rate
is of the order of one coincidence in five hours.

We show in the following that Wataghin’s observations cannot be
accounted for by either cascade showers or knock-on showers.

The absorber separating the top counters 1, 2 from the lower counters
3, 4 is about 30 cascade units. From the cascade figures of Appendix II

10 20

{Tcm.,

O HOkE -

F1c. 116. Arrangement of Wataghin and co-workers.

it follows that a primary energy of about 3.10%, is needed to start a
cascade with a range exceeding 30 cascade units. The critical energy
in lead is about 7 MEV.; therefore the primary energy required is

approximately w — 2,105 MEV @)

The above energy is not unreasonably high, and therefore occasionally
electrons will penetrate 17 cm. of lead. Nevertheless the coincidences
of Wataghin cannot be accounted for in terms of such electrons, in fact,
to give rise to a fourfold coincidence at least two particles with ranges
exceeding 17 cm. of lead are needed. Thus a coincidence 1234 could
only be accounted for in terms of two electrons each having an energy
greater than 2.10° MEV. and the two electrons have to be separated
by a distance of the same order as the horizontal separation of the
counters. The mean square separation of electrons of energy w in an
air shower is according to § 557 of the order of

(21 MEV./w) cascade units. (3)

It follows from equation (2) that the separation is 2.10-* cascade
units, i.e. 7 cm. (note one cascade unit in air N.T.P. is 342 m.).

The horizontal separation of the counters in the various arrangements
varied from 40 cm. to 1 m. The probability of finding electrons of energy
w separated by 1 m. instead of 7 cm. is negligibly small.

603. Further, the coincidences cannot be accounted for in terms of
knock-on showers.

A coincidence 1234 may result if one meson passes through two of the
counters, say 1 and 3, and a knock-on shower which passes through the
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remaining counters 2 and 4. Clearly the knock-on shower must have an
energy of at least 2.105 MEV. A shower of this energy is, however, pro-
jected almost in the forward direction and therefore the shower cannot
separate from the primary meson.

The meson itself has high energy and is not scattered appreciably.
Hence the separation of knock-on shower and primary meson is of the
same order as the separation of the electrons in a cascade. *A knock-on
shower is incapable of giving rise to a coincidence 1234.

604. Further, the lateral spread of a cascade shower in lead is of the
order of one cascade unit of lead and therefore a shower in lead can be
taken as a column of about 1 cm. diameter. Thus the shower, whether
primary or secondary, cannot spread sufficiently to cover both of the
lower counters.t

Properties of the showers observed by Wataghin

605. It was found by Wataghin (1940) that a fifth counter 5 placed
in between the counters 3 and 4 is frequently discharged simultaneously
with the fourfold coincidence 1234. It was therefore concluded that many
of the penetrating showers contain more than two penetrating particles.
The average density of penetrating particles in a shower was estimated
at 30 particles per m.2

An unshielded counter placed at a distance of 3 m. from the main
set also showed coincident discharges with the main set. Thus at least
part of the penetrating showers were extensive air showers.

As shown in the preceding paragraphs these extensive air showers
could not have been ordinary cascade showers.

The experiments of Janossy and his co-workers

606. The arrangement used by Janossy and Ingleby (1940) (compare
also Janossy (1941)) is shown in Fig. 117. The eight counters, H, in the
middle of the arrangement were made to control neon inaicators; and
records were taken showing which of the counters H was discharged
simultaneously with any fivefold coincidence 1234B. A fivefold coinci-
dence accompanied by the discharge of » H-counters will be denoted
by €;(n).

Fivefold coincidences €5(n > 2), that is fivefold coincidences accom-
panied by the discharges of two or more of the counters H were recorded
frequently. Such coincidences cannot be accounted for in terms of
either cascade showers or knock-on showers, as we show presently.

t This argument was also put forward by Auger (unpublished).
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607. The top and bottom trays were separated by 30 to 50 cm. of
lead. Further, the bottom counters were shielded from the sides by lead
more than 50 cm. thick. Hence a cascade shower reaching the bottom
counters must have penetrated 30 cm. of lead or about 60 cascade units.
A primary energy of the order of 101 MEV. is required for such a cascade.

ANNNNNNNN R

lead iron .
CIIn 5545, 0, 2, 4P0en

Fia. 117. Arrangement of Janossy and Ingleby, from Proc. Roy. Soc. A, 179, 362.

The number of electrons with energies exceeding 101 MEV. is much too
small to account for the observed coincidence rate of one in five hours.
Indeed, the area covered by the lower counters is about 1,000 cm.2,
and if each coincidence was due to an electron of more than 10! MEV.
energy falling on the system the rate of such electrons would have to be

0-2 per hour
1,000 cm.2

The resulting flow of energy would be
3X10-6x101° MEV. = 3x10* MEV. per cm.2 per min.

= 3% 10-% per min. per cm.2

The observed energy flow is
W = 6x 103 MEV. per cm.2 per min.

and the larger part of this flow is due to mesons and slow electrons.
It is therefore seen that the energy flow which would accompany
cascades penetrating sufficiently frequently 30 cm. of lead is far larger
than the total flow of electron energy observed at sea-level.

The discrepancy becomes very much larger for the experiments using
50 cm. of lead. It is found that the number of coincidences is only
slightly affected when the absorber S is increased from 30 to 50 cm. of
lead. Since the cascade energy required to penetrate 50 cm. of lead is
of the order of 1013 MEV., a flow of energy about 10,000 times the
observed flow would be necessary in order to account for the coincidence



352 THE ORIGIN OF THE MESON COMPONENT [Chap. IX

in terms of cascades. It is concluded that the coincidences %5 are not
due to cascades.

608. Further, fivefold coincidences %(n == 2) cannot be due to
knock-on showers:

A meson passing through the arrangement Fig. 117 can discharge at
most one counter out of each of the three trays. In order to produce a
] coincidence %5(n > 2) at least tw® counters in
r each of the three trays have to be discharged.

The additional three counters can be discharged
by means of three independent secondaries of
the meson. Such a shower may be called a
‘triple knock-on’. The rate of triple knock-cns
can be estimated accurately, and their rate is
small compared with the observed rate of co-
incidences €;(n > 2).

The number of mesons passing through the
arrangement can be determined by counting
coincidences of any counter of the top tray
with any counter of the bottom tray. Write
for this rate €,. A certain fraction of the co-
incidences %, is found to be accompanied by
:m 0“8 ;IZB ddnstmbzmon zf the discharge of an additional counter in the
ponotrating showers. From Pottom tray. Write for the rate of such
Proc. Roy. Soc. A, 179, 366. coincidences %5. Thus the probability (p,,) of
a counter of the bottom tray being discharged by a knock-on shower is

Py = €4/,
Similarly the probabilities of knock-ons in the other trays can be

determined.
The knock-on probabilities are thus found to be of the order of

1-2 per cent.

An examination of the records shows that most of the coincidences
€s(n = 2) are due to double knock-on showers, but tnat the rate of
triple knock-on showers is much smaller than the rate of coincidences
Ci(n = 2).

Thus these coincidences cannot be caused by triple knock-on showers.

609. The multiplicities of discharges observed with the counters H
is shown in Fig. 118. Note that the rates » = 0 and » = 1 are com-
paratively high because of the contribution of knock-on showers. The
rates m > 2 decrease only moderately with increasing =, the rate for
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= 8 being only about half of the rate for n = 2. The shower sizes
ysm therefore to be distributed fairly uniformly.

The distribution shown in Fig. 118 is additional evidence that the
icharges » > 2 are not due to knock-ons. Most of the knock-on
iondaries have low energies and therefore the knock-on shower should

oo

oo

log rate/100 hr.

L
T T

........................

10 20 30 40 50
thickness of absorbers

i. 119. Absorption curve of penetrating showers. From Proc. Roy. Soc. A, 179, 365.
a rule discharge only few of the counters H. The observations show
strong predominance of small multiplicities.
610. In Fig. 119 there is plotted the absorption curve of the shower
rticles observed with the arrangement of Fig. 119. It is seen that for
all thicknesses of the absorber S the rate of coincidences is large.
e absorption curve up to about 12 cm. of lead resembles strongly the
sorption curves of cascade showers shown in Fig. 69, Ch. VI. For
ger thicknesses the rate of absorption becomes small. The absorption
tween 30 and 50 cm. of lead is only of the order of 30 per cent.
It is clear from this curve that the coincidences for S < 10 em. of lead
» mainly due to cascades, while for larger thicknesses of S the cascades
» filtered out and only the penetrating showers remain.

3. Local and Extensive Penetrating Showers
(@) Local Penetrating Showers
‘ansition effect
611. The arrangement used by Jénossy (1941) is particularly suited
. the observation of the transition effect of penetrating showers.

[t is found that the rate of sevenfold coincidences increases
1696.40 Al
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considerably when an absorber T is brought close above the top tray of
counters. The lead transition effect found by Janossy and Rochester
(1944 a) is shown in Fig. 120.

The transition effect is interpreted in terms of the production of
penetrating showers in the lead absorber T by incident primaries.

o
>

. coincidences per hour
=
w

02

0 5 10 15 20

thickness of absorber in em. Pb

Fra. 120. Transition curve of penetrating showers. Jénossy and Rochester.e
From Proc. Roy. Soc. A, 183, 183.

The transition effect up to 10 cm. Pb can be represented fairly
accurately by the following analytic expression (full curve, Fig. 120):
€, = 0:194-0-29{1 —exp(—z/x,)}, (4)
where z is the thickness of the absorber and
Zp = 4+5 cm. of lead
= 51 gm. per cm.? (5)
612. The transition effect has been observed up to large thicknesses
of absorber (Table 2, Janossy and Rochester (1943 b)).

TABLE 2

Thickness of absorber T in cm. Pb
o | 10 15 45

Rate of coincidences under 0-53 0-82 0-85 0-69
T cm. of lead R

Increase of rate above —_ 0-29 0-32 0-16
background rate 'l
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It is seen that the rate of coincidences decreases for large thicknesses
of absorber.

The decrease shows clearly that the penetrating showers are produced
in the top layer of the absorber T only.

The two terms in (4) have a simple significance. The constant term
represents the background due to showers coming from the air and the
second term represents the showers produced in the absorber above
the counters. It will be seen in § 621 that the showers produced in T
result from single particles and are not accompanied by air showers.
The background coincidences on the other hand are always accompanied
by extensive air showers. It seems that these two types of shower have
rather different properties (Janossy and Broadbent, 1947).

The showers produced in the absorber will be called ‘local pene-
trating showers’ or simply ‘penetrating showers’, while the term ‘exten-
sive penetrating showers’ will be used for the showers contributing to the
background.

Nature of the primaries of local penetrating showers

613. It is seen from equation (4) that the range of the primaries
producing local penetrating showers is equal to z,, i.e. 4-5 cm. of lead.
Expressed in cascade units we have

. x, == 85 cascade units in lead. (6)

Using the arrangement of counters shown in Fig. 121 Janossy and
Rochester (1943b) found that the primaries of the local penetrating
showers consist of both ionizing and non-ionizing particles.

Sevenfold coincidences %, and anticoincidences ¥,— A4 were recorded.

The absorber T was surrounded on five sides by the anticoincidence
counters 4. Anticoincidences %;—4 were therefore caused mainly by
non-ionizing primaries which were absorbed in T, giving rise to pene-
trating showers.

614. The rate of anticoincidences did not decrease noticeably when
a lead absorber 5 cm. thick was placed above the anticoincidence
counters. This observation shows clearly that the penetrating showers
are not due to photons. Photons would either be absorbed in a layer
of 5 cm. of lead or else would give rise to ionizing particles. The
probability of photons traversing 5 cm. of lead and arriving unaccom-
panied on the bottom is negligibly small. Therefore anticoincidences
due to photon-produced showers would be completely cut out by 5 em.
of lead.
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This observation, together with the observed value of the mean free
path z, of the primaries giving rise to penetrating showers, shows clearly
that the penetrating showers are not produced by the soft component.

l 00000000600 I
00000000000

NNV AN =S
/R B

Fi¢. 121. Anticoincidence arrangement for the observation of penetrating
showers. Janossy and Rochester. ¥rom Phys. Rev. 64, 348.

615. Assuming an absorption coefficient a for the non-ionizing
primaries the rate of anticoincidences can be estimated as follows.

An anticoincidence €,— A4 is only recorded if the non-ionizing primary
succeeds in traversing the absorber X placed above the anticoincidence
counters A, without encounter. 1f the thickness of X is y, the proba-
bility that a primary is not absorbed in X is e~v,

In order to give rise to a penetrating shower in T the primary has to
be absorbed in T. If the thickness of T is z, the probability that the
primary is absorbed in T is 1—e=2r. The probability of observing an
anticoincidence is therefore proportional to

Probability (€,—A) ~ e=9¥(1—e—9%). (7)

616. It is found that the rate of anticoincidences %,—A4, although
only slightly affected when increasing X from 0 to 5 cm. of lead, was
considerably reduced when y was increased from 5 to 35 cm. of lead.

The observations can be interpreted by assuming that part of the
local penetrating showers are due to non-ionizing primaries with ranges
exceeding -5 cm. of lead.

It appears that the range of the non-ionizing primaries is somewhat
larger than that of the ionizing primaries discussed in § 611. The
difference between the two ranges is, however, inside the experimental
uncertainty and may not be real.
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It is therefore concluded that the local penetrating showers are pro-
duced by ionizing and non-ionizing primaries, both types of particles
being more penetrating than electrons or photons.

617. From the geometry of the arrangement the absolute intensities
of the primaries can be estimated. The following orders of magnitude
are found: {1) The non-ionizing primaries represent about one-third of
all primaries. (2) The intensity of all primaries is of the order of
1/10,000 of the total cosmic-ray intensity.

The barometer effect
618. Closely connected with the transition effect of penetrating
showers is the barometer effect. Consider an increase db ot the atmo-

‘.
iprimar
‘.‘prlmarg ' P J

air layer
equivalent
to absorber

/ & \‘\recorder of
B

penetratmg
showers

Fi1c. 122. Showers produced in equivalent layers of air and lead.
From Proc. Roy. Soc. A, 183, 191.

spheric pressure b, corresponding to an increase in the mass equivalent
of the atmosphere of

2
20 — 1,033 gm./C{rl_.d

76 cm. Hg
During the period of higher pressure, primaries which would have been
normally absorbed in the top layer of the absorber (Fig. 122) are now
absorbed somewhere in the atmosphere between the pressure levels b
and b-+db. Because of the low density of air the height difference
between the two levels is rather large, and the showers produced near
the pressure level b will diffuse before reaching the apparatus at the
level b+db (see Fig. 122). Roughly speaking, only those primaries will
be capable of discharging the recorder which can penetrate to the level

8)
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b-+db. Thus the decrease of penetrating shower intensity due to
increase of air pressure is equal to the rate of absorption of the primaries
in air.

619. Jénossy and Rochester (1944b) found for the barometer coeffi-
cient of penetrating showers

I, = —12 per cent. per cm. Hg. ' (9)

ps

This barometer coefficient is equivalent to a mass absorption coeffi-
cient of the primaries of

a = 1/113 gm. per cm.2 (10)

This value is a little smaller than that expected from the transition
effect (§ 611).

The absorption of the primaries was measured directly by measuring
the intensity of penetrating showers at different heights. Braddick and
Hodson (1947) (private communication) recorded penetrating showers
with an arrangement similar to that shown in Fig. 117 up to about
10 km. height; they found an absorption coefficient in agreement
with (10).

A similar value for the absorption coefficient was obtained by Tinlot
measuring the intensity of penetrating showers at 5 and 10 km. above
sea-level. (See Rossi (1948).)

Penetrating non-ionizing rays

620. Observations of penetrating non-ionizing rays have been re-
ported in §§ 295-6, Ch. 1V. The radiation investigated in those experi-
ments appears to have a mean free path comparable with the primaries
of penetrating showers. It is therefore plausible to assume that the
two radiations have the same nature.

On comparing the absolute intensities it is found that the non-
ionizing radiation discussed in Chapter 1V has an intensity of about
1/700 of the sea-level intensity. The non-ionizing radiation giving rise
to penetrating showers is estimated to have an intensity equal to about
1/30,000 of the sea-level intensity.

In spite of the discrepancy of intensities the two radiations may have
the same nature.

Only primaries with energies sufficient to produce penetrating showers
containing several particles are recorded in the experiments described
in §§ 613-15. The arrangement of Chapter IV was sensitive to those
non-ionizing primaries with secondaries of more than 5 cm. Pb range.
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It is clear that the latter arrangement was sensitive to a considerably
larger part of the spectrum of non-ionizing particles.

The difference in the two intensities can thus possibly be accounted
for by the different sensitivities of the two arrangements.

(b) Extensive Penetrating Showers

621. At%he time of writing of the first edition of this book the role
of penetrating extensive air showers was not understood. It has become
abundantly clear since that the bulk of these showers are just extensive
air showers; though extensive air showers probably do contain some
mesons (Rogozinsky (1944)), these do not seem to contribute to the
meson component to any appreciable extent, and the bulk of the
penetrating particles occurring in extensive air showers may not be
mesons at all.

622. The fact that extensive air showers contain particles more
penetrating than electron cascades had already been pointed out by

0250

{ lead
5 0200 \i’parnr(m
2 —
=
% { {\
& 0150 \
'Y S~
4 , AN
) \ooi - ‘}“‘ % ~
b ~
P
g
€ 00504
12 5 10cm Ph
0000 r— - Ly . r L
0w 40 60 80 100 120g /em?

thickness of whsorber T

Fre. 123 a. Transition effoct of extensive penetrating showers.

000
-
—
[ L) //

: B
& 0200 {
Q /
1
S 10 % { lead
¢ g/
H
<
01001 %pnmﬂm
v
]
€ 00%09
L T 5 10 emPh
nonod—p i 1 . —
Q 10 20 10 60 80 100 120 g/cm:

thichnoss of absorba 7'

Fia. 123 b. Transition offect of local penetrating showers.



360 THE ORIGIN OF THE MESON COMPONENT [Chap. IX

Auger after preliminary investigations (compare § 565). The fact that
all extensive showers contain penetrating particles was strongly empha-
sized by Cocconi, Loverdo, and Tongiorgi (1943).

The mode of production of penetrating particles in air showers is
essentially different from the production of local penetrating showers
as was demonstrated by Broadbent and Janossy (1947). We describe
these experiments briefly:

A penetrating shower set P, similar to that shown in Fig. 117, was
connected with a counter tray K of 3,500 cm.? area ncarby. Both
coincidences (K, P) and anticoincidences (£ —P) were recorded. The
rates of coincidences and anticoincidences as functions of absorbers T
placed above P (but not K)are shown in Figs. 123 @ and b. It is seen
that the coincidences (P, K) which are caused by extensive showers,
show a transition effect in lead very much like cascade showers. The
anticoincidences (P— E) are caused by showers which do not discharge
the large tray E; these showers show a mass proportional transition
effect when comparing lead and paraffin. From the striking difference
of the transition effects (P, E) and (P- E) it was concluded by Broad-
bent and Janossy (1947) that these transition effects are caused by
essentially different processes.

623. The spread of the extensive showers recorded by coincidences
(P, E) is indicated by the following Table 3.

TABLE 3
(P)
No (P, )
absorber T distance from P to K
above e
top tray 05 m. 3m. 10 m.
Rate per hour 0-15-1 0-01L {O-11 § 001 0-10-£001]0:08-+0-01

624. In Table 4 we give coincidence rates between P, an unshielded
extension K, and an extension S. § was split into two sections S, and S,,
and shielded by 15 cm. Pb.

TABLE 4
(From Janossy, Rochester, Broadbent (1945))

PE | (P,E,-8)|(P,E,S)|(P,E, 8, 8,)
Rate per 1,000 240 1004-8 24-1-4 1143
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B. THEORY OF MESON PRODUCTION
1. Theory of Hamilton, Heitler, and Peng (1944)

625. The most far-reaching attempt of interpreting the production
of mesons is due to Heitler and various co-workers. The theory is de-
scribed briefly in Chapter III. The collisions between fast nucleons are
treated witl? the radiation damping method proposed by Heitler (1941).
The coupling constants are taken from the Mgller and Rosenfeld (1940)
theory. The theory was proposed before the discovery of the 7-meson
and it is assumed that both charged and neutral mesons occur; also it
is assumed that two types of mesons are emitted by nucleons: (1) the
pseudo-scalar meson with spin 0 and (2) a vector meson with spin 1.
The various types of mesons are introduced on purely theoretical
grounds, as explained in Chapter III; experimental evidence has been
obtained for a charged meson only. The spin of the observed meson is
probably 0 (see Chapter VI), though a spin { would also be compatible
with observations.

Both the discovery of the w-meson and the realization that the
u-meson is not directly connected with nuclear forces makes certain
modifications of the theory of Hamilton, Heitler, and Peng necessary.

It must be supposed that only 7-mesons are emitted directly (see
Appendix III), these m-mesons decay soon into p-mesons. It was sug-
gested that the neutral m-mesons have an extremely short life-time, after
which they decay into two photons (or two electrons). The neutral
mesons might thus be responsible for the electronic component of
penetrating showers.

The production of mesons by photons which was considered in detail
by Hamilton and Peng (1944) should give a relatively unimportant
contribution to the bulk of the mesons; this process may, however, be
of some importance in air showers.

2. Qualitative Description of Meson Production and
Penetrating Showers

626. A primary proton entering the atmosphere is assumed to
collide with nucleons inside atomic nuclei and thus to give rise to the
emission of mesons. ‘According to the theory described above it is
expected that both neutral and charged w-mesons are emitted. The
transverse meson decays almost immediately and produces an electron
component, while the pseudo-scalar mesons form the hard component
of cosmic rays.
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(@) Spectrum
Mesons

627. The mesons produced by the primary protons are likely to have
a spectrum similar to the primary spectrum. Therefore it must be
assumed that the primary spectrum is a power spectrum with an
exponent of the same order as that of the spectrum deduged from the
absorption curves and from the momentum measurements near sea-
level.

A nucleon is, however, assumed to lose its energy in a number of
successive collisions, therefore the average energy of the mesons is a
fraction of the average primary energy. This result of the theory of
meson production is in agreement with the qualitative conclusions
arrived at in § 528 from the analysis of the geomagnetic effects.

628. The fact that the meson spectrum near sea-level can be ac-
counted for in terms of meson production cannot be regarded as
evidence for the theory of meson production, as any meson spectrum
could be accounted for by assuming a suitable primary spectrum.

Independent evidence for the theory is, however, obtained by con-
sidering the latitude effect of the meson component. With decreasing
latitude a correspondingly decreasing part of the primary spectrum
remains effective (see Ch. VII). The change of meson intensity with
latitude can thus be derived from the spectral distribution of the
primaries. In a more detailed calculation it was shown by Heitler* and
Walsh (1945) that it is possible to account at the same time for both
the latitude effect and the meson spectrum at sea-level.

Electrons

629. A considerable part of the soft component at high altitudes can
be accounted for in terms of decay electrons of the neutral mesons.
Whether or not such an interpretation of the soft component at high
altitudes is compatible with the east-west asymmetry needs further
investigation. The high-energy part of the electron spectrum which is
thought to be responsible for the extensive air showers can only be
accounted for in terms of the decay electrons of the transverse mesons
provided the life-time of the neutral meson is sufficiently short.

From the analysis of extensive showers it seems that there are elec-
trons (or photons) of 101° MEV. near the top of the atmosphere. The
decay range of neutral mesons increases in proportion with energy owing
to the relativistic effect (see § 321); thus to give rise to 10 electrons
high up in the atmosphere, the decay of 101 MEV. neutral mesons must
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still be appreciable, i.e. their decay range must not be larger than, say,
1 km. Assuming for the rest-energy of the neutral meson 100 MEV.,
this gives the following condition:

100 MEV.
"101 MEV.
Thus the exvensive air showers at low altitudes can only be accounted
for as arising from the decay of neutral mesons if the life of the latter
is less than 3 X 10~ sec. Nothing is known experimentally either about
existence or possible properties of a neutral 7-meson.

cly(my) < 1 km or fy(my) S 3x 1071 sec.

(b) Penetrating Showers

630. Penetrating showers of the type shown in Plate 4, which con-
tain a few penetrating particles coming from a common origin, can be
accounted for in terms of collisions of a nucleon with a nucleus of the
absorbing material above the chamber.

631. The cross-section for nucleon-nucleus collision is of the order
of the geometrical cross-section of the nucleus involved.

The geometrical cross-section of a nucleus with weight number 4 is
according to Heisenberg (1937 a)

74~ 0-53(e2/m,c*) AL, (11)
The cross-section of a lead nucleus is therefore approximately
) (pr = Wr%)b = 2:4,10-2¢ ¢m.2 (12)

Thus the mean free path of a fast nucleon in lead is

Mpy :m = 125 gm. per cm.? (13)
The above estimate is very rough and refers to the orders of magni-
tude only. There are two sources of error we may mention. Firstly, the
cross-section is increased by the fact that each nucleon has its ‘sphere
of action’ and therefore a fringe should be added to the nucleus. This
effect was discussed by Jéanossy (1943). The mean free path of high
energy nucleons for the fringed Pb nucleus was found to be considerably
smaller than the value given in (13). Secondly a nucleus may to some
extent be transparent, particularly for not too high energy nucleons;
this effect tends to reduce the effective cross-section. Incidentally,
these effects make the cross-sections increase with increasing energy.

(¢) The Origin of the Fast Nucleons near Sea-level
632. It remains to discuss how fast nucleons are able to reach sea-
level.:
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The rate of loss of the nucleons in air must be large, since the observed
height of formation of the bulk of the meson component is so great.
The theory of meson formation also predicts cross-sections so large
that most of the primary nucleons must be absorbed in the upper part
of the atmosphere.

Considering average energy loss, only the most energetic, nucleons, if
indeed any, can reach sea-level. The bulk of the observed penetrating
showers contain, however, only a few particles and it is therefore not
likely that the nucleons near sea-level have very high energies.

633. The presence of nucleons of relatively low energy can be ac-
counted for in terms of fluctuation of energy loss (Janossy, 19440).

Assume that the cross-section @ for the total absorption of a nucleon
depends only slightly upon the energy of the nucleon. Then the
probability of a nucleon reaching sea-level without collision is given by

exp(—0,/a), (14)
where a = A, /NO (15)

and 6, is the mass equivalent of the atmosphere. The total number of
nucleons reaching sea-level is therefore

i
Leatover = 271, f exp(—0/a cosd)sind d =~ fO% exp(—0,/a),
0 @ (16)

where I, = 2rl, is the rate of nucleons per cm.2 and per min. on the top
of the atmosphere.

The intensity of nucleons at sea-level can be estimated from the
transition effects described in § 611. Using an arrangement with a
collecting area of about 1,000 cm.? the rate of penetrating showers
produced in an absorber T was 0-2 per hour, or

4.10-% per min. per cm.? (17)

Assuming I, = 30 per cm.? per min. (compare § 419) it follows from

(16) and (17) that 8,Ja = 13-5, (18)
or with the help of (15)

® = 4-1.10-25 cm.2 (19)

The nucleons reaching sea-level can thus be assumed to be primary
nucleons which, by chance, have escaped collisions with atomic nuclei.

We note that the experiments of Schein, Iona, and Tabin (1943) and
those of Regener (1943 b) also indicate that the mesons are produced by
primaries with cross-sections of the same order as the size of atomic
nuclei.
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3. Conclusions

634. The mean free path (13) is of the same order as that observed
for the primaries of penetrating showers (see eq. (5)). It is therefore
reasonable to assume that the primaries of the penetrating showers are
nucleons.

It was shown in §§ 613-15 that penetrating showers are due to both
ionizing and non-ionizing primaries. It is therefore reasonable to assume
that these primaries are protons and neutrons. The theory of meson
production leads in fact to the result that at sea-level both neutrons and
protons will be expected even if it is assumed that the primary beam
consisted of protons only. Protons in the process of emitting mesons
may change over into neutrons and vice versa. A beam of protons will
therefore soon change into one containing both neutrons and protons.

It can thus be concluded that the production of mesons both at high
altitudes and at sea-level can be accounted for by assuming ionizing
and non-ionizing primaries which are absorbed with a cross-section of
the same order as the geometrical cross-sections.

This process can be interpreted in terms of the production of mesons
in the collision between fast nucleons. The theory of this process as
developed by Heitler and Peng (1944) and others is in qualitative
agreement with all relevant observations. (Compare in particular Heitler
and Janossy (19494, b).

635. No detailed interpretation of the extensive penetrating showers
can be given. It is, however, likely that the extensive air showers are
large cascades and that by some process a small number of penetrating
particles are formed by the electrons or photons of the cascade. The
bulk of the hard component cannot be assumed to be produced in large
cascades as it was shown in Chapter VII that the meson component
cannot be assumed to be secondary to the soft component.



APPENDIX I
STATISTICAL TREATMENT OF OBSERVATIONS

636. CosMic-RAY research frequently involves a knowledge of statistics;
it is often not easy to distinguish between the significant features of a
set of results and those which are due to chance.

Consider as an example two sets of observations. In the first set n,
coincidences are observed during an interval £;, while in the second set n,
coincidences are observed during an interval {,. The observed quantities
are the counting rates

R, = n,/t; and R, = n,ft,. (1)
We consider the question whether the ditference
.Rl“'_R2 == AR (2)

can be regarded as significant.

637. Whatever the numerical values of the rates R, and R,, any
difference might be due to fluctuation and therefore it can never be
concluded with certainty that a difference is significant. It is only
possible to give the probability that a difference is or is not due to
fluctuation.

For practical purposes an arbitrary limit has to be chosen as to how
improbable a thing will be accepted. Sometimes fluctuations wijth a
probability less than 1/16 are excluded as unlikely. This is, however,
a very dangerous practice as it leads to a wrong conclusion once in
sixteen cases. It is safer to exclude fluctuations with probabilities less
than 1/370, but it must be emphasized that even this limit is by no
means generous. The number of cosmic-ray observations published
goes into thousands and therefore even excluding fluctuations of 1/370
many wrong conclusions must have been arrived at.

A. DisTRIBUTION FUNCTIONS
A short mathematical survey is given in section A of the more
important properties of some statistical distributions. In section B
applications to experimental results will be discussed. The present
section A is not essential for the understanding of the following section
and it can be omitted by the reader.

1. The Poisson Distribution

638. Consider independent events taking place at random. To fix
ideas consider cosmic-ray particles falling on a counter. Assume the
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average number of events in a period ¢ to be p. The probability P that
during a particular period of observation n events take place will be
determined. Subdivide the interval ¢ into a large number N of sub-

intervals dt — ¢/N. 3)
The probability that an event takes place in any given interval d¢
can be take: as pdijt; (4)

while the probability that no event takes place during dt is given by

1—pdt/t. (6)
The probability of more than one event taking place in the interval d¢
is of the order of d¢* and will be neglected.

If n events occur during the total interval ¢, it can be assumed that
one event takes place in each of » specified intervals d¢, while no event
takes place in any of the remaining N—n intervals. The probability
that the events happen in the n given intervals is

(pdtft)(1—pdt/t)V=". (6)
The total probability of n events taking place is obtained by summing

(6) over all different combinations of # intervals which can be picked
out from the total of N intervals. The number of these combinations is

Nn(N—n)! = N”(l—z%)...(l—%—l)/n! 1)

With help of (3), (6), and (7) it follows that

P(p,n) = %( -—%)Nnn(l —-%)(1 —%—1)

For the limiting case N —> o0 and n/N — 0,
P(p,n) = e?(p"/nl). (8)
The function P(p,n) is the Poisson distribution.
639. With help of (8) we introduce as a moment generating function

X(.p) = 3 eP(p,n) = expl(e—1)p] (9)
From (9) the following expressions are obtained:
X(0,p) =n§oP(p,n) = 1; (10)
further {n)y = § nP(p,n) = (—2 log X) =p (11)
n=0 ox =0

=0

and | (=) = § (i pPom = (Tp55) =p 02
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Expressions (11) and (12) give the mean value and the mean square
deviation of n. Sometimes use will be made of the root mean square
deviation, which is given by

8n = \K(n—<{ny)?> = Vp. (13)

640. An important property of the Poisson distribution which might
have been taken as an alternative starting-point will now %e derived.

Consider two series of random events. The average number of the
one type of event in a fixed interval is p,, and the average number of
the other type of event is p,. It will be shown that the total number of
events is on the average p,-p,, and the distribution is Poissonian.

As a physical example take the case of cosmic rays with an average
rate of p; superimposed on to a background of p, radioactive particles.
The total number of particles will obviously obey a Poisson distribu-
tion as the radioactive particles are just as independent of the cosmic-
ray particles as they are independent of each other. The problem is
then to determine mathematically the result of the superposition of two
Poisson distributions. Thus we consider the probability that »’ events
of the one type are taking place and »n” events of the other type are
taking place, with

n' 4n" = n. (14)

The probability of a total number of » events is
P(py,ps;m) =n,+§,=nP(pp n')P(py, n”). (15)

With help of (9)
X(pp,2)X(py, @) = z ens , E P(p,,n)P(py,n") = Z €"*P(py, pa; ).
n=0 n’'+n'=n n=0

(16)
Further X(py, 2)X(py, %) = X(py+py, %) (17)

and thus the generating function of P(p,,p,, n) is simply X(p,+p,, %),
i.e. the generating function of P(p,-+p,,n). Thust

P(py, pa;n) = P(p;+p2;7) (18)
as was stated above.

641. For some applications the distribution of a difference is of
importance. Consider now two series of random events, one having
an average of p, and the other p,. Let us find the probability that the
one type of event occurs »n’ times while the second type occurs »n”
times so that

n'—n" = n. (19)

1 It is assumed that the generating function determines the distribution uniquely.
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Write for the final probability
Q(pl’pz;n) =n' Z_nP(Pl,n')P(Z’zx n"). (20)

+
Define the generating function as Y(p,, py; ) = 3 €**Q(py, pa; ).
Then, with %aelp of (9), (20), and (21)

Y(pl,pz,x) = X(pl,x)X(pz, "'3“) (21)
+imw
Noto that o= f eI (py, P @) d = Qpy, Ps ). (22)
v

—im
And therefore, with help of (9) and (21),
+im
e—(®1+p2)

Q(py, Po;m) = . f e—MI+P1€5+p1e Joe
2

—im
Inserting e® = ity/(py/py), 2 = —2i{(pyp,), the right-hand integral can
be expressed in terms of Bessel functions with imaginary argument
(Watson, Bessel Functions, 2nd ed., p. 20, eqn. 4, and p. 77 for definition

of I,(z)). We have
m
Q(py, posm) = 6%) L{2\(py po)}e P02, (23)
The case p, = p, = p is of interest. We have
Q(p, p,m) = L,(2p)e?». (24)

2. The Gaussian Distribution
(a) Asymptotic Representation of the Poisson Distribution
642. The Poisson distribution P(p,n) has a strong maximum in the
vicinity of p ~ n. If p is not an integer, then the most probable value
of nis given b
given Y po = [p], (25)

where [p] stands for the largest integer less than p. If p is an integer,
then p and p—1 are equally probable. It will now be shown that the
Poisson distribution in the neighbourhood of p, can be represented in
good approximation by a Gaussian distribution provided

n = p>1. (26)
Write n = po+h. (27)
With help of (8) and (25),
h
P(p, po+h) = P(p,p) — i (28)

(Po+1)---(Po‘|‘h).
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And therefore
log{P(p, po+h)} = log P(p, po)+hlog(p/po)—
1 h
—lo (1 —)—...—Io (1 —-). 29
g\ 1+ 7 gl 1+ P (29)

A similar expression can be obtained for log P(p, py—h). «
Neglecting terms in (h/p)?

he h(h+1
Log{P(p, Py~ 1)} ~ log P(p, o)+ — "2, (30)
Do ‘Po
e = p—[p]
Introduce a new variable
and we have P(p,n) ~ const. exp(—22/2p,). (31)

The right-hand side of (31) has the form of a Gaussian distribution.
The constant can be most easily determined by the normalization
condition. The probability of finding » inside an interval dz, where

1 <dz < ph, (32)

is given approximately by

n+dz

P(p,n) ~ P(p,n)dz.

n-—gaz

) +oo
Therefore 1 =3 P(p,n) ~ const. f e—2"12p0 (7.

n=0

The error which arises from putting the lower limit —oo is negligibly
small. Using the known value of the right-hand integral it follows that

1

const, = ———, 33
@y *)
and thus the following asymptotic representation is obtained :
1
P(p,p+3+2) ~ e=22po, 34

(b) Error Integral
. 1
@)
and further that G(«,z) dz is the probability of finding a deviation in
the interval z,dz. For practical purposes it is important to ﬁnd the
probability that a deviation exceeding z takes place.

643. Assume Q(x,2) eI . (35)
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The probability of absolute deviation > z is

-]

% f e dy — Bfz)J(2Y). (36)
™

2/V(2K?)
The last expression (36) is known as the error integral. A few numerical

values are cpllected in the following table.

Probability of deviation > z
z/x = E{z/x/(2¢*)}

0-674 0-5

0-32

0-046

1/368

1/16000

1/1-8 x 108

W || -

ot

«x is called the standard deviation. We see that deviations exceeding
three times the standard deviation are rare.

We note that the probability of a deviation exceeding

7 = 0-674x (37)
is equal to 4. This deviation is called the mean deviation. It is useful
to express deviations in terms of either the standard deviation or the
mean deviation 0-674«. 1tisirrelevant whether deviations are expressed
in ferms of mean deviation or standard deviation. It is, however,
important to state clearly which definition is being used. In this book
standard deviations have always been used.

644. For the investigation of the properties of the Gaussian distribu-
tion it is useful to introduce the Laplace transform of the Gaussian.
The Laplace transform plays the role of the ‘generating function’
introduced in § 639. +oo

Introduce LA k) = | ¥

The mean square deviation becomes
(2 = (3_2_13% '%) = «?
A=0

e—2%2k?

Wdz = eNel2, (38)

ar
(compare § 639).
(c) Superposition of Gaussian Distributions
645. Consider a quantity which is subject to Gaussian fluctuations
due to a number of different and independent causes. The probability
that the quantity shows a deviation between 2, and 2,-+dz, due to the
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first cause, a deviation between z, and z,+dz, due to the second cause,
and so on is given by the product of the probabilities of the individual
deviations. The probability is thus

e-stizd  gzhiznd
Let us determine the probability that a given linear combination of the
deviations

dz, dz,....

Z = A 2+ Ay2,+...+ 4,2,
has a value between Z and Z--dZ.
The probability for this to happen is
e—Al2Kt  g-z3i2x

\/27”( ) TG Az dz,.... (39)

G(Z)dZ ==
Z<A 121+ Apn2a<Z+dZ
Introducing the Laplace transform of (39), we find
fme"ZG( Z) dZ = eNiri+dini+ )2, (40)
0
The right-hand expression is the Laplace transform of the Gaussian
with the standard deviation (see (38))
ik = J(AF i+ A3 3 H-.0). (41)
Thus the distribution of Z is a Gaussian distribution with the standard
deviation given in (41).
In particular the sum and the difference of two quantities both show
Gaussian distributions, provided the quantities themselves have Gaus-
sian distributions. The standard deviation of both sum and difference

is given by
= (ki +x3). (42)

3. The I'-distribution

646. Let us determine the probability that the sum of the squares
of N subsequent deviations z,,z,,...zy of a quantity is between u2 and
u?+4du?; that is the probability that n deviations z,,x,,...,z, take
place so that

B4ad+t... 4ok < ulf-dul (43)
The probability for any N deviations z; is given by

1
(2mi®)iV

e-(@ait. w22 dy. da, ... day.
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Therefore the probability of N such deviations which satisfy the condi-
tion (43) is given by

1
— e~@ir +2Re do | dxy. (44
(27TK2)}N 1 N ( )

wtdutza}+ay+.. k> ur

I'(u?)du® =

To evaluate the probability (44) take the Laplace transform of I'/2u
with respect to u?

© © \ N

. A2 9 o e{()‘—l)/(‘zk ) u _ 1 -
%/214 — f € F(u )du = {f W du = (l-——‘—QAK‘Z)bN. (45)
0 0

From a table of Laplace transforms we find thus
uN—le—u2/2k’
T O2{(N—2)/2}! (22)8Y”

I'(u?) (46)

and therefore (46) gives the required distribution.
647. Note the following properties of the I'-distribution.
1. The maximum of the distribution lies at

u? = (N—1)x (47)

For N = 1 the maximum of the distribution lies at »? = 0.
2. The average value of u? can be obtained from (45) by differentia-
tingewith respect to A. We find

0

{uty = f wl(u?) du = ?—log ,?}\,2,,) = N2 (48)
oA A-0
0
Finally, the mean square deviation of u? becomes
2
(= by = [ (og F/Qu)} — 2Nk, (49)
2% =0

For large N the I'-distribution in the vicinity of its maximum can be
approximated by a Gaussian distribution.

4. Bayes’s Theoremt
648. A distribution D(p,n) defines the probability of observing a
value n when the average value is p. In practice, however, p is unknown,
and the value of p has to be estimated from the observed value n.

1 Objections to the use of Bayes’s theorem have been raised. Different treatments
are given, for example, by A. V. Fisher.
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According to a theorem due to Bayes the probability of p being found
in an interval p,dp is given by

D(p,n)f(p)dp, (60)

where f(p) is a slowly varying function of p. The function f(p) cannot
be determined and therefore the statement has a certain ambiguity.
In all practically important cases, however, D(p,n) has a gaarp maxi-
mum in the neighbourhood of p = n and it is possible to assume that
f(p) does not change appreciably in this region. It is therefore usual to
remove the ambiguity by assuming

f(p) ~ f(p,) = const. (51)

The ambiguity due to the function f(p) seems to be an essential
feature of the statistical method and, presumably, it cannot be removed
at all.

649. The inverse distribution corresponding to the Poisson distribu-
tion is

p" ¢
P(p,n)dp = 7"~ dp, (52)

where p is regarded as the variable. The distribution (52) is normalized.
It is interesting to calculate the average value of p for a given n. From
(52) it follows that

@ = [ P(p,n) dp = nt1. (53)

In particular for n = 0, {p> = 1. No great weight can be attached to
the actual numerical value {p) thus obtained, but it is significant that

{p> >0 for n=0. (54)

Physically this means that if no count is observed in a given period, it
cannot be concluded that the average rate is zero; the only conclusion
to be drawn is that the average rate is small. In fact, with an average
rate of 1, the probability of having no count is appreciable.

(54) should be compared with the ordinary Poisson distribution. If
the average rate is known to be zero, no value but zero can be observed.
Therefore for the ordinary Poisson distribution

{n)=0 for p=0. (65)
650. Further, for the inverse Poisson distribution
8p = J(n+1). (56)

It can be seen easily that for large values of p and n the inverse
Poisson distribution is very similar to the ordinary Poisson distribution.
(Of course the one distribution is discrete while the other is continuous.)
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B. THE ANALYSIS OF OBSERVATIONAL DATA
1. Single Observation
651. If n counts are observed during a time £, then the observed

rate is R —njt. (57)
The standard error of » is

? m=+n (n>1). (58)
Thus using the numerical values of the table on p. 371, and with help
of the considerations of § 648, it follows that

(1) there is a probability of 68 per cent. that the average number
p is inside the interval

n—an, n4+wn; (59)
(2) the probability of p being outside the interval
n—3vn, n-+3vn
is only } of one per cent.
Therefore the average rate €, which can be defined by
€=, (60)
is likely to be inside the interval

1 1
W(i-1) o e d)
But the rate % is unlikely to be outside the interval
3 3
R(l _%) to R(l +%).
2. Observation of a Difference
652. Consider two rates
R, = nyft; and R, = n,/t,. (61)

Assume R, —Ry,=1r>0. (62)

If », and n, are sufficiently large it can be assumed that they obey a
Gaussian distribution. Further from (34) and (41) it is concluded that
the standard error of r is given by

_ . m
or= J(@+ t) (63)
If r > 3or, (64)

then the probability of the correct value of r being zero or negative is
less than 1/740. (Note that the values of the table on p. 371 refer to both
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tails of the Gaussian: 740 = 2x 370.) Thus if the condition (64) is
satisfied it is safe to conclude that the rate

R
is significantly greater than the rate
Ey = Palty.

In planning experiments it is often of importance to estimate beforehand
how long a period of recording will be required to establish a difference
between two counting rates.

Assume that two rates R; and R, have a ratio

R,/R, = 1+h.
To establish the difference R,— R, = r we must have

1 /2R
Srfr = |7 <% (B~ R~ Ry,

and thus the estimated time of observation is
2t = 36/h*R.
For instance, for » = 0-1 2t = 3600/R,
thus 3600 counts are necessary to establish a difference of about
10 per cent.

653. If the condition (64) is just fulfilled then the difference between
the rates can be assumed to be significant, but the actual magnitude
of the difference remains very uncertain. In order to determine the
magnitude of the difference 7 it is necessary to have

r > 38r.

If it is desired to determine the difference between two very different
counting rates, the question arises of how to divide the time of observa-
tion between observing the two rates. The best choice is obviously
the one which makes (63) a minimum for ¢,+£, = const. We find &r
attains a (flat) minimum for

bty = \/(Rl/Rz)- (65)
Thus more time should be spent in measuring the faster rate than in
measuring the slower rate.

3. Series of Observations
(a) Counting Rate
654. When determining a counting rate €, a number of independent
readings may be taken. During a number of periods ¢,,%,,...,¢y the
counts recorded are n;,7,,...,ny. The rates during these periods are
R, = nyt), etc. The best value for the rate is an average of the rates



§ 654] STATISTICAL TREATMENT OF OBSERVATIONS 377

R,, etc. It can be shown, however, that the most significant combina-
tion of the readings is obtained when they are taken together as one
reading. Thus the most significant value for the rate during the whole
period is given by
R = Tt Mt nst.. 4y
) Littatigt . Aty

It is seen from this result that no direct advantage is gained by
subdividing a longer interval into a number of shorter intervals.

The subdivision of a long period of readings into & number of smaller
periods has, however, the advantage that from an inspection of the
individual rates R,, R,, etc., it can be established whether or not these
readings are consistent. Large fluctuations of the single readings show
that the radiation intensity is subject to systematic fluctuations during
observation.

(66)

(b) Fluctuations of a Series of Observations

655. The fluctuations of a number of readings

Ny, Ty, Ny
will now be considered.

Assume that the readings n,, etc., are the numbers of coincidences
recorded with one arrangement in subsequent periods of equal duration.
The results will be illustrated with help of the table at the end of this
appendix containing observational results of Duperier.t

Normal fluctuation
656. If the radiation intensity remains constant during the time of
observation, then the individual readings will fluctuate according to a
Poisson distribution. Ifthe values of z are sufficiently large, the Poisson
distribution can be replaced by the corresponding Gaussian distribution.
Introduce the mean of the N readings, that is

n;. (67)

1
2 _ —n)2
K= o E (n;—m)2, (68)1
which is a measure of the fluctuation of the values n,. If the values n;

+ We are very much indebted to Prof. A. Duperier for communicating the records
collected in Table 4.

1 We divide by N—1, and not by N, as only N—1 of the N quantities n;—n are
independent.
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show a normal distribution, that is if their fluctuation obeys the Poisson
law, then 2~ (69)
More precisely, in determining the values of «* from a large number
of similar series, it is expected that the individual values of «* will be
distributed according to a I-distribution. The average value of «®
should be given by .
(k¥ = @ (condition for normal fluctuation), (70)
and the standard deviation of the «?’s will be

k2 = (k2 A/ (N%) (71)

The equation (70) holds only if the distribution of the n,’s is normal,
while (71) holds if the n,’s show any Gaussian distribution.

657. The quantity «2 can be determined numerically from (68) for
any given series of N readings. The difference

Ax? = k*—7 (72)

has to be regarded as the fluctuation of «? provided that the n;’s have
a normal distribution. The probability of finding a deviation Ax?
depends on the ratio

-E-EER)

If the I'-distribution is replaced by a Gaussian distribution the

probability of a fluctuation equal or larger A«? is equal to
E(r/v2). (74)

658. If the probability (74) is of the order of one, or at any rate not
very small, then the hypothesis that the n; values fluctuate according
to the Poisson law is reasonable. If, however, the probability (74)
becomes very small, then it must be concluded that the n;’s do not
show a normal distribution. Usually the fluctuation of the =,’s, if not
normal, is larger than normal.

659. The procedure is illustrated by investigating the fluctuations
shown in the three series of observations of Table 4.

TaBLE 1
Series
I II III
eq. (67) n = 25827 27118 27847
eq. (68) k* = 31827 59303 290933
eq. (713) r = 0-79 40 32
E(r/«/2) = 0-43 1/16000 0




§ 659] STATISTICAL TREATMENT OF OBSERVATIONS 379

It is concluded from the above table that the series I shows normal
fluctuation while the series IT and III show fluctuation exceeding the
normal.

n; /8
3,440
3,420 (XRESLD

X
3,400
3,380
3,360
3,340

SERIES I

26-11-1943 | 27-11-1943

3,280 10 61943 | 11 6 1943 SERIES I
3,260 /\/\Average +Standard dewatmn

3,240 ‘*71/‘?‘: :‘\\/ s )}& /y‘
3,220%:;_’1 Average X
3,200 Average-Standard deviation
3,180+

T

Lo o b g NS VRN NN TN TN IS N SO Bt
12 18 24 6 Time
F1a. 124 a. Duperier’s records.
3,600 31121042, 11198 -7
\Ba ometr/c
. — p’mfure
T~ .
ni /8 cm. Hy
3,500
3400~
3,300+ 173
S A R (RN SO SUSNNN (NN SN (U CRN (U NN S SO SSSUN (RN S
24 6 12 18
Series 1

Fia. 124 b. Duperier’s records.

The intensities given in Table 4 have been plotted in Figs. 124 a and b,
together with the barometric pressure. The large fluctuation of series
III i% obviously due to the change of pressure during the period of
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observation. The large fluctuation of series II cannot be attributed to
the pressure. We notice, however, from Fig. 123 that the intensity drops
by about 2 per cent. in the course of the observation. It will be seen
that the large fluctuation exhibited by this series is due to this systematic
drop of intensity.
(c) Systematic Variation
Amplitude
660. Consider now a slow systematic change of the cosmic-ray inten-

sity. Assume that the intensity at a time ¢ is given by

n(t) = n+a(t). (75)
The slow change will be superposed, and partly masked, by the random
fluctuation of the counting rate. The random deviation at the time ¢, is

d; = n;—n(t;). (76)
If all systematic changes are taken care of by a(t), then d; should be the
random deviation of the counting rate and

N_f__l >z (77)

The d;’s are, however, not known; usually only the deviations n,— are
known. The d;’s can be eliminated as follows:

1
2 __ 72 2 2
K._N_IZ(nl )2 = {;d—}—z t)+22a(t)d}
(78)
Averaging (78) over a large number of similar cases we have, with the

help of (77),

N
oy = it 2, o (79)

Note that < d> —0.
z~—1

661. It is seen from (79) that in the presence of systematic changes
the fluctuation expressed in terms of n,—# appears larger than normal.
Conversely, if it can be established for a series of observations that the
fluctuation is larger than normal, then it can be concluded that a
systematic fluctuation is superimposed on the random fluctuations.
The root mean square amplitude «, of the systematic change is given by

Ko = AJ(K2—7). (80)
For the three series of Table 4 it is found that the fluctuation of
series I is normal, i.e. the difference between # and «2 cannov be
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assumed to be significant. The series I1I and III, however, show a
systematic change, their respective root mean square amplitudes as
obtained from Table 4 being:

TABLE 2

Ka
(coincidences per hour) Relative amplitude

Series I 180 0-66 %
Series 111 512 1-85 9

Fast and slow variations

662. The systematic variation can be either a fast fluctuation or a
slow secular variation, and it is shown below how it is possible to dis-
tinguish between these two cases.

Consider the following sum:

2(N 2 Z 1T (81)
It can be shown easily that the average value of f2 is given by
{f? =P = (82)

The last equation (82) holds only if the d;’s have normal fluctuation.
However, dip1—d; = g —n—{alt ) —alt)}

If the variation a(t) is slow, the difference a(t;,;)—a(t;) can be neglected
and approximately

2 1 & 2
i m Z (Mg 41— 1) (83)
i=1

The following practical use can be made of (83). For a given series
of observation we can determine numerically a quantity g% defined by

2 RN 2 4
9° = 3N—2) Z (1540 — )% (84)
i=1

The value of g2 should, according to (83), be of the same order as f2.
Thus ¢2 is the mean square amplitude of the ‘fast’ fluctuation.

If there is no significant difference between g2 and 7 for a series, then
it can be concluded that the variations of the individual values are
due to normal fluctuation superimposed on a slow secular variation. If,

however, the difference o'—7

is significantly greater than zero, then it must be assumed that a fast
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systematic fluctuation is superimposed on the normal fluctuation. The
difference

2 — 2 2
Kglow = K°—(g

gives a measure of the mean square amplitude of the slow variation.
663. The quantity g% evaluated for the three series of Table 4, is
given below.

<

TABLE 3
Series
1 II 111
N = 25827 27118 27847
g = 13593 22241 32433
DIFFERENCE — 12234 —4877 4586
with standard
deviation 4-8800 49200 --9400

We see from the above table that none of the differences

9*—n

can be regarded as significant. It is concluded therefore that all three
series show mormal fluctuation, but that the series II and series III

TABLE 4
Series I: Series I1: Series I11:
10-11.6.1943 26-7.11.1943 31.12.1942-1.1.1943
Time n;[8 B; Tvme n;/8 B; Time n;/8 R;
10 3257 762-4 11 3386 755-7 20 3454 757-0
11 245 2-4 12 430 56 21 420 56-6
12 232 2:3 13 417 55 22 412 56-5
13 251 2-3 14 421 54 23 407 56-2
14 263 2-1 15 426 54 24 387 55-5
15 248 2:0 16 436 5-6 01 414 54-9
16 263 20 17 436 5-8 02 388 54-2
17 243 2-0 18 436 6-0 03 438 53-6
18 197 20 19 384 6-2 04 388 52-5
19 224 2:0 20 375 6-2 05 455 51-6
20 219 2:2 21 419 6-3 06 491 50-0
21 241 24 22 379 64 07 439 48-8
22 229 2-7 23 356 6-5 08 486 46-9
23 203 2.7 24 375 6-4 09 476 45-6
24 200 2-8 01 379 6-4 10 490 44-5
01 214 2.8 02 359 6-4 11 530 43-5
02 242 26 03 382 6-3 12 530 41-7
03 229 25 04 379 6-3 13 538 40-5
04 220 2:4 056 377 61 14 538 387
05 205 2-5 06 334 6-0 15 539 37-7
06 192 2-6 07 356 59 16 564 36-8
07 190 2.7 08 366 59 17 590 36-8
08 227 2.7 09 394 6-0 18 578 36-7
09 246 24 10 353 57 19 590 86-5
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show a slow secular variation superimposed on the random fluctuations
of the individual values.

The root mean square amplitudes of these slow variations are given
in Table 2.

TABLE 5
Deriwved quantities

) Defined by Series
Quantity equation I II III
n (67) 25827 27118 27847
«? (68) 31827 59303 290933
g® (84) 13593 22241 32433

C. CORRELATION

664. It has been shown in the last section how the fluctuation of a
set of readings is analysed. In particular it has been shown that a
secular variation can be separated from the random fluctuation of the
numbers of recorded coincidences.

Once the existence of a slow variation is established, as it is estab-
lished e.g. for the series I and III, the question arises how to find the
variation a(t) itself.

. 1. Barometer Effect

665. Inspecting Fig. 124, where the series III is plotted, it is clear
that the change of intensity is connected with the change of air pressure.
It can be assumed as a first approximation that the change of intensity
is proportional to the change of pressure,

a(t) = a.b(?), (85)
where « is a constant and b(¢) is the deviation of the pressure from the
mean at the time ¢. Thus

b(t) = B(t)—B (86)
with B = §_ B(t,)/N. (87)
i=1

(@) Regression Coefficient
666. The counts when corrected for pressure are thus
' m; = ny—a.b(t;); (88)
if the whole of the slow variation is due to a pressure effect as defined
by (85), then the m,’s should contain no systematic variation and



384 APPENDIX I [App. I

therefore they should have a normal fluctuation. If, on the other hand,
(85) gives only part of the slow variation then the m;’s have still more
than normal fluctuation, but in any case the fluctuation of the m;’s
must be less than that of the n;’s.

Unless it is known from other observations what the value of « is,
it can be determined from our series by postulating that, the correct
value of « makes the fluctuation of the m;’s a minimum.

Thus we postula.te

2= Z{n—n a.b(t; ——-N—Z —1)?

=1
= minimum in (x). (89)
From (78) the best value «, for « is
b;(n;—n)
oy = 2 bilni—7) 2hn (90)

Further, from (68), (89), and (90)
N
K = e b2, (91)

o N__l

The correlation can be regarded as significant, provided the fluctuation
of the corrected values m; is significantly smaller than that of the
uncorrected values n;.

(b) Mean Square Fluctuation
667. It is interesting to plot the fluctuation of the m;’s as a function
of «. We find

2 b

1 ( —ab;—7)% = K2+ (a—ap)? z (92)

N—

K

u fvlz

Introducing the Value f Table 4, series I1I,

N
Z = 0-579 (cm. Hg)?

O z b,(n;—n) = —381-3 em. Hg coincidences per hour

and oy = —658-5 coincidences per hour per cm. Hg. ’

The relative regression coefficient of the pressure effect is therefore

1
I, = —%_gﬂ’ = —2-36 per cent. per cm. Hg. .
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. (c) Significance of Correlation
668. The correlation appears to be significant because the barometer
correction reduces significantly the fluctuation of the observed values.

From Table 5, k% = 290933
and ' K%, = 39870.
The a,verag; amplitude for the normal fluctuation is
. (ormaly = 7 = 27847.

Therefore the excess of the fluctuation of the m;’s over that of the
average normal fluctuation is

K2, —7 = 12023,
The standard deviation of the normal fluctuation is, according to (71),

- 2
8<K1210rma1> = nA/N

Therefore the fluctuation of the corrected values m; deviates from
that of the normal fluctuation by

12020

8200

A deviation equal to 1-5 times the standard deviation occurs with a
probability of 14 per cent. Such a deviation must be regarded as likely,
and, therefore it is concluded that the corrected fluctuation does not
differ significantly from a normal fluctuation.

It is concluded that the excessive fluctuation of the series III can be
fully accounted for in terms of the change of intensity with barometric
pressure.

669. It remains to find the limits between which the actual value of
o can reasonably be expected to lie.

The mean square amplitude of the fluctuation has been plotted as a
function of « in Fig. 125. As can be inferred from (92) this fluctuation
is represented by a parabola having its minimum at « = o,

The value of the average normal fluctuation (1) has also been shown
in Fig. 125 by a horizontal line and also this fluctuation plus single,
double, and threefold standard deviations. Thelinerepresenting average
normal-three times standard deviation is the largest fluctuation which
can be regarded as a chance deviation from normal. This line is inter-
sected by the parabola at

o= —805 and o= —5ll. (93)
Thus « values inside the interval (93) reduce the fluctuation to such a

= 8200.
1

= 1-5x standard deviation of normal fluctuation.
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degree that the reduced fluctuation cannot be regarded as significantly
different from a normal fluctuation.

XZ

—
S~~

L~
N

Sbandard { Xaz
deviation

Normal Fluctuation

o (X‘)

>

A o0y

F1c. 125. Single correlation.

670. The actual experimental uncertainty of « is, however, not neces-
sarily given by (93) if no hypothesis is made as to the fluctuation of
the corrected values.t The uncertainty of « can be estimated in the
latter case as follows. A value o, will give a significantly worse correla-
tion than the optimum value «,, provided the fluctuation 2, obtained
for « = o, is significantly greater than the minimum fluctuation o

The difference between the two mean square fluctuations is

2 2 — 2 2
Koy — Ky = Axl, = (ay—a)

LY (94)

and the standard deviation of a mean square fluctuation is

SK?XO == A/(—_Z%) KE‘O’

The difference A«2, is significant if it exceeds three times the standard
deviation 8«2, of «2,.

Therefore the difference between o, and o, has to be taken seriously,
provided ArZ, > 382,

 If we have reason to suppose that the fluctuation is normal apart from the barometer
effect, then it must be concluded that « is not likely to lie outside the interval (93).
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18(N—1)\}
And thereford [ay—ag| > |kl { W} . (95)
Introducing numerical values from series III,
|oy—agl > 250.

Thus the eorrelation deteriorates noticeably if « is taken outside the
interval gk 250.

Hence it is not likely that « lies outside the interval
—400 to —810.

The comparatively large margin of admissible « values is due to the
fact that the period of observation is comparatively short.

2. Secular Variation

671. The fluctuation of series II cannot be reduced significantly by
correcting the readings for changing pressure as is apparent from the
inspection of Fig. 123.

It was shown, however, in § 663 that the large fluctuation of the
readings of series II is due to a slow change of intensity. It is plausible
therefore to assume that the intensity of cosmic rays was changing
gradpally during the period of observation due to some outside cause.

Assume therefore that

n(t) = ii+Pry, (96)
With T = tt‘—‘i and i == 2 ti/N,
where B is a constant signifying the rate of change of the intensity.
The quantity 8 may be determined by the condition that

N,

1
-5 ;—n—Pr;)? = minimum for B = B,.
12"
_ 2 (m—w)r,
Thus z 2

6- 30)2133“1 g =,

and K% = Kﬂa

Introducireg numerical values from Table 4,
Bo = —25-0 coincidences per (hour)?

and 3, = 28153.
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The latter fluctuation is almost exactly equal to the average normal
fluctuation, namely i — 97118,

It is concluded therefore that the large fluctuation shown by the
series II can be fully accounted for by assuming that the intensity
of the radiation was decreasing in the course of observation at a
constant rate, namely at a rate of 25 coincidences per (hour)2, or

25% 100 x 24
———— e = 2' . .
57118 2 per cent. per day

The actual value of B is likely to be inside the interval

36-8,

954118 — {13.2'

The fluctuation xf; corresponding to such B-values differs by not more
than the standard deviation from the average normal fluctuation.
Further, it is unlikely that the value of 8 is outside the interval
3-5,

954215 — {46.5’

because the fluctuation Kf; corresponding to a 8 value outside the above
limits would exceed the average normal fluctuation by more than three
times the standard deviation.

3. Multiple Correlation
Regression Coefficients

672. The cosmic-ray intensity is known to depend on both the
pressure and the average temperature of the atmosphere. The readings
n; obtained in a series of measurements have then to be correlated with
both changes of pressure and changes of temperature.

In general it is necessary to assume

a(t) = ab(t)+y0(2), (97)

where « and y are the regression coefficients for barometer and tem-
perature correlations.

The best values for « and for y can again be assumed to be those
which make the fluctuation of the corrected values a minimum. Thus

1

Koy = 37 Z {n;—n—ab(t;) —yO(t;)}* = minimum for a« = &y, ¥ = y,.

"(98)
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The best vglues are therefore given as the solutions of the following
system of linear equations.

o0 S B4y 3 0:0; = 3 (ng—ii)b;, } )
ag 20,0, 47, 2 0F = 3 (n;—1)0;.

Yo

Yo Nt
—

Ay o
F1c. 126. Multiple correlation.

673. Introducing the values for «, and y, from (99) into (98) it is
found that

= Ko WD+~ SO+
__—1 z b; 0 (a—ag)(y—yo), (100)

thoyo N 1 {(10 z (n b +70 Z L}

The equation (100) can be regarded as the equation of a family of
concentric ellipses as shown in Fig. 126.

Choosing pairs of values « and y along the same ellipse the same
value for the fluctuation «3, is obtained.

The best pair of values for « and y is represented by the centre of
the family. In Fig. 126 there have been drawn (schematically) the
ellipses which correspond to a fluctuation equal to the average normal
fluctuation plus v times standard deviation; v = 1,2, 3,... for a hypo-
thetical cage. '

The probabilities that the actual values of « and y lie inside any of
these ellipses are therefore given by

~ E@wN2) (v =1,2,3,.).
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Correlation Coefficient ,

674. For the investigation of the system of ellipses Fig. 126, it is
useful to introduce the correlation coefficient » between the b,’s*and
the ©,;’s. Define r by

26,0,

(268 2 0
The following extreme cases are of interest.

(1) * = 1. In this case the ellipses degenerate into a system of
parallel lines.

The physical significance of this case is that the b, and ©, are exactly
proportional to each other and therefore the double correlation becomes

r

%0.Yo

’
Ya=%o

u0= (%))
Fia. 127. Double correlation (independent causes).

meaningless. In this case a single correlation with one of the two
quantities has to- be used. The case 72 ~ 1 is of course similar and in
this case a family of very elongated ellipses is obtained.

(2) 7 = 0. In this case the ellipses have axes parallel to the a- and
y-axes. It can be seen easily (see Fig. 127) that in this case the result
of the multiple correlation is exactly the same as that of two indepen-
dent single correlations,

(3) If r is significantly different from both zero and 1, the ellipses are
inclined at an angle of ¢ to the axis. And, as the result of a simple
calculation, it follows thatt

226,03
SH-sor

In this case the result of the single correlation differs from that of
the double correlation. It can be seen easily that single correlation for
o would give a value o instead of «,, where o is the point of contact
of the a-axis with the ellipse touching this axis (see Fig. 126).

tan 2¢ =

1 For X, b} = 3, 0 the family degenerates into a family of concentric circles.



APPENDIX II
AUXILIARY TABLES FOR CASCADE COMPUTATIONS

675. In § 375, Ch. VI, three functions %(y), B(y), €(y), and a constant
D were intfoduced. Numerical values for these quantities are collected
in Table 1.

TaBLE 1
) A(y) B(y) C(n) ) A(y) B(y) C(y)

1-0 | 0-00000 | 1-54736 © 30 | 1-54828 | 0-53087 | 0-47632
1-1 | 015204 | 1-40100 |12-82104 31 | 159094 | 0-51528 | 0-45249
1-2 | 0-28621 | 1-28089 | 6-11260 32 | 1-63219 | 0-50085 | 0-43098
1-3 | 0-40625 | 1-18064 | 3-91666 33 | 1-67213 | 0-48689 | 0-41147
1-4 | 051486 | 1-09574 | 2-84155 34 | 171084 | 047393 | 0-39369
1-5 | 061406 | 102295 | 2-21058 35 | 174839 | 0-46170 | 0-37741
1-6 | 070537 | 0-95984 | 1-79913 36 | 178486 | 0-45013 | 0-36247
1-7 | 079000 | 0-90461 | 1-51149 37 | 1-82031 | 0-43916 | 0-34870
1-8 | 0-86888 | 0-85586 | 1-30015 3-8 | 1-85480 | 0-42876 | 0-33596
1.9 | 094277 | 081250 | 1-13894 3.9 | 1-88838 | 0-41888 | 0-32415
2:0 | 1-01230 | 0-77368 | 1-01230 4.0 | 1-92109 | 0-40947 | 0-31316
2.1 | 1-07797 | 0-73870 | 0-91043 41 | 195300 | 0-40051 | 0-30292
2.2 | 1-14020 | 0-70702 | 0-82687 4-2 | 1.98413 | 0-39195 | 0-29335
2:3 | 119935 | 0-67817 | 0-75719 4-3 | 201452 | 0-38378 | 0-28438
2.4 | 1-25574 | 065179 | 0-69826 4.4 | 204422 | 037596 | 0-27596
25 | 1-30961 | 062756 | 0-64783 4.5 | 207324 | 0-36848 | 0-26804
2:6 | 136120 | 0-60523 | 0-60420 46 | 210163 | 0-36130 | 0-26057
2.7 | 141070 | 0-58457 | 0-56612 47 | 2-12941 | 0-35442 | 0-25353
2.8 | 145829 | 0-56539 | 0-53259 4.8 | 215661 | 0-34781 | 0-24686
2.9 | 1-50410 | 0-54754 | 0-50286 4.9 | 218325 | 0-34145 | 0-24055
50 | 220935 | 0-33534 | 0-23456

. 55 | 2:33257 | 0-30793 | 020871
60 | 244520 | 0-28484 | 0-18812

D = 0-77368; o = 0-02460.

Computation of Qo(wy, w; L)
676. Neglecting ionization loss, the numbers of electrons or photons
with energies exceeding w produced by a primary of energy w, under
a layer of thickness { cascade units is given by the following complex

integral:
Yo+10
Qowow; ) = - [ ()7 L (Mp)e-et 4 R(p)e-a0t) dy. (1)
0are 271 w p—1 )
Yo—1o

The above integral can be evaluated by the saddle-point method in
the lollowing way.
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The coefficients I and N have to be chosen according to whether the
cascade is initiated by an electron or a photon and also according to
whether one wants to calculate the number of photons or electrons.
The choice of the M and N in the corresponding four cases is as follows:

Cascade produced by
Electron Photon
Q, is to represent m ( N m N

;Jlllm‘l;)ers of — D—a, a—D B g

ectrons . Py G—a, G—a, Po—

—-C a,—D D—a
Photons ¢ L !
a—a Az —ay A—ay A —ay

Qo and { can be represented as functions of an independent para-
meter 1. Neglecting terms arising from the exponential exp(—a,{) we
get the following set of formulae:

{= ?/{loglo 4 (logyo m)’ } (2)
a w
log,,Qy = {1)'—1 —a—i}long‘;‘l‘

+{logms——§-,i aogﬂm’+é—logm(—ﬁ—;,)—o:mm}—%logm@;:"/a';, 3)

— =" w as /_’ ar\”
a E"/ay = logmz)9 + {(Ioglo Mn) %— (log, M) }: (4)
1
with a4, = a,logyee
T . (5)
p—1

0-3991 = log,o+/(27)

677. In order to compute a family of cascade curves it is convenient
to use the following expressions

log, Qo(w,, w; £) = 4 10g10%+3 z logm(logm 4 C) (6)

{ =5 {logm( )—l—(logm m)’ } (7)

The coefficients 4, B, C are the functions of 1 appearing inside the
curly brackets in equations (2), (3), (4) respectively. For the ease of
computing the numbers of electrons arising from electron pnmarles
these coefficients are collected in Table 2
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For sake of clarity we give an example:

We want to compute the number of secondaries with energies ex-
ceeding 200 MEV. produced by a primary of 10° MEV. at a depth of
about 10 cascade units.

TABLE 2
y 12| 14|16 |18 | 20| 22]|24]|26]|28]| 30
7Y

A = |0441(0-708|0:875|0-969 | 1-000|0-967 | 0-861|0-662 | 0-350| —0-103

—B = |1:084/1-073|1-065|1-056| 1-042 | 1-004 | 0-926 | 0-793|0-591| 0-312

v —C = |0-667|0-452|0-456|0-508|0-571|0-619|0-640|0-639/0-619| 0-586

—(log;o M)’ = |[2-151|1-151|0-852|0-726 | 0-673 | 0-653 | 0-647 [ 0-646|0-642| 0-633

a; = |4-104|1-586|0-908|0-603 | 0-430|0-318|0-240|0-183|0-141| 0-109
TABLE 3

a,-9) a9 € 1
— log;p ———]1 2—|lo lo !

v a, a,(v) a, B0 a;—a, OFi0 a;—a, gm“n““\ gw“:"‘h OK“(‘)—I)
11 —3 78671 | —1-64455 | 471243 | —0-27037 | —0-33402 | —0 78204 0-17855 100000
12 —227879 | 098967 | 333868 | —0-26489 | —0 34045 | —0 64203 0:03669 0 69897
13 —156826 | —0 68109 | 274819 | —026555| —0 33967 | —0 56301 | —0-04221 0-52288
14 —1:12501 | —0 48859 | 241355 | —0 27037 | —0-33402 | —0-50912 | —0-09527 039694 -
15 —0-81201 | —0-35265 | 219975 | —0-27860 | —0-32468 | —0 46897 | —0-13431 0-30103
16 —057503 | —0 24973 | 205408 | —0-28989 | —0 31246 | —0 43761 | —0-16475 0 22185
17 —0-38751 | —0 16829 | 1-95119 | —0 30407 | —0 29801 | —0-41251 | —0-18957 015480
18 —0 23466 | —0-10191 | 1-87722 | —0 32106 | —0 28188 | —0 39227 | —0-21068 009691
19 —0-10745 | —0-04667 | 1-82391 | —0-34082 | —0 26458 | —0 37604 | —0 22936 004576
2:0 0 00000 0:00000 | 1-78598 | —0 36332 | —0 24657 | —0-36332 | —0-24657 0 00000
21 0-09175 003985 | 175990 | —0 38849 | —0-22826 | —0-35377 | —0-26299 | —0-04139
2:2 0:17068 007413 | 174319 | —0-41628 | —0 21004 | —0-34716 | —0-27916 | —0 07918
23 0-23898 010379 | 1-73405 | —0-44655| —0:19222 | —0 34332 | —0 29546 | —0-11394
24 0 29832 0-12956 | 173110 | —0-47916 | —0-17508 | —0:34207 | —0-31216 | —0-14613

o
2:5 0 35001 0-15201 | 1-73328 | —0 51388 | —0-15882 | —0-34325 | —0 32945 | —0 17609
26 0-39515 0-17161 | 1-73973 | —0 55049 | —0-14359 | —0:34667 | ~0-34741 | —0-20412
27 0-43463 0-18876 | 1-74975 | —0-58871 | —0-12948 | —0:35213 | —0 36606 | —0-23045
2:8 0-46923 0-20378 | 1-76274 | —0 62825 | —0-11655 | —0-35942 | —0-38538 | —0-25527
29 049958 | 021607 | 177819 | —0-66884 | —0-10478 | —0-36833 | —0-40529 | —0-27875
30 052626 0-22855 | 1-79570 | —071018 | —0 09415 | —0 37862 | —0-42571 | —0-30103
31 0-54974 0-23875 | 1-81488 | —0-75201 | —0 08460 | —0°39009 | —0 446562 | —0-32222
32 057045 0-24775 | 1-83542 | —0-79410 | —0 07606 | —0-40255 | —0-46762 | —0-34242
33 0-58875 0-25569 | 1-85705 | —0-83623 | —0 06844 | —0°41579 | —0-48888 | —0-36173
34 0-60496 0-26273 | 1-87955 | —0-87821 | —0 06167 | —0-42966 | —0-51022 | —0-38021
35 0-61934 0-26898 | 1-90272 | —0 91989 | —0 05564 | —0 44400 [ —0 53154 | —0-39794
36 0 63214 0-27453 | 1-92640 | —0 96114 | —0 05030 | —0:45869 | —0-56270 | —0-41497
37 0-64355 0-27949 | 1-95044 —100186 | —0-04555 | —0-47861 | —0 57379 | —0-43136
3-8 0:65374 0-28392 | 1-97473 | —1:04196 | —0 04134 | —0-48868 | —0-59461 | —0-44716
39 0-66288 0-28789 | 1-99917 | —1-08138 | —0 03759 | —0:50381 [ —0 61516 | —0-46240
40 0:67109 0-20145 | 2:02368 | —1-12008 | —0-03425 | —0-51894 | —0 63540 | —0-47712
We have logo(we/w) = 2-70.

Thus for y = 2-6 (which gives the nearest approximation for the desired
{ value), { = (2:70—0-646)/0-183 = 11-2
and

log,o0,(2-105, 200; 11-2)
= 270X 0-662—0-793 —} log,((2-70—0-639) = 0-84.



[App. II

394 APPENDIX II
TABLE 4 '
®—a, a;—9® B [
da, &, dloge oo, dloge%_a1 dloge aa dlogea’_a1 1
) dy dy dy dy ay dy y—1
1-1 | 24-99121 | 10-8536 0-23330 | —0-27012 4-77142 | —4-80824 | —10-00000
1-2 9-45012 | 4-1041 0-04331 | —0-05154 2-28591 | —2-29414 | —5-00000
13 541133 | 2-3501 | —0-06728 0-07980 1-46459 | —1-45207 | —3-33333
14 3-65272 | 1-5863 | —0-15210 0-17611 1.05636 | —1-:03235! —2-50000
1-5 2-69080 | 1-1686 | —0-22560 0-25085 0-81044 | —0-78519 | —2-00000
1-6 2-09093 { 0-9081 | —0-29366 0-30932 0-64297 | —0-62731 | —1-66667
17 1-68317 | 0-7310 | —0-35908 0-35411 0-51795 | —0-52293 | —1-42857
1-8 1-38843 | 0-6030 [ —0-42324 0-38672 0-41746 | —0-45398 | —1-25000
1-9 1-16534 | 0-5061 | —0-48660 0-40825 0-33178 | —0-41013 ( —1-11111
2:0 0-99038 | 0-4300 | —0-54908 0-41965 0-25539 | —0-38482 | —1-00000
21 0-84930 | 0-3689 | —0-61014 0-42189 0-18521 | —0-37346 | —0-90909
2-2 0-73306 | 0-3184 | —0-66898 0-41607 0-11963 | —0-37253 | —0-83333
23 0-63570 | 0-2761 | —0-72460 0-40343 0-05796 | —0-37914 | —0-76923
2-4 0-55314 | 0-2402 | —0-77599 0-38528 0-00013 | —0-39084 | —0-71429
2:5 0-48252 | 0-2096 | —0-82222 0-36301 | —0-05365 | —0-40555 | —0-66667
26 0-42174 | 0-1832 | —0-86252 0-33796 | —0-10303 | —0-42153 | —0-62500
27 0-36922 | 0-1604 | —0-89640 0-31137 | —0-14766 | —0-43737 | —0-58824
2-8 0-32374 | 0-1406 | —0-92363 0-28431 | —0-18730 | —0-45202 | --0-55556
2-9 0-28430 | 0-1235 | —0-94427 0-25766 | —0-22187 | —0-46475 | —0-52632
3-0 025006 | 0-1086 | —0-95860 0-23207 | —0-25143 | —0-47511 | —0-50000
31 0-22033 | 0-0957 | —0-96709 0-20800 | —0-27620 | —0-48290 | —0-47619
3-2 0-19450 | 0-0845 | —0-97034 0-18573 | —0-29650 | —0-48811 ; —0-45455
33 0-17205 | 0-0747 | —0-96899 0-16540 | —0-31272 | —0-49087 | —0-43478
34 0-15252 | 0-0662 | —0-96373 0-14703 | —0-32531 | —0-49139 | —0-41667
35 0-13552 | 0-0589 | —0-95520 0-13057 | —0 33470 | —0-48992 | —0-40000
3-6 0-12070 | 0-0524 | —0-94400 0-11591 | —0-34134 | —0-48675 | —0-38462
37 0-10776 | 0-0468 | —0-93070 0-10292 | —0-34563 | —0-48215 | —0-37037
3-8 0-09645 | 0-0419 | —0-91576 0-09145 | —0-34794 | —0-47637  —0-35714
39 0:08655 | 0-0376 | —0-89961 0-08133 | —0-34861 | —0-46967 | —0-34483
4-0 0-07785 | 0-0333 | —0-88260 0-07243 | —0-34793 [ —0-46224 | —0-33333

So as to facilitate more detailed computation the values of a,(y),
log M(y), logN(y), and their first and second derivatives are collected
in Tables 3, 4, and 5. The values of M and 9N are given for the
four cases of electron or photon primaries and electron or photon

descendants.

For the sake of clarity we give an example: .
Determine the average number of electrons with energies exceeding
w = 1,000 MEV. produced by a photon of energy w, = 108 MEV. at
a depth of { ~ 20 cascade units.
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. TABLE 5
3&1. £1 O—a,| d* 1 a,—9 | a* 1 B a 1 G 1

» dy? ay o, —a,|d %5, Ca, | dp o, —a, iy Fa—a,| ®-1F
11 —3556-55178 | —2-88232 3-:20124 | —49-84715 50-16607 | 100-00000
1-2 —65:38833 | —1:33872 1-58825 —12-36538 12:61491 25-00000
1-3 —24-67575 —0-93984 1-10299 —5-45180 561495 11-11111
14 —12-47592 | —0-77773 0-84267 —3:06133 312627 6:25000
1-5 —7-40036 | —0:70135 0-66033 —1-98291 1-94189 4-00000
1-6 + —4-85785 —0-66423 0-51315 —1-42246 1-27138 2:77778
1.7 —3:42178 | —0-64649 0-38498 —1:10640 0-84490 204082
1-8 —2:53904 | —0-63733 0-26911 —0-91900 0-55079 1-56250
1.9 —1-96083 | —0-62977 0-16305 —0-80360 0-33687 1-234567
2:0 —1-56177 | —0-61887 0-06646 —0-72914 017673 1-00000
2-1 —1-27460 | —0:60104 | —0-01981 —0-67706 0-05621 0-82645
2-2 —1-05993 | —0-57401 —0:09446 —0-63570 | —0-03277 0-69444
2-3 —0-89398 | —0:53675 | —0-15624 —0:59768 | —0-09531 0-59172
2-4 —0-76187 | —0-48952 | —0-20437 —0-55863 | —0-13526 0-51020
2:5 —0:65402 | —0-43369 | —0-23878 —0-51640 | —0-15607 0-44444
26 —0-56417 | —0-37150 | —0-26015 —0:47051 | —0-16114 0-39063
2.7 —0-48816 | —0-30569 | —0-26988 —0-42162 | —0-15394 0-34602
2-8 —0-42315 | —0:23906 | —0-26985 —0-37106 | —0-13784 0-30864
29 —0-36716 | —0-17420 | —0-26215 —0-32041 —0-11594 0-27778
30 —0:31877 | —0-11322 | —0-24980 —0-27121 —0-09091 0-25000
31 —0-27687 | —0-05764 | —0-23202 —0:22474 | —0-06492 0-22676
32 —0-24058 —0-00838 —0-21311 —0-18192 —0-03958 0-20661
3:3 —0:20918 0-03417 | —0-19346 —0-14331 —0:01598 0-18904
340 —0-18202 0-07005 | —0-17400 —0-10916 0-00521 0-17361
35 —0:15856 0-09959 | —0:15538 —0-07946 0-02367 0-16000
36 —0-13831 0-12335 | —0-13800 —0-05399 0-03933 0-14793
3-7 —0-12083 0-14194 | —0-12208 —0:03242 0-05229 0-13717
3-8 —0-10575 0-15606 | —0-10769 —0-01439 0-06276 0-12755
39 —0-09273 0-16635 | —0-09482 0-00053 007100 0-11891
4-0 —0:08148 0-17344 —0-08341 0-01275 0-07728 0-11111

We have to chose the value of y as follows:

w,
10g1o ‘1;0 = 5:

thus the first term in (2) is dominant and we require

thus @ ~ 0-25.
From Table 4 we obtain as the nearest entry:

ve

) = 24,

{=20

~_9
il a()’

@ = 0-240,

and aj = 0-553.
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For primary photons and secondary electrons we have according to
§ 676, M = B/(a,—q,), and thus for y = 2-4 from Table 4

(log, M)’ = 0-000—0-714 = —0-714.

5 0-714
Thus fi 2 = 19-5. :
us from (2) = 55560553 ,
If this value is a good enough approximation one may proceed, other-
wise it is necessary to work with both the entries y = 2-4 and '2-5 and
interpolate in the end.
Next we insert into (4) from Tables 4 and 5; we find

af = —0:762 and (log,M)" = —0-559+0-510 == —0-049,
— = 0-240
B o] = 0-434. 0714———-——— 0-:049} = 4-71.
a; 2 /aj )—1—{ 3 0762 -0 } 7
Further, from Table 3, we find
a = 0-298, @, = 0-130, log,, M = —0-342—0-146 = —0-488,
and therefore
log,o Qo = o{l 4_0__3(‘32}+[ 0 488-}—0—1—3—2 0-714+
0-240
+%logwm—0-399}——%logm 4-71 = 2-90.

Thus
log;0Q (3:7};0 = 105, { = 19-5) = 2:90 (primary photons).

The numbers of electrons (Q,) and photons (PB,) given rise to by
electron or photon primaries have been evaluated in a slightly more
elaborate way.t For small thicknesses of absorber the second ex-
ponential in (1) cannot be entirely neglected. To take care of the effect
of this term the expressions were first computed in the usual way
without the second exponential and then multiplied by a factor

Ne—(as—anl

1+——‘.UT— (v =1y).

In this way the effect of the second exponential is taken care of in
a first approximation. The results are collected in Tables 6 and 7; see
also Figs. 128 and 129.

t Iam greatly indebted to Mrs. L. Janossy for checking Tables 3-5 and for computing
the Tables 6, 6a, and 7; and to Mr. H. Messel for computing Tables 6 and 7a.
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- TABLE 6
Electrons produced by Electrons

log, Qo(wy, w; {) € = log;o(wo/w)

R ¢ = 1.0 2:0 3.0 4:0 5-0
01 — — — — —
0-2 — — — — —
0-3 - — —_ — —
0-4 — — —_— 0-320 0-374
0-5 — — — 0-448 0-582
0-6 — 0-236 0-422 0-563 0-692
0-7 — 0-304 0-512 0-670 0-801
08 — 0-364 0-594 0-768 0-911
0-9 — 0-418 0-668 0-858 1015
10 - 0-467 0-737 0-943 1-116
11 — 0-511 0-801 1-024 1-214
1-2 — 0-551 0-861 1-100 1-302
13 — 0-587 0-917 1172 1-386
14 — 0-621 0-971 1-240 1-465
15 — 0-651 1-021 1-306 1-543
1-6 — 0-679 1-068 1-368 1-615
17 — 0-705 1113 1-427 1-687
18 — 0-728 1-155 1-485 1-755
1:9 — 0-749 1-196 1-539 1-821
2:0 — 0-768 1-234 1-591 1-885
2:2 — 0-801 1-303 1-689 2-008
2.4 — 0-827 1-366 1-780 2:122
2:6 —0-096 0-848 1-422 1-864 2-230
2.8 —0-132 0-863 1-473 1-941 2:330
3:0 —0171 0-874 1-518 2.013 2:421
3-2 —0-212 0-880 1-559 2.079 2:508
34 —0-254 0-883 1-591 2:140 2-590
36 —0-299 0-882 1-626 2:197 2:667
3-8 —0-344 0-878 1-654 2-249 2-739
40 —0-391 0-871 1-678 2297 2:807
42 —0-439 0-861 1-699 2:342 2-872
44 —0-488 0-849 1-717 2-383 2.933
46 —0-537 0-834 1-731 2:421 2.989
48 —0-587 0-817 1-743 2:456 3.043
5:0 —0-638 0-799 1-753 2-487 3093
55 —0-768 0-744 1-766 2-555 3-206
60 —0-899 0-681 1-765 2:606 3-302
65 —1.033 0-609 1-753 2-645 3-382
7-0 —1-168 0-532 1731 2:671 3-450
75 —1-305 0-448 1-700 2-686 3-505
80 —1-4423 0-360 1-661 2-601 3-549
85 —1-581 0-267 1-616 2-688 3.584
9.0 —1.721 0171 1-564 2.676 3-608
95 —1-861 0072 . 1-506 2.658 3-625

10-0 —2:002 —0-030 1-443 2-632 3-633

12:0 —2:573 ~0-463 1-151 2-475 3-602

14:0 — —0-925 0-807 2.248 3-486

16-0 — —1-408 0-427 1-989 3-304

18:0 — --1-908 0-018 1-649 3-073

20-0 — —2:420 —0-414 1-298 2:801

25-0 S — —1-566 0-317 1-989

30-0 — — —2.793 —0-789 1041

35-0 — —_ — —1-928 0-001

40-0 — — — —3-142 —1-109

450 — ‘ — — — —2:272
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APPENDIX II

TABLE 6 (continued)

Electrons produced by Electrons

€ = logq(wy/w)

[App. II

14 €= 60 7-0 8:0 9-0 10-0
0-2 — 0-166 0-250 0-331 —
0-4 — 0-537 0-603 0-675 | —
0-6 —_ 0-861 0-942 1-019 1-088
0-8 1-033 1-142 1-241 1-333 1-422
1-0 1-263 1-393 1-511 1-618 1-721
1-2 1-470 1-621 1-757 1-881 1-995
14 1-659 1-831 1-983 2-125 2-252
1-6 1-832 2-023 2-192 2-348 2-495
18 1-993 2-201 2-388 2:559 2717
2-0 2-143 2-369 2-573 2-760 2-930
2:2 2-283 2:528 2-749 2-948 3-133
2-4 2-416 2-678 2-912 3-126 3-323
2-6 2-542 2-820 3-068 3-297 3-507
2-8 2:660 2-953 3218 3-458 3-680
3-0 2.771 3-080 3-359 3-612 3-847
32 2-876 3-201 3-494 3-763 4-007
3-4 2-977 3-318 3-624 3-902 4-160
3-6 3-071 3-427 3-747 4-039 4-309
38 3-161 3-532 3-865 4-170 4-450
40 3-246 3633 3-980 4-295 4-589
4-2 3-327 3-728 4-088 4-417 4-718
44 3-404 3-819 4-193 4-533 4-847
4.6 3:477 3-907 4-294 4-646 4-969
48 3-547 3-991 4-390 4-753 5089
50 3-613 4071 4-484 4-858 5-203
55 3-765 4-258 4-700 5103 5-475
6-0 3-899 4-425 4-899 5-329 5726
65 4-017 4-576 5-078 5-536 5-957
7-0 4-120 4-711 5-242 5-726 6-171
7-5 4211 4-833 5-393 5-901 6-370
8-0 4-289 4-942 5-529 6-063 6-555
85 4-356 5040 5-653 6-213 6-727
9-0 4-414 5-126 5-767 6-351 6-887
95 4-462 5-202 5-869 6-477 7-036

10-0 4-501 5-270 5-962 6-593 7-174
12:0 4-586 5-460 6-249 6-970 7-634
14-0 4-573 5-544 6-423 7-227 7-970
16-0 4-485 5-545 6-508 7-390 8-207
180 4-338 5-479 6-519 7-474 8-360
20-0 4-144 5-359 6:470 7-494 8-444
25-0 3-498 4-875 6-144 7-320 8-417
30-0 2-688 4-201 5-603 6-909 8-133
35-0 1:-764 3-394 4-910 6-329 7-664
40-0 0-757 2-487 4104 5-622 7-056
45-0 —0:315 1-505 3-210 4-817 6:337
50-0 —1-439 0-463 2-248 3-934 5-533
60-0 —3-805 —1-762 0-164 1-989 3-727
70-0 — — —2:080 —0-136 1-719
80-0 — — — —2:396 |- —0-437
90-0 — — — — —2:707
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TABLE 6a
1009(Z, w)

First-order correction for ionization loss is obtained by replacing
' w —> w-+g(¢, w)

{ le=1 2 3 4 5 6 7 8 9 10
1 51 43 37 33 32 30 28 27 25
2 — 67 66 48 43 40 37 35 33 32
3 98 77 65 57 51 47 43 41 39 37
4 | 101 86 72 63 57 52 49 45 43 41
5 — 92 78 69 62 57 53 50 47 45
6 —_ 96 84 74 67 62 57 53 51 48
7 — 100 88 79 71 65 61 57 54 52
8 — 102 92 83 75 69 64 60 57 54
9 — 105 95 86 79 72 67 63 60 57
10 — 107 97 89 82 75 71 66 63 60
12 — 109 101 94 87 81 76 71 68 65
14 — — 105 98 91 86 80 76 72 69
16 — — 108 101 95 89 85 80 76 73
18 —_ —_ 110 104 98 92 88 83 79 76
20 —_ — 112 106 100 95 90 87 83 79
25 — — — 111 105 101 97 93 89 86
30 —_ — — 114 109 1056 101 97 94 91
35 — — — — 112 108 104 101 98 95
40 — — — — 114 111 108 104 101 98
50 — — — —_ — 115 112 109 106 103
60 — —_ — -—_ — — 114 112 110 108
70 — — — — — — — — 112 111
80 — — — — — — — — 1156 113

3595.40 pd



402 TABLE 6 b. Electrons produced by Photons

log;o Qo(wy, w; §) € = log;o(w,/w)

b4 €e=10 2-0 3-0 4-0 50
01 — — —_— —_ J—
02 — — — —_ —_
0-3 — — — _— —_—
04 — —_ —_— J— —_—
0-5 — —_ —0-079 — —_
0-6 — — 0-039 —_— —
0-7 — — 0-146 0-263 —
0-8 — — 0-243 0-376 —
0-9 — 0-141 0-332 0-480 —
1-0 — 0-202 0-414 0-579 0-718
1-1 — 0-258 0-490 0-672 0-825
1-2 —_ 0-309 0-561 0-759 0-924
1-3 — 0-356 0-628 0-841 1-020
14 —0-028 0-399 0-691 0-920 1-112
15 —0-015 0-439 0-751 0-995 1-198
1-6 —0-005 0-477 0-807 1-065 1-283
1-7 0-003 0-511 0-860 1-133 1-362
1-8 0-009 0-543 0-910 1-199 1-440
19 0-012 0-572 0-958 1-260 1-513
2-0 0-014 0-599 1-003 1-320 1-584
2-2 0-012 0-648 1-087 1-431 1-719
2-4 0-005 0-689 1-164 1-534 1-844
2-6 —0-008 0-724 1-232 1-630 1-962
2-8 —0-025 0-754 1-295 1-719 2-072
3-0 —0-045 0-778 1-351 1-801 2-175
3-2 —0-069 0-798 1-403 1-877 2-272
3-4 —0-097 0-813 1-449 1-948 2-363
36 —0-126 0-825 1-491 2-013 2-449
38 —0-158 0-833 1-529 2-075 2-530
4-0 —0-191 0-837 1-562 2-131 2-606
4.2 —0-227 0-839 1-593 2-184 2-678
44 —0-263 0-838 1-619 2-234 2-746
4-6 —0-301 0-835 1-643 2-279 2-810
48 —0-341 0-828 1-663 2-321 2-871
50 —0-381 0-820 1-681 2-361 2-928
55 —0-486 0-791 1714 2-446 3-057
8-0 —0-597 0-750 1-733 2-515 3-168
65 —0-711 0-701 1-740 2-569 3-264
7-0 —0-828 0-643 1-735 2-610 3-345
75 —0-948 0-578 1-721 2-640 3-413
8-0 —1-070 0-507 1-698 2-660 3-471
85 —1-195 0-431 1-667 2-670 3-517
9-0 —1-321 0-351 1-630 2-671 3-564
95 —1-449 0-266 1-586 2-665 3-582

10-0 —1-579 0-177 1-536 2-652 3-602
12:0 —2:110 —0-208 1-291 2-539 3-612
140 —2-656 —0-631 0-988 2-351 3-532
16-0 — —1-081 0-641 2-105 3-384
18-0 — —1-552 0-262 1-816 3-181
20-0 — —2-039 —0-143 1-492 2-936
25-0 — —_ —1-239 0-567 2-180
30-0 — — —2-422 —0474 1-279
350 —_ — —_ —1-595 0-277
40-0 — — — —2-776 ~0-800
45-0 —_ — — — —1-935
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TABLE 6 b (continued)

Electrons produced by Photons
€ = log;o(wy/w)

403

¢ €= 60 7-0 8-0 9:0 100
02 — — — — —
0-4 —0-055 — — — —
0-6 0-288 0-359 0-418 — —
0-8 0-583 0-672 0-750 0-826 0-895
10 0-841 0-950 1-047 1137 1-226
1-2. 1071 1-201 1-317 1-423 1-525
14 1-280 1-429 1565 1-687 1-800
16 1-472 1-639 1-791 1-932 2-059
1-8 1-649 1835 2.003 2.157 2:302
2:0 1815 2:018 2:203 2-371 2-527
2.2 1-969 2:190 2-392 2-576 2.744
24 2:113 2:352 2:567 2-764 2.947
26 2.249 2-504 2.734 2-945 3-140
28 2377 2-648 2-894 3-119 3-326
3-0 2-498 2785 3-045 3-282 3-501
3-2 2:613 2.916 3-189 3-440 3-672
3-4 2.723 3-040 3-328 3-590 3-832
36 2-825 3-158 3-459 3-734 3-988
38 2.923 3-271 3-585 3-873 4137
40 3-016 3-380 3-707 4-005 4-282
4.2 3-105 3-482 3-822 4134 4-421
44 3-189 3-581 3-934 4-256 4554
46 3-269 3-676 4-042 4-376 4-684
48 3-345 3-765 4144 4-490 4-809
50 3-418 3-852 4-244 4-600 4-930
55 3-586 4-054 4-475 4-860 5:217
6-0 3-734 4-235 4-687 5-099 5-479
65 3-865 4-399 4-879 5-319 5-723
7-0 3-982 4-546 5-055 5-520 5-949
75 4-084 4-680 5-217 5-707 6-159
8-0 4175 4-800 5-364 5-879 6-354
85 4-254 4-908 5-499 6-039 6-536
9:0 4-323 5-006 5-622 6-186 6-706
95 4-381 5-092 5-735 6-321 6-863

100 4-431 5-169 5-837 6-446 7-010
120 4554 5-395 6-158 6-856 7-502
140 4-576 5512 6-363 7-144 7-866
16:0 4-519 5-543 6-475 7-334 8-129
180 4-401 5-504 6-513 7-442 8-305
20-0 4-232 5-409 6-488 7-485 8412
25-0 3-642 4-980 6-215 7-363 8-435
30-0 2-878 4-351 5-719 6-996 8194
35-0 1-993 3-582 5-064 6-454 7-762
40-0 1-019 2-709 4-202 5-780 7-186
45-0 —0-024 1.767 3.428 5-005 6-498
50-0 —1-122 0-740 2-492 4148 5-720
60-0 — ~1-440 0-452 2-248 3-958
70-0 — — —1-754 0-160 1-988
80-0 — — — —2.066 —0134
90-0 — — — — —2:376




404

APPENDIX II

TABLE

7

Photons produced by Electrons
log;o Po(we, w5 {)

e = log;o(w,/w)

[App. II

¢ €= 10 2:0 3-0 40 5-0
01 — — — — —
0-2 — — — — —
0-3 — — 0-357 0-472 —
0-4 — — 0-457 0-610 —
0-5 — — 0-557 0-731 0-891
0-6 — 0-384 0-646 0-840 006
0-7 — 0-439 0-725 0-938 1-110
0-8 — 0-492 0-797 1-026 1209
0-9 — 0-539 0-863 1-106 1-303
10 — 0-582 0-922 1-180 1-390
11 — 0-621 0-978 1252 1-475
1-2 0-094 0-655 1-031 1-318 1-554
13 0-103 0-687 1-080 1-382 1-630
14 0-109 0-716 1-127 1-443 1703
15 0-112 0-743 1171 1501 1772
16 0-114 0-767 1212 1556 1840
17 0-11: 0-789 1-252 1-610 1-904
18 0-111 0-810 1-290 1-660 1-968
19 0-107 0-828 1-325 1710 2-027
2-0 0-101 0-845 1-358 1756 2-086
22 0-086 0-875 1-421 1-845 2-197
2.4 0-066 0-900 1477 1.927 2:301
2:6 0-043 0-919 1528 2:003 2-398
2.8 0-016 0-934 1575 2-074 2489
30 —0-014 0-946 1-616 2-140 2.575
3-2 —0-046 0-953 1653 2-201 2-656
3-4 —0-080 0-958 1-687 2-257 2.732
3-6 —0-116 0-959 1716 2:310 2-804
3-8 —0-154 0-958 1.742 2-359 2.872
40 —0-193 0-953 1-766 2-404 2:936
42 —0-233 0-947 1-786 2-446 2:996
4-4 —0-274 0-938 1803 2-485 3-054
4-6 —0-317 0-927 1-818 2-521 3-107
4-8 —0-360 0-915 1-830 2:554 3-157
5-0 —0-404 0-900 1-840 2-584 3-205
55 —0-517 0-856 1855 2-649 3-313
6-0 —0-634 0-804 1-859 2-700 3-405
65 —0-754 0-743 1-851 2.738 3-483
7-0 —0-877 0-676 1-834 2.765 3-548
75 —1-002 0-603 1-809 2-782 3-602
80 —1-129 0-525 1776 2-789 3-646
85 —1-257 0-442 1736 2-789 3-681
9-0 —1-387 0-355 1690 2-781 3-706
95 —1-518 0-264 1-638 2.765 3-724

10:0 —1-651 0-171 1582 2.744 3734
120 —2192 —0-231 1314 2-603 3713
140 —2747 —0-667 0-993 2-393 3-608
160 — —1127 0-634 2-131 3-440
180 — —1-607 0-243 1-828 3-222
20-0 — —2-101 —0171 1-493 2-963
25-0 — — —1-285 0-546 2-182
30-0 — — — —0:510 1-263
35-0 — — -— —1-643 0-247
40-0 — — — —2.834 —0-840
450 — — — — —1-984
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logo Po(we, w; £)

TABLE 7 (continued)

Photons produced by Electrons

e = log;o(wo/w)

14 € = 60 7-0 8-0 9-0 10-0
0-2 — 0-434 0-628 0-755 0-857
0-4 - 0-869 1-011 1-118 1-203
0-6 1155 1-211 1-334 1-442 1-539
0-8 1-369 1-493 1-615 1-731 1-843
1-0s 1-571 1-730 1-867 1-994 2:115
1-2 1-756 1-934 2 095 2-237 2-369
1-4 1-926 2-124 2-301 2-461 2-608
1-6 2-083 2-300 2-492 2-667 2-830
1-8 2-231 2-464 2-673 2-863 3-:038
2-0 2-369 2-619 2-844 3-051 3-239
2-2 2-498 2-765 3-006 3-224 3-426
2-4 2-621 2-905 3-159 3-392 3-606
2:6 2-737 3-037 3-306 3-562 3-778
2-8 2-847 3-161 3-446 3-703 3-041
3-0 2-950 3-280 3-578 3-850 4-101
3-2 3-048 3-395 3-706 3-990 4-251
3-4 3-141 3-503 3-828 4-123 4-398
3-6 3-230 3-606 3-944 4-254 45637
3-8 3-314 3-7056 4-057 4-377 4-673
4-0 3-394 3-800 4-164 4-497 4-802
4-2 3-471 3-890 4-268 4-611 4-929
44 3-544 3-977 4-368 4-723 5-060
4-6 3:613 4-061 4-463 4-830 5-168
4-8 3679 4-140 4-555 4-933 5-281
50 3-742 4-217 4-644 5-033 5-392
5-5 3-887 4-394 4-852 5-269 5-652

*6-0 4-014 4-555 5-041 5-484 5-893
65 4-128 4-699 5214 5:683 6-116
7-0 4-227 4-830 5-372 5-867 6-324
7-5 4-315 4-947 5516 6-038 6-517
8-:0 4-391 5-063 5-649 6-194 6:696
8:5 4-457 5-147 5-770 6-338 6-863
9-0 4-513 5:231 5-879 6-471 7-018
9-5 4:561 5-306 5-979 6:594 7-162

10-0 4:601 5:373 6:070 6-708 7-297

12-0 4-688 5:561 6-352 7-076 7-747

14-0 4-683 5648 6-526 7-331 8-076

16-0 4-605 5:655 6-613 7-494 8-311

18:0 4-468 5:597 6-629 7-580 8-464

20-0 4-284 5-485 6-586 7-604 8:551

250 3-666 5-024 6-278 7-444 8-534

30-0 2-881 4-372 5:757 7-051 8-264

35-0 1-981 3-587 5-084 6-488 7-810

40-0 0-994 2-700 4-297 5-798 7-217

45-0 —0:058 1:736 3-420 5-010 6-515

50-0 —1-1656 0-710 2-474 4-142 5-726

60-0 —_ —1-484 0-419 2-225 3-945

70-0 — — —1-800 0-124 1-962

80-0 * — — —_ —2-113 —0-172

90-0 —_— — —_ —_ —2-423




408 TABLE 7 a. Photons produced by Photons
log;o Po(wy, w; L) € = log;o(w,/w)

4 e=1.0 20 3-0 4:0 5-0
01 — — — — —
02 — — — — —
0-3 — — — — —
0-4 —_ —_ — — —_
0-5 — — — — —_
06 —_— — — — €. N
0-7 —_ — 0-458 0-647 0-737
0-8 —_ — 0-528 0-721 0-842
0-9 —_ — 0-594 0-794 6-941
1-0 —_ —_ 0-657 0-864 1-037
1-1 _ 0-437 0-717 0-940 1.127
1-2 — 0-474 0-774 1-013 1-214
1-3 —_ 0-508 0-829 1-084 1-297
14 0-067 0-541 0-882 1-162 1-378
1-5 0-072 0-572 0-932 1-216 1-455
1-6 0-076 0-602 0-979 1-279 1-529
1-7 0-079 0-629 1025 1-339 1-601
1-8 0-081 0-655 1-069 1-396 1-669
1-9 0-082 0-679 1-110 1-451 1-737
2-0 0-082 0-702 1-150 1-504 1-800
2.2 0-079 0-743 1-224 1-604 1-923
2.4 0-073 0-779 1-291 1-698 2:037
2:6 0-063 0-810 1-353 1-785 2.145
28 0-051 0-836 1-409 1-865 2.246
3-0 0035 0-858 1-461 1-940 2-342
3-2 0-017 0-877 1-508 2-010 2432
3-4 —0-003 0-892 1-550 2-076 2:517
3:6 —0-025 0-904 1-589 2-137 2-596
3-8 —0-050 0-912 1-624 2-194 2:67%
4-0 —0-076 0-918 1-656 2-247 2-743
42 —0-104 0-921 1-685 2.206 2.810
44 —0-133 0-922 1-710 2.343 2.875
46 —0-164 0-921 1-733 2-386 2936
48 —0-196 0-917 1-753 2:426 2.992
50 —0-229 0-912 1-770 2.463 3-046
55 —0-317 0-889 1-804 2-544 3-169
6-0 —0-411 0-857 1-825 2-611 3-275
6-5 —0-5610 0-815 1-834 2-664 3-368
7-0 —0-613 0-766 1-833 2-705 3-446
7-5 —0-720 0-710 1-822 2-735 3-513
80 —0-830 0-648 1-804 2756 3-569
85 —0-943 0-580 1-778 2.768 3-615
9-0 —1-059 0-508 1-745 2.772 3-652
95 —1.177 0-431 1-707 2.769 3-680
10- —1-207 0-350 1-663 2.759 3702
12:0 —1-793 —0-006 1-439 2-660 3-719
14-0 —2-311 —0-402 1-157 2-487 3-649
16-0 —2-844 —0-829 0-831 2-257 3-513
18-0 —_ —1-280 0-470 1-984 3-323
20-0 —_ —1-749 0-082 1-674 3-090
25-0 — — —0-978 0-783 2.364
30-0 —_ — —2.129 —0-228 1-490
350 — — — —1-323 0512
400 — — — —2.482 —0-543
450 —_ — — — —1-657




TABLE 7 a (continued)

407

Photons produced by Photons
logyo Po(wy, w3 L) € = logo(w,/w)
L €= 60 7-0 80 9:0 10-0
0-2 — — — — —
0-4 — — 0-585 — —
0-6 , — — 0-901 0-972 1-035
0-8 —_ — 1-185 1-276 1-361
1-0 1185 1-319 1-444 1-553 1-658
1-2 1-387 1-542 1-683 1-809 1-926
14 1-573 1-748 1-905 2-050 2-179
1-6 1746 1-939 2-111 2.271 2-420
1-8 1-907 2-117 2-305 2-479 2-640
2:0 2-058 2-285 2:490 2-679 2-851
2-2 2-200 2-443 2-665 2-866 3-064
2-4 2.333 2-594 2-828 3-043 3-242
2-6 2-458 2-736 2-985 3-215 3-426
2-8 2-577 2-870 3-136 3-376 3-598
3-0 2-689 2.998 3-276 3-530 3-766
3-2 2-797 3121 3-412 3-680 3-926
34 2-899 3-237 3-543 3-821 4-079
3-6 2-994 3-348 3-667 3-959 4-228
3-8 3-086 3-455 3-787 4-089 4-369
4.0 3-174 3-556 3-901 4.216 4-508
4.2 3-258 3-653 4-011 4-338 4-639
4-4 3.337 3.747 4118 4-455 4-768
4.6 3-412 3-836 4-218 4-569 4-890
4.8 3-485 3-922 4-317 4-677 5-011
50 3-554 4-005 4-411 4-784 5-126
55 3-713 4-196 4-633 5-032 5-400
6-0 3-855 4-37] 4-835 5-260 5-653
65 3-981 4-527 5-021 5471 5-889
7-0 4-093 4-669 5-190 5-667 6-107
7-5 4-192 4-798 5-345 5-847 6-310
80 4-280 4914 5-488 6-013 6-499
85 4-357 5-019 5619 6-167 6-675
9:0 4-424 5113 5-739 6-310 6-839
95 4-482 5-198 5-847 6-442 6-992
10-0 4-531 5-273 5-947 6-564 7-135
12-0 4-656 5-497 6-262 6-965 7-616
14-0 4-683 5615 6-466 7-248 7-973
16-0 4-635 5-651 6-580 7-437 8-233
180 4-525 5-619 6-622 7-548 8410
20-0 4-367 5-531 6-602 7-593 8:518
25-0 3-802 5-123 6-345 7-484 8-550
30-0 3063 4-516 5-869 7-133 8-323
35-0 2-201 3-768 5-233 6-608 7-905
40-0 1-248 2-915 4-478 5951 7-344
45-0 0-223 1-980 3-632 5-192 6-671
50-0 . —0-857 0-980 2-711 4-350 5-908
60-0 — —1:170 0-701 2-478 4173
70-0 — — —1-480 0-415 2-227
800 — — — —1-789 0-126
90-0 — — — — —2.097
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Cascade Theory including Ionization Loss .

678. From Q,, the numbers of electrons which would arise without
ionization loss, the actual number of electrons can be calculated in a
first approximation by replacing w by w+g(¢,w) (Bhabha and Chakra-
barty (1943), see § 392). The values of 100g({, w) are collected in Table
6a. Similar corrections could be made for P,, the number’ of photons
given in Table 7; however, the approximations thus obtained for the
number of photons of low energy would not be very reliable, because
the number of photons of low energy is in any case very poorly repre-
sented by the above theory which uses cross-sections corresponding to
full screening.

Low energy photons of a few MEV. are in fact much more penetrating
than those of higher energies (Schonberg and Occhialini (1942)). Calcu-
lations of the numbers of low energy photons have been carried out by
Dallaporta and Clementel (1946) and also by Greisen (1949).

Tables for Computation of Extensive Air Showers
679. In Chapter VIII we introduced a function
F(z) = aly)x. (8)

The function F is connected with the density distribution of an exten-
sive air shower at the depth {, where

1 1
0= o {logat) 4+ (log . (9)
az(y+3) % 4
A few numerical values are collected in Table 8.
TABLE 8
logyo 2(y)
= 14 1-2 1.0 08 06 0-4 0-2
=10 8-90 585 411 293 202 1-12 —
156 13-44 8-87 6-26 4-52 3-22 2-:04 0-34
20 — 11-88 8-41 6-12 442 2-95 1-04
25 — -— 10-56 7-71 5:62 3-87 1.75
30 — —_ 12-71 9-30 6-82 4-79 2:46
logy, a(y)
=10 0-82 —0-48 —1-36 —1-99 —2:45 —2:80 —310
15 1-98 —0-06 —1-45 —2:44 —3-17 —3:70 —4-13
20 — 0-39 —1:51 —2:88 —3-87 —4-60 —5:16
25 —_— 0-85 —1-56 —3:29 —4-56 —5-49 —6:20
30 —_ — —1:60 —3-70 —5-24 —6-38 —17-23
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TABLE 8 (continued)
—logy, [F(2)]
y = 14 | 12 | 10 08 06 0-4 02 | z=1

(=10 11-64 7-50 5-47 4-33 3-66 3:25 203

15 16-84 10-70 771 6-06 510 4-53 4-20 4-17

l

20 —_ 13-87 9-92 7-78 6-52 578 5-38 5-31
25 — — 12-12 9-46 7-93 7-04 6-55 6:45
30 — —_ 14-31 11-14 9-33 8-30 7-72 7-59

The function F(z) is plotted in Tig. 104 and Fig. 130.
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Fia. 130. Tho function F(z). Compare also Fig. 104.

Fluctuation of Cascades
680. The distribution function giving the probability that an electron
gives rise to exactly IV electrons instead of the average number (N) has
been computed by Arley (1943). The distribution functionisrepresented
by a Pélya distribution; this distribution differs appreciably from the
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Poisson distribution. Some data given by Arley are reproduced in

Table 9.t
TABLE 9

Probability Distribution
Probability #(y,, (', N) that a primary energy W, gives rise to exactly

N electrons at the depth ¢'. ¢
Yo = log (Wo/We),  {=log,2x{'.
=02 {'=04
Yo 2 4 6 2 4 6
N=0| 00126 0-0010 0-0001 0-0296 0-00255 | 0-00021
1| 0958 0-940 0-911 0-873 0-796 0-704
2| 00288 0-0572 0-0847 0-0924 0-180 0-243
3| 0-00043 0-00174 0-00394 0-00489 0-0203 0-0462
4| 4x10~* | 3-5x107%| 0-000122 | 2x10~¢ | 0-00153 | 0-00638
>56 0 0 0 0 0 5x 104
=086 =08
N =0/ 00483 0-00421 0-00043 | 0-0676 0-00616 | 0-00055
1| 0-768 0-645 0-533 0-669 0-533 0-393
2| 01665 0-254 0-278 0-217 0-275 0-263
3| o-o178 0-0726 0-117 0-0400 0-115 0-154
4| 000127 | 0-0181 0-0453 0-00545 | 0-0448 0-0868
>6| 7x10° | 0-00530 | 0-0261 0-00060 | 0-0267 0-103
c/ =1 c/ =2
N =0/ 00884 0-00793 0-00073 0-186 0-0208 0-0022¢
1| 0599 0-430 0-291 0-373 0-222 0-126
2| 022 0-267 0-230 0-204 0-165 0-103
3| 00651 0-145 0-163 0-110 0-127 0-0886
4| 00169 0-0749 0-110 0-0591 0-0991 0-0771
>5| 000538 | 00746 0-206 0-0683 0-366 0-603
r—3 r=5
N=o0]| 0279 0-0395 000476 | 0-0513 0-0905 0-0116
1| 0280 0-154 0-0758 0-201 0-112 0-0380
2| 0158 0-111 0-0811 0-102 0-0815 0-0305
3| 00982 0-0900 0-0537 0-0615 0-0670 0-0271
4| 0-0628 0-0754 0-0485 0-0392 0-0574 0-0250
>5| 0121 0-530 0-756 0-0824 0-591 0-868
v=" U =10
N=0| 0704 0-149 0-0164 0-903 0-277 0-0315
1| 0147 0-106 0-0237 0-0594 0-136 0-0262
2| 0-050 0-0773 0-0201 0-0202 0-0939 0-0223
3| 00342 0-0631 0-0183 0-00868 | 0-0720 0-0201
4| 00194 0:0536 0-0171 0-00414 0-0569 0-0200
> 5| 00302 0-551 0-905 0-00447 0-365 > 0-880

1 Arley uses conventions for the critical energy and a cascade unit different from
those used in this book (compare also Ch. VI, § 390). The units are explained on.the
top of Table 9.



TABLE 9 (continued) 4

=14
Yo = 2 4 6

N=20 0-984 0-583 0-0727

1 0-0121 0-162 0-0505

2 0-00270 0-08556 0-0422

3 0-00079 0-0522 0-0372

4 0-00026 0-0340 0-0336

>5 0-00015 0-0837 0-764
(] Log,,®

1000 \\ 3-0
\\ 2-9
2:8
500 2-7
\\ 2'6
\ 2.5
N 24
200 2-3
\Y 2 2

N\ 241

100 \\ 2-0

1-9
N\ -t
50 A 17
16
. 15
\ 1.4

N
20 1-3
N

12
1-1

10 1-0
0 10 20 z/km 30

)4

Fia. 131. Depth @ in g./cm.? below the top of the atmosphere as a function of
height z in km. (Compare Rossi, 1948.)



APPENDIX III
REMARKS ON ELECTRONIC CIRCUITS

681. THE electronic circuits described in Chapter I1 have served their
purpose in many years of cosmic-ray research. As a result &f the rapid
development of valve technique many of these circuits have now been
replaced by more elaborate ones. We describe a few useful examples.

The innovations have occurred mainly because of a general change
of point of view as to what is desirable. Originally it was attempted to
use as few components as possible to achieve a given purpose; it was
argued that each additional component introduces a certain risk of
failure. Components and valves have been so much improved and the
ideas about circuits have so much advanced that the risk involved in
using many components has now been much reduced. The relatively
most unsatisfactory components of any counter arrangement are now
the Geiger-Miiller counters themselves, and therefore, the aim is to use
these counters more or less as triggers only, and make the performance
of the circuit as far as possible independent of the shape and actual
duration of the counter discharge.

682. Circuits have been devised which are an improvement of the
Neher-Harper circuit (see § 85). In these circuits immediately after the
onset of the counter discharge the counter voltage is lowered sufficiently
to stop further spread of the discharge along the counter wire. (This
rapid lowering of the voltage is obtained using a ‘flip-flop’.) This
circuit can be used to reduce the dead time (§ 88) of counters con-
siderably (see Simpson (1944), Du Toit (1947), and Hodson (1948)).
Hodson’s arrangement is shown in Fig. 132.

Cathode Follower

683. Attention has been drawn to the advantage of using cathode
follower circuits. The voltage pulse given by a Geiger-Miiller counter
develops across a high resistance (usually of the order of 0-1 to 1 MQ)
and therefore comparatively small loads on this pulse will reduce or
distort the pulse. It is often desirable to transport the counter pulse
to a distant amplifier; to avoid disturbances and also pick-up between
pulses, led along different leads, shielded cables have to be used. The
capacitance of such shielded cables is necessarily too large to permit the
cable to be fed directly from the counter pulse itself. The difficulty is
overcome by the use of a cathode follower.
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The cathode follower is a 1:1 amplifier as shown in Fig. 133. The
pulse produced on the grid is followed exactly by the potential varia-
tion of the point A. The pulse is thus transferred to a system of low

#+200V ¢ +150V +60V  ¢+60V

Geiger Muiller Counter

+150V

—14V
Frc. 132. ‘Fhp-flop’ circuit for reduction of dead time (Hodson, 1948).

+250V

Characteristic
lmpedance

0:1MF Coaxial Cable

F1c. 133. Cathode follower of usual design.

impedance, and cven fast pulses can thus be transmitted through long
shielded cables.

To avoid reflection at the output end of the cable it is of advantage
to insert there a resistance connecting the centre wire with the earthed
shield; this resistance is the so-called characteristic impedance, its value
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depends on the properties of the cable, but values of the ordgr of 1,000 Q
are usual.

The pulse may be shaped more thoroughly before being passed on to
the Rossi circuit. A usual design of such a shaping circuit consists of
a double triode flip-flop, an amplifier, and a cathode follower., A typical
design has been communicated to us by Mr. R. B. Owen and is shown

in Fig. 134.
+250V 16m A
22K% %3%
e o A RS 270K
l N4 L
] 0002
0-002 +—
[ Cll— G
6SNT 50K 125 05K
pF
M S250k 356K

Fia. 134. Shaping circuit for G.M. discharges (R. B. Owen). The counter discharge
triggers the 6SN7 flip-flop. The square pulse resulting at 4 is differentiated by R, and
C,, amplified by valve I and followed by valve II. Remark:—good earthing essential.

«

Rossi Circuit

684. The pulses from various counters can be fed to a Rossi circuit
(see § 93). The pulses received through the cables have sharp leading
edges corresponding to the sudden change of potential at the onset of
discharge; the exponential tail of the pulse at the input can be much
reduced by inserting a suitable R—C differentiating circuit before or after
the cathode follower.

Dealing with pulses of durations of a few micro-seconds only, it is of
importance to safeguard that the potential at the plates of the Rossi
valves (Fig. 185) should be able to rise sufficiently in the course of the
pulse. The time constant for this rise is equal to the common load
resistance of the Rossi valves multiplied by the sum of the anode
capacities of the valves. To reduce this time constant to a minimum
the common load must be chosen to be as small as possible; on the other
hand so as to have clear discrimination of genuine coincidences the load
resistance must be large as compared with the effective resistance of the
Rossi valves. It is therefore desirable to use for the Rossi valves
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pentodes ca‘pa.ble of carrying large currents. Types EF 35 have been
used with advantage.

To avoid interference with the performance of the Rossi circuit it is
sometimes of advantage to insert a cathode follower after the Rossi
output. This procedure is particularly of advantage if the Rossi circuit
forms only, part of a more complicated network. A typical circuit is
shown in Fig. 135.

50PF

50K

F1a. 135. Typical Rossi circuit.

. Output

685. For the recording of coincidences the thyratron circuit described
in § 89 may be replaced by a hard valve circuit. The main disadvantage
of the older thyratron circuit is the difficulty of extinguishing the arc
in the gas-filled relay and the electric disturbances often caused in this
process.

A typical output circuit using hard valves only is shown in Fig. 136.

Self-recording Counters
., 686. A circuit by V. Regener by which discharges of individual
counters simultaneous to some master event can be recorded is
described in § 102. An alternative circuit has been communicated to us
by Mr. R. B. Owen (Manchester). This circuit is designed to give very
high resolving time and efficiency.

The shaped pulses of the Geiger-Miiller counters are passed on to
gate valves @, G,,...; these have the purpose of not passing on the pulse
unless the gate has been opened by a master pulse. The suppressor grids
of the gate valves @,, G,, etc. (Fig. 137) are kept normally at a highly
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negative potential. The positive master pulse is fed s1multaneously on
all the suppressor grids and thus the valves are made sensitive to pulses
on the control grids. Those G-valves which receive simultaneous pulses

Mechanical
Counter
.

/. O+ HT
S/«

+HT

10K

B65N7 [
1
o =y
=30V FL35
F1a. 136. Flip-flop output.
+290V
27K/n
= seee ¢
,8-}91
. Earth
L D,
N o e

Earth
C—-70v

F1a. 137. Self-recording counters (R. B. Owen).

on both grids pass these pulses through diodes D,, D,, etc., on to the
grids of pentodes K;, K,, etc. The negative pulses coming from the
diodes leave the condensors CK;, CK,, etc. with considerable negative
charge and the pentodes K;, K, remain blocked for sufficient perlods to
let the indicators strike.
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The above circuit switches the indicators on if the signal is passed.
If one prefets to have a neon lamp extinguished by the pulse instead
(see § 102), then the neon lamp has to be connected across the load
resistance rather than across the pentode itself.

We note that, even in the absence of a master pulse, pulses are ob-
tained at the point B (Fig. 137); the size of these pulses depends on the
number of valves @, having received simultaneous signals on their
control grids. The pulse at B may be passed through a discriminator
stage ‘and be recorded independently or taken as part of the master
pulse itself.

3595.40 Ee



APPENDIX IV
THE PHOTOGRAPHIC METHOD

687. THE photographic-plate technique first employed for cosmic-ray
research by Blau and Wambacher (1937) has now become an all im-
portant tool. For older literature see Shapiro (1941). The technique
has been largely perfected by the researches of the Bristol grovp and
through the researches into nuclear emulsions of Messrs. Ilford and
Messrs. Kodak. See Powell, Occhialini, Livesey, and Chilton (1946);
for the electron sensitive emulsion Berriman (1948); also Demers (1947).
The technique has thus lately attained such a perfection that it will no
doubt replace many far more difficult experimental procedures of the
past. We mention in this connexion the remarkable role of the photo-
graphic plate in the discovery of the m-u-decay and the =-meson. The
latest electron-sensitive plates have already yielded such important
results as the quantitative determination of the decay spectrum of the
p-meson (Chap. V) (Davies, Lock, and Muirhead (1949)) and the distri-
bution of particles in penetrating showers.

Technique

688. The tracks of fast particles in photographic emulsions resemble
in many respects the cloud-chamber tracks of particles; in fact the
analysis of both types of track is largely analogous. In particular the
grain density produced by a particle is a monotonic function of its rate
of ionization. Therefore a relation between grain density and velocity,
not unlike the well-known relation between velocity and ionization
exists.

While there is a far-reaching analogy between photographic-plate
tracks and cloud-chamber tracks there is also a great deal of difference
between the type of information the two methods are capable of pro-
ducing—the scale of the events recorded being very different.

The photographic emulsion, having sufficient density and being con-
tinuously sensitive, will record with perfect efficiency collisions occurring
inside the emulsion. The ‘stars’ discovered by Blau and Wambacher
are of course the first examples of such collisions.

Further the photographic plate is suitable for the investigation of
short-lived particles and of particles of short range. Decay processes
with a half-life of greater than 10-! sec. can be easily observed in
emulsions.
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The amount of matter of the emulsion along an average track corre-
sponds to afew MEV. for mesons; or about a stopping power of the order
of 110 MEV. for singly charged particles. The photographic emulsion
is thus suited for the investigation of the last few MEV. of tracks.

In comparison the ends of tracks can only rarely be observed in the
gas of the ghamber owing to the small stopping power of the gas of the
chamber. The cloud chamber has, however, advantages over the photo-
graphjc plate such as the possibilities of counter control, the observa-
tion of complicated shower phenomena, etc. Thus the photographic-plate
method and cloud-chamber method must be regarded as complementary
methods opening different ways of approach.

Observation of Tracks in the Emulsion

Developing

689. Uniform development of the emulsion is essential so as to avoid
spurious changes of grain density of the micro image. It is also im-
portant to avoid undue distortion of the emulsions in the process of
development. In a distorted emulsion tracks might appear scattered as
an effect of the distortion. Emulsions up to 100 . thick can be developed
without difficulty. Emulsions of 200 or more must be treated with
special precautions; various methods are in use, the common feature of
these methods being that development is prevented by temperature or
otBer means until the emulsion is well soaked. See for details Blau and
De Felice (1948), Dillworth, Occhialini, and Payne (1948).

Scanning

690. Good-quality microscopes have to be used for scanning the
plates. The personal factor in scanning should not be under-estimated.
To demonstrate this it was shown by the Rome group that the frequency
of stars found by an experienced observer decreased when the speed of
scanning was increased (Cortini and Manfredini (1949)).

Orientation of Tracks

691. The direction of a track in the emulsion can be determined by
measuring the coordinates z, y, z of a suitable number of grains of a
track. The direction of the track projected on the plane of the emulsion
can be measured with considerable accuracy. The width of the track
is usually small as compared with its length and the main limitation
of accuracy is caused by the actual scattering of the particle in the
emulsion, thus the natural limit of accuracy can be reached. The



420 APPENDIX 1V [App. IV

coordinates z, perpendicular to the plane of the emulsion, are measured
by focusing individual grains of the track and reading their depths on
a gauge. Corrections of this coordinate have to be made both for the
refractive index of the emulsions and shrinkage of the emulsion in the
process of development.

The shrinkage of emulsion is caused by the loss of silver during pro-
cessing; this is particularly marked for the new types of emulsion with
high silver content.

Powell, Occhialini, Livesey, and Chilton (1946) found the z- dlstortlon
to be a uniform contraction; thus in good approximation we have

z = k2’
where 2’ is the depth read on the gauge of the microscope. k varies from
0-8 to 0-3 according to the type of emulsion.

Range

692. The residual range of a particle from a given point to its end
in the emulsion can be measured directly. It must be emphasized that
the last grain of a track cannot always be unambiguously located unless
the background of developed grains is very low. Further, the last grain
does not necessarily correspond to the actual stop of the particle; the
actual particle might have moved a length of the order of the average
distance between two grains after exposing its last grain.

Considering a mono-energetic beam, say of protons, the observed
ranges are subject to the ordinary straggling caused by fluctuation of
energy loss, but the ranges also show fluctuation caused by the grain
effects.

For the older plates the uncertainty of the last grain caused a spread
of ranges exceeding that caused by straggling. The recently-developed
nuclear research plates show greater grain density and at the same time
less background; for these plates effects of straggling are more im-
portant, and the accuracy of range measurement reaches its natural
limit (Lattes, Fowler, and Cuer (1947)).

Grain density

693. The total number of grains along a track or a section of a track
can be counted directly under the microscope. The number of grains
per unit path can thus be obtained in principle (Taylor (1935), Bose and
Chowdhuri (1941)).

Results of actual grain counts given by Lattes, Occhialini, and Powell
are shown in Fig. 138. To investigate the rate of change of grain denmty



§693] THE PHOTOGRAPHIC METHOD 421

the number of grains in a track to different distances from the end are
usually counted. It may be noted when comparing counts that the
fluctuation of the number of grains per unit path, quite apart from
systematic changes, exceeds the statistical fluctuation associated with
random eyents as owing to the effect of low energy secondaries the
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F1c. 138. N is total number of gramns in track of residual range R (scale-divisions).
1 scale-division = 0 85 microns. (Lattes, Occhialimi, and Powell (1947).)
grains cannot be regarded as independent. The problem is somewhat

analogous to that of drop counting along a cloud chamber track.

694. Accurate grain-counting can only be performed if the individual
grains are reasonably resolved. Experience has shown that grain counts
carried out by various observers show a certain amount of personal bias;
this does not prevent quantitative comparison of counts carried out by
the same observer; consistent results can thus be obtained.

So as to minimize the effect of both fluctuations and the effect of the
background grains it is desirable to have as large a number of grains
per unit length as can be obtained without affecting the resolution of
the grains.
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To satisfy this condition different types of emulsion should be chosen
according to the kind of track to be investigated. Fast, smgly charged
particles need emulsions with exceptionally high silver content—and
only recently has it become practicable to manufacture emulsions with
sufficiently high silver content to be sensitive to particles at minimum
ionization. Such an ‘electron sensitive’ emulsion (Berriman (1948)) is
not suited for the determination of grain densities of slow tracks of
particles or of tracks of multiply-charged particles.

The track of a particle of high charge (Z > 1) may be too dense to
be resolved even if recorded in an emulsion of low silver content. In
such tracks the actual width of the track can be taken as a measure of
grain density.

Closely connected with grain density of a track is the number of §-rays
emitted. The 8 tracks branching off the main track can be counted
directly; the number of secondaries increases rapidly with decreasing
energy of the secondary. Thus, to obtain definite results an arbitrary
lower limit has to be introduced and only tracks with ranges exceeding
this limit must be counted.

Scattering

695. Scattering of a track can be either caused by violent single
collisions (single scattering) or alternatively by the cumulative effect
of a large number of independent collisions each giving rise to small
change of direction only (see §§ 173-4). Large-angle scattering, as a rule,
can be easily recognized and the angle of scattering may be measured
through the direction of track before and after the event.

The measurement of multiple scattering is of considerable practical
importance. The scattering angles cannot be resolved and methods
integrating over finite sections of the track have to be employed. There
are a number of different approaches. Bose and Chowdhuri (1941) made
the first attempts to measure multiple scattering; they determined the
root mean square distance between track and sector. Lattimore (1498),
Goldschmidt-Clermont, King, Muirhead, and Ritson (1948), instead
determined the average angle of scattering along a section 4D; the
angle o, Z(4B, CD), can be taken as the angle of scattering between
the points P and @ (Fig. 139).

[3

Magnetic deflexion
696. The magnetic deflexion of particles in the emulsion is being
attempted at the time of writing. Such deflexions can only be observed
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if they can be made to exceed noticeably the deflexion caused by
multiple scattering. Considerations analogous to those of § 136 show
that the magnetic deflexions of relativistic particles in very strong fields
(~ 30,000 gauss) should be just measurable. Another method is being
proposed and used by Occhialini and Bates (1948), Powell and Rosenblum
(1948), Frgnzinetti, Powell, and Rosenblum (1948), Barbour (1948). A
number of photographic plates with small gaps in between are used.
Tracks of particles traversing more than one emulsion are observed and
the magnetic deflexion in the gap between the emulsions is measured.

Track
—_—T

Of

Fic. 139. Scattering of a track.

The main difficulty of this method is that of identification of the tracks
in different emulsions belonging to the same particles.

Determination of mass, energy, and charge

697. The data obtained from the tracks of particles in emulsions can
be under favourable conditions used to determine mass, charge, and
energy of the particle (Perkins (1947), Lattes, Muirhead, Occhialini,
and Powell (1947), Bradt and Peters (1948)). The procedure is some-
what analogous to that of analysing cloud-chamber tracks.

Essentially we have to determine three unknown quantities, e.g. mass
m, velocity v (or 8 = v/c), and charge number Z, so as to characterize
a particle. Three relations between observed quantities must be made
use of 80 as to allow a complete determination. Often Z = 1 can be
assumed safely, those cases can be analysed using two relations.

We discuss briefly the relations at disposal:

Energy-range relation: this relation can be obtained directly for
a-particles or protons by bombarding emulsions with particles of known
energy. Empirically the following type of relation is found:

W, =kRB (v~ 0-5), (1)
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W, kinetic energy, R range, v a slowly varying quantity (see, e.g. Lattes,
Fowler, and Cuer (1947), and Fig. 140). _

From general arguments (see Chap. III) it can be assumed that the
rate of energy loss of a particle
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i.e. it is proportional to Z2 but otherwise a function of velocity only.
Further we have
1
— 2 ——————-———-——1 —
W= 00y —1) = Mot
Z*dR  dg(v)
M fl)

(3a)
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Integrating from R = 0 we find

- Z*R _ [ dg(o)
M=) )

Thus Z2R/M is a function of » only. (1) and (3) together give a general
relation between R, W,, and Z valid for all particles.

698. It is assumed in the above consideration that Z = Z, the
effective charge of the particle. For a moving nucleus this is correct
provided it can be assumed to be completely stripped of electrons.
However, if the velocity of the nucleus is of the order of the velocity
of its orbital electrons, capture becomes important and Z is not strictly
constant. For Z > 1 the orbital velocities are high and the effect of
capture becomes important.

The rate of ionization and also the frequency of §-rays is

— F(v). 3)

1= 2f(@). (4)
The grain density n == dN/dr is an increasing function of I, thus a rela-
tionship of the form n == ng(1—e-TITo) (4a)

(ng, I, constants) may be expected.
F¥or Z = const.,say Z = 1, (dN/d R) is a function of velocity only, say
dN

With help of (2a) we have further
N 1 . dg(v) .-, ~
= f AN = f 0w Tl = Ko) (5)

Thus N/M for fixed Z is a function of velocity only.
The root mean square angle of scattering along a path 0 is (see § 242)

of the form 7

where a can be determined numerically from equation (185), § 243,
provided the chemical composition of the emulsion is known.

Determination of mass

699. (N, R) relation: Using the fact that both N/M and R/M are
functions of v alone, log N can be plotted against log R both for the
unknown particle (curve 1) and a known particle of the same Z (curve 2)
(Fig. 141).,

Draw a line 45° to the axis intersecting the curves in points 4 and B.
We have, according to Perkins, as can be verified easily,

B'A’ = log(My/M,),
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where B’ and A’ are the projections of B and 4. As a check of the
method it should be ascertained that the distance A’B’ remains un-
changed inside experimental errors when the line A B is moved along
curve (1) (Fig. 141).

Similar determinations can be carried out using the mean scattering
instead of N or R.

If Z is not known N, R, and {$#%) have to be used sunultaneously

Log N
AL’ (1) Unknown
particle
B
=\
& N Log R

Fig. 141. Determination of mass of a particle.

Some Observational Results obtained by Photographic-Plate Methods

700. The earlier researches were mostly concerned with the study
of stars in emulsions (see Blau and Wambacher (1937), Schopper (1937),
Rumbaugh and Locher (1936), Jdanow (1936, 1939), Leprince-Ringuet
and others (1947)). It was recognized that these stars represent dis-
ruptions of atomic nuclei caused by the impact of cosmic-ray particles.
The connexion with cosmic rays was established as the number of stars
observed in an emulsion was found to increase considerably with eleva-
tion above sea-level.

The height-frequency curves of stars observed by many authors
(Stetter and Wambacher (1937), Perkins (1947), Bernardini, Cortini,
and Manfredini (1948), George and Jason (1949)) show that the rate
of increase of stars with height is exponential with a half value of
about 150 g./em.2 The rate of increase is the same order as that of the
nucleons causing penetrating showers.

701. The absorption of star producing rays in various materials was
also studied; it was found that the absorption is greater in lighter
elements. Results are compatible with a cross-section of absorption
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given by an expression
. D~ 4%
per atom.,

Thus the absorption varies roughly as the geometrical cross-section
of the absorbing nuclei. This result fits in with the hypothesis that the
stars are produced by fast nucleons coming down through the atmo-
sphere.

Penétrating showers

702. The prongs of the stars contain protons, «-particles, and heavier
fragments, but also mesons. With the electron-sensitive Kodak emul-
sions it was found that some of the stars contain also fast particles,
presumably mesons and protons (Brown, Camerini, Fowler, Heitler,
King, and Powell (1949), Cosyns, Dillworth, Occhialini, Schénberg,
Vermaesen (1949), Brown, Camerini, Fowler, Muirhead, Powell, Ritson
(1949)). Investigations of these stars, which seem to be identical with
the penetrating showers described in Chapter IX are in progress at the
time of writing.

The #~-meson

703. The most important discovery made with the photographic
plate technique is that of the 7-meson (Lattes, Occhialini, and Powell
(1947)). Investigating tracks ending in the emulsion, particles were
found coming to rest inside the emulsion, emitting another particle after
the first had come to rest; the second particle was found in all cases to
have a range of about 600u. A typical example is shown on Plate 7 a.
These events are interpreted as follows. The first track entering the
emulsion is that of an unstable particle, the 7-meson; after having come
to rest, the 7-meson decays emitting a somewhat lighter particle, the
p-meson. The kinetic energy of the p-meson is taken from the excess
of the 7-meson rest energy over the u-meson rest energy.

The 7-meson is now generally believed to be the particle (or one of
the particles) responsible for nuclear forces. This belief is based on the
fact that the m-meson unlike the u-meson shows a strong interaction
with nucleons.

The mesons produced artificially in Berkeley (Gardener and Lattes
(1948), Burfening, Gardener, Lattes (1949)) are all 7-mesons; the few u-
mesons coming from the cyclotron can be well accounted for in terms
of the m-u-decay. This shows that nucleons in high-energy collisions
emit in the first instance 7-mesons but not p-mesons.,
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The strong interaction of slow 7-mesons with nucleons is also shown
by the fact that negative -mesons brought to rest in an emulsion will as
a rule give rise to stars. There is no definite evidence that p-mesons ever
produce stars, but at any rate if this process exists it is rare. (Camerini,
Muirhead, Powell, and Ritson (1948), Gardener and Lattes (1948),
Chang (1949).) .

Originally, when it was realized that not all negative mesons give rise
to stars at the end of their range the term o-meson was introduged in
a phenomenological way, signifying all those mesons which do give rise
to disintegrations. Itis now safe to assume that o-mesons are simply the
negative m-mesons.

The mean life of the 7-meson for u-decay was determined by Richard-
son (1948) with a beam of artificial mesons as

£, ~ 1-1x10-8sec.

Qualitatively similar results were obtained with cosmic ray mesons by
‘amerini, Muirhead, Powell, and Ritson (1948).
While there is no evidence for a B-decay of the 7-meson it was shown
that the mean life of the 7-meson against B-decay must exceed 10-7 sec.
(Burfening, Gardener, and Lattes (1949)).

Energy-momentum relations

704. The energy of the u-meson arising from the 7-u-decay can _be
determined from the range of the u-tracks. Inside the accuracy of
measurement all u-decay tracks have the same energy and thus the
kinetic energy of the u-meson was determined to be W, = 4:1 MEV.
To satisfy the conservation of momentum it must be assumed that a
recoil particle, leaving no trace in the emulsion, is also emitted in a
direction opposite to that of the u-meson. Writing m, for the mass of
this recoil particle, the conservation law can be written as follows:

My 2 —my, 2 = W, 44/(mf c*4-c*p}),
with cpo = J{(2m, 2+W,)W,} = 30 MEV.
P, is the momentum of either of the decay products,

m, ¢ = 100 MEV.

Thus we find
g_" — 14-0-044-0-3(1+m/m2) > 1-34. (7
” .
The experimental ratio is
my_ 286 _ .33 . (8)

m, 215
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as found by the photographic-plate method in measurement on arti-
ficially produced mesons (Burfening, Gardener, and Lattes (1949)).
Comparison of (7) and (8) shows
my, > m.
The most'plausible assumption is that the second decay product of the
m-meson i% a neutrino, and thus my, = 0.

Decay of the p-meson

705. Using electron-sensitive emulsions many cases of u-meson decay
at the end of their range have been observed. An example showing the
decay of a 7-meson into a u-meson and the subsequent decay of the
same p-meson, emitting an electron is shown in Plate 7 a.

The energies of electrons emitted by p-mesons at the end of their
trajectories have been investigated by the scattering method by the
Bristol group (Davies, Lock, and Muirhead (1949)). These ranges corre-
spond to a spread of energies up to about

m, ¢*/2 ~ 50 MEV.
From this spread it is concluded that the p-meson decays into at
least three products. The most plausible assumption is a decay into
an electron and two neutrinos. This result is in good agreement with
that obtained from observations in the cloud chamber by Leighton,
Anderson, and Seriff (1949).

7-Meson

706. A curious photograph shown in Plate 7b was reported by the
Bristol group (Brown, Camerini, Fowler, Muirhead, Powell, Ritson
(1949)). This photograph appears to show the breaking up of an
incident particle into three charged particles.

One of the decay products is a m-meson which causes a further dis-
integration. From energy-momentum considerations it must be con-
cluded that the incident particle has a mass of about 1,000m, and is
termed a r-meson.

No similar event has been reported anywhere else. This 7-meson may
or may not be identical with a particle of similar mass observed
by Rochester and Butler (1948) on a cloud-chamber photograph; or
that reported by Leprince-Ringuet, L’Héritier, Richard-Foy (1945),
Leprince-Ringuet, Tchang-Fong, Janneau, Morellet (1948).

It is by no means settled what other kind of elementary particles
mlght exist. Alichanov, Alichanjan, and Weissenberg (1948), analysing
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range curvature data obtained at high altitudes, report the existence
of a number of additional masses.

Multiply-charged primaries

707. Exposing emulsions at 100,000 ft. above sea-level Freier, Lof-
gren, Ney, Oppenheimer, F., Bradt, and Peters (1948) have found evi-
dence for fast particles of multiple charge. These tracks are caused by
heavy multiply-charged particles, i.e. by stripped nuclei. Most of these
particles must be primaries, though heavy splinters are also contributing
(Bradt and Peters (1949)). The fraction of a-particles and also heavier
nuclei in the primary beam is not inconsiderable. Cloud-chamber photo-
graphs at over 80,000 ft. showing tracks of heavy primaries have been
found by Freier, Lofgren, and Oppenheimer, F. (1948).



BIBLIOGRAPHY

AcENO, BERNARDINI, Cacorapvori, FERRETTI, and WIoK, Phys. Rev. 57, 945
(1940).

ALICHANJAN, ALIcHANOV, and NIkITIN, Journ. Phys. USSR, 6, 230 (1942).

——— —— and WEISSENBERG, Journ. Exp. and Theor. Phys. USSR, 18, 301
(1948).

ALLEN, Phys. Rev. 61, 692 (1942).

ArLTMANN, WALKER, and HEss, ibid. 58, 1011 (1940).

ANDERSON, Science, 76, 238 (1932).

—— Phys. Rev. 43, 491 (1933 a).

—— ibid. 44, 406 (1933 d).

——and Apawms, ibid. 73, 650 (1948).

—— and NEDDERMEYER, Int. Conf. Phys., London (1934).

—— —— Phys. Rev. 50, 263 (1936).

—— ——ibid. 51, 884 (1937).

ARLEY, Proc. Roy. Soc. A 168, 519 (1938).

Stochastic Processes, Copenhagen (1943).

—— and HEITLER, Nature, Lond. 142, 158 (1938).

AUGER, Thése, Paris (1926).

—— Compt. Rend. 200, 739 (1935 a).

—— Journ. d. Phys. 6, 226 (19350b).

——— Compt. Rend. 207, 907 (1938).

—— Solvay Report (1948).

—— and DAUDIN, Phys. Rev. 61, 91 (1942).

—— —— Journ. de Phys. 6, 17 (1945).

— EHRENFEST, FrEON, and FOURNIER, Compt. Rend. 204, 267 (1937).

—— —— FrEoN, and Mazg, ibid. 266, 169 (1948).

Journ. d. Phys. et R. 10, 396 (1939).

—— and Mazg, Compt. Rend. 207, 228 (1938).

—— —— and CHARMINADE, Phys. Rev. 62, 307 (1942).

—— —— and GRIVET-MAYER, Compt. Rend. 206, 1721 (1938).

—— ——and RoBLEY, ibid. 208, 1641 (1938).

—— and ROSENBERG, ibid. 201, 1116 (1935 a).

—— ——ibid. 200, 447 (1935 b).

—— —— Journ. Phys. 6, 229 (1935 ¢).

BARBER, Phys. Rev. 75, 590 (1949).

BArBoUR, ibid. 74, 507 (1948).

Barn6THY and Forroé, Z. Phys. 100, 742 (1936).
ibid. 104, 744 (1937).

—— —— Phys. Rev. 55, 870 (1939).

BEARDEN, Rev. Sci. Inst. 6, 256 (1935).
BEARDSLEY, Phys. Rev. 57, 336 (1940).
BEBOUNEE, Phys. Z. 27, 8, 536 (1926).
BeLENKY, C.R. USSR, 30, 608 (1941).

—— ibid. 36, no. 3 (1942).

—— Journ. Phys. USSR, 8, 19, 347 (1944).
BERNARDINI, Nature, Lond. 129, 578 (1932).
——— CorTing, and MANFREDINI, Phys. Rev. 74, 845 (1948).




432 BIBLIOGRAPHY

BEeRNARDINI, CAcciaPuoTI, FERRETTI, PIicCIONT, and Wick, Real. Ac. It. 11, 471
(1940).

Atti. Ac. It. 9, 471 (1940).
—— —— and QUERZzOLI, Phys. Rev. 73, 228, 335 (1948).
—— and FEsTA, Rend. d. Real. Ac. It. 4, fasc. 6 (1943).
BERRIMAN, Nature, 162, 992 (1948).

BETHE, Z. Phys. 76, 293 (see also Handb. d. Phys.) (1932).
—— Phys. Rev. 57, 260, 390 (1940).

—— and HEITLER, Proc. Roy. Soc. A 146, 83 (1934).
——, Kor¥rF, and PrLaczexk, Phys. Rev. 57, 573 (1940).
BHABHA, Proc. Roy. Soc. A 164, 257 (1938 a).

ibid. A 166, 501 (1938b).

—— Ind. Ac. Sci. 11, 247 (1940 a).

—— ibid. 347 (1940 b).

—— Phys. Rev. 59, 100 (1941).

—— and CHARRABARTY, Proc. Roy. Soc. A 181, 267.

and HEITLER, ibid. A 159, 432 (1937).

Bienr, NEHER, and RoEscH, Phys. Rev. 75, 688 (1949).
BLACKETT, Journ. Sci. Inst. 4, 433 (1927).

Proc. Roy. Soc. A 146, 281 (1934).

ibid. A 159, 1 (1937 a).

——ibid. 19 (1937 b).

——ibid. A 165, 11 (1938 a).

—— Phys. Rev. 54, 973 (1938 b).

——— Nature, Lond. 144, 30 (1939).

Proc. Phys. Soc. 53, 203 (1941).

——— Nature, 169, 658 (1947).

—— Phil. Mag. 40, 125 (1949).

—— and BRrobDE, Proc. Roy. Soc. A 154, 573 (1936).

—— and OccriALINI, Nature, Lond. 130, 363 (1932).
Proc. Roy. Soc. A 139, 699 (1933).

—— and WiLsoN, J. G., Proc. Roy. Soc. A 160, 304 (1937).
ibid. A 165, 209 (1938).

Bravu and DE FELICE, Phys. Rev. 74, 1198 (1948).

and WAMBACHER, Nature, Lond. 140, 585 (1937 a).
Proc. Ac. Vienna, 146, 623 (1937 b).

BrocH, Ann. d. Physik, 16, 285; Z. Phys. 81, 363 (1933).
Boaeip and Karkov, Naturw. 25, 1568 (1937).

Bo=R, Phil. Mag. 25, 10 (1913).

—— ibid. 30, 581 (1915).

Boorr and WiLson, A. H., Proc. Roy. Soc. A 175, 483 (1940).
BoseE and CHOWDHURI, Nature, 147, 240 (1941).

ibid. 148, 259 (1941).

ibid. 149, 302 (1942).

and SINHA, Phys. Rev. 65, 341 (1944).
Bosrick, Phys. Rev. 61, 5567 (1942).

BorHE and KOLHEORSTER, Z. Phys. 56, 751 (1929).
BoweN, MILLIKAN, and NEHER, Phys. Rev. 46, 641 (1934).
—— —— ——ibid. 52, 80 (1937).

ibid. 53, 217 (1938).

BrADDICEK, Proc. Roy. Soc. A 171, 314 (1939).

—— and HENSBY, Nature, Lond. 144, 1012 (1939).




BIBLIOGRAPHY 433

Brappick and HopsoN (private communication).

BrapT and RETERS, Phys. Rev. 74, 507 (1948).

—— —— ibid. 75, 1779 (1949).

—— and SCHERRER, Helv. Phys. Act. 16, 259 (1943).

BRrOADBENT and JANOssY, Proc. Roy. Soc. A 190, 497 (1947 a).

ibid. A 191, 517 (1947 b).

ibid. A 192, 364 (1948).

BroDE, McPHERSON, and STARR, Phys. Rev. 50, 581 (1936).

Brown, CAMERINT, FOWLER, HEITLER, H., KNG, and PowEeLL, C. F. (in the press)
(1949).

- —— ——— MUIRHEAD, PowELL, C. F., and R1TsoN, Nature, 163, 47, 82 (1949).

BURFENING, GARDENER, and LATTES, Phys. Rev. 75, 382 (1949).

CAMERINI, MUIRHEAD, POowELL, C. F., and RitTsoN, Nature, 162, 433 (1948).
CarrLsoN and OPPENHEIMER, ibid. 51, 220 (1937).
CARMICHAEL and CHoU, Nature, Lond. 144, 325 (1939).
—— and DyMoOND, Proc. Roy. Soc. A 171, 321 (1939).
CHADWICK, BLACKETT, and OccHIALINI, Nature, Lond. 131, 473 (1933).
CHAKRABARTY, Ind. Journ. Phys. 16, 377 (1942 a).
—— Phys. Nat. Sc. Ind. 8, 331 (1942 d).
—— and MAJUMDAR, Phys. Rev. 65, 206 (1944).
CramrpIiON and PowEeLy, C. F., Proc. Roy. Soc. A 183, 64 (1945).
CHANG, Rev. Mod. Phys. 21, 166 (1949).
CHAPMAN, Month. Not. Roy. A. Soc. 89, 59 (1928).
CHARMINADE, FREON, and Mazg, Compt. Rend. 218, 402 (1944).
CHrou, Papers College Sci. and Eng. Univ. Amoy (China), 1 (1943).
CHOWDHURI, Nature, 161, 680 (1948).
Crristy and Kusaxka, Phys. Rev. 59, 405 (1941 a).
ibid. 414 (1941 b).
Cray, J. Proc. Ac. Amst. 30, 1115 (1927).
——ibid. 31, 1091 (1928).
ibid. 33, 711 (1930).
— Physica, 1, 363 (1934).
ibid. 2, 861 (1935 a).
—— ibid. 2, 867 (1935 b).
ibid. 3, 352 (1936).
—— vAN ArpPHEN, and HoorFr, ibid. 1, 829 (1934).
and Bruins, ibid. 6, 628 (1939).
and Cray, P. H,, ibid. 2, 1042 (1935).
—— and GEMERT, Proc. Ac. Amst. 42, 672 (1939).
—— ——and Cray, P. H,, ibid. 41, 694 (1938).
—— —— — Physica, 6, 184, 497 (1939).
—— Hoo¥T, and Cray, P. H., ibid. 2, 1033 (1935).
—— and LEVERT, ibid. 12, 321 (1946).
Cocconi, Phys. Rev. 72, 964 (1947).
—— and V. Tonciorar Cocconi, ibid. 75, 1050 (1949).
and GREISEN, ibid. 74, 62 (1948).
—— LovERDo, and ToNGIoRGI, Nuovo Cim. 1, 14 (1943).
— —— > ibid. 2, 14 (1944).
——— —— —— Phys. Rev. 70, 840, 846 (1946).
— and ToNGIORGI, ibid. 70, 885 (1946).
Cocooni, V. ToNGgIORGI, ibid. 74, 226 (1948).
3595.40 rf




434 BIBLIOGRAPHY

Coccont, V. ToNGIORGI, Phys. Rev. 75, 1532 (1949).

CoDE, ibid. 59, 229 (1941).

ComMPTON, ibid. 43, 387 (1933).

—— and GETTING, ibid. 47, 817 (1935).

—— and TURNER, ibid. 52, 799 (1937).

—— WowraN, and BENETT, Rev. Sci. Inst. 5, 415 (1934).
ConveRrsI and SErRocco, Nuovo Cim. (August) (1943).

—— Panoini, and PiccioNi, Phys. Rev. 71, 209 (1947).

—— and Picciont, ibid. 70, 859 (1946).

—— —— Nuovo Cim. 1, 96 (1943).

CoOPER, Phys. Rev. 58, 288 (1940).

CorrIN, Ann. Obs. Lund, Nr. 4 (1934).

CorsoN and Brop®, Phys. Rev. 53, 773 (1938).

CorTiNI and MANFREDINI, Nature, 163, 991 (1949).

Cosyxs, Nature, Lond. 137, 616 (1936 a).

——— Bull. Tech. Ass. Ing. Brussels, p. 173 (1936 b).

Roy. Belg. Ac. 23, 498, 960 (1937).

—— Nature, Lond. 145, 668 (1940).

Roy. Belg. Ac. 28, 574 (1942).

—— and BRUINS, Bull. Ac. Belg., Nr. 4, 371, (1934).

——— Dm.LwoRTH, OCCHIALINI, SCHONBERG, and VERMAESEN (in the press) (1949).
CowriNG, Month. Not. Roy. A. Soc. 90, 140 (1929).

ibid. 92, 407 (1932).

CrussArD and LEPRINCE-RINGUET, Compt. Rend. 204, 240 (1937 a).
—— —— Journ. d. Phys. 8, 213 (1937 b).

Curie and Jorior, Compt. Rend. 196, 1105, 1581, 1885 (1933 a).
CurraN and PETRZILEA, Proc. Camb. Soc. 35, 309 (1939).

Darrarorra and CLEMENTEL, Nuovo Cim. 3, No. 4 (1946).
DanrvorTH and Ramsay, Phys. Rev. 49, 854 (1936).
DavubinN, Thése, Paris (1942).

—— Compt. Rend. 216, 483 (1943).

——ibid. 218, 275 (1944).

—— Ann. d. Physique, 20, 563 (1945).

—— and LovERDO, Journ. d. Phys. et R., 8, 223 (1947).
Davres, Lock, and MUIRHEAD (in the press) (1949).
DewmERs, Canad. Journ. of Res. 25, 223 (1947).
DmurworTH, OccHIALINI, and PAYNE, Nature, 162, 102 (1948).
Drico, Ric. Sci. 5, 1, 112 (1934).

DuUPERIER, Proc. Roy. Soc. A 177, 204 (1940).

—— Nature, Lond. 153, 529 (1944 a).

—— Terr. Magn. Atm. El. 49, 1 (1944 b).

Proc. Phys. Soc. 49, 34 (1948).

Ecxart, Phys. Rev. 45, 451 (1934).

—— and SHONEKA, ibid. 53, 752 (1938).

EBMERT, Z. Phys. 106, 751 (1937).

EHRENBERG, Proc. Roy. Soc. A 155, 532 (1936).
ErRENFEST, Compt. Rend. 206, 428 (1938 a).

ibid. 207, 573 (1938 b).

—— and AUGER, Journ. Phys. 7, 65 (1936).

——— FrtonN, and FOURNIER, Compt. Rend. 204, 257 (1937).




BIBLIOGRAPHY 435

ELsTER and GerreL, Phys. Z. 2, 560 (1900, 1).

EpsTEIN, Phi)s. Rev. 53, 862 (1938).

EvULER, Z. Phys. 116, 73 (1940).

—— and HEISENBERG, Erg. d. exakt. Naturwiss., vol. 17, Springer (1938).
—— and WERGELAND, Astr. Norw. 3, 165 (1940).

Evoces, Phgfs. Rev. 74, 1801 (1949).

Fermi1, Phys. Rev. 56, 1242 (1939).

ibid. §7, 485 (1940).

—— and Rosst; Ace. Linc. Ate. 17, 346 (1933).

Froop, Z. phys. Chem. 170, 286 (1934).

ForreT and CrawsHAW, Proc. Roy. Soc. A 155, 546 (1936).

ForBuUsH, Rev. Mod. Phys. 11, 168 (1939).

FraNzINETTI, POWELL, and ROSENBLUM, Bristol Symposium (1948).

FRrEIER, LOFGREN, NEY, OPPENHEIMER, F., BRADT, and PETERS, Phys. Rev. 74,
213 (1948). ’

and OPPENHEIMER, F., ibid. 74, 1818 (1948).

Frion, Thése, Paris (1942).

Compt. Rend. 218, 277 (1944).

—— and Mazg, Journ. d. Phys. et R. 9, 301 (1948).

FRrETTER, Phys. Rev. 70, 230 (1946).

ibid. 73, 41 (1948).

FroHELICH, HEITLER, and KEMMER, Proc. Roy. Soc. A 166, 1564 (1938).

FromaN and STEARNS, Phys. Rev. 50, 787 (1936).

FUNFER, Z. Phys. 83, 92 (1933).

——ibid. 111, 351 (1938).

Furry, Phys. Rev. 52, 569 (1937).

FusseL (quoted from EurLEr and HEISENBERG (1938)).

[ )
GARDENER and LaTTEs, Sci. 107, 270 (1948).
Solvay Report (1948).
GEIGER, Z. Phys. 27, 7 (1924).
—— and KL.EMPERER, ibid. 49, 7563 (1928).
—— and MULLER, Phys. Z. 29, 839 (1928).
ibid. 30, 489 (1929).
GEORGE, JANossY, and McCaia, Proc. Roy. Soc. A 180, 219 (1942).
—— and JAsoON, Proc. Phys. Soc. 62, 243 (1949).
GETTING, Rev. Sci. Inst. 8, 412 (1937).
—— Phys. Rev. 53, 103 (1938).
GILBERT, Proc. Roy. Soc. A 144, 559 (1934).
GockEer, Phys. Z. 10, 845 (1909).
——ibid. 11, 280 (1910).
—— ibid. 12, 595 (1911).
—— ibid. 16, 345 (1915).
GoDART, Ann. Soc. Sci. Brussels, 58, 27 (1938).
GorpscEMIDT-CLERMONT, KING, MUIRHEAD, and RitsoN, Proc. Phys. Soc. 61,
138 (1948).
GoRrRDON, Z, Phys. 48, 180 (1928).
GORODETZKY, Thése, Paris (1942).
—— Compt. Rend. 217, 479 (1943).
GREISEN, Phys. Rev. 63, 323 (1943).
—— ibid. 75, 1071 (1949).




436 BIBLIOGRAPHY
Gross, Z. Phys. 83, 214 (1933).

HALE, SEARRES, MAANEN, and ELLERMAN, Astr. Journ. 47, 206 (1918).
HarperN and CRANE, Phys. Rev. 56, 232 (1939).
and Havr, ibid. 73, 477 (1948).

HamivToN, HEITLER, and PENG, ibid. 64, 78 (1943).
and PENG, Proc. Ir. Ac. 49, 197 (1944).
Havarawa and ToMONAGA (in the press) (1949).
HazeN, Phys. Rev. 63, 213 (1943).

ibid. 65, 67 (1944 a).

ibid. 259 (1944 b).

HEISENBERG, Ak. Wiss. Lpz. 89, 369 (1937 a).
Naturw. 25, 749 (1937 b).

HEITLER, Proc. Roy. Soc. A 161, 261 (1937).

ibid. A 166, 529 (1938).

Proc. Camb. Soc. 37, 291 (1941).

Proc. Ir. Ac. 50, 155 (1945).

—— and JANossy, Proc. Phys. Soc. 62, 374 (1949).
ibid. (in the press) (1949).

—— and Ma, Proc. Roy. Soc. A 176, 368 (1940).
-—— and PENG, Phys. Rev. 62, 81 (1942).

Proc. Ir. Ac. 49, 101 (1943).

PoweLr, F. C., and FErRTEL, Nature, Lond. 144, 283 (1939).
and WavLsH, Rev. Mod. Phys. 17, 252 (1945).
Herzoce and BosTIck, Phys. Rev. 58, 278 (1940).
and SCHERRER, Journ. Phys. 6, 489 (1935).
Hess, Phys. Z. 13, 1084 (1912).

ibid. 14, 610 (1913).

—— GRAZIADEI, and STEINMAURER, Proc. Vien. Ac. 143, 313 (1934).
——— and LawsonN, ibid. 125, 285 (1916).

and STEINMAURER, PPhys. Z. 27, 159 (1926).
HirLBERRY, Phys. Rev. 60, 1 (1941).

—— Symposium, Rio de Janeiro, p. 85 (1943).
HopbsoN, Journ. Sci. Inst. 25, 11 (1948).
HorrFMaNN, Phys. Z. 26, 669 (1925).

Ann. Physik, 80, 779 (1926).

ibid. 82, 413 (1927 a).

—— Z. Phys. 42, 565 (1927 b).

and LiNnpHOLM, Beitr. Geophys. 20, 12 (1928).
—— and ProrTE, Phys. Z. 31, 347 (1930).

Hvu CHIEN SHAN, Proc. Roy. Soc. A 158, 581 (1936).
KiseLBAasH, and KETILADGE, ibid. A 161, 95 (1937).
HugnESs, Phys. Rev. 57, 592 (1940).

ibid. 60, 414 (1941).

HoNTER, ibid. §5, 15, 614 (1939).

IwaANENKO and SokoLow, ibid. 53, 910 (1938).

JANossy, Z. Phys. 101, 129 (1936).

ibid. 104, 430 (1937).

Proc. Roy. Soc. A 167, 499 (1938 a).
Proc. Camb. Soc. 34, 614 (1938 b).




BIBLIOGRAPHY 437

JANossy, Proc. Roy. Soc. A 179, 361 (1941).

—— Phys. Kev. 64, 345 (1943).

—— Nature, Lond. 153, 165, 592 (1944 a).

—— Proc. Roy. Soc. A 183, 190 (1944 b).

—— and INGLEBY, Nature, Lond. 145, 511 (1940).
——— —— Journ. Sci. Inst. 19, 30 (1942).

—— and LoveLy, Nature, Lond. 142, 716 (1938).
—— and M1coLsoN, Proc. Roy. Soc. A 192, 99 (1947).
—— and ROCHESTER, ibid. A 181, 399 (1943 a).

—— ——ibid® A 182, 180 (1943 b).

———ibid. A 183, 181 (1944 a).

ibid. 186 (1944 b).

—— —— and BROADBENT, Nature, Lond. 155, 142 (1945).
—— —— and McCUSKER, ibid. 148, 660 (1941).
—— and Rossi, Proc. Roy. Soc. A 175, 88 (1940).
—— and Tzvu, Nature, Lond. 157, 627 (1946).
JpaNow, Journ. d. Phys. et R. 223, 6 (1936).

-—— C. R. (Doklady) U.S.S.R. 23, 28 (1939).

—— Nature, 143, 682 (1939).

JoHNSON, Phys. Rev. 43, 307 (1933 a).

Journ. Frankl. Inst. 215, 749 (1933 b).

—— Phys. Rev. 45, 569 (1934).

—— ibid. 47, 91 (1935 a).

ibid. 48, 287 (1935 b).

—— ibid. 54, 385 (1938 a).

Rev. Mod. Phys. 10, 193 (1938 b).

ibid. 11, 208 (1939 a).

Journ. Frankl. Inst. 227, 37 (1939 b).

Phys. Rev. 56, 226 (1939 c).

and Barry, Phys. Rev. 56, 219 (1939).

—— BENEDETTI, and SHUTT, Rev. Sci. Inst. 14, 265 (1943).
—— and SHUTT, ibid. 61, 380 (1942).

—— and STEVENSON, Journ. Frankl. Inst. 216, 329 (1933).
—— and STREET, Phys. Rev. 43, 381 (1933).

Jonzes, Rev. Mod. Phys. 11, 235 (1939).

JUTTINER, Z. Math. Phys. 62, 410 (1914).

Krrrog, RaBI, RamMsAy, and ZAcHARIAS, Phys. Rev. §7, 677 (1940).
KeMMER, Proc. Roy. Soc. A 166, 127 (1938 a).

——— Proc. Camb. Soc. 34, 354 (1938 b).

KrEIN and Ni1sHINA, Z. Phys. 52, 853 (1929).
KOLHORSTER, Ber. deutsch. Phys. Ges. 16, 719 (1914-19).
Proc. Berlin Ac., p. 366 (1923).

—— Phys. Z. 27, 62 (1926).

—— Z. Phys. 88, 536 (1934).

MarrHES, and WEBER, Naturwiss. 26, 576 (1938).
Korrr, Phys. Rev. 56, 210 (1939).

and PRESENT, Phys. Rev. 65, 274 (1944).
KULENKAMPFF, Verh. d. Phys. Ges. (1938).

Kunze, Z. Phys. 79, 203 (1932).

—— ibid. 80, 569 (1933 a).

ibid. 83, 1 (1933 b).




438 BIBLIOGRAPHY

LaBY, Phil. Trans. Roy. Soc. 208, 445 (1908).

LaNpav, Journ. Phys. USSR, 3, 237 (1940).

—— and RuMER, Proc. Roy. Soc. A 166, 213 (1938).

Lapp, Phys. Rev. 63, 462; 64, 255 (1943).

ibid. 65, 347 (1944).

Larres, FowLER, and CUER, Proc. Phys. Soc. London, 59, 883 (1947).

——— MuIrRHEAD, OCCHIALINI, and POWELL, Nature, Lond. 159, 694 (1947).

—— and OCCHIALINT, ibid. 159, 331 (1947).

—— —— and PoweELL, ibid. 160, 453 (1947).

—— — — ibid. 160, 855 (1947).

LATTIMORE, ibid. 161, 518 (1948).

LEIGHTON, ANDERSON, and SERIFF, Phys. Rev. 75, 1432 (1949).

LeMAITRE, Ann. Soc. Sci. Belg. A 54, 194 (1934).

—— and VALLARTA, Phys. Rev. 43, 87 (1933).

ibid. 49, 719 (1936 a).

—— ——ibid. 50, 493 (1936 b).

—— —— and BOUCKAERT, Phys. Rev. 47, 434 (1935).

LepPRINCE-RINGUET and CrUSSARD, Compt. Rend. 204, 112 (1937); also Journ.
Phys. 8, 207 (1937).

—— and GORODETZKY, Compt. Rend. 213, 765 (1941).

-—— HEIDMANN, TcHANG-FONG, JANNEAU, and STrROUMSA, ibid. 225, 1144
(1947).

—— and L’HERITIER, ibid. 219, 618 (1944).

—— —— and RiceARD-Fov, ibid. 221, 465 (1945).

—— NaAGEOTTE, and L’HERITIER, ibid. 214, 545 (1942).

—— TcHANG-FONG, JANNEAU, and MORELLET, ibid. 266, 1897 (1948).

Lewis, W. B., Proc. Camb. Phil. Soc. 30, 543 (1934).

Lewis, L. G., Phys. Rev. 67, 230 (1945).

LoverL, Proc. Roy. Soc. A 172, 568 (1939).

—— and WiLsoN, Nature, Lond. 144, 863 (1939).

Ma, Phys. Rev. 62, 403 (1942).

Maass, Ann. Physik, 27, 507 (1936).

Massey and CorBEN, Proc. Camb. Soc. 35, 84 (1939 a).
ibid. 35, 463 (1939 b).

Mazg, Thése, Paris (1941).

McLENNAN and BurToN, Phys. Rev. 16, 184 (1903).
Mepious, Z. Phys. 74, 350, 847 (1932).

MIEBLNICKEL, Hohenstrahlung, Steinkopff, Dresden and Leipzig (1938).
MirLigAN and BoweN, Phys. Rev. 22, 198 (1923).
—— and CAMERON, ibid. 31, 921 (1928).

ibid. 37, 235 (1931).

—— and NEHER, ibid. 47, 205 (1935).

ibid. 50, 15 (1936).

—— —— and PICKERING, ibid. 61, 397 (1942).

—— —— ——ibid. 63, 234 (1943).

MitrA and RoOSSER, Proc. Phys. Soc. 62, 364 (1949).
MorLirE, Naturwiss. 30, 87 (1942).

MovLLER, Ann. Physik, 14, 531 (1932).

—— and RoseNFELD, Kgl. Dansk. Vid. Sel. 17 (1940).
MonTcOMERY and MONTGOMERY, Phys. Rev. 47, 429 (1935 a).
—— —— Phys. Rev. 48, 786 (1935 b).




BIBLIOGRAPHY 439

MonTcoMERY and MONTGOMERY, ibid. 56, 10 (1939).

iBid. 57, 1030 (1940).

——o —— RAMSEY, and SwANN, ibid. 50, 403 (1936).

—— ROSENBERG, Cowir, and MONTGOMERY, ibid. 56, 635 (1939).

MoreTTE and PENG, Proc. Ir. Ac. 51, 217 (1948).

MoreaN and NIELSEN, Phys. Rev. 50, 882 (1936).
“ibid. 52, 568 (1937).

Mortt, Pros. Roy. Soc. A 124, 425 (1929).

ibid. A 135, 429 (1932).

Mvazaxr (in the press) (1949).

Myssowsky and Tuwim, Z. Phys. 34, 299 (1925).

ibid. 36, 615 (1926).

ibid. 50, 273 (1928).

NEDDERMEYER and ANDERSON, Phys. Rev. 54, 88 (1938).
NEHER, Rev. Sci. Inst. 10, 29 (1939).

—— and HARPER, Phys. Rev. 49, 940 (1936).

—— and PICKERING, ibid. 61, 407 (1942).

——— and STEVER, ibid. 58, 766 (1940).

NERESON, ibid. 61, 111 (1942).

—— ibid. 73, 565 (1948).

Ni1e, Z. Phys. 99, 453 (1936).

NIELSEN, Journ. Frankl. Inst. 226, 601 (1938).

—— and MorGAN, Phys. Rev. 52, 568 (1937).

and Powerr, W. M., ibid. 63, 384 (1943).

NisaINA and Isuir, Nature, Lond. 140, 774 (1937).

—— TaxrvcHI, IcHINIYA, Phys. Rev. 55, 585 (1939).
NoRDHEIM, ibid. 53, 694 (1938).

-— ibid. 55, 506 (1939 a).

——ibid. 59, 929 (1941).

—— and HEBB, Phys. Rev. 56, 494 (1939).

NorbpsIECK, LaMB, and UHLENBECK, Physica, 7, 344 (1940).

OccHIALINI and BATES, Bristol Symposium (1948).

—— and PoweLrL, Nature, Lond. 159, 186 (1947).
OPPENHEIMER, SNYDER, and SERBER, Phys. Rev. §7, 75 (1940).
Oris and MILLIKRAN, ibid. 23, 778 (1924).

PaciNg, Nuovo Cim. 3, 93 (1912).

ProrzERr, Z. Phys. 102, 23, 41 (1936).

P1ckERING, Rev. Sci. Inst. 9, 180 (1938).

PERKINS, Nature, 159, 126 (1947).

—— ibid. 160, 707 (1947).

PowrLr, C. F., OccHIALINI, LIVESEY, and CHILTON, Journ. Sct. Inst. 23,102
(1946).

——— and RosExBLUM, Nature, 161, 473 (1948).

Powerr, W. M., Phys. Rev. 58, 474 (1940).

ibid. ,60, 413 (1941).

RaMsEY, ibid. §7, 1022 (1940).
—— ibid. 61, 96 (1942).
RaseTTI, ibid. 60, 198 (1941).



440 BIBLIOGRAPHY

REGENER, E., Phys. Z. 31, 1018 (1930).

—— Nature, Lond. 131, 130 (1933).

—— and EBMERT, Z. Phys. 111, 501 (1939).
REGENER, V. H., Phys. Rev. 64, 250 (1943 a).

ibid. 64, 252 (1943 b).

RIBNER, ibid. §6, 1069 (1939).

RicHARDSON, Nature, Lond. 73, 607 (1906).

RoBERG and NoRDHEIM, Phys. Rev. 75, 444 (1949).
ROCHESTER, Nature 154, 399 (1944).

Proc. Roy. Soc. A 187, 464 (1946).

——— and BUTLER, Nature, 160, 885 (1947).

Proc. Phys. Soc. 61, 307, 525 (1948).
RocoziNsky, Phys. Rev. 65, 207, 291, 300 (1944).
Rose and RaMsEY, ibid. 59, 616 (1941).

Rossi, Linc. Rend. 11, 831 (1931 a), also Nature, Lond. 125, 636 (1930).
Z. Phys. 68, 64, also Nuovo Cim. 8, 49 (1931 b).
—— Z. Phys. 82, 151 (1933).

—— Ric. Sct. 5, 569 (1934).

—— Int. Conf. Physics, London, p. 233 (1934 c).
Rev. Mod. Phys. 11, 296 (1939).

ibid. 20, 519 (1948).

——— and Avrocco, Acc. Linc. Att. 21, 167 (1935).
—— and BENEDETTI, Ric. Sci. 5, 379 (1934).

—— and GREISEN, Rev. Mod. Phys. 13, 240 (1941).
—— —— Phys. Rev. 61, 121 (1942).

——— —— STEARNS, FrRoMAN, and KoonNTz, ibid. 61, 675 (1942).
—— and Hauwr, ibid. 59, 223 (1941).

—— HiuBerrY and Hoag, ibid. 57, 461 (1940).
——— JANossy, RoCcHESTER, and BouND, ibid. 58, 761 (1940).
—— and KrapPMANN, ibid. 61, 414 (1942).

——— and NERESON, ibid. 62, 417 (1942).

ibid. 64, 199 (1943).

—— and REGENER, V. H., ibid. 58, 837 (1940).
RuMBAUGH and LOCHER, ibid. 49, 855 (1936).
RuTHERFORD and CoOK, ibid. 16, 183 (1903).

SAWYER, ibid. 44, 241 (1933).

ibid. 47, 515 (1935).

ScHEIN and GILL, ibid. 11, 267 (1939).

Ioxa, and TABIN, Phys. Rev. 64, 253 (1943).

—— JESSE, and WoLLAN, ibid. 59, 615 (1941).

——- WoLLAN, and GROETZINGER, ibid. 58, 1027 (1940).
YNGRE, and KRAYBILL, ibid. 73, 928 (1948).
SCHINDLER, Z. Phys. 72, 625 (1931).

ScaMEISER and BoTHE, Ann. Physik, 32, 161 (1938).
SCHONBERG, An. Ac. Brazil, 12, 281 (1940).

and OcOHIALINI, Symposium, Rio de Janeiro (1943).
ScHOPPER, Naturwiss. 25, 557 (1937).

and SCHOPPER, Phys. Z. 40, 22 (1939).

ScHREMP, Phys. Rev. 54, 153, 158 (1938).
SCHROEDINGER, Nature, Lond. 153, 592 (1944).
SCHWEGLER, Z. Phys. 96, 62 (1935).




BIBLIOGRAPHY

SoHWINGER, Phys. Rev. 61, 387 (1942).

Scorr and UHLENBECK, Phys. Rev. 62, 497 (1942).
SEN GuPpTA, Nature, Lond. 146, 65 (1940).

Proc. Nat. Inst. Ind. 9, 295 (1943).

SERBER, Phys. Rev. 54, 317 (1938).

SEREN, ibid. 62, 204 (1942).

SEAPIRO, Rev. Mod. Phys. 13, 58 (1941).

SuUTT, ibiu. 61, 6 (1942).

—— BENEDETTI, and JOHNSON, ibid. 62, 552 (1942).
SimegoN, G. C. and WricHT, Proc. Roy. Soc. 85, 175 (1911).
SmvMpson, J. A., ibid. 66, 39 (1944).

SKOBELZYN, Z. Phys. 43, 354 (1927).

ibid. 54, 686 (1929).

——C.R. USSR, 37, 141 (1942).

——ibid. 42, 388 (1944 a).

ibid. 44, 142 (1944 b).

SMmowoLINSKY, Journ. Phys. USSR, 3, no. 2 (1940).
SNYDER, Phys. Rev. 53, 960 (1938).

STEARNS, ibid. 49, 473 (1936).

STEINBERGER, ibid. 74, 500 (1948).

STEINKE, Z. Phys. 42, 570 (1927).

——ibid. 48, 647 (1928).

——— Phys. Z. 30, 767 (1929).

—— and TIELSCH, Z. Phys. 84, 425 (1933).
STETTER and WAMBACHER, Phys. Z. 40, 702 (1939).
StEVENSON and STREET, Phys. Rev. 49, 425 (1936).
STEVER, ibid. 61, 38 (1942).

STORMER, Z. Astr. Phys. 1, 237 (1930).

— —— Astr. Norv. 1, 1 (1934).

STREET, Journ. Frankl. Inst. 227, 765 (1939).
Wo0DpWARD, and STEVENSON, Phys. Rev. 47, 891 (1935).
SwaNN, Phys. Rev. 44, 224 (1933).

Tam and BELENKY, Journ. Phys. USSR, 1, 177 (1939).
—— Phys. Rev. 70, 660 (1946).

TAYLOR, Proc. Roy. Soc. A 150, 382.

TraiBAUD, Compt. Rend. 197, 237 (1933 a).

ibid. 197, 915 (1933 b).

Trcuo and ScHEIN, Phys. Rev. 73, 81 (1948).

TiNvor, ibid. 75, 519 (1949).

Trom~o and WHEELER, American Scientist, 37, No. 2, 3 (1949).
Tomonaca and Araki, Phys. Rev. §8, 90 (1940).
ToNGIORGI, Nuovo Cim. 1, 96 (1943).

TrosT, Z. techn. Phys. 16, 407 (1935).

—— Z. Phys. 105, 319 (1937).

TrumPpY, Det Dansk. Vid. Sel. 20, no. 6 (1943).

VALLARTA, Phys. Rev. 47, 647 (1935).
Nature, Lond. 139, 24 (1937 a).
——ibid. 139, 839 (1937 b).

441

—— On the allowed cone of cosmic radiation, Toronto University Press (1938).

—— and GoDART, Rev. Mod. Phys. 11, 180 (1939).



442 BIBLIOGRAPHY

WaATAGHIN, SANTOS, and PoMPEIA, Phys. Rev. §7, 61, 339 (1940).
WEeBB, Phil. Mag. 19, 927 (1935).

WEISCHEDEL, Z. Phys. 101, 732 (1936).
WEIZSACKER, ibid. 88, 612 (1934).

WEeNTZEL, ibid. 40, 590 (1927).

WERNER, ibid. 90, 384 (1934).

WHEELER and LADENBURG, Phys. Rev. 60, 754 (1941).
WiLkeNING and KANE, ibid. 62, 534 (1942).
Wirriawus, E. J., Proc. Roy. Soc. A 135, 108 (1932 a).
ibid. A 139, 163 (1933 a).

Nature, Lond. 131, 511 (1933 b).

—— Int. Conf. Physics, London (1934 a).

—— Phys. Rev. 45, 729 (1934 b).

—— Sci. Prog. 121, 14 (1936).

-—— Nature, Lond. 142, 431 (1938).

Proc. Camb. Soc. 35, 512 (1939 a).

—— Proc. Roy. Soc. A 172, 194 (1939 b).

ibid. A 169, 531 (1939 c).

—— Phys. Rev. 58, 292 (1940 a).

—— Proc. Camb. Soc. 36, 183 (1940).

—— and Evaxs, Nature, Lond. 145, 818 (1940).
—— and PIcruUP, ibid. 141, 684 (1938).

——— and ROBERTS, ibid. 145, 102 (1940).
WiLson, A. H., Proc. Camb. Soc. 36, 363 (1940).
——ibid. 37, 301 (1941).

Wison, C. T. R., Proc. Camb. Soc. 11, 32 (1900).
Proc. Roy. Soc. A 68, 151; A 69, 277 (1901).
——ibid. A 85, 285 (1911).

Proc. Camb. Soc. 22, 534 (1925).

Proc. Roy. Soc. A 142, 88 (1933).

WiLson, J. G., ibid. A 166, 482 (1938).

—— Nature, Lond. 142, 73 (1938 a).

Proc. Roy. Soc. A 172, 517 (1939).

——ibid. A 174, 73 (1940).

—— Nature. Lond. 158, 414 (1946).

WiLson, V. C., Phys. Rev. 53, 337 (1938).

ibid. 55, 6 (1939).

—— and HucHES, ibid. 63, 161 (1943).

WorraN, ibid. 60, 532 (1941).

Wo0DWARD, ibid. 49, 711 (1936).

Wuvr, Phys. Z. 10, 152 (1909).

ibid. 11, 811 (1910).

WyNN-WiLLiamMS, Proc. Roy. Soc. A 132, 295 (1931).

Youne and STrEET, Phys. Rev. 46, 823 (1934).

—— ——ibid. 52, 559 (1937).

Yurawa, Proc. Phys. Math. Soc. Jap. 17, 48 (1934).

—— KoBAYASHI, SAKATA, and TARETANI, ibid. 20, 720 (1938).
—— and SAKATA, ibid. 19, 1084 (1937).

A comprehensive guide to the later literature is contained in Elementary
Particle Physics including Cosmic Rays, by J. Trom~o0 and J. A. WHEELER (1949).



AUTHOR INDEX

Adams, 20.

Alichanjan, 429.

Alichanov, 21, 429.

Allen, 189.

Aloceo, 12, 260.

Alphen, 24, 292.

Altmann, 229, *

Andetson: cloud chamber, 66; meson, 13,
19, 20, 120, 149, 190, 429; momentum
measurement, 8, 18, 62, 69, 174; pho-
tons, 1566 ; positive electron, 13-15, 144;
protons, 146; showers, 9, 10.

Araki, 192.

Arley, 117, 161, 205, 222, 224-5, 253, 265,

399, 409-10.

Auger: absorption anomaly, 21, 193;
cloud chamber, 58; components, 12,
226 ; meson decay, 22, 56, 190 ; showers,
9, 260; showers, extensive, 28, 29, 318,
327-8, 332, 342; showers, penetrating,
348, 350, 359.

Barber, 296, 312.

Barbour, 423,

Barnéthy, 5, 12, 21, 167.

Barry, 296, 312, 314.

Bg,rtels, 297, 306.

Bates, 423.

Bayes, 373-4.

Bearden, 61.

Beardsley, 21.

Behounek, 3.

Belenky, 204, 222, 318, 324.

Benedetti, 59, 185, 187.

Bennett, 32, 33.

Bernardini, 5,198, 201, 225-6, 246, 253, 426.

Berriman, 418.

Bethe: collisions, elastic, 101, 107; colli-
sions, radiative, 16, 108, 113, 133, 135,
160; showers, extensive, 318, 321;
ionization, 129; mesons, 121, 128-9;
neutrons, 164. °

Bhabha: cascade theory, 17,\202~4, 212,
222-4, 398, 399, 408 ; mesons, 122, 124,
130; knock-on electron, 243.

Biehl, 296, 312,

Blackett: components, 18, 174; cloud
chamber, 58, 61-6; meson decay, 120,
182; morhentum spectrum, 6, 8, 28, 69—
72, 143, 169-71, 308; positive electron,
13, 15-16, 144; protons, 19, 146, 345;
scattering, 176; showers, 9-10; tem-
perature effect, 21, 194.

Blau, 27, 74, 418, 419, 426.
Bloch, 101, 126, 136.

Boggild, 11, 264.

Bohr, 88-9, 91-2, 189.

Booth, 124, 136.

Bose, 27, 420, 422.

Bostick, 27.

Bothe, 7, 163-4, 232-3.
Boukaert, 25, 282, 313.

Bound, 162.

Bowen, 23, 26, 238, 293, 296, 306, 344.
Braddick, 27, 167, 269-60, 347, 358.
Bradt, 48, 423, 430.

Bridge, 36.

Broadbent, 342, 360.

Brode, 8, 19, 40, 67, 71, 146, 153.
Brown, 427, 429.

Bruins, 21.

Bruyn, de, 37, 43-4.

Burfening, 427-9.

Burton, 1.

Bush, 285.

Butler, 117, 429.

Cacciapuoti, 247, 2563.

Camerini, 427-9.

Cameron, 4, 5, 33.

Carlson, 17, 202-3.

Carmichael, 11, 24, 293, 296, 302.

Chadwick, 15.

Chakrabarty, 204, 212, 222-3, 263, 303,
398-9, 408.

Chang, 428.

Chapman, 297, 301, 306.

Charminade, 22, 56, 190-1.

Chilton, 74, 418, 420.

Chou, 11.

Chowdhuri, 420, 422.

Christy, 262-3.

Clay: geomagnetic effects, 23-5, 290, 292;
intensity in the atmosphere, 24, 154;
intensity under ground, 5--6, 12, 166-8,
228, 235; showers, 233, 235; tempera-
ture effect, 21, 194.

Clementel, 408.

Cocconi, 29, 329-30, 338, 340, 342, 360.

Code, 175-6.

Compton, 21, 23-4, 32-3, 194, 270, 290-1,
293, 319,

Conversi, 190-2.

Cook, 1.

Cooper, 292.

Corben, 124, 130-1.

Corlin, 4-5, 33, 291.



444

Corson, 67, 153.

Cortini, 419, 426.

Cosyns, 24, 37-9, 41, 43-4, 293, 332, 340,
427,

Cowie, 22, 190.

Cowling, 301.

Crane, 189.

Crassard, 8, 143-4.

Crawshaw, 5, 6, 12, 20, 192.

Cuer, 420, 424.

Curie, 15-16.

Curran, 43.

Dallaporta, 408.

Danforth, 41, 312.

Daudin, 27, 328-9, 332, 342, 348.

Dayvies, 418, 429.

De Felice, 419.

Demers, 418.

Dillworth, 419, 427.

Dirac, 13, 15-16, 102.

Drigo, 260.

Duperier, 21, 27, 194, 196, 345, 377,
379.

Du Toit, 412.

Dymond, 24, 293, 296, 302.

Eckart, 5, 48.

Ehmert, 5-6, 12, 21, 166, 235, 260.

Ehrenberg, 11.

Ehrenfest, 8-9, 21, 69, 144, 174-5, 193,
260, 328.

Elster, 1.

Epstein, 26, 301.

Euler, 21, 27-8, 178, 196, 224, 243, 261,
318, 333.

Evans, 20, 185.

Eyges, 319.

Fermi, 25, 113, 189, 197, 269, 279.

Ferretti, 93, 313.

Fertel, 74.

Festa, 198.

Figher, 373.

Flood, 59.

Follet, 6-6, 12, 20, 192.

Forbush, 34.

Forré, 5, 12, 21, 167.

Fournier, 21, 193.

Fowler, 420, 424, 427, 429.

Franzinetti, 423.

Freier, 14, 430.

Fréon, 21-2, 182, 191, 193, 328, 332, 342,
345.

Fretter, 27, 151, 254.

Frisch, 45.

Frohlich, 117-18, 121.

Froman, 199.

AUTHOR INDEX

Funfer, 10, 73-4, 164.
Furry, 224.
Fussel, 27, 347.

Gardener, 76, 344, 427-9.

Geiger, 36, 73.

Geitel, 1. )

Gemert, 5-6, 12, 154, 166-8, 226.

George, 229, 426.

Getting, 40, 49, 270.

Gilbert, 10.

Gill, 262.

Gockel, 1-2, 4.

Godart, 26, 293, 286, 301.

Goldschmidt-Clermont, 422.

Gordon, 101.

Gorodetzky, 84, 150-1.

Graziadei, 21.

Greisen: absorption anomaly, 199; cas-
cade theory, 204, 212-14, 217, 408 ; colli-
sion formulae, 126-7, 129, 133-5;
intensity of soft component, 243-4, 246,
262 ; penetrating particles, 29.

Grivet-Meyer, 28, 318.

Groetzinger, 157, 345.

Gross, 139, 165.

Hale, 301.

Hall, 93, 199-201.

Halpern, 93, 189.

Hamilton, 28, 114, 125-6, 136, 344, 361.

Harper, 40.

Hayakawa, 173.

Hazen, 27-8, 36, 63, 67, 145, 167, 173,
254-5, 348.

Hebb, 217.

Heisenberg, 21, 27, 100, 113, 178, 196, 224,
243, 261, 363.

Heitler: atmospheric transition, 238, 302;
cascade theory, 17, 202-3, 224 ; meson,
neutral, 165; meson production, 28,
114, 125-6, 146, 344, 361-2, 365 ; meson
scattering, 124-5, 176; nuclear forces,
117-18, 121; radiation damping, 76,
125; radiative collisions, 16, 88, 108,
113, 133, 135, 160; stars, 74, 427.

Hensby, 27, 167, 347.

Herzog, 8-9, 27.

Hess, 2-3, 21, 36, 229.

Hilberry, 21, 197-8, 247, 330-2, 338-40.

Hoag, 21, 197-8, 247.

Hodson, 40, 42, 358, 412-13.

Hoffmann, 3-4, 11, 31, 33-4

Hooft, 24, 292.

Howlett, 212.

Hu Chien Shan, 231-2.

Hughes, 8, 143, 150-1, 167-8.

Hunter, 283.

.



AUTHOR

Ingleby, 27, 55, 348, 350-1.
Iona, 346, 338, 364.

Ishji, 5.

Iwanenko, 204.

Janneau, 429.

Jénossy: cascade theory, 221 ; coincidence
technique, 48, 55, 139; meson produc-
tion, 28,*114, 126, 344, 364; photons,
160-1; showers, 161, 229, 232, 260;
showers, extensive, 342, 360, 363, 365;
shdwers, penetrating, 27, 163, 348-51,
353-6, 358, 360; sun’s magnetic field,
26, 270, 301.

Jason, 426.

Jdanow, 426.

Jesse, 225, 345.

Johnson: asymmetries, 24-5, 292, 296,
310, 312-14; directional distribution, 5;
meson decay, 20, 185, 187; primaries,
25, 27, 308, 344; technique, 55, 59.

Joliot, 15-16.

Jones, 8, 143, 169.

Juttner, 82.

Kane, 40.

Karkov, 11, 264.

Kellog, 121.

Kemmer, 117-18, 121.

King, 422, 427.

Klapmann, 243.

Klein, 111, 114, 132-3.

Klemperer, 73.

Kolhorster, 2-5, 7, 28, 31, 33, 153-4, 167,
318, 327.

Koontz, 199.

Korff, 37, 40, 73, 164.

Kraybill, 312.

Kulenkampff, 21, 193.

Kunze, 8, 13, 19.

Kusaka, 262-3.

Laby, 59.

Lamb, 224.

Landau, 138, 204, 208, 318, 324.

Lapp, 329.

Lattes, 13, 76, 344, 406, 408, 420, 423, 424,
427-9,

Lattimore, 422.

Lawson, 36.

Leighton, 120, 429.

Lemaitre, 23, 25, 190, 266, 269, 273, 280,
282, 285-6, 288-9, 313.

Leprince-Ringuet, 8, 12, 84, 117, 143,
150-1, 260, 426, 429.

Leyvis, B., 45.

Lewis, L. G., 329, 342.

L’Héritier, 117, 143, 429.

INDEX 445
Lindholm, 11, 33-4.

Livesey, 74, 418, 420.

Livingstone, 128.

Lloyd, 20.

Locher, 74, 426.

Lock, 418, 429.

Lofgren, 14, 430.

Lovell, 165, 329, 337.

Loverdo, 328, 360.

Ma, 124.

Maass, 157.

McCaig, 229.

McLennan, 1.

McPhearson, 19, 146.

Manfredini, 419, 426.

Massey, 88, 124, 130-1.

Matthes, 318.

Maze, 22, 28, 40, 48, 56, 190-1, 318, 327-8,
332, 342.

Medicus, 4.

Miehlnickel, 23.

Milliken: energy flow, 26, 238, 240, 298
300, 344; geomagnetic effects in the
atmosphere, 24, 293-6; geomagnetic
effects near sea-level, 23, 292, 310;
intensity in the atmosphere, 3-4;
intensity under ground, 5; ionization
chamber, 33.

Mitra, 328.

Meoller, 101, 119-22, 130, 165, 176, 360.

Molidre, 324.

Montgomery, C. D. and D. D.: bursts, 11—
12, 227-8, 259-61; counter geometry,
255-8 ; counter technique, 37, 73 ; meson
decay, 22, 190 ; neutrons, 164.

Montgomery, D. D., 312.

Morellet, 429.

Morgan, 231-2, 265.

Mott, 88, 101, 131.

Muirhead, 406, 418, 422, 423, 427-9.

Muller, 36.

Myazaki, 166.

Myssowsky, 4-5.

Nageotte, 143.

Neddermeyer, 8-9, 13, 18, 19, 144, 146,
149, 174.

Neher: absorption anomaly, 21, 197;
geomagnetic effects, 24, 26, 292-4, 298—
300, 310, 312; intensity in the atmo-
sphere, 23, 238, 240, 295-6, 344; tech-
nique, 40, 43, 45.

Nereson, 22, 48, 56, 161, 190-2.

Ney, 14, 430.

Nicolson, 344.

Nie, 11.

Nielsen, 161, 231-2, 265.



446

Nishina, 5, 111, 132-3, 151.

Nordheim, 17, 26, 119, 217, 238, 302, 306,
318, 321, 323, 344.

Nordsieck, 224.

Occhialini, 9, 13, 15-16, 64, 66, 74, 144,
406, 408, 418-20, 423, 427.

Oppenheimer, F., 430.

Oppenheimer, J. R., 17, 130, 202-3.

Owen, 414, 415.

Pacini, 1.

Pancini, 192.

Payne, 419.

Peng, 28, 114, 125-6, 136, 146, 165, 176,
344, 361, 366.

Perkins, 423, 426.

Peters, 14, 423, 430.

Petriilka, 43.

Pforte, 11, 34.

Pfotzer, 24, 225, 236, 293.

Piccioni, 190-2.

Pickering, 24, 43, 240, 293-5, 298-300, 310.

Pickup, 13, 72, 151.

Placzek, 164.

Pélya, 224, 399.

Powell, C. F., 13, 74, 120, 185, 406, 408,
418, 420, 423, 427-9.

Powell, W. M., 27, 151.

Present, 37, 40.

Przibram, 59.

Querzoli, 247, 253.

Rabi, 121.

Ramsey, 22, 37, 40-2, 121, 190.

Rasetti, 22, 56, 162, 190-2.

Rau, 20.

Regener, E., 5, 12, 166, 235, 238.

Regener, V. H., 27, 55-6, 162, 348, 364.

Ribner, 292.

Richard-Foy, 429.

Richardson, 1, 428.

Ritson, 418, 427-9.

Roberg, 318, 323.

Roberts, 13, 20, 185.

Robley, 28, 327.

Rochester, 27, 117, 162-3, 348, 354-6,
358-60, 429.

Roesch, 266, 312.

Rogozinsky, 359-60.

Rose, 42.

Rosenberg, 12, 226.

Rosenblum, 423.

Rosenfeld, 119-22, 165, 176, 361.

Rosser, 328.

Rossi: absorption anomaly, 21, 197-200;
absorption in metals, 7, 11-12, 154,

AUTHOR INDEX

156-7 ; cascade theory, 204, 212-14, 217,
411; coincidence technique, 36, 46, 48,
52, 56, 227; collision formulae, 126-7,
129, 133-5; geomagnetic effects, 24-5,
269, 279, 292; intensity of soft com-
ponent, 243—4, 247, 262; meson decay,
22, 190-2, 200-1; meson production,
344, 358 ; non-ionizing rays, 158, 160-2.

Rumbaugh, 74, 426. “

Rumer, 204, 208.

Rutherford, 1.

Sawyer, 10.

Schein, 157, 192, 225, 262, 312, 345-8,
364.

Scherrer, 8-9, 48.

Schindler, 4.

Schmeiser, 232-3.

Schonberg, 204, 408, 427.

Schopper, 74, 426.

Schremp, 24-5, 285, 292.

Schrédinger, 48.

Schwegler, 230.

Schwinger, 120, 408.

Scott, 224.

Seriff, 120, 190, 429.

Sen Gupta, 67, 152-3.

Serber, 130, 204.

Seren, 260.

Shapiro, 418.

Shonka, 48.

Shutt, 20, 59, 1756-6, 185, 187.

Simpson, G. C., 2, 4.

Simpson, J. A., 42, 412.

Skobelzyn, 7-9, 153, 318, 343.

Smowolinsky, 124.

Snyder, 130, 204.

Sokolow, 204.

Starr, 19, 146.

Stearns, 10, 199.

Steinberger, 120, 190.

Steinke, 4, 11, 33.

Steinmaurer, 21.

Stetter, 426.

Stevenson, 7, 9, 11, 55, 154, 156.

Stever, 21, 37-8, 40, 197.

Stérmer, 23, 25, 266, 270-1, 273, 276,
278-9, 281-8.

Street, 7, 9, 11, 24, 154-6, 261, 292.

Strong, 49.

Swann, 25, 269.

Tabin, 346, 348, 364.
Tamm, 192, 204, 222,
Taylor, 420.
Tchang-Fong, 429.
Thibaud, 15-16.
Thomson, 91.



AUTHOR

Ticho, 192,

Tielsch, 11,

Tinlot, 358.
Torhonaga, 173, 192,
Tongiorgi, 164, 360.
Treat, 29.

Trost, 37, 40.
Trumpy, 181, 265.
Turner, 21,d 94.
Tuwim, 4-5.

Tzu, 221.

Uhlenbeck, 224.

Vallarta, 23-6, 266, 269, 273, 279, 280,
282-6, 288-9, 301, 313.
Vermaesen, 427.

Walker, 229.

Walsh, 28, 126, 362.
‘Wambacher, 27, 74, 418, 426.
Wataghin, 27, 348-50.
Watson, 369.

Webb, 62.

Weber, 318.

‘Weischedel, 166.
Weissenberg, 429.
‘Weizsicker, 88, 108, 112.
‘Wentzel, 101.
Wergeland, 28, 318.
Werner, 37-8.

INDEX 447

Weyl, 16.

‘Whiddington, 91.

Wilkening, 40.

Williams, E. J.: collisions, 88, 93, 96, 99—~
101, 105-6, 108, 112; components, 146,
243; energy loss, 136, 238; Gross trans-
formation, 139; meson decay, 13, 20,
185; meson mass, 151; momentum
spectrum, 8, 170, 251-3; radiation, 76;
scattering, 71-2, 130-1, 150; sensitive
time, 60.

Wilson, A. H., 76, 124-5, 136.

Wilson, C. T. R., 1, 7, 56, 62-3.

Wilson, J. G.: cloud chamber, 56, 70-1;
energy loss, 18, 144, 174, 260 ; extensive
showers, 36, 329, 337; mesons, 151,
174-6 ; momentum spectrum, 8, 72, 169-
70.

Wilson, V. C,, 5, 12, 166-8, 224, 235-6.

Wollan, 27, 32-3, 157, 225, 345.

Woodward, 7, 10-12, 1564-5, 234, 261.

Wright, 2, 4. .

Wulf, 1-2.

Wynn-Williams, 44-5.

Yngre, 312.
Young, 11, 261.
Yukawsa, 13, 20, 76, 113-14, 117-19.

Zacharias, 121.



SUBJECT INDEX

a-particle, 28, 36, 73, 74, 76, 408, 427, 430.

A priori probability, 257.

Aberration, 80, 270.

Absorption in lead, 3, 4, 11, 154, 168, 173.

— anomaly, 21, 22, 192, 193, 196, 201, 260.

— coefficient, 2, 3, 4, 29, 137, 242, 356-8.

— curve, b, 6, 160, 165, 173, 197, 232, 233,
363.

—- funetion, 6, 138, 166, 213, 253.

Accidental, 47-9, 165.

Adiabatic, 56, 59-70.

Aeroplane, 292, 293, 332.

Age of track, 61.

Air density, 179, 261, 304, 321, 323, 333,
357.

— pressure, 2, 4, 332, 358, 383, 385.

Alcohol, 37, 39, 40, 48, 60.

ﬁﬁged cope, 281-6, 288, 313.

1on, 274-6, 278, 279, 298.

Aluminium, 57.

Amplitude, 383, 385.

Angular momentum, 271,

— spread, 318, 321-2.

Annihilation, 16.

Anomalous absorption of y-rays, 60.

— scattering, 176.

Anticoincidence, 50-4, 68, 162, 190-2, 199,

200, 356.

— arrangement, 158, 163, 199, 356.

— counter, 156, 158-60, 162, 355.

— genuine, 159, 160, 162, 163.

— spurious, 159, 163.

Apparent life, 22, 177, 201.

Argon, 33, 59.

Artificial pulses, 49.

Asymmetry, 24, 290, 292, 296, 309-12; see
also east-west, north-south.

Asymptotic orbit, 273, 288, 289.

Atmosphere, 25, 179, 193-6, 202, 213, 225,
2317, 238, 249, 266, 298, 304, 305, 309,
314, 317, 321, 342, 344, 345, 357, 362.

Atmospheric transition, 236-42, 302.

Atomic electrons, 91, 92.

— radius, 91.

Aurora borealis, 25.

B-activity, 76, 113, 119.

B-decay, 20, 119, 120, 122, 189.

B-particle, 14, 120, 189.

Balloon, 2, 24, 235, 292-4, 296.

Banded spectrum, 25.

Barometer effect, 4, 194-6, 332, 340, 3567,
358, 383.

Bayes’s theorem, 373, 374.

Be?, 189.

Bessel function, 369.

Bethe-Heitler theory, 17, 18, 160, 161.

Buas, 65, 67-8, 328.

Binding force, 91, 92.

Bloch formula, 126, 136, 200.

Bohr radius, 93, 99.

Boron, 73, 74, 164.

Bound electron, 92.

Boundary, 273, 276-8, 285, 289.

— condition, 223.

Bounded orbit, 274-5, 278, 285.

Breadth of track, 61, 69.

Breakdown, 18, 113, 189, 190.

Burst, 11, 12, 30, 34-6, 227, 228, 237, 255~
6, 259-63, 329, 342, 343.

— coincidence, 329, 342, 343.

— chamber, 254-6.

Camera, 58, 59, 62.

Canonical coordinates, 266.

Capture, 22, 152, 192.

Carbon, 197.

-— are, 62.

Kascade computations, 391.

— maximum, 220, 221.

Zshower, 17, 28-9, 145, 202-4, 211, 213,

224, 230, 241-4, 249-55, 259-65, 302—

4, 314, 315, 318-26, 329, 330, 340-3,

346, 347, 349-53, 365, 392.

— theory, 202-5, 238, 240, 258, 302, 330,

938, 391-411.

— unit, 205, 235, 237, 245, 264, 314-15,
319, 323, 331, 342, 349-51, 355, 391,
410.

Catastrophic absorption, 137.

Cathode follower, 412-15.

Cauchy’s theorem, 215.

Cenco counter, 43.

Centre of gravity, 103, 215.

— magnetic, 292, 297, 306.

Characteristic impedance, 413.

Charged particle, 14, 15, 141, 297,

Circular orbit, 273, 286.

Classical, 100, 101, 105, 107, 109-11, 122.

Cloud chamber, 7, 8, 13, 20, 27-8, 56-73,
141, 152, 328-30, 334.

— photograph, 10, 13, 28, 59, 62, 173, 185,
187, 189, 227, 254, 328-30, 333, 347-8,
360.

Coincidence, 7, 9, 10, 46-56, 153-9, 165-8,
227-9, 255-17, 264, 293, 326-32, 338-9,
3486, 349, 350.

— experiment, 7, 154.

Collecting area, 329.

— electrode, 30, 31, 34.
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Collecting time, 35.

Collision, 7§ ff.: see also elastic, inelastic.

—.close, 95, 109, 130.

— distant, 91, 93, 95-7, 107.

— parameter, see impact parameter.

— radiation, 112, 113, 133, 144.

Complex jntegral, 213, 391.

Composition, 167.

Compton &fect, 87.

— electron, 153.

— meter, 33, 4.

— deattering, 318, 319.

Condensation nucleus, 56-8.

Conservation, 88, 89, 120, 189, 190.

Continuous recording, 30, 34.

Convection current, 70.

Coordinate system, 76.

Core of shower, 340, 341, 359.

Correlation, 194-6, 385-90.

Coulomb, field, 79, 99, 105, 108, 109.

—- interaction, 100-2, 175.

— scattering, 71, 72, 150, 175, 318.

Counter control, 9, 60, 61, 64-8, 348.

— telescope, 64, 293, 296, 312.

Creation of particles, 88.

Critical energy, 205, 222, 242, 264, 340.

Cross-section for energy loss, 90.

— for scattering, 90, 123-5, 130, 131, 176.

?for shower production, 231, 232, 347.

survature, 13, 15, 68-72, 1424, 150, 174,
185, 314.

—— measurement, 69, 70.

LA spurious, 71, 72, 150.

Cut- 26, 237, 242, 299, 302; see also
latitude cut-off.

Cylindrical coordinates, 271.

%-ra.ys, 418, 421.

ead time, 38, 41, 42, 53, 408.

Decay, 21, 68, 120, 136, 152, 177-201, 245,

® 248, 249, 304.

— B-, 424.

— electron, 21, 182-92, 202, 237, 243-52,
259-62, 304, 315, 342, 362.

— u-meson, 425.

— probability, 180-2, 197, 243.

— m—u, 185, 423-45.

— spectrum, 248-51, 261, 414.

Delayed, 48, 56, 62, 66, 153, 190-2.

Density distribution, 324-6, 329, 333, 338,
397.

— of particles, 267, 324, 328, 329, 333-41.

Depth-ionization, 166, 305.

Deuteron, 118.

Diatomic, %$9.

Differential analyser, 283.

-— equation, 210, 211.

DIffusion coefficient, 61, 66.

— equation, 207, 208, 211.
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Dipole, 24, 266, 270, 271, 273, 275, 292,
297, 301.

— interaction, 121.

— moment, 270, 275, 297.

Dirac’s theory, 13, 15, 16.

Directional distribution, 4-6, 292.

Discovery of cosmic radiation, 1.

— of meson, 114, 344.

— of positive electrons, 15, 144.

Discriminator, 51, 53.

Distortion, 60, 70-3.

Distribution of error, 151.

Divergency, 76.

Doppler effect, 80, 184, 270.

Drop of temperature, 59.

Droplet, 56, 57, 59.

Dry battery, 166.

East—west asymmetry, 24, 290, 292, 295,
296, 308-16.

— direction, 276, 278, 312.

iccentricity, 306.

Eecliptic, 301.

Kffective charge, 421.

Kfficiency, 41, 42, 74, 255.

Elastic collision, 82, 83, 101, 150.

—- scattering ; see Coulomb scattering.

Electromagnetic, 75, 76, 78, 110, 266.

Electromeoter, 30—4.

—- valve, 35.

Electron, 12, 14-18, 75, 91, 92, 141-6, 149,
174, 182, 202-7, 217, 218, 221, 225,
236, 242, 248-55, 258, 298, 312-16,
318-23, 330, 340-2, 349, 351, 357, 360,
365, 391, 392, 394, 396, 399, 400, 404.

— pair, 10, 15-17, 88, 135, 136, 145, 156,
162, 203, 204, 207.

— secondary, 84, 129, 130, 202, 245, 254,
347.

—- spectrum, 25, 170, 249, 251, 258, 302,
343.

—- track length, 214.

Electronic circuits, 408.

Electro-negative, 42.

Electroscope, 1, 36.

Elhpse, 389, 390.

Elliptic integral, 272.

Emission, 16, 17, 125, 126, 133, 134, 145,
184, 188, 202, 205-8, 344.

Emulsion, electron sensitive, 414, 418, 423,
425.

— nuclear, 414.

— photographic, 150, 415, 416.

Energy, 16, 17, 28, 78.

— flow, 81, 82, 214, 238, 240, 298-300, 305,
307, 316, 351.

— loss, 7, 18, 91-4, 107, 109, 113, 146, 156.

— range relation, 150, 419-21.

—- spectrum, 8, 250, 251, 302, 340.
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Energy transfer, 83-5, 87, 90, 106, 107, 112,
243, 245, 306, 317.
Equation of motion, 266, 267, 285.
Equator, 283, 286, 297, 298, 301, 307.
Equatorial belt, 281, 308.
— plane, 272-4, 278.
Equilateral triangle, 329.
Equilibrium, 243, 246.
Error integral, 371.
Exchange, 117.
Exoitation, 106.
Expansion, 56-66, 70, 153.
— ratio, 56-9, 61, 63.
Explosion, 28.
Exponent, 173,217, 247, 259, 260, 343, 362.
Exponential, 5, 137, 332.
Estmive air showers, 28, 29, 49, 68, 242,
318, 326-43, 355, 360, 362, 404-5.
— penetrating showers; see penetrating,
extensive.
ixtra-terrestrial, 1-3.
Extreme relativistic, 78, 84, 85.
Family, 286, 389, 390, 392.
Fast counter, 43.
— meson, 151, 188, 192, 247,
— neutron, 164.
—- proton, 148, 149.
Fine structure, 290.
Finite nucleus, 99, 131.
Flip-flop, 408, 410.
Fluctuation, 35, 36, 204, 223, 224, 296, 341,
366, 378-89, 399.
— of cascades, 405.
— of energy logs, 137, 174, 364, 377.
E‘orbidden, 25, 269, 273-84, 289.
— cone, 25, 282, 308.
Fourier component, 110, 125.
F-region, 289.
Fringe, 325, 340.
I'-distribution, 372, 373, 378.
y-rays, 1-3, 7, 153.
Galactic rotation, 270.
Gas flow, 63.
Gas-filled relay (thyratron), 42-6, 52, 54,
411.
Gate valves, 411-12.
Gaussian, 95, 138, 164, 175, 176, 324, 369~
73, 375, 3717, 378.
Geiger-Miiller counter, 5, 7, 36-46, 153.
Generating function, 367-9, 371.
Geographical latitude, 290.
Geomagnetic coordinates, 25, 297.
— effect, 25-6, 266-317, 338, 343, 344,
362.
— equator, 23, 24, 266, 290, 292, 307, 311.
— latitude, 23, 24, 276, 280, 290, 293, 296,
298-300, 308, 309, 315-17.
— longitude, 24, 276, 292, 306, 307.
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Geomagnetic pole, 23, 29, 302.

Geometrical cross-section, 363, 364.

Gold, 154, 174.

Grain density, 414-18, 421.

Gravitation, 120.

Gross transformation, 139, 1656.

Group velocity, 116.

Guard ring, 31.

Half-life, 20-2, 56, 120, 165, 17/, 190, 192,
201, 362.

Hamiltonian, 266, 267.

Hard component, 11, 17, 26, 28, 173, 197,
198, 225-7, 237, 254, 260, 304, 305,
309, 311-13, 316, 317, 344, 361.

— valve, 45.

Harmonic force, 92.

H-atom, 106.

Heavily ionized, 19.

— ionizing, 10, 348.

Heavy primaries, 42€

Height of production, 27, 181, 195, 197,
344, 345.

Height-intensity, 24, 197, 226, 235, 237-9,
261, 293-5, 298, 302, 307, 315, 330-2.

Height-ionization, 2, 4, 240, 293, 298, 300.

Hemisphere, 282, 293, 297.

High altitude, 12, 24, 27, 157, 202, 290,
292-6, 302-4, 311-14, 316, 346, 364.

— latitude, 266, 290, 302, 316.

— pressure cloud chamber, 20, 72, 187.

— speed recorder, 43.

History, 319.

Hole, 13, 16.

Homogeneous, 178, 179, 194, 319, 321.

Hydrogen counter, 37, 39.

Hyperbola, 273, 274.

Ice, 4.

Illumination, 62, 63.

Impact parameter, 88, 89, 92, 95, 96, 100,
101, 108.

Inclined direction, 181, 182, 337.

Inefficiency, 42, 159.

Inelastic collision, 16, 87, 88, 106, 126, 202.

Inhomogeneity, 321.

Imtial condition, 212, 213, 285.

Inner periodic orbit, 286.

Instability, 13, 20, 21, 119, 194, 306, 309.

Integrating circuit, 43.

Inverse distribution, 374.

Ton, 1, 35-42, 57-61.

Ion condensation limit, 59.

Tonic current, 301.

Tonization, 1-3, 5, 19, 31, 32, 38, 106, 129,
136, 143, 144, 146, 150, 15!, 153, 238,
243, 298.

—— chamber, 3, 5, 23, 30-6, 165, 227, 2[29,
329.

— density, 13-15, 19, 28, 142-6, 153, 174.
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Ionization loss, 7, 129, 148, 173, 202, 211,
222, 22%, 305, 314, 315, 317, 323, 324,
391, 401, 404.

— primary, 66, 72, 73, 129.

Tonization momentum relation, 152, 153.

Tonizing particles, 7, 13, 59, 153-8, 168,
355.

—- primaries, 356, 357, 363, 364.

— secondawies, 154, 156, 158, 160, 162,
345.

Iron, 8, 200. !

Isotropic, 269.

Kinetic energy, 77, 78, 84.

Klein-Nishina formula, 111, 113; 3%, 133.

Knock-on, 85, 243, 245-50, 252, 260, 262,
347, 349, 350, 352, 353.

— spectrum, 248, 251, 252.

Laplace-Poisson equation, 114.

Laplace transfw, 208-10, 214, 217, 222,
371-3.

Large-angle scattering, 95, 96, 105,
175, 176.

LW(], 318, 319, 321-3, 327, 333,
350.

Latitude, 276, 277; see also geomagnotic
latitude.

— cut-off, 24, 293, 300, 306, 313.

— effect, 23-6, 266, 289-93, 297-306, 308-
11, 313, 362.

— insensitive, 26, 304.

— gensitive, 301, 305, 316.

Lens, 70, 71.

].:ight source, 58, 59, 62.

Limiting latitude, 280, 281.

— momentum, 280, 281, 307, 309, 312.

Line of force, 282.

Linear amplifier, 35.

— displacement, 96, 97.

Liouville’s theorem, 267-9.

Local, 342, 3565, 357, 359, 360.

Logarithmic increase, 142, 145, 153.

Longitude, 276; see also geomagnetic
longitude.

— effect, 289, 292, 293, 295, 307, 311.

Longitudinal meson, 116.

-— 8 reaa, 215.

Lor&ffz’ contraction, 77, 110.

—— force, 266.

— transformation, 80, 82, 113, 182, 184.

Low energy photons, 404.

Magnetic centre ; see centre.

— curvature; see curvature.

— deflexion, 418-19.

— field, 7,8, 16, 68, 70-2, 192.

— — of a dipole, 25.

— — of the earth, 17, 22, 24, 266, 275, 289,
* 290, 292, 297, 314.

— — of the sun, 26, 270, 301, 313.
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Main cone, 283, 288, 289.

Mass determination, 15, 84, 144, 150, 419,
421-2,

Mass-proportional, 168, 192, 233.

Master pulse, 55, 56, 190, 411, 413.
Maximum (of transition effect), 226, 229,
230, 237, 254, 265, 302, 303, 332.

— detectablec momentum, 72.

—- transferable energy, 85, 91, 94, 245, 247.

Mean life ; see half-life.

— square deviation, 368, 373.

— --- displacement, 131, 224, 319, 321.

Mechanical recorder, 35, 36, 42, 43.

Mellin transform, 208-10, 213, 215.

Memory circuit, 45.

Mercury vapour, 62,

Meridian plane, 271, 272, 277.

Meson, 12, 13, 18-22, 26-9, 56, 75, 76, *
113-31, 136, 141-3, 145-53, 162, 169-
70, 177-201, 237, 243-52, 262, 263,
303-9, 315, 317, 330, 344-65.

— artificially produced, 423, 425.

-— component, 26, 143, 202, 203, 303, 344—
65.

-— field, 75, 76, 114-18, 121, 125.

— mass, 20, 116, 117, 120, 149-51, 190.

—- mean life of the -, 424.

— spectrum, 18, 169, 170, 173, 249, 262,
362.

— spin, 118, 119, 122, 237, 252, 262, 263,
361.

— u-, 13, 19, 20, 21, 22, 112, 114, 119, 120,
123, 161, 173, 185, 201, 263, 423-5.

— -, 13, 20, 76, 112, 114, 119, 120, 123,
151, 185, 201, 263.

— o-, 414, 423-5.

~~7-, 4256. See also vector, longitudinal,

neutral meson.

Meteorology, 196.

Minimum of ionization, 142, 144, 145, 153.

Molecular aggregates, 57.

Moller-Rosenfeld theory, 122, 165, 176,
263, 360.

Momentum, 23, 26, 77, 78, 82, 83, 150, 155,
182, 189.

—- loss, 8, 18, 85, 173, 174, 179, 188.

— measurement, 70-2, 155.

— spectrum, 8, 67, 155, 169-73.

— transfer, 86, 89, 103, 107.

Monatomic, 32, 69, 60.

Mountain lakes, 4.

Multiple charge, 426.

— correlation, 388-90.

— scattering, 95, 96.

Multiply-charged particles, 14, 94, 418.

Multivibrator, 40.

p-decay ; see decay.

Negative electron, 13, 141, 255, 312, 3186.
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Negative energy, 15, 16.

— proton, 19.

Neher-Harper circuit, 39, 40, 408.

Neon indicator, 55, 56, 348, 350, 412-13.

Neutral meson, 117, 118, 121, 141, 165,
192, 360, 361.

Neutretto, see neutral meson.

Neutrino, 13, 20, 119, 120, 141, 164, 182,
189, 190, 238, 244, 425.

Neutron, 29, 73-5, 117, 141, 148, 162, 164,

343.

Non-Coulomb force, 100.

Non-ionizing, 7, 10, 51, 153-65, 355-9.

— primaries, 156, 157, 345, 346, 356, 357,
363, 364.

Non-ohmic, 39.

Non-re-entrant, 288.

Normal, 377-82, 3846, 388.

North-south asymmetry, 25, 281, 282, 290,
308, 313.

Nuclear disintegration, 10, 28, 74.

— forces, 423.

~- radius. 113.

Nucleon, 20, 75, 76, 113, 120, 176, 192, 344,
361-4.

Nucleus, 102, 103, 108, 347.

— geometrical cross-section of, 423.

Null method, 69.

Numerical integration, 285.

One-dimensional, 318.

Orbit, 269, 271-7, 285, 289.

Organic vapour, 37, 40.

Origin, 22, 26, 27, 202, 242, 344 ff.

Oscillating orbit, 274, 287.

Outer periodic orbit, 286, 288.

Parabola, 385.

Paraffin, 346, 347.

Parameter, 220, 257, 277, 335, 392.

Parent, 319, 320, 322.

Penetrating component; see hard com-
ponent.

— extensive showers, 330, 342, 343, 355,
369, 360, 365.

— non-ionizing rays, 162, 163, 168, 358.

-— particles, 17-19, 149, 168, 225, 230, 317,
330, 348, 350, 360, 363.

—- radiation, 1, 2.

— showers, 27-9, 68, 149, 342, 347-59,
363, 414, 423.

Pentagon,g232.

Penumbra, 283, 284, 289, 292,

Periodic orbit, 273-5, 286, 288.

Phase velocity, 116.

Photo cell, 39, 296.

Photo-electric effect, 131, 132.

Photographic plate, 27, 414-16, 418, 422-3.

Photon, 10, 15-17, 40, 75, 87, 88, 131-7,
156, 160-2, 185, 202—4, 206, 207, 213,
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217, 218, 221, 236, 318-20, 340, 346,
356, 357, 365, 391, 39f®, 394, 396,
402-4.

Piston, 58, 66, 70, 71.

Plateau, 36, 37.

Plural scattering, 95.

Point counter, 36, 73.

— nucleus, 99.

Poisson distribution, 224, 366-13, 374, 377,
399, 406.

Pélya distribution, 224, 349, 405,

Polyatomie, 59.

Porous diaphragm, 62.

Positive electron, 13-16, 141, 144, 255, 312,
314, 316.

— excess, 8, 143.

-— primaries, 308, 311, 312, 314, 316, 317.

Power, 8, 11, 25, 166, 217, 235, 237, 249,
256, 329, 343, 360.

Pre-expansion track, 63.

Pressure-change apparatus, 63.

Erlmary (cosmic ray), 23, 26, 181, 182, 196,

a 240, 266, 289, 297, 298, 305-17, 319,
i 344-6, 356.

--- electrons, 17, 202, 236, 237, 247,
262, 3024, 315, 392.

--- energy, 169, 241, 242, 316, 333-5,
349, 361.

+— protons, 27. 308, 315, 316, 344, 363.

"»— soft component, 227, 237, 304, 312, 313.

»— spectrum, 213, 236-42, 261, 262, 299-

R 301, 315, 316, 334, 362.

Principal periodic orbits, 286.

Prism, 69.

Probability, 366, 369-74, 378, 389, 400.
Production of electron pairs, 16, 17, 88,
135, 136, 145, 162, 204, 206, 207.

— of mesons, 27, 28, 125, 126, 147, 148,
162, 344-8, 360—4.

— of secondaries, 94, 129, 130, 245.

— of showers, 18, 161, 231, 233, 346, 354,
355.

Projected, 90, 97, 175.

Proper life, 22, 177, 201.

Proportional counter, 73, 74.

Proton, 13, 16, 19, 25, 73-5, 117, 136, 141,
142, 145-9, 153, 174, 298, 308, 313,
315, 316, 330, 344, 363, 423.

Pseudo-scalar, 119, 121, 122, 360, 361.

Pseudo-vector, 119.

Pulse shaping circuit, 410-11.

Quadripole moment, 121.

Quantum theory, 101, 107, 116, 125.

Quenching, 36, 39, 40. '

@Q-potential, 272, 277, 286.

Radiation damping, 76, 124, 125, 176, 360.

Radiative collisions, 108, 113, 133-6, 144~
6, 174, 202-5, 222, 262, 319.

261,

341,
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Radio chlorine, 189.

Radioactivity of the ground, 3.

Ra.‘dius of curvature, 69, 71.

—- of earth, 297, 307.

Random, 8, 10, 48, 64, 65, 67, 191, 368.

Range, 6, 147 154, 181, 232, 416.

—- of eleatrons, 162, 203, 245.

—— of mesons, 127, 128, 177-80.

Range-mortientum relation, 127, 150, 172,
173, 178, 179, 185.

Recoll, 83-9, 93, 120, 150.

Recdmbination, 32.

Recovery time, 38, 39, 41, 42.

Re-entrant, 288, 289.

Regression coefficient, 340, 383, 384, 388,
389.

Relativistic mass, 77, 266, 267.

Resetting time, 43, 68.

Residual 10nization, 4.

Residuum, 216, 217.

Resolving time, 47-9, 61, 62.

Rest-energy, 77, 84, 85.

Rest-mass, 9, 14, 18, 19, 77, 88, 143, 144,
149, 266.

Rest-system, 79, 81, 82, 108, 109, 113.

Rosst circuit, 46-50, 53, 54, 410-11.

— transition, 10, 229, 233, 234, 263.

Run-away electron, 7.

Rutherford formula, 102-6.

Saddle-point, 219-21, 258, 325, 334, 391,
399.

Saturation, 230.

— voltage, 32, 33.

Scalar theory, 118.

Scale-of-two, 44, 45.

Scaling, 43-5.

Scanning, 415.

Scattering, 90, 98, 122, 130, 131, 157, 159,
175, 176, 229, 254, 319, 320, 323, 418-
19, 421.

—- angle, 82-5, 94-100, 104, 175, 176, 314,
319.

Screening, 98, 99, 112, 205, 206.

Sea-level, 2, 5, 26, 141, 163, 193, 242, 246,
250, 290, 304-7, 325, 337, 341, 348,
363, 364.

Second maximum, 11, 229.

Secondary, 3, 10, 17, 153, 204, 229, 254,
306, 346.

— electron, 17, 38, 40, 84, 145, 342, 347,
393.

— soft component, 12, 227, 237.

Secular, 381, 387, 388.

Self-recorcding, 546, 348, 411.

Self-reversing orbit, 286.

Semi-classical, 18.

Sénsitive time, 60, 61, 65.

Shadow, 25, 279, 281-6, 289.
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Shielding ; see screening.

Short range, 20, 75, 106, 115, 176.

Short-lived meson, 201, 263, 361.

Shower, 8-12, 18, 27-30, 49, 54, 67, 156-8,
227-37, 254-62, 346-60.

— intensity, 12, 234-6, 261.

— particles, 14, 15, 232, 233, 330.

Significant, 366, 376, 377, 385, 386.

Simple strain, 60.

— shadow cone, 283, 284, 289.

Singly-charged, 142, 298.

Singularity, 209, 216-18.

Size distribution, 11, 227, 228, 237, 255,
258, 259, 263.

Slope, 231, 264.

Slow counter, 42,

— meson, 19, 20, 68, 71, 149, 151, 152. 179,
181, 245, 247.

— neutrons, 73, 74, 163, 164.

— particles, 28, 73, 147, 185.

— protons, 19, 146.

Soft component, 11, 12, 17, 202-65, 302-5,
311-17, 362, 365.

Solenoid, 8.

Solid earth, 279, 281, 285, 287.

Source, 270,

Space charge, 38, 40.

Specific heat, 61.

Spectrum; see electron, meson, momen-
tum, etc.

Spin, 94, 114, 120, 130, 131.

— of the meson, 118, 122, 131, 237, 245,
252, 262, 263, 360, 361.

Spiral, 273.

Split cathode, 40.

Spontaneous, 177.

Spread of discharge, 40.

S-state, 118, 121.

Standard deviation, 36, 371, 375, 385, 386,
388-9.

Star, 28, 74, 422-4.

Starting potential, 36, 39.

Stationary, 101.

Statistical, 35, 36, 203, 296, 366-90.

Statistics, 366.

Step function, 324, 339.

Stochastic, 204.

Stokes’s law, 70.

Stormer cone, 276-85, 299-313.

-— theory, 25.

— unit, 270, 289, 297,

"Straggling, 138, 416.

Strong coupling, 124.

Supersaturation, 56, 58-6].

Suppressor grid, 45.

Survey, 23-5, 293.

Systematic, 377, 380-2.

Tail, 229, 230, 233-5, 325.
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Temperature effect, 21, 27, 194-7, 333,
344.

Terrestrial, 2.

Tertiaries, 315.

Thermal conductivity, 61.

Thinly ionized, 144, 149.

Thomson cross-section, 111, 122, 132,

Thunder cloud, 7.

Thyratron ; see gas-filled relay

Time constant, 410.

-— contraction, 22, 177, 201.

— of collection, 36.

—— of collision, 92, 107, 109.

Track, 19, 28, 57-66, 70-4, 254, 328.

Trajectory, 284, 285.

Transition, 3, 4, 10, 11, 27, 168, 229-31,
233, 234, 263-5, 303, 328, 353, 354,
357, 358, 364.

Transverse meson, 122, 361, 362.

Triangular, 227, 228, 232, 255.

Trigger(ing), 61, 64, 152, 187.

I'riple knock-on, 352.

SUBJECT INDEX

Tungsten filament, 62.

Turbulent, 70.

Ultra y-rays, 6, 7.

Ultra rays, 7.

Unbounded orbit, 274, 275.
Uncertainty, 100, 109, 111. .
Underground, 5, 167, 247, 347.

— intensity, 12, 165, 167, 227, 235, 243.
Upper limit, 144, 146, 149, 283.
Uranium, 33.

Validity, 76, 161, 238.

Vector meson, 118, 122, 263, 360.
— potential, 78, 266.

Virtual meson, 123.

Volume change apparatus, 63.
Water vapour, 56, 57, 60, 66.

Wave packet, 109, 112, 116.
Wavelength, 80, 81.

Width of track ; see breadth of track.
Yukawa’s theory, 13, 20, 76, 113, 114.
Zero current, 5. ©

— measure, 285.



a. Diffused track
(photograph, W. K. Hazen)

b. Penetrating particle
(J. G. Wilson)

pa A
d. Electron shower (J. G. Wilson)

c. Meson and secondary electron
in a magnetic field (J. G. Walson)

PLATE 1



PLATE 2

a. Docaying meson (K. J. Williams and b. End of the track of decayimyg meson,
Roberts, 1940) enlarged from Iig. ¢

¢. Decaying meson (Shutt, Benedetti, and d. Slow meson (Neddermeyer and
Johnson, 1942) Anderson, 1942)






N : # - ‘

a. Electron pair produced by photon in the
gas of the chamber (Anderson)

b. Shower (P. M. S. Blackett and
G. .S, Occlialim)

e. Knock-on shower (?) (Shutt, 1946)
e

d. Cascade shower produced by electron Jf. Cascade shower (Anderson)
(Anderson) -



c. Cascade shower passing through
eight metal plates (Hazen)

h. Extensive air shower
(Wilson and Lovell)

¢ Showoer (Fussel)




a. l’um-lmthig showoer d. Ponetrating shower b, Penetrating showoer
(Rochestor) (Auger and Daudin) (Rochester)

\

¢. Compheated penetrating
shower (Rochester)
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PLATE 9

" Cloud chamber photographs of large shower passing through'sixtedn successivedoad platos
(W. B. Fretter)




PLATE 10
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Microphotograph of nuclear explosion. Top right corner shows the explosion in detail.
" Main picture shows a fast particle emitted in the main process giving,rise to a secon-
dary star

(Cosyns, Bonetti, Dillworth, Occhialini, and Schénberg (personal communiea‘tion))
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