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FOREWORD TO THE AMERICAN EDITION

This series of symposia on cosmic ray problems was published in Berhn
mn 1943 by Spiinger-Verlag in commemoration of the 75th birthday of
Arnold Sommerfeld. Although written by several authors the articles are
well integrated with numerous cross references and a self consistent
notation, and they present a general view of some of the recent accom-
plishments and outstanding problems in a bianch of physics which 18 des-
tined to attract many workers 1n the next few years

On the very day which the book was intended to commemaorate, and
before many copies had been distributed, bombs fell on Berlin destroying
the plates and the entne stock of printed volumes In order to make the
material available to American physicists the present translation has been
prepared. Acknowledgement is due to Professor S. Goudsmit who kindly
loaned me his copy of the German text.

T H. Jounson






FOREWORD TO THE GERMAN EDITION

The mvestigations on cosmic radiation have been sharply curtailed by
the misfortunes of the times On the one hand, 1n most physical laborato-
ries they have taken second place with respect to other problems, and, on
the other hand, the failure of the usual channels of communication makes
1t difficult to obtain information as to the results obtained in other countries.
Finally, comprehensive reports have not appeared in Germany during war
time since the physicists employed 1n war 1esearch have not found the time
for comprehensive work of this kind Because of the impoitance of this
branch of physics, 1t therefore seemed appiopriate to have this series of
symposia bound together and published in hook fmim as a survey of the
present, state of the cosmic ray investigation,

These symposia weie held m the years 1941 and 1942 in the Kaiser
Wilhelm-Institut for Physics; they give an insight into the state of certain
individual questions as far as 1s possible in view of the fact that the American
literature was available only up to the summer of 1941. In small measure
they contain some results which have not been published elsewhere 1
refer to the investigations of Molitre on the large showers, the caleulations
of Flugge on the neutron distribution in the atmosphere, and a simplified
cascade theommy which ongmated fiom some lectures which I gave in the
summer of 1939 in Leipzig and at Purdue Umversity, Lafayette (USA).

Taken togethe:, these contiibutions should give a unified, representative
picture of omr knowledge of cosmic raduntion at about the end of the year
1941. This picture is not very satisfactory The geneties of the various
kinds of rays 1s still msufficientlv clear, and the mechamism of thewr
transformations is precisely known only m the case of electrons and light
quanta. One can only hope, theiefore, that the pictuie presented here will
be replaced as soon as possible by one which is clearer and more nearly
correct.

It was the wish of all contnbutois to dedicate this book to Arnold
Sommerfeld on the occasion of his 75th birthday Our thanks to the
teacher of atomic physies in Germany should be best expressed by the fact
that the scientific method which Sommerfeld began in his Munich school
has been continued by the younger teachers and has borne fruit.

For their trouble in writing and correcting the papers I must thank all of
my associates and also, especially, the publisher, who willingly supported
the publication of the papers and successfully oveicame all of the practical
difficulties.

Berlin-Dahlem
June 2, 1943 W HEISENBERG
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INTRODUCTION

1. REVIEW OF THE PRESENT STATE OF OUR
KNOWLEDGE OF COSMIC RADIATION

By W. HEISENBERG, Berlin-Dahilem

Since the investigations by Hess (H 11) and Kolhm ster (K 3), 1t has been
recognized that a radiation incident upon the earth from external space
incites in the atmosphere various secondmy phenomena, which 1eveal
themselves by setting up a general ionization caused by vatious kinds of
elementary patticles (electrons, light quanta, mesons, protons, neutrons).
As a result, this radiation becomes weaker and weaker as it penctrates
deeper into the atmospheie or the earth, until at an equivalent depth of
about 1000 m of water it has practically vamshed (Cf also the summaniz-
ing articles of Miehlnickel (M 3a), Stemmke (S 18a), Stemnmaurer (S 18b),
and in Rev Mod Phys 11, 122, 1939) To classify these offects of the
so-called ultra-, hohen- or cosmic 1adiation 1t has been customary for some
time to divide the eosmic rays in the atmosphere mto components The
vaiious components differ as regaids the kind ot patticles and their oiigm
At the present state of out knowledge one can distingutsh four components
The existence of a fitth component, which has been noticed at very great
depths, is also piobable, according to a few mvestigations  The four
components may be desciibed mn the followng manner

1. The soft radiation (cascade radiation). It consists of elections,
positrons, and light quanta, which undergo tian-formations fiom one to
another in accordance with the laws of the eascade theovy; it repiesents the
principal pait of the cosmic radiation fiom a height of about 7 km on up to
very great heights. The well known maximum of ionization at about 16
to 20 km. is also probably produced by this election radiation At sea
level the intensity of this component has alieady shrunk to a very small
fraction of the initial intensity.

2. The penetrating radiation. This consists ot mesons which aie pro-
duced in the atmosphere by another radiation (most probably piotons or
light quanta) Its intensity, according to all measurements thus far
made, increases contmuously to the greatest heights without passing
through a maximum, although a maximum must definttely occur some-
where since the mesons as radioactive particles cannot come to the earth
from external space Perhaps there aie different kinds of mesons, distin-
guished by different values of spin moment and mean life time and making
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up the penetrating component with different 1elative intensities at dufferent;
heights This component decreases with incieasing depth much more
slowly than the soft component and can be deteeted down to depths of
400 m of water and more

3. The soft secondary radiation of the mesons. This consists of elec-
tions, positions, and hight quanta which are formed by the mesons through
colhision processe~ and thiough radwactive decay In geneial, 1t 15 m
equilibiium with the meson component hut falls off with inereasing depth
somewhat mote slowlv than the meson mtensity, a fact which 16 to e assoct-
ated with the merecasimg hatdness ot the meson 1achation

4. The proton and neutron radiation. Its wtensity 1uns patallel fo
that of the soit component up to gieat heights, this fact indicates that, at
least m the lower atmosphetie layers, the pioton-neutron component s
toumed to a prepondeiant degice by the soft component Moieover,
strong arguments support the view that protons are meident upon the
carth fiom external space, perthaps even 1epiesenting the primeipal pat of
the primaiv 1achation, and that, at verv great heights, the proton com-
ponent 15, for.the most pait, a puimaiy 1adiation, which thete excites the
meson components and the cascade radiation  The mntensity of the neu-
tions 1= much greater than that of the protons, a fact which 1s apparently
associated with the much gieater 1ange of the neutrons

In what follows, the most important proper ties which have, thus far, been
discovered of the four components will he summarized 1n a short 1eview

1. Cascade Radiation

If one extiapolates the spectrum of the soft component tiom the height«
at which measurements have been made up to the top of the atmosphere—
the multiplication and the absoiption of this component 1s completely
governed by the cascade theoiv—one obtams a smmple spectium  For
a long time this was 1egaided as the prmarv spectium of the cosmie 1adia-
tion Thus if onc assumes that—above an energy of about 3 to 4+ 10°%eV-—
a number F(F) of clections ot encigy gieater than E, given bv

iH Al 18
F(E) = 005 (5)7'_&) (vec”'em™), (1)

15 incident upon the earth, one can explamn the vamation of the sott com-
ponent with height, the maximum of the 1omzation, and the latitude effect
—the magnetic field of the earth cuts the spectrum (1) off at a glven energy,
depending upon the magnetic latitude The large Hoffman bursts and the
frequency of large showers are also explamned nearly correctly

According to this explanation the primary spectrum (1) should contain
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no electrons of energy below a given limit determined by the latitude,
which in our latitude, as an example, is at about 5 10°eV These electrons
are then multiphed from the top of the atmosphere on down according to the
cascade theory, thus producing the maximum of 1onization; the whole
spectrum 1s absoibed exponentially but continues to keep 1ts form (1)

In northein latitudes the maximum 13 1elatively high and steep, since the
primary spectrum consists of many particles of 1elatively low energy, at
the equato 1t 15 appreciably lower since it 18 produced by a relatively few
high energy paiticles (of the well known measurements of Millikan,
RBowen, and Neher, (B 32, 33, 34) and Fig 1) .\t sea level the soft com-
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ponent 1s aheady reduced to a small traction of the primaty ntensity, con- '
stituting only about 5 to 10%, of the total intensity observed there

The soft rays always start cascades when incident upon matter with
great energy Thus, on the one hand, large showers are formed in the at-
mosphere, and, on the other, the showers observed by Rossi (R 5) and the
Hoffman (H 12) hursts are produced in solid matter The air showers
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which stem from very energetic electrons reach into greater depths; they
have been observed by Auger (A 10), Kolhorster (K 4, 5), and their
associates They fill a eylindueal volume of some 50 m. radius with
electrons, the density and the height of the cylinder depending upon the
primary energy The observed showers arise in part from electrons of
more than 10"’eV  The frequency of these showers, therefore, offers a
possibility of testing the spectrum (1) to very high energies, and the results
confirm the value 18 of the exponent in (1). According to Fuler these
measurements give as exponent o value 18 =+ 017

The Hoffman bursts m the 1omzation chambers behind thin layers of
sohd matter are hkewise to be 1egarded as an effect of air showers, which
are intensified by multiplication m the layer of sohd mattet The bursts
behind thick layers, however, aie not immediately traceable to the soft
component. The small showers observed by Ross1 (R 5) behind layers of
matter of various thicknesses aie to be attributed in part to the cascade
component and 1n part to the secondary rays of the mesons.

The inteipretation of the soft component as the primary radiation bas
1ecently been thrown into doubt by the measurements by Schein, Jesse,
and Wollan (S 4, 5, 6), according to whom, at very gieat heights above the
maximum of the jonization, fast electrons aic present only m very small
numbers, if at all  If these observations are confirmed, the soft component
cannot be the primary rachation The inteipretation of the latitude effect
on the basis of a primary electron spectrum would then have to be aban-
doned, and 1t would 1emamn somewhat remaikable that the latitude effect
could have been so well represented Happuly, this representation has not
been altogether accurate

On the contiary, it must alwavs be 1ecogmzed that below the maximum
of the ionization the soft component has essentially the form which follows
from (1) by the cascade theoiy This 1s demonstrated by the ar showers,
the buists, and the varation of the intensity with height One must assume
that these cascade rays are excited i the highest atmosphere by another
component—for example, by collision-1adiation of a proton component,
or by collision-radiation and radioactive decay of a meson radiation,
or by explosive processes, which stem fiom energetic protons and lead to
the production of many mesons and many light quanta and electrons. As
to the details of these processes, nothing is yet known.

Since in all of these processes a part of the primary energy 1s not trans-
formed in the highest atmospheie mto cascade radiation, the primary
radiation must contain more energy than is given by the spectrum(1).
Thus the latitude effect at the maximum of the ionization, if this is pro-
duced by the soft radiation, must be less than that given by the present
theory. This presents a difficulty which raises the question whether the
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maximum of the ionization is really produced by electrons, and, if this is
the case, through what processes do these electrons come into being

2. The Meson Component

The mesons orgnate in the atmosphere; they do not come to the earth
from external space This follows from the radioactive instability of the
meson, which has been established by a series of experiments Johnson
(J 9) has concluded from the east-west effect of the penetrating component
and from the excess of positive rays among the primanes which give 11se to
mesons that most mesons originate fiom a primairy proton component An
intense proton component of this nature has not yet been observed, and
one must, therefore, assume that the energetic piotons are rapidly absorbed
in the highest layers of the atmospheie  Ilowever, the exeitation of mesons
has been observed even m deeper layers of the atmosphere below 7 km.
According to the observations, this meson excitation runs parallel to the
mtensity of the soft component, and 1t 1s, thercfore, probable that the soft
component is 1esponsible for 1t In addition, mn this process slow mesons
seem to be produced preferentially (cf the measurements of Schen,
Wollan, and Groetzinger (8 8) and Hertzog and Bostick (H 8, 9)). One,
therefore, thinks of processes, analogous to the usual pair production, by
which a hght quantum forms a meson pair at a nucleus Energetic hght
quanta appear to be able to releasc explosive processes, by which, under
some ciicumstances, many me-ons aie created at once Piocesses of this
kind have been observed by Fussell (F 7), Powell (P 6), Wollan (W 16), and
Daudin (D 1) in the Wilson chamber, and the observations of Santos,
Pompeja, and Wataghin (W 2) and of Jinossv and Ingleby (J 3) on the
penetrating showers mdieate the same thing

The meson component 1s weakened on its path through the atmosphers,
on the one hand, by the well known 1onizing colli~ions and, on the other
hand, by radicactive decay of the meson The collisions can be treated by
the well known formula of Bethe (B 10) and Bloch (B 26), Fermi (F 1) has
recently shown that these formulas should be impioved 1n their apphication
to sohid matter, and that the number of collisions per gm /ecm * m dense
matter is somewhat less than m matter of low density Fuithermore,
Kemmer (X 1) has deduced from the Yukawa theory that the transfer of
large amounts of energy by mesons of high energy can take place with an
effective collision cross section which 18 much larger than the corresponding
cross section for the collision of two electrons. Through such collisions the
absorption of energetic mesons is increased. The radioactive decay of
mesons takes place, according to the Yukawsa theory, in such a manner
that the meson breaks up into an electron and a neutrino, each of which, in

~
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the rest system of the meson, receives about half of the mass of the meson o1
about 40 to 50 MeV 1 the form of kinetic energy  Accoiding to the avail-
able expenimental evidence, the mean decav period for mesons, at sea level
1sabout 15t025 10 °sec when measuired m the rest system of the meson,
and 1t meieases to1 1apidly moving mesons, according to time dilatation of
the 1elativ ity theorv, m the ratio of the encigy to the 1est cneigy  This
can be demonstiated experimentally from the absotption of mesons mn arr,
fiom the 1esulting temperatwe and baiometer effeets, fiom the form of the
spectrum 1n the low enecigy 1egion, and from the number of decay clections
The radioactive decav has heen direetlv demonstrated by photographs m
the Wilson chamber hv Walliams (W 12)

The spectium of mesons at then pomnt of origin m the hugh atmospheie
seems to follow quite well a law of the foim

(L) = const E7° (2)

[G(E) = number of mesons of eneigy execeding £] mn which the exponent
7, withmn the imits of preersion of the measurements, 1s of the same magni-
tude as that for the ~oft component (y ~ 18) This follows, mn the fiist
place, trom the diop of meson mtensity with depth T which obeys a 7"
law 1n absorbmg lay ers up to 300 m of water and, 1n the second place, from
the ene1gv distuibution of the cascade buists excited by mesons However,
at depths below 300 m of water the absoiption becomes stronger; yet this
does not aise from any deviation from the E™” law but 1ather from the
added absorption deduced bv Kemmer This comes mto effect because the
eneigetic mesons can tiansfer an appieciable part of their energy to an
electron with a collision cross section which 15 ndependent of the enet gy,
perhaps theie ate other additional secondary processes (ef also the work
of Oppenheimet, Snvder, and Serber (0 2) and Lyons (L 12)).

The similantv of spectra (1) and (2) suggests a genetie 1elation betw cen
the two spectia It 13 probable erther that the meson component originates
from the soft component, o1 that the soft component ongmates from the
meson component, o1 that both components onginate from the same pri-
maty component Dieviously, the st assumption hag been taken as the
most probable  If the observations by Schein, Jesse, and Wollan (S 4, 5,
6), which indicate a secondary character of the soft component, are con-
hrmed, then the second o1 thud assumption would be the more probable

An interesting possibihty for the nterpietation of these 1esults has been
afforded by vaiious theoretical investigations by Oppenhemmet, Snyder, and
Serber (O 2), Moeller and Rosenfeld (M 5) and Rosental (R 11), the theory
of nuclear forces requues the existence ot mesons of spin 1, or of two kinds
of mesons of spin 1 and of spm 0 From the fiequency of meson-exeited
cascade show ers, Oppenheimer has concluded that the mesons observed at
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sea level probably have spm 0  One can, theiefore, assume that in the high
atmosphere the two kinds of mesons of spm 0 and spin 1 are generated by
the proton component with compaiable probabihity, and that the mesons of
spin 1 have a very short hfe, ot the order of 107® sec , as required by the
Yukawa theorv, while the mesons of spin 0 have the longer life observed
The mesons of spin 1 ate, theretoie, absortbed i the highest atmosphere,
and then energyv 15 transformed predominantly mto cascade rays—through
1adiation by the energetic mesons and by the deeav of the low energy
mesons—and only mesons of spin 0 can penetiate to the deeper atmospherie
layers  The futuie alone can judge whethet this mteipretation ean serve
as a working hypothess  Meanwhile, the geneties of the varous com-
ponents of the cosmie 1adiation 15 ve1v uncertam

3. The Soft Secondary Radiation of the Mesons

This radiation comprises two components the electrons (and their cas-
cades) which have 1ecerved a high energy fiom a meson collision (Bhabha
(B 19)), and those which result fiom meson decay (Euler (E 4)) Theoret-
1cally, tor hoth components, the form of the spectrum is represented
approximately bv

H(E) = const B ° 3)

Both spectia, theietore, behave alike and fall off by about onc power faster
than the meson or the soft component The JXemmer knock-on process
hkewise gives a weak additional spectium of the form E~**

The soft secondaiy 1adiation 15, 1n geneial, alicady in equilibrium with
the meson 1adiation after a relatively thin layer of matter, of the oider of
the radiation unit of the eascade theory, has been tiaveised The relative
number of knock-on elections 1n equilibrium with the meson component is
greater at great depths than at sea level since the mean energy of the
mesons increases with depth In au at sea level the total ionizing radiation
18 made up of 75 to 809, mesons, about 5% knock-on electrons, 10 to 15%,
decay elections, and trom 5 to 109 soft puumary 1avs  Behind thick layers
of dense matter practically all of the contubution of the decay electrons
disappears sinee those foimed 1 the an me absoibed, but in the 1elatively
short distances m dense matter no new ones can be formed Theoretically,
the number of knock-on clections m equihbiium mn matter of high atomic
number should be gieater than i substances of low atomic number.

Since the soft secondary rays of the mesons behave like the soft primary
rays, they also produce showers and bursts. At sea level, however, prac-
tically all of the large showers or bursts are 1o be aseribed to the soft
primary rays, since the spectium of the soft secondary 1ays falls off much
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faster and, therefore, contains fewer energetic electrons than the primary
spectrum. It is different behind thick layers of dense matter. Here the
primary spectrum can no longer play a réle, and the bursts still observed
there are to be attributed, according to Oppenheimer, Snyder, and Serber
(O 2), to such processes as that investigated by Kemmer (K 1). The
frequency of the observed bursts falls qualitatively m line with this
assumption Moreover, the collision proces~es assumed here are of the
kind in which the radiation forces of the Yukawa theory must play a
deaisive rdle, and the applicability of the usual form of the quantum theory
is very problematical. One must, therefore, 1eckon with the possibility
that in & buist a number of mesons aie excited simultaneously, as 1s plaus-
ible when a stiong Yukawa radiation is emitted One might then be able
to cope with the truly explosive showers, which seem to be of common
oceurrence as alieady demonstiated not only by the Wilson photographs of
Fussell (F 7), Powell (P 6), Wollan (W 16) and Daudin (D 1) but also by
the coincidence measutements of Pompeja, Santos, and Wataghin (W 2)
and of Jinossy and Ingleby (J 3)

4, The Proton-Neutron Component

Johnson (J 9) has enunciated and given supporting evidence for the
hypothesis that the mesons are generated by a primary proton component,
and the observations on the secondary character of the soft component
suggest that the whole phenomenon of the cosmic radiation is to be
attributed to a proton constituted primary radiation from external space
If one adopts this hypothesis—and only future experiments can give the
matter final claification—then he can make the following assumption
about the primary proton component: With 1egard to its energy distribu-
tion, the prmary proton component is given by a speetrum of the form (1)

F(E) = const E** @

where the constant 1s certainly greater than that m equation (1). This
proton component is transformed m the highest atmospheie into othe:
components, and even at a height of 20 km most of its energy is already
to be found in the soft and 1 the meson components, (1) and (2) respec-
tively. The form (4) of the speetrum should be sufficient to explain the
corresponding form of spectra (1) and (2). This primary proton spectrum
is apparently strongly absorbed in the atmosphere since, at the greatest
heights where protons have thus far been sought, only a relatively weak
proton component has been found. The basis for this strong absorption
must be sought in nuclear processes and in radiation by collision. It may
also have been established that neutrons are not to be considered as primary
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cosmie rays since, according to the theory of g-decay, they are radioactively
unstable. However, the disintegration of neutions has not vet been proven
experimentally

From the greatest heights down to ses level one finds a relatively weak
proton and ahout a 100 times stionger neutron component These rays
ate not duectly connected with the pumary 1adation. Their mtensity
vailes with the height 1n exact paiallel with the inlensity of the soft com-
ponent, according to Funfer (F 6) and Korff (K 6), and it can, thercfore, be
regarded, except i the uppermost layeis of the atmosphere, as a secondar)
radiation of the soft component The number of neufrons is comparable
with the electrons of this component; that of the slow protons is smalla by a
tactor of about 100. Sunultaneously with smgle proton tracks, frequent
nuclear dismtegrations m which several (up to twelve) nuclear fragments
have been thrown out of the nucleus, have been observed on photographic
plates exposed at gicat haights (Blau and Wambacher (B 25), Schoppe:
(3 12)) Here one has to deal, apparently, erther with processes by which,
perhaps through piimary Light quanta, energetic protons and neutions are
thrown out of the nucleus, o1 with seccondary processes, which themselves
ale initiated by fast heavy particles (Bagge (B 1)) [t 1s also natural to
associate these processes with the cieation of mesons and to assume that an
explosive process is set off in the nucleus by a photon mn which mesons and
heavy particles are simultancously cicated and that these, in twin, can
summon up other secondary processes mn the same nucleus  The assumption
that the mesons 1n the middle atmosphere and the heavy patticles aic
created by the same process, and ftequently in the same act, is compatible
with the frequency of the nueclear processes and of the varous kinds of
particles (Bagge (B 1)). The photogiaphs of Fussell (F 7), as well as
basic prineiples, support the statement that the meson production 1s, for
the most part, tied m with nuclear processes Yet the experimental evi-
dence now at hand 1 not sufficiently conclusive to settle this question

The absorption of the neutron-proton component takes place quite differ-
ently for the two kinds of particles. The protons, if they do not have a
very high initial energy, are rapidly slowed down by ionization The
neutrons, on the contraiy, are absorbed by nuclear processes or, more
frequently, they are slowed down by nuclear collisions until finally they
are caught as slow neutions in such nucle! as, for example, N or H

5. Other Components

The meson component can be followed down to depths of more than
400 m. of water; in the greater depths it becomes weaker relatively fast.
But even in 1000 m. depth of water an ionization caused by cosmic rays
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can be definitely demonstrated (cf. for example, the investigations of Clay
(C 4) and his associates). Measurements by Barnothy and Forro (B 6)
mdicate that here the ionization 1s produced principally by a soft radiation.
If this is correct, the result can be explained by the assumption that the
cosmic rays are carrted to these depths by a new electrically neutral com-
ponent; as the carrying agent, one can mvoke a neutral Yukawa particle or
a Pauh neutrino. However, these questions ean be answered only by

further measurements



CASCADES
2. THE CASCADE THEORY

Bv W HeiseNseRG!, Beilin-Dahlem

In passing through matter elections and positrons exeite ight quanta; m
their passage thiough matter hght quanta exeite eleetrons and positrons
In the interplay of these processes the encigy of a tast particle divides itselt
again and again into a latge number of slow particles; a easeade 15 genei-
ated The multiphcation and absorption of the soft component and the
formation of showers and buists ate founded upon this process The fol-
lowing section will present by deductive icasoning the mathematical
theoty of cascade tormation  Compaison with experment 1s left for lat »
sections

1. The Elementary Processes

a) Radiation-by-collision. If an clectron® flies past a chaiged paiticle,
1t will be deflected tiom 1ts onigmal direction ot fhght  With this deflection
theie 15 associated a transter of eneigy to the deflecting patticle  Fo
clections whose velocities differ appreciably hhom that of light this 1 the
most 1mportant cause ot then 1etardation m passing thiough matter
The pimeipal 16le 15 plaved by the outer elections of the atoms, and the
usual 1esult 15 1omzation  This kind of energv loss will be called “1omiza-
tion” for short

In the case ot ver1v fast elections another energy-losing process becomes
more important than the 1omzation, 1¢ 1adiation-bv-collision  With the
change of direction of the electron’s path thete v associated a change of
the electio-magncetic field in the electron’s vielmty  Theiewith the election
becomes the staiting pommt of an electiomagnetic wave, o1, according to
quantum language, theie are emitted one or moie hght quanta The
probabihty of this process has heen caleulated hv Sauter (3 1a), and by
Bethe and Heitler (B 16) The effective cross-section d@ tot the emission

1The following text was composed by C F v. Weizsacker after a symposium by W.
Heisenberg and with the use of a denvation by D. Lyons Extensive calculations by
8. Flugge and G Molidre were also used

3Unless stated to the contrary we will understand by the word electron hoth the
positive and negative particle
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of a light quantum whose energy lies between & and k 4+ dk by an electron
of energy E passing by & nucleus of charge Ze is

2 2 2 \2 k 2 183
dQ = 4 Zh: (—-:—1?) %{[g (I—Lif,>+(§) ]log 77 + smaller terms} 0))]

Since the effective cross section is proportional to Z* the effect of the atom
nucleus must be considered as large compared with that of the orbital elec-
trons, except 1 the case of the very lightest elements, which are not of par-
ticular mterest in relation to the cosmic rays The effect of the orbital
electrons comes mto the above formula only m the logarithmic term; this
term owes 1ts form to the calculation of the external screening of the nuclear
field by the method of Thomas and Fermi

The factor in brackets in (1) has the value 4/3 tor k = 0, 11/12 ta1
k=E/2, and 1for K = E Only a small etrtor is introduced if it is always
written as unity. This approximation will be used in what follows; the
error is less than that of other approximations to be made We obtain then
for the number of light quanta in the mnterval dk, which an electron of
energy E >> mc® excites by collision along a path nteival dr

dz dk

dn(k) = ?0 % 2

Here the length z,, designated as the radiation umt, 1s defined by

1 e ( e )’ 183
2 = /A
poy N2 =\ log _ )]

N is the number of scatteiing atomic nucler per cc. From now on all
lengths will be measured 1n 1adiation units If lengths measured in radia-
tion units are designated by the letter I, Equation (2) takes the simple
form

dn(k) = dl - d—lf @

The reciprocal of the radiation umt incieases nearly quadratically with the
atomic number and linearly with the density of the retarding matter.

For lead the radiation unit 1s 1/2 em, for air over 300 m. A table for
various substances 18 given 1n the following chapter by G. Mohere (p. 33)
The radiation unit is the distance over which the energy of an electron

decreases on the average to 1/e of its original value. The mean energy loss

per cm. is
dE 1 f’ dk __E
o k = To (5)



The Cascade Theory. 13

and hence
E = EO e—:/:-. (6)

One can say: the number of light quanta lying between k and k¥ 4+ dk which
are excited along the unit path z, is proportional to 1/k, while the total
energy, propoitional to & - 1/k, is the same for quanta of all energies. That
18 to say, all energy losses are about equally probable Since the energy lost
per unit path by ionization is practically independent of the primary
energy, one understands the dominance of the energy loss through radiation-
by-collision for high primary energies.

b) Pair formation. In passing through matter light quanta whose
energies are not large compared with mc® lose energy by the Compton
effect and the photo-electric effect, i e. by collisions with electrons. The
light quanta of the cosmic 1ays, on the contrary, lose their energy predomi-
nantly by the formation of electron pairs This process bears a certamn
analogy to radiation-by-collision, accordmg to the Dirac theo1y of positions
1t can be regarded as the inverse of the collision radiation process In1adi-
ating by collision an election m passing neai a nucleus makes a tiansition
from a state of high eneigy 10 one of loner energy. In the inverse of this
process a light quantum in passing by a nucleus (which 1s nccessary
for the process in order to take up the excess momentum 1esulting from the
conservation laws) 1s absorbed by an clection, which then goes to a state
of higher energy Pawr formation comes m then when the absorbing
electron is ongmally m one of the possible negative eneigy states of the
Dirac theory As long as 1ts energy was negative, this electron belonged to
an infinite density of electrons of negative energy and, according to the
assumption of Dirae, could not excicise any physical effect  However, 1f 1t
receives some positive energy, in the fiist place it hecomes real, and, 1n the
second place, the remaining gap 1n the distiibution of eleciions of negative
energy appears as & position

The effective cross section tor the excitation of an election pair for which
one electron has the energy E (the other has energy ¥ — E) by a light
quanta of energy k is, for k& 3> mc®, according to Bethe and Heitler (B 16),

2/ 2\l /m\2 7\2 AT 1
a0 = srg (LY + (-5 +350 - D @

- smaller terms

The bracketed factor equals 1 for E = 0 and E = k; it hag the value 2/3
for E = k/2. Therefore, again, one can take it as a constant without too
great an error, i.e., assume that the primary energy is divided between the
two electrons in all ratios with equal probability. If the formuls is inte-
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grated over E and multiplied by N, one obtains for the probability that
one pair is produced by a light quantum on the path increment dz or dl
respectively

T7de 7
dn = 0w = §dl = &dl ®)

where 7/9 1s abbreviated by &

¢) Ionization. Thiough the mteiplay of 1adiation-by-collision and
pair formation a cascade is gencirated bv an eneigetic primary paiticle which
continues to grow until the energies of the component paiticles become too
small The limiting eneigy 1s defined as that al which the eneigv lost by
10nization begins to predominate over that lost by 1adiation  Thus, 1f an
election produced by pair foimation has so httle cnergy that on the next
radiation umt path length 2, which 1t t1aveises 1t loses most of 1ts energy by
tomzation, then 1ts fuither contiibution to the cascade 15 to be neglected
within the approaximation of the present ealeulations We consider, there-
fore, that the cascade development 1s broken off if the encigy of the election
15 equal to the eneigy lost by 10nization per1adiation unit of distance This
wewill call E; In the simple approximation we assume that, for £ > E;,
the 1onization loss can be neglected, while for £ < E,, the radiation loss 1s
neghgible More precise investigations by Arley have shown that, with
this approxmmation, errots up to 509 can he introduced

Thus we mav wiite

o), -
EJ - 10(/11 Ion n di Ton (9)

The ionization loss pe1 em 15 proportional to the number of electrons pet
c.c., or to Z, whereas 1, 15 mveisely proportional to Z°. Therefore £, 18
nearly propoitional to 1/Z .An approximate mterpolation formula
is

E;, = —Z' (10)
A table of E; 1s given 1n the following chapter by Mohére (page 33)

2. The Fundamental Equations of the Cascade Theory

We now consider the formation of a cascade¢ We simphfy the caleula-
tion by the assumption that all particles are emitted exactly mn the forward
direction so that the number of particles will be considered as a function
only of the path traversed and not of the angle of deflection as well. The
angular scattering 1s dealt with in the next chapter by G. Molitre Our
procedure closely parallels a treatment of Landau and Rumer (L. 2) We
mntroduce the following symbols.
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F(E)l) = number of electrons of an energy >E at distance ! from the
staiting pomt of the cascade,
G(E,l) = number of light quanta of energy > £ at distance .

The numbers of electrons and of light quanta between the energies £ and
E 4 dE are then given, 1espeetively, by

oo _OFED
@0t = ~2 2,

(11)
(B, DdE = "G(I" ”dL'

If these particles traveise the path segment dl, the number of electrons 1s
changed according to the equation

FEL+ dl) = FE]) — dF(ED.a + dF(E D, (12)

where dF(E,l),.q 1s the number of electrons whose cnergy drops below E
along the segment dl because of radiation losses, and dF(E,l),,,, is the
number of elections of eneigy greater than E which appear on this segment

by pair foomation Since an electron of energy E’ > E loses an eneigy
Bf

greater than E' — E with the probability dl dk/k, then
© E’ d’c
(] = (1 dl .* 1
dp(E:l)rnd ./;; dE j( ) ) 'L'—E k ( 3)

On the other hand, a hght quantum of eneigy E’ excites, according to (8),
2 8dl electrons whose energies lie with equal probability in the range 0 — E’
Here we aie interested, however, only n the fiaction which lie in the range
E to E' Therefore

E —E
El

AP, = [ B, 201 (14)
L

Analogously we obtain tor the change m the number of hght quanta
) “ nia a7 B dk
GE,l+d) =GEH— s dlGED + j dE'f(E',D) - dl f = (15)
E B
If we introduce 8F/0E and 3G/dE in (12) and (15) in place of f and g,
divide through by dl, and transform the resulting expressions by partial

integration, whereby it is assumed that F = G@ = 0 for E’ = «, then we
obtain the fundamental equations of the cascade theory
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ﬂF E,l 7 4 1
WED - - [ v - rwpap(L - 1)
+25 [ 6@ am I E,,, 16)
GED _ _ . " peme S
0ED - - G(E,l)+j; ran e

3. Solution for a Power Spectrum

The integro-differential equations have two properties which make it
easy to find a special solution: (1) they are linear in F and @ so that the
sum of two solutions is also a solution, (2) they are homogeneous in E and
E’ 80 that one can write

El
7 =¢ an
and obtain an equation depending only on £ and 1.
We write FEH =FQ - E™,
§s>0 (18)
GE) =QQ - E™,
and obtain for F(I) and Q(l) the differential equations
aFQ) _ poeny . (G0)
a = Fo o@F (D) + 28 Ay
(19)

"G(l) = @) = —560) + ﬂsﬂ

These equations no longer depend upon £. Therefore, 1f a power spectrum
obtains for I = 0 it will also have the same form for all values of I. ¢(s) is
the following integral:

= [ (E-)i-Eu=ctw o

C = 0.577 is the Euler constant, y is the logarithmic derivative of the
gammas function.

¥e) = Liogr(e + 1). @1)
¥ also has the property that
We+ 1) = W) + 1. (22)
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Also it is noted that

0‘(1) = I, "(2) = gy 0(3) = il
and
lim o(s) = log & + 0.577. (23)

In order to solve equation (19) we write
F(l) = ale—nl + age-"‘,

(24)
Gl = by + bye™’. |
When substituted in (19) this gives the conditional equations
[ = oo + ;250 = O,
(26)

§+@—»b=m

which give the relations between a,, b, and &, or @, b,, s, respectively.
It follows that

3= -, (26)
with the double solution
o+ c—q’ 23 ]*
k12 = 2d{(2 T+l @n
The following table shows how the solutions run:
8 0 1 ©
K 4+ 146 log « + 0 577
A — 0 6

If one expresses a in terms of b and « 1t is found that

F(l) = b]S(B - Kl)e-nl + b¢8(5 . K’)e—t.t’ ‘
(28)
G = be ™' + be ™. J

Intuitively, our result has the following meaning: The number of particles
in & casecade which initially has a power spectrum is given by the sum of
two exponential functions. Of the two exponents, the larger, «,, is always
positive; the contribution represented by it, therefore, decreases continu-
ously with increasing ! and always at & greater rate than the other con-
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tribution. It represents the regenerative processes which come mto
prominence if the relative numbers of electrons and photons are not initially
the same as would exist in a self-constituted completed cascade TFor
example, one ean represent a cascade which mitially possesses only clectrons
and no photons if one wiites b, = —b, To the 1apid deciease of the terms
with », theie then corresponds an imncrease of G(I) with [ until the first
term has become vanishingly small, and then the comse of G 1x governed
by the second term only «, 1s negative for s < 1, positive for s > 1, and
zero for s = 1 The value of the exponent determines whether the number
of particles in the cascade mcreases 01 decreases This 1s the phvsical sig-
nificance  The energy content of the easeade as a whole is

. = f LI(E) + g(E)EdE ~ f E dl (29)

This integral diverges loganthmically for s = 1, 1t diverges at the upper
limit for s < 1, and 1t diverges at the lower hmit for s > 1. The diveirgence
at the lower imit 15 physically without significance since actually the cas-
cade spectrum stops at £, A cascade with s > 1 has, therefore, a finite
energy content, which must giadually become exhausted on account of the
constant loss with incieasing I of those paiticles whose energy 1s less than
f£;. On the other hand a cascade with s < 1 would have an mfinitely large
reserve of energy m the high 1ange trom which a given energv mter val would
continuously gain more than 1t would lose to the lowe: range In natuie we
naturally have only cascades with finite total cnergies, 1, spectra with
s < 1 cannot extend to aibitranlv laige energies. After an imtial inei1ease
in the number ot paiticles there must be a succeeding decrease The pri-
mary spectium of the cosmic 1ays can apparently be 1epresented m good
approximation by a power law with s = 18 The cosmie rays m the at-
mosphere must, therefore, be a easeade with the number of particles de-
creasing exponentially with depth  According to (27), fors = 18, «, =1 74
and », = 046 The final decicase must, theiefore, be represented by ¢7° ',
1 ¢, a deerease to the eth part every 2 radiation units (3/4 m H,0) Fou the
soft component helow the masimum this condition 15 rather well satisfied,
a fact which thus confums the cascade chaiacter of this component The
fact that a maximum of the mtensity occurs in the high atmosphere must
be attributed to a deviation of the primarv spectium fiom the power char-
acteustic A satisfactorv explanation 1s already offered by the fact that
charged paiticles of less than a cettain encrgy cannot penetrate the earth’s
magnetic field. According to recent investigations, moreover, the primary
rays appear to consist not principally of electrons but of protons; hence, the
cascade theory, in the form developed here, is to be applied only to that
part of the radiation which definitely consists of electrons and light quanta,
ie, to the soft component fiom the maximum on downwards.



The Cascade Theory 19

4. The Formation of a Single Cascade

We now abandon the assumption that the spectrum origmally has the
power characteristic and calculate the bwuilding up of a cascade which 1s
mitiated by a single election of a given eneigy In this we follow the
attack of Landau and Rumer (L 2)

We mtioduce two new functions of the parameter s thiough the equations

rh = [ dBE1ED, }
( 30)

v6d = [ B,

These functions have the same significance mn the 1esolution of the functions
f(E ) and g(E,l) mto a power spectrum £~ as Founer cocfficients have mn
the resolution nto tiigonometiic functions, The new functions f(s,!) and
g(s,0) satisfy the same difterential equations as owr earlier functions F(I) and
G(l), ie, the equation (19) According to (28), we can, therefore, wnte
down the solutions immediately

f(s)l) = b18 (5 — M)C_“‘l + bzs (6 _ k.!)c-"ly ]
( @D
g(s,)) = bie™" + be™' J

Hete 1t 15 to be observed that b, and b, are functions of the parameter s
If, mitially, (I = 0), no hght quanta are present, then

b, = —b = b(s) (32

If at the start there 1s just one electron present with energy E,, then the
mcident spectium can be described by

JEl = 0) = §E — E) (33)
The function 8(z) here signifies the Dirac singularity function which is
defined by the two equations
8(x) = 0forz = 0,
ve (34)
f z)dx = 1 for any e.
Therefore,
f(s,0) = Eq. (35)
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From (31) it follows that
E,

b(s) = m (36)
This put back again into (31) gives
J6D = 2= (8 = k)™ + (5 = e,
@7
9@l = ;G—E_f—x—)[ —e ! 4 e’

In the bracketed factors we can neglect the term in ¢™**'. Since, initially,
only one particle is present, and «, is always positive, this term is always
less than 1; on the other hand, we are interested in actual showers where the
number of particles is large compared to 1.

We introduce the following abbreviations

E,
logf =y, 1
(38)
E f(E l) = 'F(ll 3]
and obtain fiom (37) by neglecting e™***, and from (30)
f dy el l)—us _ s — "2 e—x.l (39)
Ky = Kg

We will now carry through an approximate calculation to determme ¢
and f respectively from this integral equation The integrand has a sharp
maximum at a value of y which we designate as y.. As we will see later,
this maximum 1s the steeper, the larger the number of particles that are
formed ., is determined from the condition

(g—‘;)m ~s=0. (10)

We develop ¢(y) in the neighborhood of the maximum (saddle point
method):

‘P(y) -y = ‘o(ym) — 8Ym + %‘P”(ym) (y - y-)z; (41)

taking into account only the terms included above and integrating from
— o jnstead of from 0. Thus we obtain for the integral the approximate
expression.

¢ (va)—sym 2r )‘ = 8 = Ks 4t
sl ) = e “@
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or by taking the logarithm
e(Ym) ~ 8Ym + Kl = x(8,ym), 43)
in which
— — 3
X = log 2= (Zera)'] (a4)

We now drop the index m. Differentiating (43) with respect to s we
obtain, together with (43) itself and with (40), the three equations

I o) — sy + @) = x@Y),
_ iy — 9X&Y)
1I. y+ G@l = 2L 45)
1L Sel) _ , _ .
ay

Before we solve these equations let us picture to ourselves their meaning
The original equation (30) holds for all values of s. The equations (45)
now relate each value of s to a given value of y. The equation (45, III)
means, for instance, that y 18 that position in the spectrum where F(E,l)
behaves as a function of E, of the form E™". From equations (II) and (III)
we can compute s as a function of y and .. We know in this way with
what power of E the function F may be approximated at each position !
and in the vicinity of each energy value E. If we put this value of s in (I),
we then obtain an expression for ¢(y,l) itself and can thereby also calculate
f and F directly. Since in the end we wish to know only F, we will not
calculate s, ¢, and f expheitly but construct the right combination of these
values immediately

x(8,) as a logarithm 1is slowly variable with s We, theiefore, neglect
the right side of (I) When we differentiate (II) with respect to s we
obtain

%g = 'l + small terms 486)

By differentiation of (III) with respect to y and by taking (46) into account,
it follows that

v _ L 47
W ey gl 7
This we introduce into (44) and obtain
d— & 1 )
x(6.4) = log[h —t (m " l) ] 48)
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and
777

Ox&y) _ 9,0~ & 1k”
- log——+2}.

ds I [

49)

which, when introduced into (45 II), results in an equation for s
In the following we interest omselves in the total number n,;(!) of elec-
trons in a cascade after traversal of a layer of matter of thickness [,

na® = PE) = [ JEaE = [ e vy, (50)
where
5,
ys = logg 61)

ForE > 10"V, y, > 5. «(9,l) increases rapidly with y, we can, therefore,
write with good approximation

na(l) = f; : dy - exp[so(y:,l) + (g—;)“(y - y:)]

- [ /(3_5) ](1 _ oG

vy

According to (45, III) (3¢/dy),, = s(ysl) Since s 18 of the order of
magnitude of 1 and y is appreciably greater than 1, we can neglect 1n
satisfactory approximation the second term 1n the factor and obtain

() = e Y /s(ys,0) (53)

(52)

5. Evaluation of Results

a) The Position of the Cascade Maximum. The number of electrons
of a cascade must at first inciease and then decrease. We designate by
I sz the value at which the number reaches a maximum. s(y,,l) is a slowly
varying funetion of { Therefore, the maximum of n,,() comecides approxi-
mately with that of ¢**+ V. Finally, there is not much importance to be
attached to the precise value of 1,.,., since the function =, passes through a
very flat maximum We, therefore, postulate

(4r) -0 @

From (45, I) one gets, by neglecting the right side,

doly,,L ) 9z , 0.
ﬂ%il—)=y£—xg—a—;‘ﬁza—;. (55)
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The sum of the first and last terms of the right side of (55) is, according to
(45, IT), about equal to zero. Therefore, there remains

Kg (lmlx) = 0 (56)
According to (27), this means that
s(y.hlm-x) = 1 (57)

This 18 to be intuitively mterpreted as meaning that as long as 8 < 1 for
E = E, the number of particles continues to increase, but when s > 1,
the number decreases in accordance with the results of the pure power
spectrum. The region near E,, however, contributes most abundantly to
the number of particles of the whole casecade. For s = 1

6 =178, k, =0, =098, « = —141, «5' = 283, (58)

9x _
% = +0.6.

If we put the above values in (45 II), and, in line wath the adopted approxi-
mation, neglect the right side, it follows that

lmnx = _]iy,y = 1 02 log% (59)
Y

L¥]

b) The Number of Electrons and Light Quanta at the Maximum.
From (48 I) it follows that

Q(y;,lmn = [8?]} —~ Kglmax + x(s)].-l = Ys + log 013 — log (lmlx)i. (60)

whenee
013 kK,

reillend = Gy B

(61)

Whle I,,,, therefore, changes only logatithmically with the initial energy,
the size of the cascade at the maximum 13 propoitional to the 1atio of the
mitial to the ionization energy Both conclusions were to be expected
intuitively. The distance of the maximum from the starting point is
proportional to the number of collisions required for the initial energy
quantum E, to divide itself into quanta of the order of magmtude E,. Since
each collision about halves the energy the number of collisions is propor-
tional to log (E,/E,;). On the other hand, the size of the cascade at the
maximum is given by the number of quanta of size E, into which E, can
be split.
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According to (37), the ratio of the number of light quanta to the number
of electrons is

ng 1
N 8(0 — ko) ©2)

But at the maximum s = 1 and x, = 0 30, because & = 7/9,
ng(max) = ¥n,;(max) (63)

¢) Approximation Formulae for the Development of a Cascade. Accord-
ing to (53) and (45 I), if we abbreviate y, with y,

o2
ev(v )

ma(l) = — (64)
with
e = sy — x(8)l + x(9). (65)
According to (45 II)
¥ = x(8)l — x'(8). (86)

For x; and x(s) we now make the approximations, which are sufficiently
precise in the interesting range 1 < 8 < 3:

x2=1—sl, x=—§—ﬁs—-;-10gl (67)

with

a = 1.4, B8 = 0.56
From this it follows that
l - az)i

= 68
s (y =l (68)

and

= "B)} . _L_ . girla-e =g/

mad = (=) 25 (69)

The essential part of the expression 18 the exponential factor The whole
expression is valid only for large values of I. In this case the root in the
exponent predominates with increasing , and the more so the larger y is;
the number of electrons then increases exponentially. Finally, however,
the term —1 dominates the expression, and the cascade is absorbed as ¢™'.
For the light quanta, according to (62) and (67), it follows that

N,

n, = —2—,
1— 3s

(70)
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At the start of the cascade there are about as many light quanta as elec-
trons; from the maximum on, the light quanta become more and moie
predominant

d) The Number of Electrons with E < E,. .ccowding to Arley (A 5),
one can make the following evaluation. We assume that after an electron
has reached the energy E, 1t radiates no more but loses energy onlv thiough
ionization Smece E; was defined a~ the point wheie, according to a more
exact calculation, the loss of energy by radiation was equal to that hy
ion1zation, the electron must continue its course for another radiation unit
before it has lost all of its energy by iomzation Since the energy drop by
ionization is propoitional to the distances covered, the electrons which
have energy E < E, have, therefore, traversed a fraction ¢ = 1 — E/E,
of a radiation umt since thev had the energy E, Thus 1t follows that

f(E,,l - [1 —!’E«]) fon 13> 1 _gﬁ
J
SE,) dE = dE 71)

(B<EJ) i

E
|\ 0 for l<l—E;;

If we develop f in the vicinity of ! one finds
JED = f(EJ,l){l - ¢ 1og 15,0} 712)
We construct the number n¥ of all electrons under E,

vi= [ 5E0E = Eog@, 0t ~ L Lions@, )

= e“"'”(l + gg)

With the approximation used above, this leads to the formula analogous to

63)
=G -g)err =@ -3 @

In particular, therefore, at the cascade maximum (3 = 1) the number of
electrons of energy under E, is about as large as the number of electrons
above E .

(73)



3. THE LARGE AIR SHOWERS
By G MouiErg, Berlin-Dahlem

In the foregoing chapter the cascade theory was presented in so far as
it had to do with the actual development of the cascade, ie, with the
multiplication of particles and the partition of energy For this purpose
the angular seattering could be completely neglected and the calculations
carried out as though all cascade particles preserved without deviation the
direction of the original particle which unleashed the cascade The recogni-
tion of this angular scattering and the computation of the angular and
spatial distnbution of caseade particles induced by 1t require an extension
of the theory which 1s to econcern us in the following treatment The most
essential application of this 1= m regard to expenments which have to do
with the extensve showers as the most important cascade phenomenon
(See the final ~ection of this Chapter. p 37)

1. Qualitative Picture of the Shower

Beforc we engage m the calculations themselves, let us attempt a guali-
tative picture of the caseade showers The complete neglect of the angulat
deflection 1cpresents the chaiactetstic starting pomt of most theories,
and the shower 15 regarded as mantaining the precise direction of the
mitiating pumaiv paiticle Ilowever, 1t cannot be sud that only small
deflections ocew, for example, i ecascade showers m lead, lamige angulur
divergences may vecur thioughout  For the progressive development of &
cascade fiom place to place the greatest impoitance attaches to the 1ela-
tively small number of particles of high energy, which have mactically no
angular deflection and are spatially concentiated n the dense core of the
shower. On the other hand, the paiticles of low energy, which are present
in supetio1 numbers and contubute n largest measure to the spatial and
angular oxpansion of the showet, play only a small part m the fuither
development of the cascade As the shower progresses fiom place to place,
these lose their eneigy 1apidly and completely while, simultaneously,
through cascacle processes new particles of low energy aie supplied from
the core of the shower. This goes on until the energy reserve in the core is
spent. From what has been said, 1t follows that the spatial and angular
widths of the showe: vary only shghtly along the path of the shower The
numbel of patticles passing through a surface of umt ares is very great at
the corc and even appioaches infimty at the center, towards the outside
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it falls steadily off, and corresponding statements also hold for the angular
distmbution

2. Previous Calculations

Euler and Weigeland (E 8) were the first to attack the problem of the
angular and spatial distribution of partieles in a cascade shower This
work gave the main featwies of the relationships mm showers; in details
their results can, on the whole, be improved quantitatively and, in part,
also qualitati ely because of then negleet of vanous effects the influence of
which has been estimated hy the author These are

a) the neglect of the large statistical fluetuations of cnergy loss suffered
along thewr paths by the shower elections thiough the emission of quania
by collision,

b) the neglect of the contubution of carlier generations to the deflection
of showe1 particles of later generations,

¢) the assumption of a Gaussian function for the spatial and angula
distnibution of the particles of equal eneigy 1n a shower.

For calculating the mean squaie of the spatial and angular deviations
mn a shower, a method in which these factors are not neglected has been
given by L Landau (L 1), however, the numetical 1esults of this author are
mecorrect beeause of computational eirors in the numercal data. The
form of the distribution function was not mvestigated by Landau. We
have, therefoirc, 1epeated the caleulation of Euler and Wergeland by a more
accurate procedure, which 15 to be attributed i part to Landan (Mohéie
(M 4)). The most important results of these calculations weic a gieater
spatial extension of the shower by a factor of 3 4 and, at the same time, a
stronger branching of the coie of the shower than was given by the work of
Euler and Wergeland Similar 105ults are also contained 1n anote by H A
Bethe (B 15)

3. The Source of Angular Scattering

Practically the only source of angular deflection of the shower patticles
which has been taken into account by all authors is the Rutherford scatier-
mg of the shower elections in the clectrostatic fields of the atoms The
mean square of the change in angle which an electron of a given energy B
suffers in a given path distance, in consequency of Rutherford scattering,
has becn calculated by Williams (W 9) and can be wnitten, with reference
to Euler and Wergeland, in the form

d(e®) = %—: dl.  (K=2-10eV). 1)

Here d! is a small element of the path of the electron measured in radiation
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units 2,. —In addition to the Rutherford scattering, other sources of angular
scattering also exist, including the process of pair formation and quantum
emission by collision as well as the Compton processes of the hght quanta
along ther paths The angular deflections which are mtroduced by these
processes per radiation unit, according to the estimates of Euler and Werge-
land, are smaller by a powei of ten than those given by (1) Since we have
to deal with the sums of the squares ot the angles, the other sources of
scattering amount to about 19, of (1)

4. The Mean Square Deviations

The angula: deflection and the spatial separation of the paiticles from

the shower axis are desciibed by the two dimensional veetois 6 and t in the
plane perpendicula: to the axis (Here it 15 assumed that the angles oceur-
ring in practice are so small that 1t 1s not necessary to distinguish between
the angle and its sine). Because of the cylindrical symmetry of the prob-
lem, the angulai and spatial distiibution of the particles in the shower are
characterized 1 the main by the mean square of their deflections Sandr

To this we may also add the mixed mean squaie of the deflections (6,r),
which characterizes the coupling between the spatial and angular deflec-
tions The process of reaching a state given by the mean square deflections
of the particles of a given energv at a point m a showet is briefly explained
in what follows

Just as with a projectile fired fiom a distance at a screen, so here a small
change in angle 86, experienced by an electron at a distance ! from the
point in the showers under consideration shows up as a spatial deviation
5t =180 The contribution from an element of path dl at distance [
from the point under consideiation to the mean square deviation of an
electron of energy E is, therefore, according to (1)

d(e?) = K*E-Qdl, (2a)
i(8,v) = KF=Qudl  and (2b)
d(r) = KE-:Q)Pdl (2c)

Here E’(l)(> E) 1s that energy which the electron had at the distance !
back of the point under consideration, in view of the fact that it loses
energy by the emission of radiation by collision on its path to the latter
position. The expressions (2) are, therefore, to be averaged over all possible
values of the energy E’(l), taking account of the probability for energy loss
by radiation by collision. (In Euler and Wergeland’s caleulation this pro-
cedure was simplified in that the mean value E'~%(l) was replaced by E'~*(1),
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which was the first of the neglected effects listed At the point of the maxi-
mum development of the shower £'=3(l) = e**'E~% and I’ "*(l) = e 'E™*
In adding up the contributions made by the separate path elements di to
the mean squaie deviation, one must take account of the fact that the
electron has at one time been created mn pair formation by a hight quantum
The expressions (2) must, therefore, be multiplied by the age probabihitv
Q) (= ¢! at the maximum point of the shower) When one integiates
the 1esulting expression between the limits = Q and ! = «, he obtams the
contiibution of the last generation to the mean squaie deviation of an
electron of energy E —Fnally, it is to be observed that every particle at
1ts point of formation already has a spatial and angular deviation given 1t
by its ancestor particles and representing the inheritance of its entme
previous history. We will not go nto this in greater detail here but list
1n the following Table T the 1esults for the mean squaie deviation of shower
particles of energy £

Here 0 is to be undeistood as measured mm aice and r mn radiation units;
K is the constant for angular scattering given by (1) The difference
between the second and the first columns of Table I rests entirely upon the
improved energy statistics.

Table 1
Exact Caleulution
According Elections Light quanta
to EuLkr Portion
and fiom last "Lotal T'otal
WELRGELAND| generation
e
% B 0 333 0 545 06 02
L‘z
x @0 @ — 0 298 0 437 0 103
B2
mr (B 0 07t 0 162 0 835 1 314

_ Comparison of the second and third columns shows that, especially with
, the contaibution from past experience is very essential. After Landau’s
computational crrors have been corrected, his method, mentioned in the
beginning, gives the same or similar numerical values as those entered m
columns 3 and 4 of the table, depending upon which form of the Bethe-
Heitler equations are used. (cf. Chapter 2 by Heisenberg pages 12 to 13,
eq. (1 and 7) Landau himself uses these equations in a somewhat more
complicated form)
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5. The Distribution Functions £(E,0) and f(E,r)

In order to calculate the distribution functions for the angular and spatial
dispersion of cascade particles, we start out with the integro-differential
equations set up in the work of Landau cited above

g.% = — Af + Bg + Z%.z“Aef R CAAT

@

W _i- T, @
R e YR CAA

Here f and g are functions of E, Sand1 In particular, the quantities in (3)
have the following significance:

#(E, ©, v)dEdredr, is the number of electrons which strike surface element
dr. at t with an energy m the range dE at E and from 3 direction within the
range drp at 6;

g(E, 3, t)dEdredr, 18 the corresponding quantity for light quanta,

[ is the path length in radiation units traversed by the shower;

A, B and C are integral operators which operate on E;

Ap is the Laplace Operator m the [ plane;

V. is the gradient in the r plane and

K is the constant in equation (1)

The equations (3) are the integio-differential equations of the eascade
theory (similar to equation (16) p. 16 in Chapter 2, Heisenberg, but for the
differential spectrum) completed by terms which describe the changes of
J and g in consequence of the angular and positional changes of the particles.

2
The additional term for the angular variation, (%jl.) = Z%A‘f evidently
(-]
has the form of a diffusion equation; the term with the operator (3, v.)
takes into consideration the change m position of the particles in conse-
quence of the already existing angular deflections. For comparison with

experiment it is sufficient to calculate the distribution function f(E, 6)

(mndependent of 1) and f(E, 1) (independent of 6) for the point of maximum

shower development. To this end we have taken the following course:
In the first place by the introduction of the new variables

6,_____%@'8 and r’=2K-Et

one can make the mtegio-differential equations no longer dependent upon E
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explicitly. At the same time these substitutions fulfill the condition that
in the limiting case K — 0 (i e. with vanishing angular scattering) the
distribution flinctions f and g take the form of s-functions with respect to
the variables 6 and r. This means that the angular and spatial deviations
of the ensemble of shower particles vanish, as must be the case since the
shower has been developed by a single penetrating particle Next the
function f(E, 3’, t’) is converted by a fourfold Fourier-Transformation with
respect to the variables ©andr’to a function o(E, ?, ?) [and, correspondingly,
g(E, _é’, t') 1s converted to y(E, ?, ?)] where % is the new vector variable
corresponding to ©’ and p that coitesponding to1’ Fiom the form E~*dE
for the energy speetrum at the maximum point, 1t follows that ¢ and ¢
1

depend on £ only through the factor E~* . (2719 which we separate out in
what follows It suffices to know ¢ and ¥ 1n those 1anges of the argument
in which ¥ and 7 have the same direction On acount of the eylindrical
symmetry of the problem one comes out with two independent scalar
variables { and p ¢({, 0) measures the angular distribution and ¢(0, p) the
spatial distribution.

The relations for the angular distribution are the simplest  Here, if one
puts p = 0 in the integro-differential equation and elimmates ¥(¢), he
obtains for ¢(¢) the purely integral equation

d !'tp(i') - g"‘P(g-I) ' _ g d ) r ’” " 3 —
[ O 2 [ar [ aree + e =0, @

which we use 1n the following manner for a step-wise determination of o(¢)

In the first place one secs fiom the equation that ¢(}) 18 always positive
and falls off monotonically, and at laige valuesof ¢ as ™ Also one can de-
nve from (4) the coefhicients of the power series expansion of ¢(¢), from
which the funection 1s known m the mitial 1ange  Fially, the integial
cquation will be used 1n the following manner {o form a numerical construc-
tion procedure for calculating the function ¢(¢) One divides the coordinate
¢t nto intervals of a convenient size ¢, let ¢, be the value of the function for
the argument ¢ = ne (n = 0,1,2, ) One now expiesses the integral in
(4) approximately by sumnung over the index n  The summation equation
obtammed m this way from the mtegial equation can be regarded as a
recursion formula for the function ¢,, from which the next term in sequence,
@»+1, €an be determined as soon as the series o, ¢1, v - * @, i8 known The
procedure can be carried through very precisely and forms the basis, i
spite of the complicated form of the integral, for computing the function
satisfactorily up to rather large values of the argument The results of
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this calculation can be represented with a precision of about 1% by the
interpolation formula
a a—1
e($) = - : (5)
(1 + a2g.2)3/2 (1 + ﬁ?gﬂ)S/-
withae = 3.473,d = 105and 8 = 0912
From this one deduces by a Fourier-Transformation (which mn this case
mvolves the Bessel-Function J,) the following expressions for the energy
and angular distitbutions of the elections-
2 [a 222 o -— ( 2E6) :I

with the same constants as (5).

The relations are more complex in the case of the spatial distribution
For this case also a construction proceduie may be developed; howeves,
one cannot make ¢{ = 0 on apriot1 grounds, since the value of the funetion
at ¢ = 0 depends upon the course of the function (¢, p) when ¢ = 0
Therefore, one has to evaluate the course of the function m a suitable initial
region of the {, p-plane with the help of various series expansions Starting
out with these one can then determine the further course of the function
in the {, p-plane with the help of a construction proceduie. The 1esult of

this calculation at { = 0 can be 1epresented with a picersion of about 3%
by the interpolation formula

a _ a— 1
(] + aZp?)’l/'l (1 + ﬂ2p2)ll/h

witha = 28, o' = 136,and 8 = 071 By a Fourier Tiansformation one
obtains as the distiibution function of clectrons with respect to energy and
spatial separation fiom the shower axis

@) = 2| 20 () - 25t 0, (2)] ®

with the abbreviation

™

e(p) =

Q(z) = :(p' _I(_gz)

where H, signifies the Hankel Function of the first kind. The funetion
J(E, ©), according to (6), and f(E, r), according to (8), are quite different

v H,(12),
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from the Gauss function, especially the latter which varies as »™'/* near

r = 0 —1Tt should he further stated that all of these caleulations, in par-
ticular the results (6) and (8), apply to the energy values E > E,, where
E, is the limiting value, below which the cascade foiming processes cease
to be important and become submerged by the 10omzation

6. The Distribution Functions N(O) and N(r)

Following Eulet and Wergeland we designate by N(60)0dO and N(r)idr
the relative numbets of eleetrons with an angular deflection between 6 and
© + d6 and those with a spatial displacement fiom the shower axis between
rand r + i respectively  The densities N(0) and N(7) ate approximately
1epresented by Euler and Wergeland by means of the interpolation formulae

N(©) = 3";’8—" g-o/01 (92)
and
o) = oty r o ©9b)

1

which we must now compaie with our more accuiate results 'T'Le half
value angle 6, and distance 7, m (9) define the radius of the circle which
encloses half of the shower electrons For the following discussion it is
expecient to use the angle and distance units mtroduced by Euler and
Wergeland,

0, =% and r = 0,3, = %—9,

where z, signifies the radiation umt For illustiation the numerical
values of E; and x, for various substances, as well as the resulting values of
6, and r, (in degrees and em respectively), are collected 1n the following
table 2

Tahle 2

Air 11,0 Al Fe ' (Pb) Umts
E, = 113 113 63 31 10 [100ev
= | 33000 43 9 6 18 (0 51) {om
6, = 103 103 18 6° 37 7° | (116°) | angular degrees
n= | 5950 78 31 12 (10) |em

As shown by the numbers in parentheses in the last column the assumption
of small angles is no longer justified in the case of lead
The portions contributed to the densities N(0) and N(r) by electrons
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with energy E > E; are obtamed from (6) and (8) respectively by inte-
grating over E between the hmits E, and . The portions from electrons
with energies £ < E, require a special treatment which we have based
upon the Arley approximation (Arley (A 5)). The details of this some-
what complicated calculation are passed over. Finally, the contributions
of single scattering to N(0) and N (r) are taken into account These result
from the fact that occasionally a large angular deflection can take placein a
single scattering act (cf Williams (W 9)).

—_—— Eu/er ana’ Wergeland
oterpolalion Formuls
New Calculation

Fig. 1a Angular distnbution of shower electrons
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The results of these calculations are presented in figures 1a and 1b, in
which the functions [8/6,1N(8/6,) and [r/r )N (r/r,) are plotted in logarith-
mic umts in the sohd curves (The form of these curves should actually
be somewhat smoother than represented n the figure, the slight waviness
1esults from the approximations which wete used in ealeulating the portion
belonging to the encigies £ < E,) The absolute oidinates of the curves
and the numerical factor in the following asymptotic formulae are so chosen
that the followmg notmalization equations are vald

A8 A8) = [a): )=

a) The Solid Angle Density AN'(6'6,) The curve tor 8/0, N(6/6,)
Fig. 1a 15 approximated m the 1egion 0 < 0,0, < 3 with a precision of
about 15% by a straight line (not shown), which represents the Euler-
Wergeland mterpolation formula (9a) with the half-value angle 0, =
0 550,. (The straight line plotted with dot-dash corresponds to the for-
mula (9a) with the half angle of 0 470, given by Euler and Wergeland)
The asymptotic behaviot of the sohd-angle density for large arguments

(6/8,) is reproduced by
0 (8] o 9_)—3
o,N(e,) - (e. (10)

b) The Spatial Density V(»,/r,) The cuive 1epiesenting the function
r/ry N(r/r)) m Fag 1b 15 appronimately 1eproduced for small arguments by
the Euler-Wergeland lmecar mterpolation coiresponding to formula (9b)
(dot-dash line; hali-value distance 7, = 0 24r,) TFor larger aiguments the
curve shows an appieciably slow er 1ate of fall, corresponding to a half-value
distance of about r, = 0 811,

Its asymptotic behavior for small 1 is deseribed hy!

;—lNC:) ~ 325 [1 ~4 9(?—1)_2”] (11)

For large arguments (> 7) the contubution of single scatteung to the
spatial dispersion predominates This contitbution, which hkewise de-

IIn agreement with the 1esults of Funuk and WLraLLaND, 1t follows from (11) that
the density N (r) has a singulanty ike r~! On the conirary, II A. BETaE finds that the
densitv vanes at small r hke 7~+/* "This form of the singularity 1esults, as one can show, if
the EuLer-WERGELAND calculation is improved n only one respect, namely, that,
instead of the electrons of equal energy, one assumes that just the electrons of equal
energy and equal traversed path length are distnbuted according to a Gaussian fune-
tion. In agreement with us, BETHE also shows that the influence of earlier generations
must be taken into necount
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~-— Eyler and Wergeland
Interpolation Formula
—— New Calculation

o \ \
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Iig 1b Spacial distribution of shower elections

termines the asymptotic behavior of the whole function at large arguments,

has the form
\ -1
"n(Z) ~ 0a(%) a2)
Tn\n T

As one sees, the new calculation gives a larger sidewise dispersion of the
shower, as well as a stronger compression of the shower core.
It is, likewise, to be expected that a better theory of the energy loss of
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electrons by ionization than is possible according to the above method will
increase the shower breadth still further for the following reasons: The
shower particles most strongly deflected to the side are those with relatively
low energy, and the ratio of the number of paiticles ot low energy to those
of high energy can be evaluated, as has been ponted out by varous authors
(Belenky (B 7) and Schcnbeig (8 10)), by the usual approximations with
which the stoppmg of elections by wnization 1 caleulated  Therefore, on
the one hand, the usual neglecting ot the ene1gy losses due to iomzation for
electron energies I' > F, leads to too latge a number of particles m this
1egion of high encigy; on the other hand, (Belenkv (B 7). the Atley
approximation gives too small a number of elections in the low energy tange
m consequence of the negleet ot those elections which are excited by hght
quanta with an imtial encigy £ < F,

7. Comparison with Experiment'

In the atmosphere 1oy enaigetie penetrating particles ~et off extensne
cascade showers, the <o called “an showers,” which among other ways can
be detected by cometdence measmements of two o1 more spatiallv separated
counter tubes This tvpe of comncidence was first observed m the year
1938 hv Schmerser and Bothe (8 9), with countettube separations up
to a few tens of meters, and then by Auger (A 10), Kolhorster (K 4) and
others with counter distances up to several hundied meters  Janossy and
Lovell (J 1), as well as Auger, Maze, Ementest and Freon (A 11), were
able to estabhish thtough Wilson chamher photogiaphs that these comnci-
dences weie set oft by air shower» Although these Wilson photogiaphs
showed only election tiacks and no penetiating paiticles, 1t has been
suggested fiom several quarteis that the an showc1~ nught contam mesons
as well as the caseade torming elections and hght quanta  Auger beheved
he had obtamed a pomnt of confirmation for this assumption in that he, as
well as Kolhorstet, found that about 259 of the coineidences still remained
under 15 em of lead shicldimg  On the contraiy, Janossy ventured the
view that the great penetiating pow er of the coinerdences could be explained
on the assumption of pure cascade showers by the hugh energies of the
patticles  This vien was suppoited by Euler and Wergeland through the
turther argument that the obseived comneidences in the absorption measure-
ments weie for the most part set oft by the dense shower cores, and that the
probability of 1esponse of the eounter tube to a bundle of many simul-
taneous rays was reduced in much smaller degree hy the shielding than was
the 1adiation density. To complete the argument it must be pointed out
that the radiation density of a show e which just reaches its maximum after

¥The following discussion closely follows Kk and Wi rGELAND
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penetrating the atmosphere is not really reduced to zero but only to about
0.5% by an additional 15 em. of lead (which is equivalent to somewhat
more than the thickness of the atmosphere) as is shown by a rough calcula-
tion based upon the approximation formulae given in the previous chapter
by Heisenberg. (Eq. (69) and (74)).

Although Auger’s grounds for the assumption of a mixture of mesons
the air showers do not seem compelling, Euler and Wergeland seem to
have come to such an assumption 1n an effort to bring into agreement with
experiment the frequencies of comeidence of pairs of counter tubes as a
function of countertube separation, as computed by them on the basis of
the cascade theory. In order to clanfy this question a new calculation was
carried through, the results of which are compared in Fig. 2 with the corre-
sponding results of Euler and Wergeland on the one hand, and the results
of measurements of Auger (A 9) on the other As one sees, the new calcula-
tion gives good agreement with the experiments for countertube distances
between 20 and 150 meters The discrepancies outside of this range are to
be attributed to the fact that postulates upon which the caleulations are

(]

~~ \\
“_ Experimental
N
0\ -~ :
# ~
New Calculation
0

Coincidences per hour v—e=

A
Edler and Wergeland\‘
‘

K v
Counter tube seperatron —~
Fig. 2.,




The Large .\ir Showers 39

based are not valid there. In particular, the coincidences at small counter
tube separations are excited predominantly by showers which have already
passed their maximuin, and for which the spatial electron distribution
calculated for the maximum is no longer valid The spatial distribution of
particles in a shower can, theiefore, be interpteted without the assumption
of a hard rachation accompanymg the shower. This also follows from
expetiments by Hilberry and by Auger'. who were able to show that the
1adiation in the outer 1anges of the large air showers is much softer than in
the shower core .\ primary spectium of the form

1o _ys\1 &

H(E) = 0 04(1—0-—91)

i

(13)

18 taken a~ the basis for the caleulations, (precisely as with Kuler and
Wergeland). The numerieal factor 0 04 m this expression was determined
by comparison with experiment II(E,) m (13) sigmifies the number of
primary electrons of energy greater than E, which strike one em * per
second from directions uniformly dwstuibuted over the umt hemisphere.
(Here we formally take the position that the air showeis me excited by
primary elections) Starting out with (13), and with the use of the approxi-
mation formula given by Hewenberg mn the foregoing chapter for the size
of the shower as a function of the primary encigy and path length, the
frequency distribution of shower size 15 detetmuined The approximate
correctness of the exponent 18 in Kq (13) 15 established up to encigies
E, = 10"V by the good agicement between ealenlation and expeniment
m the range of the data and by the approximate agieement of the numerical
factor 004 with the determination fiom the total tomzation Mention
may also be made of the cxpetuments by Geiger and Stubbe (G 3) with 5-
and 6-fold comncidences, m which an unexpectedly lngh comeidence 1ate
was found at small counter tube separations, a fact which seems compatible
with the strong compression of the shower coie according to our new cal-
culation

In addition to the comcidence measurements with counter tubes and the
experiments with the Wilson chamber, the 1onization chamber also affords
an mmportant auxthary means for studying the an showers. Here one finds
the so-called Hoffman bwists, (1 e, the sudden appearance of a very large
amount ot 1omzation m the chamber) which are produced almost exclusively
by ar showets The measurement of the frequency distribution of burst
gize constitutes an espccially direct method for determining the energy
spectrum of the shower-producing primary particles. Since, as already
mentioned, the size of an air shower 1s approximately proportional to the

tMentioned 1n the cited note by H A\ Biam (B15).
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energy of the primary particle which produces it, the energy spectrum itself
is reflected 1n the frequeney distrbution of the shower size Furthermore a
certain si1ze of Hoffman burst 1s excited, on the average, by air showers of a
certain size The energy spectrum of the primary patticles can, therefore,
be 1ead dnectly from the fiequency distiibution ot the buist sizes This
spectrum can be determined up to eneigy values of 3 10"’V and 1t comes
out to be of the form E;” with vy = 185 £ 02 (accoiding to Euler and
Wergeland).

H. Euler (E 5) has mvestigated these 1elationships more piecisely on
the basis of the cascade theory of air showers and has compared his results
with the burst distrbution curves according to the measurements of
Carmichael. From ceitain details in the shape of these curves, he was able
to conclude that the small Hoffman bursts aie caused predominantly, not
by air showers, but by nuclear disintegiations, which are induced m the
walls of the chamber by the hard radiation (ef Chapter 13, Bagge).



MESONS
4. THE CREATION OF MESONS

By K Wirrz, Berlin-Dahlem

1. Experimental Arguments for the Existence of Mesons

In the modern discussion of the penetiating component ot the cosmie rays
one starts out with the assumption that 1t consists in greatest part of
mesons The experimental aiguments which have lead to this assumption
are the following (Eulet and Heisenberg (E 7))

a) Vanous statistical studies have been madc of measurements of the
momenta of rays producing Wilson chamber tiacks (Kunze (X 7), Blackett
(B 22), Herzog and Scherrer (H 10) and Anderson (A 3)) with some of these
momenta extending to 2  10'"¢\  One finds here a spectrum of iomzing
particles, which falls off continuously towaids the high momenta The
tracks of most of the eosmie 1avs show an 10mzation which differs but httle
from that of an election Even in the case of pavticles with momenta
pc <035 10%eV, the tracks a1e o thin that then mass1s certainly less than
that of the proton A small fiaction, ot the order of 0 19 (Anderson (A 3),
Neddermever and Anderson (N 2)), shows thick tiacks; these aie protons.
In making these aiguments 1t 15 assumed that the charge of all particles is
equal to the clementary electronie charge

b) At low momenta, <0.2 10’V the obseived loss of momentum in
lead is as great as for rachative elections It decreases, however, with
ncreasing momentum, and at 0 5 - 10°%e\" 1t amounts to only a tenth of the
mitial value  Fiom this it follows that most of the particles above 02 -
10°eV arc heavier than clections

From the expenimental fact that the particles between 02 - 10° < pe <
0.5 10°%V 10mze less than protons and radiate less than electrons, Ander-
son and Neddeimey et (N 2) have concluded that particles of intermediate
mass are present with the charge of an eleetion  This interpretation is
now unmiversally aceepted m preference to the one put forth first that the
radiation theory Incaks down at encrgies > 10%V.

From measurements of eurvatuie and the density of 1omzation along the
track, the mass of the intermediate particle ean be determined Estimates
to date place it in the range 160 to 240 electron masses (cf. Chapt. 8,
Heisenberg). Thus far, there is no certain criterion that protons are not
also present in large numbers in the very energetic tracks > 0.5 - 10%V.
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Moreover, 1t is not certain that there are not particles of various intermedi-
ate masses

2. Yukawa Theory of the Meson and the Decrease of Meson
Intensity at Great Heights

As 18 well know n, these penctiating paiticles of medium weight have been
assocrated with the particles postulated by Yukawa (Y 2 to Y 5) to explain
the nueclear forces (ef Chapter 10, v Weizsacker), and attempts have been
made to diseuss them on the basis of this theory An mmportant conse-
quence of the theotv 1s that the mesons have a fimte petiod of hife, the
experimental value of which s about 1 26025 107" second (¢t Chapter 8,
Heisenberg), the meson then spontaneously decays mto an eleetion and a
neutrino  This spontancous decay has also recently been observed 1n the
Wilson chamber by Wilhams and Evans (W 11) and by Wilhams and
Roberts (W 12) Fiom this fimte lifetime 1t follows that the mesons
cannot come from external space but must be excited in the atmosphere by
prunary 1ays This conclusion should be capable of direct experimental
proof, for 1t 1t 1s 11ght the meson mtensity which 15 known to merecase at first
with height like the shower paiticles, should eventually dimmish agam at
the top of the atmosphere

This question has been attacked in several 1ecent investigations Fig 1
18 taken from a paper by Ehmert (E 2) It shows the haid (H) and the
hard plus the sott components of the cosmie 1ays (Pfotzer (P 2 and P 3)) as
funetions of the amount of matter traversed, the former measured m a
3-fold comncidence atiangement which 1s sketched in the figure This
device was sent up m a balloon and was self-registermg The greatest
height corresponded to 16 mm Hg  One <ees that the mtensity of mesons
between 100 and 16 mm Hg 15 neatly constant and 1s some 12 times as
great as at sea level  The length of the dashes gives the pressure range
flown through in 4 minutes, while the number of comncidences which are
1ecorded 1 4 minutes are plotted as oidmates. Because of statistical
fluctuations Ehmett attached no significance to the fact that the upper
end the curve secems to show a diop of intensity, but one could be tempted
to interpret the figure as showing a maximum of meson mtensity at about
50 mm Hg Euler and Heisenbeig (E 7) predicted such a maximum at
about 80 mm g, but under an assumption, which has recently been
thiown into doubt (¢f sect 3), that the mesons originate fiom the hght
quanta of the soft component, which, according to the Yukaws theory,
can excite one or several mesons by impact with a heavy particle (neutron,
proton) (Wentzel (W 4) and Heitler (H 6))

Corresponding experiments were made by Schein, Jesse, and Wollan.
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They used the arrangement of counter tubes sketched in Fig. 2 in balloon
flights up to 20 mm Hg The curve A (Fig. 2) shows the results of measure-
ments with various lead absorbers (dashed), which varied between 4 and
18 em in thickness 1In all cases, in contradiction to an earlier measure-
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Fig. 1 The number “H” of particles penetrating 9 cm of lead as a function of atmos-

pheric presgure as measured by EuMmert (E 2) with the countertube arrangement

sketehed 1n the lower left. The eireles and ‘S J & W give the measurements of IN,

Jesse, and WALLAN (S 5) with 8 cms of lead “W & 1I”” shows the vanation of the tuta

vertical radiation according to Prorzer (P 2, 3) “W” 1s the difference of the curves

“W & H” and “H” which at the same time agrees with the varation of the shower
frequency acecording to ReaNER and EamerT (R 2).

ment by the sume authors, the meson intensity increased up to the greatest
height reached, and no indication of a flattening off or of a maximum ap-
peared. These authors further established the fact that there were no
electrons of such intensity that they could have penetrated the lead and
simulated the hard rays by shower formation At least, it is evident from
the close agreement of the points obtamed with diffeient thicknesses of
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lead that electrons did not influence these measurements We will come
back to this point in the next section

One may say that the experiments have, thus far, not confirmed the
expectation that the meson intensity falls off agam at the top of the atmos-
phere Although this is not an argument against such an assumption, 1t
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Figwe 2 Measwements of Scuwin, Jusse and WoLLAX (8 3) Curve A Intensity of the
haid component for vanous thichnesses of lead as a function of pressure in e Hg
Cwmve B Total intensity of cosmie 1avs aceording to Prorzier (P 2, 3)

does mean that the mesons appaiently ave not generated from the soft
component alone, a> Euler and Heisenberg assumed, but are excited at the
very top of the atmosphete by primarv particles, which aie veirv rapdly
absorhed 1 the atmosphere

3. Protons as Primaries

a) Work of Schein, Jesse and Wollan. In the woik cited above
Schein, Jesse, and Wollan (S 5) have obtained results which are of great
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significance in our understanding of the creation of mesons. Previously, as

mentioned above, one started out in the discussion of meson creation with

the assumption (Luler, Heisenberg) that they aic excited high in the atmos-

phere by the hght quanta of the very intense soft component, and thus.
predominantly mn the 1egion of the maximum of the Plotzer emve Fo

this there weie various arguments

The excitation of mesons by hight quanta 15 a possible proeess according
to the Yukawa thcory  For these mesons one assumed a speetrum sumiat
to that of the exciting light quanta of the ~oft component  The latter was
believed to be known accuiately since the observed total mtensity of the
cosmic rays could be undeistood on the shower themy il one postulated o
corresponding spectrum of clections as the priimary 1adiation imeident fiom
external space The so-conceived meson spectiun was supported by the
lacts that it was in ielatively good agicement with Blackett’s measuie-
ments of the meson speetium and that the <ame spectrum also oceurred m
the distribution of large buwists under thiek ab~other~  This interpretation
was given by Euler and Iewsenberg

Schein, Jesse, and Wollan (S 4) has ¢ found an mdication that me~ons ate
also created by the hght quanta ot the eascade radiation. With a comet-
dence arrangement consisting of tour countels, 1n which the upper tube was?
not shielded, and the lower ones wete separated by a total of 10 ems of’
lead, 1t was shown that theie are 1avs which pass thiough the upper tube
without 1omzation and then apparently thev exerte hard particles m the
lead The fiequenev of these 1avs vailes with the height about hke the
mtensity of the soft component (ef Nect 3 ot thic Chapter)

From the postulate that the mesons ate all ereated by the easeade 1adia-
taon, 1t would follow that, at the height where the eneigetic mesons consti-
tuting the penetiating 1achation ta few 10" V) at ~eslevel should be exerted,
there must also be elections and posttrons of comparable mtensity and
cnergy, as well ag the light quanta and mesons % proof of this point
was undertaken by Schem, Jesse, and Wollan (3 3) i the previously men-
tioned work Elcetions of these encigie~ m pas-ing through lead would
be expected to 1elease showers 1n the fust counter tube with igh probabil-
ity They tiued to demonstiate the evistenee ot these showers  In the
arrangement sketched m Fig 2 the counter tubes 1, 2,3, 4 and 2, 3, 4, 5
registered the veitical intensity for L and 6 ems of lead 1espectively; the
counter tubes 1, 2, G, 4 and 2, 6, 4, 5 1egistered particles which were accom-
penied by showets In no case was more than a small percentage of the
measured penetiating particles accompanied by showers m the side tubes.
This result is in contradiction to the hypothesis that the energetic mesons
are created by the soft component The authors make the following re-
marks on their observations
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“From the uniform hardness of the particles measured, as indicated by
curve A (Fig 2), and from the fact that they excite no showers, we conclude
that there are no electrons of energy between 10° and 10" eV in the highest
altitudes reached Since the cnergy which an electron needs to penetrate
the earth’s magnetic field at the 51° geomagnetic latitude of the experi-
ments 1s about 3 10°eV, and since our measurements were carried out within
the first radiation unit (1 e the distance in which an electron or ight quan-
tum makes one multiplication according to the cascade theory) from the
top of the atmosphere, it seems difficult to postulate the existence of elec-
trons of energy E < 10'%V, in the primary cosmic rays They must, there-
fore, consist of some other kind of penetrating charged particle The
mesons themselves, because of their spontaneous decay, cannot be the
primary rays. It istheiefore probable that the incident cosmie rays consist
of protons.” In regard to this result of the experiments of Schemn, Jesse,
and Wollan, one must remark that 1n spite of all of the evidence submitted
favoring the creation of mesons from the cascade rays there 1~ no agieement
a8 to thewr primazies.

We have already seen that the relatively small latitude effect of the hard
component at sea level becomes compatible with the hypothesis of their
creation by the cascades if it 15 admitted that more than 859, are created
by primanes of such eneigy that they are not influenced by the earth’s
field On the other hand, on exactly the same grounds, the possibihity has
been left open that at least a part of the mesons are created from other
unidentified primary components In the case of the field sensitive 1ays
there is definite evidence for other than electron primaries as we will see
in what follows.

b) Work of Johnson.  As euily as the year 1934 Johnson (J 7) working
al an altitude of 45 em Hg established that showeis of the soft component
possess an asymmet1y of less than 1%, At the same time 1t was known that
the soft 1ays show a latitude effect, which proves that then primaries in any
case aire charged. I'rom this 1t must be concluded on the basis of the cas-
cade theor v and the mamicnance of dnection dedueible from 1t (¢f Chapt
3, Molit1e) that these primaries are made up of positive and negative
patticles m approximately equal numbeis The total intensity of the cosmie
1ays at sea level, for which the haid component 1s mainly 1esponsible, has an
east-west asymmetry of some 15%, and shows that the field sensitive pn-
maries must consist almost exclusively of positive particles This con-
clusion follows from a quantitative comparison (Johnson (J 9)) of the east-
west asymmetry with the latitude effect of the hard radiation and concerns,
therefore, only the small part of the hard rays which are latitude sensitive
These primaries, therefore, must not he 1dentical with those of the soft
radiation Johnson suggested that they probably consist of protons. This
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postulate, which seems confirmed by the new investigations of Schein, Jesse,
and Wollan, had, therefore, been announced much eailer. There remans,
ncvertheless, the question of how the contemporary opmion that all
primaries, including those of the soft component, are protons, is to be
1econciled with Johnson’s view that the piimary 1adiation of this compo-
nent consists of positive and negative particles Johnson's theory is based
upon the failme of the cascades to show an east-west effect. Befoie we go
mto this question we will describe, in detail, a new work by Johnson and
Bany (J 13), which confirms and extends his eathier work.

Here Jobnson mvestigated the east-west effect of the total :adiation 20°
north of the equator and at a gieat height Thiec counter tubes in comci-
dence collimated a beam angle of 20°. Moteovel, this beam duection was
inclined 60° with respect to the zemth “The counter anlangement was
sent with balloons to a height of some 30 mm Hg The investigations
were made close to the magnetic equator because there the east-west
asymmetry should be especially great. The comcidences, as well as the
orientation of the balloon with respect to the sun, registered by means of
a photocell, were tiansmitted to a ground station by radio. The results
of four flights aie given in the table.

East West
Altitude | Number | Comer- | Number | Comer-
mm Hg | comer- I'ine dences pet | coma- une | 4onces per «
dences M Min dences Min M,
29 4 1100 28 3 38 9 1523 35 4 43 01
33 277 10 & 26.3 113 149 27 6 0 048
44 461 185 2351 680 24 6 276 0 095
24 2 554 19 3 RABY 740 23 8 311 0 08
Average 0 072

20e — 29 _ g 72
Je + 30

Therefore, about 7% more rays come from the west than from the east.
This result, which apples to the total radiation composed of both the hard
and the soft components, was analysed bv Johnson 1n the followng manner:

The latitude effeet of the soft and of the total 1aciation 15 known from
the balloon measurements of Bowen, Millikan, and Neher (B 34). TFrom
their curves of total 10nization as a function of the atmospheric depth and
with the help of a transformation given by Gross (G 11), (also Johnson
(7 9)) Johnson derives the intensity of the radiation at the height reached
by him and at a 60° zenith angle, on the assumption that the mtensity at
zenith angle © depends upon h/cos O, where kb 13 the equivalent thickness
of the atmosphere above the counter tubes, expressed n mm of Hg 'The



418 K. Wirtz

lower energy limit of the incident rays at 20° north latitude (15 - 10%V)
can he determined from the Lemaitie-Vallaita theory (Chapt. 15, Meixner)
From this lower limit one can further compute, according to Lemaitre-
Vallarta, the vanation of the total intensitv which would take place m
turning the comeidence telescope 360° in azimuth at zenith angle 60°, if
one assumes, for example, that all primaries are positive In this case the
asymmetry between cast and west would amount to some 609, or about
10 times that observed

Sinece this discussion 1s based on the latitude effect, Johnson concludes
that in reality only a small exce~s of posttives over negatives 1» present. On
the other hand, since present dav arguments seem to deny the valdity of
this inter pretation, one could inteipret Johnson’s 1esults as indicating that
the coupling between the directions of primaries and those of the secon-
daiies which constitute the cascades 1s not as close as had previously been
assumed and fo1 this reason the east-west eftect 15 lacking  One can under-
stand such a state of affaiis on the supposttion that the Pfotzer maximum
consists of paiticles of low encigy, as s confumed by the measurements of
Schein, Jesse, and Wollan, and that, in consequence, the change of direetion
of electrons 1n scatterng 1~ =0 great that the primary dneetion 1s no longer
preserved, alternativelv, 1t mav well be that, m the still unknown process
of the cieation of caseades fiom the primares, the prmary dnections
become contused

Johnson concluded trom the 79, asymmetiy that the part of the mtensity
which is excited by excess positive radiation makes up some 129, of the
total field sensttive r1adiation, and from this he estimated on the basis of his
observed east-west asymmetries at sca level that it was to be aseribed
part, if not altogether, to the haid 1adiation Johnson also assumed that
the primaries of this part of the 1adiation were positive and most probably
protons. The views of Johnson werc supported by mnvestigations by Jones
(J 14) and Hughes (H 13). They obsctved meson tracks i the Walson
chamber placed in a magnetic ficld Jones found 29% more positive
mesons in the range from 0.2 to 10 - 10°¢V  Hughes, m the same nstitution,
observed about a 209, excess of positives in the same energy range A
frequency maximum of mesons was also observed at fiom 1 to 2 10%cV
(Compare in this connection the medium altitude investigations deseribed
m Sect. 5)

Johnson’s results did not quite suffice to lend ceirtanty to the pioton
hypothesis. A related experiment which should provide the missing sup-
port would be to measure the east-west effect of the hard component alone
at great heights, where such an effect must be very pronounced.

TrNsLATOR'S NoTE The German edition through sume musunderstanding of the
author carries the footnote “This experiment was earned out 1n very recent times by
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Moreover, the picture which resulted from Johnson’s work was not free
from contradictions in regard to the formation of cascades from primary
electrons Thus, Noidheim (ef Johnson and Bany (J 13)) remarked that
one must conclude from Johnson’s measurements that the easeades as well
must be produced 1n part by an exeess of positin ¢ primaries Johnson had
assumed that the asymmetry of 70 observed at ahout 30—40 mm could
anse fiom the hard component alone, which then would have to be excited
entirely by positive pimmaiies, for example, by protons On the other
hand, Nordheim argued that, at this height and at this angle of mnchnation
of the coincidence telescope, the soft component, according to the cascade
theory, should have multiplied to about 30 times the number of puimary
particles, while the hard component, on the contiary, should not have
multiphed at all Smece the total number ot haid 1ays at this altitude 13
about 10% of the total 1adiation, the total number of primaties of the hard
rays would have to be thiee times as geat as that of the sott primaries,
In reality, according to present views, the total eneigy, and hence the total
number of rays of the haid component, 1s not moie than 107, of the total
radiation. From this Nordheim concluded that either the asymmetry 1s
false, or the hard component expenences a strong multiplication, or, what
18 most probable, the gieater pait of the asymmetiv 1esults fiom the soft
1achations

If one would conclude on the basis of the 1esults of Schein, Jesse, and
Wollan, as well as those of Johnson, that piotons aie the only prmaiies of
the total cosmic 1adiation, then 1t would be interesting to look for protons
m the cosmic rays at great heights; it 1s known that thev aie rare at sea
level and in medium heights

Finally, 1t may be 1emaiked that Swann has mdependently concluded
from his observations that the primaues of the cosmic 1ays can not be
electrons but are probably protons In sevcial stiatosphete flights Swann
has observed that the 1atio of vertical to hotizontal total mtensity deviates
appreciably fiom that to be expected for pumarv clectrons Thus, at a
height of 15 em Hg, the honzontal intensity 1 209, and at 4 ¢cm. 1t is
809, of the vertical, whereas for the latter value, for example, one would
expect 179 if the effective height of the tiaversed atmospherle layer at a
telescope inchnation © 1s to be taken as i/cos & Swann conclude. fiom
this that the primaries excite the secondaries n such a manner that they
lose their original directions Therefore the pumaries can not be elections
on the basis of the cascade theory.

ScuEIN and associates {transmitted by letter) In fact there was found a pronounced
east-west effect of the hard rays which showed that the total hard component anses from
positive primaries ” However ScHEIN states that he neither performed this experiment
nor wrote such a letter. In (S 5) ScaelN, JesseE and WOLLAN propose this experiment.
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If one assumes protons as the primaries, then Swann’s findings have an
analogy in the previously cited absence of the east-west effect of the soft
component at great heights and should have the same explanation.

4. Excitation of High Energy Mesons in Multiple Processes

One of the fiist analyses of experimental results which led to the view
that several eneirgetic mesons are excited by a single primary particle was
cairied out by Nordheim and Hebb (N 9) and by Nordheim (N 8) The
main part of their work consisted of a quantitative consideration of meson
produetion from the soft component under the hypothesis that the latter
was crealed from a pumary election component i accordance with the
cascade theory In this they weie led to assume the creation of perhaps
3 or 4 mesons n one act In addition, Nordheim discussed the possibility
that, m addition to the primary electron spectrum which excites the cas-
cades, thete 15 also a primary proton component which exeites the mesons
For this case also he had to assume a lmgh multiplicity of meson formation

In the preceding section 1t is assumed that both components are excited
by a single primary proton rachation. If this concept s correct, the hypothe-
s15 of the Nordheim-Hebb work must undergo alteration On the other
hand the essential features of their deductions 1emain undisturbed. some
80% of the mesons at sca level have an cnergy of about 2 10°%V or less
(Hughes (H 13)) Smce about 2 10°¢V is 1equired to traverse the atmos-
phere, these 1ays must have at creation about 4 - 10°%V If they were
produced by primaiies of this energy, there would be a latitude effect of
100%. If they weie to be created by light-quanta of approximmately the
same eneigy, which, 1n turn, a1e secondaries of a primary radiation, then
the primaries would have to have a higher energy, but there would stall
result a latitude effect of 409, to 509, Since the latitude effect amounts
to only 129, most of the primaries must therefore possess energies of more
than 10"cV, and from the known ntensity of primaiies in this energy range
1t can be concluded that more than one meson must be created from a single
primary

Here there ate two possibihitics, either the mesons are cieated in a single
act, or they aie created one after the other. We will see later that the
former 15 the more probable

If, in the sense of the foiegoing concept of meson production, light quanta
are regarded as primaries, then the effective cross section for meson pro-
duction in multiple processes can be evaluated according to Nordheim and
Hebb (N 9). We will elucidate this theory in the interest of completeness.
If one assumes about 1.5 - 10'°eV, as the energy of the exciting light
quantum, then the multiplicity is 3 to 4. According to Compton and
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Turner (C 7), the frequency of incidence of hard rays in the range of
energies of 15 - 10°%¢V is about 15 10™* rays per unit solid angle per sq.
cm. per sec. in an energy mterval of 1 - 10°%V  From the shower theory
(Chapt. 2, Hersenberg) one can deduce how many ‘‘photon lengths” Q(E,, k,)
( = path of a light quanta before a pai1 1s excited) there are with an energy
> k,, originating in elections with encigy < E,;, and thus calculate the
number of photon lengths for each cnergy mterval of 1 - 10%eV:

aQ _ ) (_1_ - l)
ag, = 0024 - (-~ &

From this we can evaluate the 1atio of mesons, cicated with a multi-
plicity 1, to pumary light quanta
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(er = ko; € = energy of created meson) Tlus 1a610 15 not entirely constant
between E, = 8 and E, = 15 10°%V. It follows that the effcctive cross
section 18 1/50 to 1/80 of the known c10ss section for the excitation of pars
fiom light quanta (Chapt. 2, Flugge), i.e., between 0 5 and 1 107" em * per
nuclear particle. Schein, Jesse, and Wollan (S 4) (cf. Section 2) have
determined the same cross-section as having the value 0.7 - 107" em *, but
without considering the multiphcity

An essentially higher effective cioss scction for meson exeitation 15 ob-
tamned for cnergies By > 18 10°eV on the basis of Wilson’s observations
(W 13) 1egarding the dependence of meson intensity on the amount of
water traversed The number of mesons obsei ved by him with an energy
between E and K 4 dF s

]

MEYE = 0 14 4L

E28

foo £ > 6 10%V'

This can again be compaied with the frequency, deduced from the cascade
theory, of photon lengths X, of eneigy between k and & + dk

X, =2 65-6-12—16—3 fork > 18 10%V.
k

For every 19 photon lengths one finds one meson of the same energy.
Assuming that the multiplicity is about 3 and that the photon energy is
INORDHEIM assumes a more rapid decrease of the spectrum for E > 6 - 10"%V on

the basis of the stronger absorption at great water depths This stronger absorption,
however, probably has another cause (¢f Chapt 6, Vorrz)
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approximately equally distributed over the » mesons, then one obtains for
the probability of such a process about 1/8 per photon length, i.e , about a
10 times larger value for the effective cross section than that for the mesons
of low energy

Nordheim saw a difficulty 1 his conception of meson excitation in multi-
ple processes m the fact that the frequency of the mverse process should
be of an equal order of magnmtude For this, however, the mesons have fa:
too great a penetiating power But mn this connection it 18 to be borne in
mind that for the multiple process the probanlity of the reverse reaction
would be veiy small on account of the mesons running away fiom each
other. The effective cross section for the reverse reaction would then be
of the o1der of magnitude of the creation only when 2 mesons should acei-
dentally meet simultaneously m a single collision, this is extremely im-
piobable The fact that the effective eross section for a single process like
that of the absoiption of a meson, is so small (smaller than that for the
excitation by a factor of 10—100, Nordheim) can be taken as an aigument
for the beliet that the ¢reation of a single meson of very high energy must
have a very small cioss section and should take place raiely compaied with
the multiple process This manner of argument apphes not only to the
creation of mesons fiom hight quanta hut gives general support to the con-
cept of the cieation of mesons m multiple processes.

Schein, Jesse, and Wollan (S 6) have tried to present experimental aigu-
ments that the mesons are cieated i multiple processes from the primay
protons Fo1 this puipose 4 groups of 4-fold coincidence counters were sent
to great heights by balloons. The fiist two groups were used to count the
vertical 1ays which could penetiate 18 ems of lead The third group
counted two or more particles which appeaied simultaneously with the
penetrating paiticle after the first 4 em of lead (therefore, soft cascade
particles) and the fowtth group counted events i which one or moic pat-
ticles penetiated all of the lead simultaneously with the vertical particle
At heights of 3 em Hg 469, of all haid 1ays excited coincidences in the
tourth group and only 159 in the third group From this 1esult 1t follows
that at least 859 of the mesons are created not in cascades. The large
group of comeidences (46%,) in the fourth gioup can hest be explammed hv
the agsumption that a penetiating particle, probably a proton, excites a
numbel of mesons m lead

In this experiment we also have the proot of the creation of meson show-
ers at great heights. Such showers with penetrating particles have been
observed by various authors. Since references to these works are collected
in Chapt. 5 (Klemm and Heisenberg), they may be skipped here. It is
noteworthy that independently of the work of Schein, Jesse, and Wollan
(S 5) Janossv (J 2), on the hass of his observations on the haid showers,
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has discussed the possibility of the excitation of the total cosmic radiation
by a primary proton component.

There have also been prehminary theoretical discussions of the creation
of cosmie 1ays by pumary protons  Thus Swann (S 28) as well as Nordheim
have evaluated the multiplicity of me-on exeitation fiom the latitude effect
and obtamed 1+ ~ 5  Swann alwo gives a relation tor the frequency of
mesons of a gnen cneigy as a function of the depth below their point of
creation If a meson speetium at the pomt of ereation 1s assumed with an
exponent —3 (¢f Chapt 1, Hewsenberg), and 1, m addition, a hfe-period
of 2 107" sec is aseitbed to the mesons (¢ Chapt 8, Hemnsenberg), then
Swann 13 able to represent correctly mn 1ough detail the latitude effect and
1ts dependence on the height

5. Excitation of Slow Mesons from the Soft Component

Schem, Wollan, and Groetzinger (3 8) have mvestigated the meson
radiation at heights up to 93 km with the help of comeidence counters in
airplanes Thev come to the 1esult that a pait of the mesons observed by
them are excited by ncutial primaries which ate probably not photons, and
in addition they obtam a swiprising spectium of the mesons at this height.
Their results are here buefly deseribed In Fig 3 the comeidence arrange-
ment 1s reproduced  The coincidences set ofi by 10mzing particles are inde-
pendentlv 1cgistered m the counter tubes 1, 2, 3, 4 and 2, 3, 4, 5 as well as
1,2,3,4,5 Comeidences fiom sidewise showers ate 1uled out to within a
few percent Thev find for example, with an airplane between 52 and 7 4
km height the tollowing result Of the particles which excite the upper 4
counter tubes 22 4 3%, do not dischaige counter tube No. 5; of those which
excite the lower 4 counter tubes 9.7 & 3%, do not discharge counter tube
Neo 1; there are, accordingly, 129, more counts above than below. The
1esult for the lower group, which scems to be independent of the height,
means, according to the mnterpretation of the authors, that a neutial
particle passes through 6 cms of lead and counter No. 1, and then, in the
8 ems thick lead block, 1t excites an 10mizing haid patticle, a meson, If
the neutial particle were a hght quantum of such lugh energy that 1t could
pass through 6 ems of lead, then, according to the views of the author, 1t
would be expected that n 1ts absoiption 1t would also cieate an electron
which would excite the first counter It 1s inferred that the mesons are not
created by photons.

In this connection there 1s perhaps also the possibility that a sidewise
light quantum strikes the lead block over the second counter tube and
there excites a meson which discharges the tubes 2 to 4. In the excitation
of mesons the secondaries often deviate from the primary direction by a
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considerable amount, according to the evidence of the Wilson chamber
The supposition that mesons are also excited 1n thin lead plates by photons
has been made probable by Schein and his associates; we will describe these
mvestigations next In a special senes of measurements they attempted to
show that mn the primaries there are no effects attributable to neutrons
For these expeiiments a parafin block of 35 em thickness was laid over the
arrangement of counters If neutrons of higher energy had been present
they would have effected an appieciable inerease in the coincidence rate
becausc of the 1ecoll protons Such an meiease did not occur within the
4% lmut of error of the measurements The only remamning possibility is
that the mesons are exeited by neutial mesons or neutrinos.

Very similar expeniments were carried out by Rosst and Regener (R 10)
at 45 km. height They also found a considerable number of mesons
which weie excited by neutial particles after passing thiough lead They
could effect o decrease m the mesons thus exeited by increasing the lead
thickness, but this was less than would have heen expected from the ahsorp-
tion of mesons

Neutral mesons were also discussed on the basts of similar obser vations
by Maas (M 2), who postulated photons as primaties, and by Ailey and
Heitler (A 6), since the ahsoiption cffect for the pruimaiies, observed by
Maas, agreed with that fo1 the mesons

Fiom the results alicady desciibed of Schen, Wollan, and Gioetzinger,
1t 18 possible to draw conclusions 1cgaiding the spectium of the mesons at
the altitudes attained TFirom the investigations the mtensity of the meson
1adiation which was able to pass through 27 em« of lead (cf Fig 3) was
found to vary with the height in the manner shown by curve B of Fig. 4
Likewise the coriesponding mtensity cuive was taken with only 10 cms
oflead (g 4 Cwive A) \smgle pomt (X) gives the number of mesons
at 6 7 km altitude which can penetrate 19 ems of lead This point was
determined fiom the comeidences of the upper counter tubes between 5 2
and 74km The diffeience between cuuves .\ and B can be due only to the
mesons which pass thiough 10 em» of lead bui are siopped mn the additional
17 ecms  On the basis of the known mtensity loss of mesons in lead (Wilson
(W 15)), it follows that a meson 1equues an encigy ot 29 10° o 5.2 10°
¢V m order to penctiate 10 ems o1 27 cms of lead, 1espectively  The
difference between the ordmates of cuives A and B gives the number of
mesons which lie between these two values IFFor 93 km altitude this is
about 1/3 of all observed mesons Fo1 the penctration of 19 ems. of lead
4.2 - 10°eV is necessary. Hughes (H 13) obtaned data from Wilson cham-
ber photographs at sea level for mesons > 5 10°eV; Herzog, and Herzog and
Bostik (H 7, 8, 9) using an airplane found 1esults which we will presently
describe Making use of all these data Schein, Wollan, and Groetzinger
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construct the meson spectrum at 6 7 km height which is reproduced in
Fig. 5 and is there compared with the well known spectrum at sea level
(Hughes (H 13), Jones (J 14), Blackett (B 22)) represented by the dashed
line. From the constancy of the meson absorption above 6 km. height
(Schemn, Jesse, Wollan (S 4)) these authois conclude that the spectrum
should undergo no further essential alterations at greater heights

The large number of mesons with cnagy < 52 10°%eV was confiimed,
as already stated, by Wilson chamber photographs by Herzog and Bostik
(H 7, 8, 9), who have hikewse found about 30%, slow mesons at the same
height. From their photographs 1t appears, without doubt, that these
mesons are created i part by multiple processes in the neighborhood of the
chambet, the creation of one pair in the chamber was photogtaphed These
mesons should, therefore, have been produced is some manner other than
that of the energetic mesons desenibed n the preceding section They ae
probably formed from the photons of the soft radiation An argument fo
this view is also given by the mvestigations of Schein, Jesse, and Wollan
mentioned at the beginning of section 3, they studied the mtensity of a
non-ionizing raciation, at various heights, which excites mesons m 2 ems of
lead. Itsintensity increases with the height in the same way as the cascade
radiation measured by Regener and Ehmert (R 2). From these measure-
ments Schemn and Walson (S 7) have evaluated the effective cross section
for the excitation of these mesons Fiom the measurements of Regener and
Ehmert 1t follows that at a height of 8 km. about 100 photons must fall
each second on the 2 em thick lead scicen of the counter tube arrangement
In the same time 2 mesons were observed Hence the probability for
excitation 15 2/100 From the number of lead atoms per cc¢ the authors
calculate from this number that the effective c10ss section per nuclear par-
ticle m lead 507 - 107 em® Nordheim and Hebb (N 9) have shown
from the frequency of encigetic mesons at great heights that the effective
cross section for excitation of energetic mesons must be at least 10 times
greater if one assumes that photons of the cascades are the primaries. This
result also leads to the conclusion that thete 1s probably another mechanism
of excitation at the edge of the atmosphere

6. Summary

The expeimental mvestigations make 1t appear that the following pic-
ture for the creation of mesons is the most probable:

From external space there is incident, according to Johnson, a primary
proton radiation whose energy spectrum probably agrees with that found
for the soft component and for the mesons. (cf. Chapt. 1, Heisenberg).
The protons excite the hard meson component, probably in multiple pro-
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cesses, at the outer bounds of the atmospheze, 1 e, 1n a path length which
15 shorter than a 1adiation length  The soft 1adiation which torms the
Pfotzex mavumum 1s created 1n the same o1 1n a sepaiate act fiom the
ptumary, o1 1t 15> 4 secondary 1adiation ot the mesons Ixperimentally
nothing 1< known of this The meson~ foim the haid component of the
cosnue 1adiation which 1~ observad 1t sea level and has a fiequeney mai-
mum at that depthat 2 10’V Me~ons aie also produced in another mn
ner, and probably m gicit numbers, as secondaries ot photons of the woft
component, but with less (neigy (< 52 10°%V)  Heie also multiple
processe~ (explosions) aie ohscived In the viemity of the earth’s smface
these me-ons are very 1are, m agicement with the fact that there also the
~oft cascade 1adiation has been almost complctely absothed At 7 km
height, on the contiary, these make up about 309 of the total meson
component  Bewides those fiom the photons, probably a small fiaction
(< 5%%) of the mesons aie created by neutral corpuscular particles (pos-
sibly neutial mesons) Futuie investigations must be undet taken to show
in what manner the mesons and cascade 1adiation aiise friom the primaries
and how the geomagnetic effect and the mmtensitv 1elationships are to be
explamed



5. SHOWERS WITH PENETRATING PARTICLES

By A Xremd and W HErisexBERG, Berlin-Dahlem

The question arises whether showers contaming seveiral penetrating
particles are also observed in the cosmic 1adiation Tlus 1s, theoretically,
of fundamental sigmficance, since fiom the piresence of such showers one
might come to some conclusion ahout the existence of genume multiple
processes (or explosions) in which several particles arc created in a single
act. This type of explosion-like shower is to be expected, theoretically,
according to the Yukawa theory (cf W. Hewenberg (H 3), also Chapt 8,
Heisenberg). A distinction is to be made between the genuine showers and
the pairs of penetrating particles which aie occasionally counted in with
the showers In what follows the word “shower” will be apphed only to
processes with at least 3 particles, the discussion of pairs will be dealt with
briefly

1. Meson Pairs

The first indication of pans of penetiating particles 1esulted from
vestigations by Maas (M 1) and by Schmeizer and Bothe (B 30a, 5 9)
The latter authois investigated comcidences of counters at a great distance
from a show er-exciting layer and under such a condition found the so-called
second maximum of the Ross1 curve stiongly marked at 17 cms of lead
They came to the conclusion fiom this that 1ays exist with a range of 17
cms. of Pb  The vaious 1epetitions of this experiment undertaken with
slightly varied geometty, however, have not led to a complete confirmation
of the existence of the sccond maximum.

A more certain proof for the appearance of pairs of penetrating paiticles
and, indeed of meson pairs, 15 supplied by the work of Biaddick and Henshv
(B 35), Leisegang (L 3) and Herzog and Bostick (B 8, 9)

Braddick and Hensby (B 35) have taken counter contiolled cloud cham-
ber pietures in London 30 m undergiound They obtamed 1900 photo-
graphs with single meson tracks The mesons wele 1ecogmzed by then
uneventful passage through 1.4 ems. and 25 ems of lead 1 succession
Of these 1900 photographs 5 showed double tiacks of mesons with an ap-
parently common source in the layer of earth above the chamber With
1900 single tracks only 0.057 accidental double tracks were to be expected.

Leisegang (L 3) made counter controlled Wilson-photographs, in which
11 cms. and 16 cms. of lead in turn were placed above the chamber and
a 1 cm lead screen was in the chamber, Among 900 single meson tiacks
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he found 3 double tracks, the origin of which was in the producing layer.
The proof of their meson character was realized 1n that the particles were
searcely deflected in 1 em of lead (and were therefore energetic), and they
produced no secondary rays

Finally, Herzog and Bostick (H 8, 9) have observed the tormation ot a
meson pair 1 a cloud chamber photograph taken at high altitude in an
airplane

Ligwe 1 Shower with penetiating puticles observed by FuesrLL
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There can, therefore, no longer be any doubt that occasionally pairs of
mesons are formed It is plausible to assume that the primary particle is a
photon, that we have here to deal with processes analogous to the usual
par excitation of electrons The frequency of pairs can be evaluated from
the available material only in order of magnitude The effective cross sec-
tion for thewr cieation fiom protons seems to lie in the vicimty of 107 to
107" em ? pet nueleax particle This order of magmtude 1s also not out of
the question according to theoictical evaluations (e g Booth and Wilson
(B 29))

2. Penetrating Showers

"The proot of the appeatance of genuine showers with penetiating pat tieles
was first given by Fussell (F 7) i ~ome eloud chamber photogiaphs, then
by a systematic counter-tube investigation by Wataghin, Santos, and Pom-
peja (W 2) and also more thoroughly hy Jinossy and Ingleby (J 3)

Fig 1 shows the best example of such a process observed by Fussell
The shower took place m a 0 7 mm thick lead plate Of its rays at least
3 passed through 1 2 to 2 ems of lead without appreciable deflection and
without sccondary formation, and aie, theircfore, to be 1egarded as mesons
The shower excitation 13 connected with a nuclear disruption, as 1s shown
by the heavy tracks of shoit 1ange The whole shower took place simul-
taneously with electrons which cid not come from the place of formation of
the showet, the process, theicfore, seems to have taken place in the area
of a large air shower

Wataghin, Santos and Pompeja (W 2), working at 800 m above sea level,
have placed four counter tubes of 100 ¢m * each so that in each pair the
two counteis sie vertically under one another and the paus are scpaiated
horizontally, 30 e¢ms. in one case and 65 cms in the other. A particle
coming vertically fiom above and causing a pait of counter tubes to respond
must penetiate 17 cms of lead The authors obscived four-fold coinci-
dences and found, with 30 em separation, 4 5 comncidences per day and, with
65 cm separation, 3 6 comeidences per day, wheieas they report that only
03 coincidences per day were to have been expected accidentally. Here
they weire evidently dealing with pans of penetrating particles, most
probably mesons With a fifth counter-tube, placed there for the pmipose,
1t was further established that 1n a considerable fraction of the cases more
than two penetrating particles appeared since the five-fold comcidences
were not much rarer than the four-fold.

The most thorough investigation of this type and the one most produc-
tive of conclusions was one carried out by Jinossy and Ingleby (J 3)
They chose the arrangement of Fig. 2.

When a five fold coincidence occurred, 1, 2, 3, A, B the number, 7, of
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simultaneously discharged H-counteis was recorded. As an exciting layer
T, both lead and Al were used, the thickness of this layer varying between
0and 120 g/cm * The absorbing layer S consisted of lead The results may
be seen in the following table and n ¥ig 3
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1 2 3 4 5 (] 7 8

Number of comncidences
(for arbitrary T)

854 | 911 | 184|139 | 130 | 108 | 80| 85| 49

If T = 0 the expetimental anangement 1s such that only comneidences aie
observed which aie exeited by an showeis, since only then aie the upper 3
counters excited The paiticles of the an shower then appaiently release
penetiating particles 1 the 25 em thick lead mass between the counters
1,2, 3 and H, which serve to excite the other counters 1t now the matenal
T 1s placed over the entite ar1angement, nothing is fundamentally altered
in regard to the formation of the penctiating 1ays  Awr showers which
previously have failed accidentally to cxeite the counters 1, 2, 3, aic
concentrated by the material T and now give threcfold comeidences 1, 2, 3,
hence the rise of frequency with 7' The mitial bending of the curve in
Fig 3 and the satwation thickness at 5 ems of lead conespond exactly to
the relations expeected fiom the caseade theoiy  The release of penetrating
patticles for thin lavers, T, alwavs takes place pumneipally in the luge lead
mass undel 1, 2,3  Onlv with thick lavers, T, are the penetiating paiticles
1eleased in T, and the fall of the curve in the figuie corresponds to the ab-
sorption of the penetiating paiticles,

The cases n = 0 and n = 1 can occur fiom single mesotrons which release
secondary elections in 7'and neax the counters -4, B. They are considerably
more frequent than the cases n = 2 On the other hand, 1t 1s interesting
to note that no great frequency difference occuis agan between n = 2 and
any higher value up ton = 8 It would scem then, since for the most part
several penetrating particles are formed, that the creation of many such
particles 1s not much rarer than that of two or three

If the penetrating particles of these showers are mesons, —and this is
certainly most probable—then one can compare the fiequeney of the
showers with the frequency of meson production in the atmosphere In the
atmosphere the mesons are probably formed n pait by primary protons
and m part by the light quanta of the soft component (cf Chapt. 4,
Wirtz). The slow mesons, whose formation is observed in great numbers at
heights above 7 km., are cieated prineipally fiom the photons of the cas-
cades. In the lead block (between counters 1, 2, 3 and H) of Janossy and
Ingleby the same thing is enacted as takes place with correspondingly
greater frequency at the higher altitudes. Hence, the frequency of the
meson showers in these investigations can be extrapolated: they should be
related to the frequency of single mesons in the same way as the cascade
radiation of sea level is related to that at great heights For a cascade
spectrum of the form £7' " the intensity at sea level, according to the theory,
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is 107* to 107° of that at greater heights Hence the showers of Jdnossy and
Ingleby should be 10° times rarer than that of the single mesotrons, a ratio
which is about of the right order of magnitude This estimate, theiefore,
supports the interpretation that the investigations ot Jinossy and Ingleby
have to do with meson showers (Le genuine explostve showels i which
many particles ate cieated n a single act) The coriectness of this mnter-
pretation can also be demonstiated by the dependence of the frequency
upon the height Even at the height of the Yungfraujoch the showers
should be 80 times more frequent than at sea level

Recently Powell (P 6) and Wollan (W 16) have published cloud chamber
photographs m which showeis of mesons have been observed emanating
from a single point (Fig 4) Thesc showers are exactly the same kind as

Figme 4 Meson showel by WoLLaw

those observed (See Fig 1) by Fuswcll (}F 7) Whether the showers ob-
served by Daudin (D 1) also helong to the same class ean be clarified only
by further experiments Fmally, Cocconi, Loveido, and Tongiorgi (C 5a)
have recently pubhished systematic experiments, which show that most of
the meson showers at 2200 m ave created in conneetion with the large air
showers These results, thetefore, me m good agieement with those
obtained by Janossy and Inglehy

In summary 1t can he stated by experments conducted m the past few
vears one can be sure of the exwience of esplosive meson showers with
many particles, these showers seem to plav a decisive roll in the genetices of
the cosmie rays in the atmosphere according to the new experiments by
Schein, Jesse, and Wollan (S 4 to 6) (ef Chapt 4, Wirtz) This exper-
mental result is satisfying because such showers are to be expected accord-
mg to the Yukawa theory, (Heisenberg (H 3)), the caistence of these
showers also gives a theoretical hasis to explan why the effective cross
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section for collision or creation process of the mesons, calculated according
to the usual perturbation theory, does not agree with the experiments.
Only in the kind of calculation which has to do with the purely electro-
magnetic effect of the meson on its surroundings can one hope to get an
agreement with the experiments



6. THE ABSORPTION OF MESONS
By H. Vorrz, Berlin-Charlottenbu1g

As we know from measutements by Anderson and Neddermeyer (A 4) as
well as those by Blackett (B 24), the great penetiating power of the cosmic
1a8ys is a propeity of the mesons wluch thev contain  These particles,
thus far found only 1n the cosmie 1ays, should be unstable according to the
theory of Yukawa, who, theoirotically, postulated particles of such mass
before thewr discovery to explam g-decay and nuclem forces, they should
decay 1nto an election and a neutino with & mean life of the order of 107°
sec.

Such a decay of the mesons, like the normal absoiption by energy loss,
will lead to a 1eduction in the number of particles while passing through
matter, the measuied absorption coefficient will, theicfore, contamn, be-
sides the pait duc to collision losses, anothex part attributable to the decay.
In what follows the absorption ot mesons due to collision losses alone will
be considered, and, m conclusion, the question will be 1aised as to what
can be deternmuned fiom the experiments about the decay of the mesons.

The collision losses of mesons take place essentially by energy tiansfeis
to the electrons, or mn other woids, bv the 1onization of the atoms encoun-
tered'. For the energy losses suftered m this process, Bohr (B 28) has de-
rived, on classical theoretical giounds an expiession which was later
brought mnto quantum mechameal form hy Bloeh (B 26)  Accordmg to his

theory
dE) 2mne’ { 'l r( _ 1) ( _ u_z>}

(dx my® log I’z log{ ! At ! ¢l (1)
Here ¢ and m stand for the charge and mass of the electron, » the velocity
of the moving particle, » the numbe: of elections per cc. in the material
traversed, IZ (with I = 13.5 cV) a mean value of the ionization energy of
an atom of atomic number Z, and V" the maximum energy which can be
transferred to an electron in a collision .According to Bhabha (B 19)

i Yt
w - — &4
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Ty what extent radiation losses play a pait with energies above 10%eV 1s still not
fully understood.
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in which M stands for the mass of the meson.—According to (1) the energy
loss, besides depending upon the velocity of the particles, depends essen-
t1ally upon the number of electrons encountered, or in other words, roughly
speaking, upon the mass of the layer traversed There is also a logarithmic
dependenee upon the atomic number of the absorbing medium

Numelous expenimental investigations (Rossi (R 6)) now show that the
absorption of mesons in ai1 18 appireciably stronger than mn a water medium,
which, according to (1), would give the same cnergy loss. This phenome-
non has been 1egarded as an experimental proof of the decay of mesons
This decay must, natwmally, have a greate effect over the long path length
through a gascous ahsorber than on the shoit path through a hqud o
solid absoiber and, hence, must lead to a higher absorption cffect of air
From the experiments it was possible to determine the mean life as a few
times 107" seconds, ~o0 that the Yukawa theory could be regarded as eon-

firmed 1n 1ts basic concepts (z 2 ? 7 §7
Fermi (F 1) ha« 1ecently poimnted out 1n this regard that this conclusion

1s not entnely mevitable Indeed, the dervation of the collision-loss for-
mula (1), neglects an effect which makes the normal absorption by energy
loss, even of a stable paiticle, depend upon the density of the absorbing
medium  This 15 just what the experiments show 1 e, that a iquid or sohd
absorber produces a lower loss of eneigy than a gascous absoiber  This
effeet atises fiom the faet that m the matenal traversed the electiie field of
the passing pa1 ticle mduces a polaization which weakens the 1on1zing, field
In this way the energy loss of the particle 1s 1educed, and the moie so, the
greater the dielectiie constant, 1 e, the greater the density of the absorbing
material

Before one can draw conclusions from the expermments as to the insta-
bility of the mesons, the influence of the above effect must be determined
quantitatively The calculation, of which the essential result 15 to be
presented brefly in what follows, was cartied through by Fermu and leads
to the conclusion that one must still, as before, adhere to the assumption
of the spontaneous decay of mesons However, one ainves at a higher value
of the mean liie than previously

Foi the caleulation Fermu 1eplaces the matter traversed by a continuum
of electrons elastically bound to their 1e<t positions and calculates for this
model the electric and magnetic field of the moving paiticle With the
help of the 1adiation vector one obtains the energy flux which passes out-
wards through a cylindrical surface circumscribed about the orbit with a
radius b This represents the energy lost per second to the region outside
of the cylinder and can be compaied immediately with the corresponding
expression of the Bohr theory, which is derived withont regard to the
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dielectric properties of the medium. It shows, however, in contradiction
to the latter, a dependence upon the density of the material.

Without the calculation losing sense, the radius of the cylinder can be
reduced to the order of magnitude of an atom 1adius, Then, moreove,
one can regard the energy lost to the region mside the evlinder as inde-
pendent of the dielectiic properties of the cylinder and simply add the
difference found in the above calculation with respeet to the Bohr expres-
sion for the region outside of the eylinder to the formula (1) which gives
the old value for energy loss

In the calculation two cases are to be distmguished according as v < ¢/(¢)*
orv > ¢/(e)!. Here e is the conesponding statie dielectric constant of the
assumed model ¢ = 1 + 4wne’/mw;, where w, stands for the characteristic
frequency of the electrons If the evapoiation of clections 1s neglected,
one obtains for the energy loss to the 1egion outside the evhnder of 1adius b
per cm. of the path traversed by the particle

(%), - Lol bl ()

- log(l - 'ﬁ) - i} forv < ¢/(e}
& 62 N

3

) - it (o)
_1 =)
e— 1

+ log; — 1} forv > ¢/(e), J

whereas the Bohr theory gives
_(dE _21me‘] <].123-v)’__ ( _v__’)__z_)f}
<dx),, T m’ llOg wob log 1 dl @
In (3) K, and K, stand for the Haenkel functions of zero and first order

respectively'. For small arguments, hence for small b, one can replace
them with their asymptotic expressions

1
Ko(2) = %logﬁ%? i K@) =

3.17 = ¢*° where C = Eulers Constant

18¢e for example B. Warson: Theory of Bessel Functions, 1922, p 78 They are
K@) = n/2 e /2 H (2).
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and thus obtain

—(%)» = %‘{logQ:’—gﬁ)z - log(l - z—:> - z—:} forv < ¢/(e), }}
(5)
(), - LY L= gt A

For ¢ = 1 the first of these two expressions goes over into the Bohr expres-
sion (4). The calculation of the energy loss with the help of the radiation
vector S is, thus, in its end result equivalent to the Bohr calculation which
sums the energy tiansfeired tor the individual electrons thiough collisions
The Fermi calculation thus teaches a new conception of the natuic of this
energy loss. But, contrary to the expressions (4) and (5), which are valid
only for small values of b, (3) holds quite generally For large values of b,
the fiist tetm in this equation vamshes exponentially, while the other two
terms remain constant This term thus gives an energy flux which goes
out from an arbitranly large eylinder, and thus represents an energy
1adiation This 1s nothing more than the electromagnetic radiation, al-
1eady obsetved by Cerenkov (C 2), when fast elections pass thiough matter
The encigy contamned m these teims is thus given off in the collision
process, not as kmetic energy of knock-on electrons, but m the form of
1adiation

Whereas the diftcience between the result of Fermu and of Bohr fo
v < ¢/(e)* 15 of small consequence and lies only in the factor e in the loga-
rthm, there 1s a difference m chaiacter for v > ¢/(e)! the term —log
(1 — +*/c®), which tends towaids mfinity as v — ¢ and results in the loga-
rithmie mnecieasc 1 the energy loss according to Bohr, is not present mn the
Fermi theory, but 1n 1ts place are terms which have fimite limits as v — ¢
This fact can be understood inturtively. the logarithmic increase of the
energy loss in the Bohr theory derives fiom the Lorenz contraction of the
field of the moving particle, the contraction having the effect that the high
speed particle can act 1n a collision-like manner on bound electrons at great
distances and thus give up energy. The maximum effective collision
distance thus becomes greater with increasing velocity and tends to infinity
asv —~> ¢ When the polanzation of the medium is taken into account, the
field representation in Fourier resolution 1s completely changed for all
frequencies with propagation velocity less than the particle velocity,
hence in the case » > c¢/(¢)}, for all frequencies less than the resonance
frequency. For these frequencies there is formed a bow wave with angle
different for each frequency, thus showing a dispersion, but approaching a
fixed form as » — ¢ and showing no further contraction Hence, the maxi-



The Absorption of Mesons. 69

mum effective collision distance no longer approaches infinity, but rather, a
fixed hmating value.

The difference between formula (5) and the Bohr formula (4), as men-
tioned above, also represents the corrections to be added to the complete
collision formula (1). Thus we now obtain for the energy loss of a high
speed charged particle the improved expression

4 2
_(%) = 2::;5 :IOEW;’:ZPY ~ log(t — »*/c°) + (1 — v*/c") — loge}
forv < ¢/(e)},

_(dE) 2irne’ { ms’ W ' I_—_vf/_c’}
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forv > ¢/(e)}

For » = ¢/(¢)* the two expiessions merge. In the limiting case of very high
energies the last term of the second expression falls completely away, and
furthermoie, the quantity IZ ean be replaced by the corresponding ex-
pression Jiw, of our model and € — 1 by 47ne’/mw; One then obtains the
formula for loss of energy by collisions vahd in the limit of very high

energies,
dE 2rne’ am’c W }
(d_l) T omd {Iog ne°h® +1 @

According to this formula, the energy loss at very high energies depends no
longer upon the nature of the absoibing medium but only on the electron
density prevailing therein; this 1s of such a natwie that the cnergy loss
becomes less with incieasing density.

The eneigy loss at low energies depends on the value of e. This quantity
m the simphfied Fermi model 1s the static dielectiic constant. In consider-
ing real matter this must be 1eplaced by an effective value which is given 1n
an originally unknown manne:r by the dispersion characteristics of the ma-
terial. In this respect theie is some uncertainty in the application of the
collision formulae (6) In order to evaluate the influence of this unce: tainty,
Fermi calculated the energy loss of ordinary electrons in water, at one time
assigning the value ¢ = 1.7 and at another time the value ¢ = 1.1. The
results are compiled in table I. It is seen that the difference with respect
to the old theory (e = 1) becomes appreciable only for energies at which
the energy loss is preponderantly determined by the radiation losses; hence
the preceding formulae lose their significance
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Table 1
Electron energy ' 108 107 ! 10%V
e=1 193 2 15 2 72 MceV/em
Energv lossse=1 1 192 191 2 09 ”
e=17 183 175 194 ”

In the case of heavy particles, protons, deuterons, and a-pa1ticles, the
radiation losses set i only at much higher energies On the other hand,
the velocities of these paiticles, up to energies of a few MeV, still hie so far
below the velocity of light that the first of the two formulae (6) 1s applicable,
and it differs from the old collision-loss formula by only a few percent
Thus, measurable effects do not occur hete eithe

It 1s different in the case of the mesons Heie such high encrgies aie
available that, on the one hand, the differences between the old and the new
collision-loss formulae must be quite noticeable without, on the other hand,
the radiation losses playmng any essential role Fig. 1 shows the energy
losses calculated according to (1) and (6), respectively, i arwr, water, and
lead One sees that, according to formula (1), the energy loss in the various
substances at low cnergies shows a svetematic vanation with the atomie
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Figure 1. Energy loss of mesons in air, water, and lead in umts 2wnet/m3, ) according
to Borr-BrocH, b) according to FErMI
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number of the absorbing substance, whereas at the higher energies, accord-
ing to the new theorv, theie 15 a systematic dependence on the density.
The point wheie the tiansition takes place, as well as the more exact course
of the curve m this vicmity, depends upon the assumed value of ¢ The
dash curve, which 1efer= to lead, indicates the 1esults of Wick's ealeulation
(W 6), which ha~ diawn upon empirieal data fiom opties for the ealeulation
of the cour=e of the curve n the transition 1cgion In a precise ealculation
of this natute the transition is somewhat smoothed over, but the difference
with respect to the Feinu caleulation 12 practicatly without sigmificance
At any rate, one sees that with meson energies of 10" volts, in spite of
nearly identical atomic numbeis, thete 15 alicadv a noticeably weaker
absorption m water than mn a layer of an of the same number of elections

In oider to clanty the question of the extent to which this effect can
explamn the difference found evpeimentally hetween the absoiption n
water and m an, Formu has discussed Ehmett’s measurements (E 1), as
well as those by Ros1, Hilbeny and Hoag (R 9), on the basts of his
collision-loss formula, which he applied in the foum (7), valid for high
energies Ehmert finds that the number of mesons behind thick layers of
awr ( > 10 m. water equivalent) amounts Lo only about half of that behind
a cortesponding laver of water, and that the 1emammg 1ays fall off with the
1 87 power of the depth measured in meteis of water  The latter fact can
be explamned, according to Euler and Heisenberg (E 7), if 1t 1s assumed
that the number of mesons of eneigy greater than £ at the point of their
creation is given by a power law of the form NV = ¢ - £~ ¥, and that these
mesons are then absorhed with a constant energy loss —Aceording to (7),
the energy loss for mesons of 10'°eV 15 22 MeV/g ecm 2 in water and is 2 8
MeV/g cm.” 1 an of the mean density of the atmosphere ( = 1/e of the
density at the earth’s surface) The hmiting energies of mesons which are
just able to pass thiough a thiek water layer and a thick air layer, respec-
tively, are in the 1atio of 22 28, and the numbers of surviving mesons are
m the ratio (2822)'* = 158 Ihmert’s measuwiements give for this
1atio the value 2 Since the theoretical evaluation resulting from the
application of equation (7) doubtless gives an upper limit of the value to be
expected on the basis of the Ferm eftect, 1t must be concluded that this
effect can explain, at the most, 507, of the obseirved effect. The remaining
difference must he ascribed as befoie {o a decay of the meson

This comes out even more significantly 1n considering the experiments by
Ross1, Hilberry, and Houg, who have measured the vanation of the meson
intensity in the atmosphere and at various depths have determined the
decrease due to the insertion of a graphite layer of 82 g/cm.? in the radiation
path. This decrease is again only half of that of an equivalent layer of air.
Since in such a thin absorher only the slowest mesons (up to 10%V) are
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taken out, the Fermi effect 15 of almost no importance; an evaluation shows
that it can not account for even 109, of the measured difference Hence,
these experiments lend weight to the decay theory of the mesons and give a
decay period of 2 - 107° see

A more precise discussion of meson absorption has been undertaken by
Lyons (L. 12) He took into account the energy dependence of the collision
losses, together with the spectial distribution of the mesons, for which he
assumed a power law of the foom N = a - E™7 (N = number of mesons at
the place of their c1eation with energy gieater than E) If decay is left out
of consideration, as 1s allowable in solid or hquid substances, the Fermi
collision-loss formula shows that the total number of mesons behind an
absorbing layer is to be calculated by asertbing to a meson of energy E a
range R on the basis of the 1elation

R=05 E'™ Em10%V, R mH,0.

Here it 15 to be remarked that fiom this relation, which 1s caleulated with
the help of the mean energy, one cannot diaw immediate conclusions on the
most probable energy loss of a single meson such as appears in Wilson
chamber measmements The distribution of energy loss for a single
partiele 15 given by an acymmetiteal probability curve whose maximum lies
at a lower energy value than 1ts mean value Aecoirding to Lyons the mean
energy lossin 1 m IL,0 for a meson of 10" eV eneigy 1s about 3 10°%V,
whereas the most probable encigy loss 15 only about 22 - 10°%V —The
above energy range relation holds fo1 vy < 2 With the help of the depth
relation measured by Ehmeit, N = ¢ T ' * one can thus undertake a
more precise determination of v, with the result thaty=187-096 =180

At very great depths of water, according to Wilson’s measurements, the
Ehmert exponent 1 87 for the dependence on depth increases to a value of
about 25 According to Lyons, this phenomenon can be explained by an
additional energy loss, which sets in only for very high meson energes
(2, 10"eV) and is in mactically quantitative agreement with the cross
section for excifation of Hoffman bursts at great depths as measured by
Schein and Gill (S 3) Whether this energy loss has to do with an absorp-
tion term for mesons of spin 1 coming 1 at high energies according to a
calculation by Oppenheimer, Snyder, and Seiber (O 2), or whether it is
simply a radation loss must, however, 1emain unanswered

The discussion of meson absorption mn the atmosphere and in shallow
depths of water also leads, according to the more precise calculation of
Lyons, to the result that one has to assume a decay of the meson. The best
agreement with the experimental results is obtained if one aseribes to the
meson & mean life of 3 107° sec.



7. BURST EXCITATION BY MESONS
By (* F v Wrizs\ecker, Strasbourg

1. Identification of Bursts with the Penetrating Component

The “bursts’ m the romization chamber discoveired by Hoffmann consist
preponderantly of a very large number of electrons of both signs appearing
simultaneously and thus constitute simply the veiv largest “showers ”
Part of the buists undoubtedly have thewr ongin i the soft component,
these bursts evidently occur when a portion of a laige air shower strikes the
chamber walls Other buists, however, must be aseribed to the hard
component This analysis has been thoroughly studied by Euler and
Heisenberg (E 7). Consequently we will follow then discussion of Nie's
burst production curve (N 3)

Fig. 1 shows the dependence of the number of those butsts, which contain
more than 200 paiticles, upon the thickness of the abisorbing layer placed
above the chamber The maximum of the cuive 1s to be ascribed to the
soft component, since 1ts height and 1ts dependence on the thickness and
matenal of the layer coirespond to the predictions of the cascade theory
The maxmmum in lead i« the greatest and ocews for very thin layers,
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Figure 1. Burst vield curve for Pb, Fe, Al &ﬁd garaﬁn. Only bursts > 4 MeV (according
to Nim).
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(caleulated in g/em.”); in iron it is smaller and occurs at a greater thickness,
and 1n aluminum it cannot be seen at all

On the other hand, at very great thicknesses, the number of bursts which
is nearly independent of the thickness of the layer, cannot derive from the
soft component but only from a radiation which has a very small absorp-
tion coeffictent We, therefore, aseribe them to the mesons as a secondary
effect Yet mn every respect they behave as normal cascades which have
built up 1 the absorbing layer. They differ from the cascades at the
maximum of the curve only mn the fact that the prmary electron or hght
quantum which 1eleased the cascade did not come into the absorbing layer
from above but was excited or accelerated within the layer by a meson

What conclusions ean be diawn from the experiments on the pumary
process of creation of the fiust particle of the cascade? Appaiently its
dependence upon the nuclear chaige differs fiom that of the cascade
excitation itself. According to Fig 1 1t is weakest in lead and strongest in
aluminum; admitting the uncertamty which lies i the fact that the curves
have been measuied up to actual saturation only m the case of lead, 1t
seems to be tiue that the probability of the process does not increase with 7

The dependence of the number of buists on their size 15 also important
This throws some hght on the energy distribution law of the paiticles
which excite the burst. The experiments (Sittkus (S 18), Schein and Gill
(S 3)) show that the number N(S) of bursts, in which more than 8 particles
ale present, varies as S”7, 1 which the exponent v lies 1n the neighborhood
of 2 Since, on the aveiage, {he cnergy consumed 1n a burst is propor-
tional to the number of paiticles, S, the buists show a distribution law
which is identical within the errots of measurement with the distribution
law of both the hard and the soft components (£~ *)

Before we invoke other experiments we ask what postulates can explain
the regularities already cited

2. Interpretation of the Association of Bursts
with the Meson Component

By what process can a meson excite secondary particles of sufficient
energy to produce a burst?

Within the field of theoretically known processes, iomzation and radia-
tion-by-collision come nto consideration Normally, in 10nization, a meson
transfers to an atom only a small amount of energy, i.e., less than 100:V;
the summation of these numerous small energy losses is what causes a
meson to have a finite range in matter Occasionally, however, there
must occur processes in which an electron experiences a very great impulse
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and extracts a considerable fraction of the energy from the meson. Like-
wise, through radiation-by-collision, a correspondingly large fraction of the
energy can be transferred to a hght quantum, which can then stait a
cascade. Itis true that mesons weie first differentiated fiom electrons by
the fact that they excite no radiation-by-collision However, collision-
1adiation processes must occur on very long paths, at least as frequently
as in the ratio of the squares of the masses of the electron and the meson

Another possibility is to assume a Hewsenberg “Explosion” as the ongin
of the buists, i e, the exeitation of manv paiticles mn o single elementay
act As Heisenberg (ef Chapt 12, Heisenbeig) has 1emarked, theie v
1eally no significant difference between this and the previous mterpietation,
for the explosions will take place only when a gicat deal of energy 15 t1ans-
lerred by an interaction of the meson with matter. It would, theiefore,
seem 1easonable to investigate this interaction along the hines of the normal
theory and m this manner fst to ask whether what one calculates 1s the
probabihity fo1 the cxeitation of a single seeondaiv particle, as 15 usually
assumed 1n the statement of the standaid theoiv, ot whether i the process
many patticles aic automatieally created as “by produets” (ef the investi-
gations of Bloch and Notdsieck on the emisaion of light i the Rutherford
scattering, and the woik of ITeisenbeig on meson <howers; Chapt 12,
Hesenberg)

Bhabha (B 19) has caleculated the eftective cross--ection tor the excitation
of a very fast election hy a meson (the “knock-on™ process) The eneigy
dependence of his tormula. however, 15 not n agreement with the exper-
mental results If we designate by e that fiaction of the energy of the
meson which 15 transfeired to the clectron (e 1s, therefore, a pure number:
0 < e < 1), then, according to Bhabha, the effective cross-section is pro-
portional to de/e’ This means that on a percentage basis very small
energy tiansfers ate favored If one takes a spectium of the mesons mn
which the number .V, (F) of those mesons with energy greater than E 1s
proportional to E~7 then. on acecount of the prevalence of small energy
transfers, the number N,(E) of knock-on electrons with energy greater
than E 1s proportional to £~"~", wheieas the experiments require that this
quantity be proportional to E77

One can conclude from this that the primaiy process of energy transfe:
must, in the final analysis, have a c10ss-section which is more nearly propor-
tional tode/e Then, although the small energy tiansfers are more probable
than the large ones, the mean energy transferred m a collision is propor-

tional to f e‘k; as an example, if it extends from ¢ = 0 to ¢ = 1/4, the
€
integral has the same value as from ¢ = 1/4 to ¢ = 1/2; that is, the energy
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trangferred in an einterval 1s independent of ¢, and hence the primary
spectrum is exactly reproduced in the bursts.

The dependence of the process on the material will be discussed m
section 5.

3. Application to Radiation at Great Depths

Although the burst excitation 1s quite rare, 1t must contiibute to a cei1tamn
extent to the absorption of mesons Ths contribution should make itself
noticeable at very gieat depths

In the first approximation the mntensity of the cosmie radiation at great
depths (fiom sea level to a depth of about 1000 m water equuvalent) can
be agamn 1epresented by the power law, with which we ate alicady familiu
If T 1s the depth hom the top of the atmospheie measured m gm/cm * o1
in em water equivalent, then the intensity of the radiation at great depths
is nearly propoitional to T~7 wheie v agamn has about the value 19 (Clav
(C4), Wilson (W 13), Ehmeit (£ 2)) This 1s immmediately undeistandable
theoretically, 1f the mesons are stopped exclusively by 1onization ptoecsses,
because then each meson has a fixed 1ange propoitional to its encrgy If a
1s the eneigy loss of a nicson per em 11,0, then at the depth 7" all mesons
with energy greater than Ta aic still present  Thus the energy speetium 1s
transformed 1mmediately mto the absoiption curve (ef Euler and Heisen-
berg).

Expenmentally, however, the absoiption law 15 not exactly 777°  The
absoiption takes place considerably moie slowly than this law 1equues
over the fizst 100 m IT.0 and <omewhat faster hrom 500 m ot water on
down to great depths

The imtial slower absorption 15 a tian~ition ceet triom ait to water.
connected with the decay of the me<on (Iula and Hewenbeig (F 7).
Lyons (I, 12)). In the atmospheic the decav plays a compaiable 10le with
the absorption by 1onization, but {his 15 not <o 1 water o1 solid giound,
only in the air, because of its low densily, are the individual 10nization
processes distuibuted over such a long path that the meson has time to
decay Because ot the dilatation of time the \low mesons decay preferen-
tially Theiefore, m the utmosphete the numbet of mesons with low energy
18 less than coniesponds to the E77 speetium  These slow mesons, moieover,
are the first to be stopped after ent1v into water o1 earth. Therefore, fewe
mesons aie absorbed at first mn water than would be expected from the
spectrum E~". The normal law 777 can hold true only after the absorption
of all mesons, the frequency of which was appreciably altered by decay
The effect has nothing to do with the burst process and will not be consid-
ered further at this point
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On the contrary, the increased rate of fall of the absorption curve at very
great depths can be aseribed to the excitation of bursts (ef. Lyons (L 12)).
We might ask what absorption law would be expected for these By this
process 2 meson 1s absorbed effectually in a single act It does not dis-
appear entirely but diminishes its energy by about a factor of 1/2 In this
way, however, it goes over into an eneigy 1ange m which, according to the
E~” law, there are many more mesons than m the original range That is,
the gap which the buist process leaves in the mesons of hugh cnergy 1s much
more noticeable than the associated mncrease in the number of slow mesons,
which is equal in absolute number but smaller 1n percentage In a first
approximation one can figme that every meson which undergoes a bust
process disappears When this fate will overtake the individual meson is a
matter of chance; whereas the normal ionization reduces the meson energy
slowly and gradually, the buwist processes have the effect of thinning out
the meson stream Hence an exponential absorption must be superposed
upon that which varies with 7~  Thus the meson mtensity should vary
with depth as

F(T) = const T "¢ " ¢))

The experimental results can be represented by

1
& = 2000mH,0 @

A proof of this theory 1s also afforded by the intensity of the soft radiation
at great depths Electrons which are present at a considerable depth
below sea level can not stem from the primary soft component They must
have been excited by mesons  Since the decay plays no role, they must arise
from the burst process. At least, one can 1egard the bursts as the most
mmportant of the production processes It must, theiefore, be possible to
compuie the mtensity of the soft component hehmnd great thicknesses of
water from the additional exponential absoiption of the mesons  Accord-
ing to Willams one can make the following 10ugh calculation

From the meson component, which can be 1epresented as a current of
energy J per cm.” per scc , the exponential absoiption cxtracts the energy
JadT in the element of path dT This eneigy 15 tiansferied 1o the soft
component Since the process is stationary m time, the soft component
must lose the same energy m the same distancc Thiough ionization an
electron loses about the same eneigy a per cm H,O as a meson Ience, 1n
the distance dT' the soft component loses the encrgy a dT per paiticle;

since 1ts total loss 1n this distance is the cnergy JadT, it must contamn JT:
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particles per em.” per seec. For comparison, we must know the number of
particles in the meson component. Since we have assumed the total
energy J of all mesons as a known quantity, we need to know the mean
energy of a meson The number of mesons of energy greater than E af
depth T 15 proportional to (E + aT)™" since the mesons which have energv
E at depth T had ongmally the eneigy £ + aT Here the additional
abso1ption has been overlooked, and the calculation 1s valid only for depths
which are small compared with 2000 meters of H,0. The number of
mesons with energy between E and E + dE 1s consequently proportional
to (E + aT)"""'dE, and the mean energy

f (B +ol)"BaE

7 = Lo - 2 = Lasar. 3)
[ @+ary e
Jo

The mean energy of the mesons, therefore, increases in proportion to the
depth. This becomes evident when one recalls that the primary spectrum
E~7 diverges at E = 0; thus, if it is not modified for small values of E, it
gives a zero mean energy Howcever, the ahsorption soon disposes of the
excess of slow mesons The number of mesons 1s, therefore, J(y — 1)/aT,
and the ratio of the number of electrons to the mesons is N,/N, = aT/
(y — 1.). The relative mtensity of the soft component must, therefore,
mcrease with the depth T This follows immediately from the increase of
the mean meson energy with the depth, since the more energetic a meson 1s,
the more electrons 1t can excite in a buist

In a depth of 400 meters H,O a ratio N,/N, = 025 1s to be expected
The experimental results give

Author ‘ Pysnm H,0 ! N, /Nn

AUGER-GRIVET 30 0 07
Cray 300 011
” 427 0 22

For the quantitative comparison one 1s referred to the work of Lyons.

4. Theory of the Elementary Processes of Burst Excitation

Just what is the elementary process which we have formally designated 28
a “burst process"?
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The caleulation by Bhabha takes account only of the interaction of the
electric field of the meson with the impacted election Oppenheimer,
Snyder, and Serber (O 2) huve raised the pomt that with the spin of the
meson there is associated a magnetic moment, which for very close colli-
~l0ns gives rise to a very much larger interaction than the electric charge
Even moie than in dueet 1onization this nteraction shows up m a stiong
radiation-by-colision Chuisty and Ku~aka (C 3) have evaluated all of
the effective cross-sections of interest In what follow~ we give their re<ults
with a few explanations

The effective cr10ss seetions are evaluated for thice possible spin values
of the meson: 0, 1,2k, and 1%  Although the experiments of nuclear physics
show that a meson of spin 0 1s not satisfactory, this value is included since
recent hypotheses suggest the evistence ot varlous kinds of mesons with
different spins (cf section 5 and the 10th Chapter on the theory of mesons)
The spin 1/2) 15 mcluded i the mteiest of completeness although the
mesons responsible for the nuclear foices, according to Yukawa's hypothe-
si1s, must have whole valued spins. The values of the magnetic moment
listed are those which are derived fiom the usual ficld equations without
additional terms mtroduced ad hoe. Al the same time they are the values
for which the calculated cffective c1oss-section has the smallest possible
value. Moreover, the empirical value of the magnetic moment of the pro-
ton and of the neution shows that an elementary particle need not neces-
sarily have the “normal” magnetic moment The effective cross-sections
listed are, thercfore, the lowest values since diect measurements of the
magnetic moment of the meson aie not available

In the formulac the symbols signify the following u, the meson mass,
m, the election mass, @ = ¢*/he the Sommerfeld constant, Z, the charge of
the nucleus at which the process takes place, £y, the primatry energy of the
meson, ¢, the fiaction of the eneigy transfenned to the clectron or hght
quantum e, = [1 + (’c*/2mE)]™" = Eo/(E, + 10"¢V) is the maximum
fraction of the energy which can be tiansferied at once As long as the
meson travels more slowly than light, the clectron can at most take on the
velocity of the meson and, consequently, only a small fraction of its energy,
which is proportional to E, If, on the other hand, the meson travels with
practically the velocity of hight, the value of e, approaches the value 1

2

2
W= (—”‘;—,) aZ? = 7 1.6 107* em® 15 the umt m which we measure the

effective eross-sections
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In the last expiession, which gives the collision-radiation for meson spin 1
additive terms which inciease only logarithmically with E, have been
omitted

The calculations show that the collision-radiation must be made responsi-
ble for the laige bwists; this is ndicated by the fact that the electron 1mpact
processes have the factor de/¢é* (only for spin 1 is there a term in de/e)
From the theoretical standpoint can the calculated cross-sections now be
applied without further consideration®

In all three cases the calculated cross sections must be 1n error for very
high values of the meson energy Eq, but for different reasons The collision-
radiation originates, in the cases of spin 0 and spin 1/2#, from transitions of
the meson at the nucleus, tiansitions in which the separation between the
meson and the nucleus can be quite large The logarithmic increase of the
cross-section with E, follows from the fact that the greater the energy the
greater the collision-distances which contribute to the effect. This increase
is limited, however, to collision-distances which are less than the mean
atomic radius since the nuclear field has no further effect on the meson on
account of the shielding by the electron shells This comes into play at an
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energy E, = =~ - ——— = 5. 10"¢V. Above this energy the effective
me

cross-seetion remains constant

On the other hand, the collision-1achation with spin 1 arises fiom {ransi-
tions very close to the nucleus In this case, however, the formula 15 1n
error for anothet reason  In its deuvation it 1y assumed that the mter-
action between the meson and the nucleus 1s small, the Boin collision
theory was used mn the caleulation This assumption beeomes meoirect for
E, = 2 - 10"V It is to be assumed that above this encigy single excita-
tion of a hight quantum generally does not occur, but an “explosion’ takes
place with the simultancous exeitation of many paiticles (presumably
mostly mesons) Chiisty and Kusaka have attempted to derve a lower hmit
for the cross-scetion at very high encigies MMost of the inteiaction aiises
from radiation of lugh frequency (above 137 uc®/#) The authors calculate
only that contitbution to the collision 1adiation which 15 made by fre-
quencies below this imit,  If one makes the plausible but unpioven assump-
tion that radiation of high fiequency 1s diminished by a non-linear inte:-
ference phenomenon while that of lower ficquencies 13 not, the cross-section
so calculated should he regarded as a mmimum value This gives

wE, 2 — 2 + 7&)
ch"’Z”’)( iz et ®

a(Ey,e)de _ A(l + log-
@ 9

Here A 15 a constant, which to a cer tain degree measures the cutoff frequency
m units pc®/k and heie would be set equal to 137  The terms omutted here
are independent of A

5. Comparison with Experiment. The Spin of the Meson

We now have the quesiion whether the processes introduced above are
sufficient to explaimn the obseryed buists  This seems to be so; at the same
time it gives unexpected information on the spin of the meson. The depen-
dence of buist excitation on the mateiial comes out, according to calcula-
tions by Oppenheimer (O 1) and by Cluisty and Kusaka, 1n essential agree-
ment with the experiments We will not, however, describe these calcula-
tions here 1n detall The dependence of burst frequency on burst size is
1epresented m Fig 2 Here the cutves show the theoretical relations, and
the dots are the experimental values of Schein and Gill  Curve 1 corre-
sponds to spin 1 according to equation (5), cmve 2 to spin 1 according to
equation (4), curves 3 and 4 to the spmns 1/2 and 0 respectively. We are
forced to the conclusion that the buists are set off by mesons of spin ()
(or, at the most, of 1/2)
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This result appears surprising if we recall that nuclear physics, from
which the idea of mesons originated, requires a meson spin not equal to
zero to represent correctly the behavior of nuclear forces The contra-
diction may be 1elieved, and, at the same time, a whole series of new experi-
ments 18 suggested, if it is assumed that theie are two kinds of mesons,
some of spin 1 and some of xpm 0
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This thought was first put forward n the theory of Moller and Rosen-
feld (M 5) on nuclear forces These authors showed that the diveigence
of the nuclear forces, at least in the classical approximation, could be
eliminated by the assumption of two cooperating meson fields with field
strengths transformed as a vector or as a pseudoscalar and belonging to
mesons of spin 1 or zero respectively Intuitively, one can say that the
two kinds of particles give, in themselves, a divergent law of force, but that,
by suitable superposition of their effects, the divergent part can be elimi-
nated while a finite force remains Whereas one ecan object to this theory
on the grounds that it leaves unexplained the quantum theoretical diverg-
ence, yet it has become more plausible for reasons now to be enumerated.
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One of the most important difficulties with the meson theory is the differ-
ence between the two values of the mean life of the meson, the one resulting
from nuclear physics and the other from cosmic 1adiation  According to
cosmic ray measuiements the meson must live from 10 to 100 times longe:
than Yukawa had concluded from g-decay This contradietion is clarfied
if it 18 assumed that both the nuclear field and the cosmic radiation contamn
two kinds of mesons, and that onc of the mesons has a long hfe while the
other has a shoit Iife, then one should alwavs obsetve the short hfe in -
decay smce the shoit-hved mesons would piecede the long-lived ones m
decaying In cosmuic rachation, on the other hand, the shoit-lived mesons
would decay in the high atmospheie, and at sea level one would ohserve
only the long-lived ones

Nevertheless, in cosmic 1adiation one should notice some sign of the
short-ived mesons, there a1e, indeed, strong indications of their presence
Thus Weisz (W 3) has 1emarked that the vanous determinations of the
mean life of the mesons from cosmic radiation give a longer mean hfe m
proportion to the length of the path in the aimospheic used 1n the measure-
ments for t1aversal by the mesons Weisz concluded fiom this that mesons
have no unique mass value, yet any lack of umiqueness of the decav
time, mecluding the cvstence of the two values suggested here, together
with an essentially unique value of the mas~, <hould lead to the same result,
simee the short-hived mesons will hay e deeaved moie, the longer the obsersa-
tion path. Direct evidence for shott-Iit ed mesons at gieat heights has heen
found by Juilfs (J 16) fiom the directional distribution of the hard compo-
nent.

If we assume that the meson of spin 1 is short-lived and that that of
spin 0 is long-lived, then it 18 understandable that the burst measurements
give meson spin 0. Other possible applications of the assumption of two
kinds of mesons lie bevond the limits of this review



8. RADIOACTIVE DECAY OF THE MESON

By W. HeiseENBERG, Berlin-Dahlem

According to the Yukawa Theory, a stationary meson can disintegrate
1adioactively into an election and a neutiino, and in the process the two
particles created each recerve about half of the 105t mass of the meson m the
form of kinetic energy The mean life 7, of the stationary meson amounts
to about 107® sec according to the theory, 1ecent work by Moller and
Rosenfeld (M 5) and Rozental (R 11) have pomted out that perhaps one
must distinguish between two kinds of mesons, some of spin 1 and others
of spin 0, ot which the former should have this shoit mean hfe, whereas the
latter could have an appicciably longer life, but the latter cannot he
theoretically detexmmed without mtioducing new assumptions

The fact that the mesons obscived m the cosmic rays undeigo 1adio-
actly e disimtegration was first mdneectly infetred fiom the numbher ot secon-
dary elections hv Tuler (E 4) (ef alvo K 6a), and was later confiimed by
cloud-chambher photogiaphs hv Wilhiams aud Roberts (W 12) (ef also
Kunze (K 7)) One of the most important tasks now consists of the
experimental deteimination ot the mean lfe 7, The fitst evaluation of
this constant by Euler on the basis of the expertmental results available at
the time (K Ga) gave values of r, hetween 2 10™°and 8 - 10™%sec  Later
nvestigations resulted partly n larget (Pomerantz and Johnson (P 5)) and
partly in smaller (Kolhoister and Matthes (IC5)) values The most precise
work of recent years has shown that the correct value of 7, lies <omewhat
below the onigmal value of Eulel, 1n the 1ange

w~15t025 107" sec )]

These experiments will be diseussed in what follows

Up to now three fundamentally different courses have been tollowed to
determine the decay time  First, mn one way o1 another one can mnvestigate
the intensity of the mesons m an as a function of the path distance tia-
versed One then obtams the mean deeay path R, a quantity which 1~
tied in with the mean decay time r, of the stationary meson, the momentum

p, and the rest mass p of the meson by the relation derived from the time
dilatation of the relativity theory

R = re (&) @



Radioactive Decay of the Meson 55

Secondly, one can calculate indirectly the decay time, according to the
method of Euler and Wilhams, from the number of decay electrons in
equilibrium with the meson component thus about half of the energy
E ~ pc of the decaying meson is transferied on the average to the deeay
electron, which mn turn forms a cascade The eneigy pc/2 of the decay
electron thus finally divides itself among elections of such low energy
(10° to 10%V), that these can no longer expelicnce multiplication Now
let x be the 1at10 of the number ol such low encigy clections to the number
of mesons Then, m equilibrium, the energy loss ot the meson per em.
because of decay must be twice as great as the energy loss per em. of all of
the electrons The energy loss by decay 1s composed of two parts® the part
pe/R of the moving mesons and o part associated with the mesons which
have come to 1est The latter 15 evidently equal to the rest energy of the
meson multiplied by the relative decrease per em of the total number of
mesons by ionization, and this is given by v/T, if dependence of intensity
on depth is given by J ~ T™" The mean energy loss a of an electron
between 10° and 10°eV amounts m air to about

a = 3 10°¢V/cm.,

Thus we have the relation

pe , ouy _
TN e
and hence
2
_ufl :z)
M 2a(rnc + T @)

Moreover, 1t will be shown later that on the basis of Rasetti’s experiments
(R 1) and the theoretical consideiations of Tomonga and Araki (T 2) the
equation (3) can hold only for the positively charged mesons.

In the third place, the deeay time of the stationary mesen can be meas-
ured directly if one allows the mesons {o come to 1est and measures the
time which clapses on the average belme the decav electron is emitted
(Rasetti (R 1))

The first two methods give expenmenial values for 7o/, the latter de-
termines 7,. Fiom the ratio of the 1esults one can, in principle, infer the
mass of the meson; yel 1t will be shown that the direct mass determination
1s probably moie accurate than the numbers 7o/ and .

According to the fist of the three methods mentioned, three determina-
tions of 7o/x have heen made in recent times  Ageno, Bernardini, Caceia-

L]
puoti, Ferretti and Wick (A 1) have found vnlues of -r,,(lgcfv> 1n the vicinity

of 4 to 5 microseconds. In two othe experiments the mean decay path was
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measured for mesons of various energies: Rosst and Hall (R 7) have con-
tinued an earlier experiment by Rossi, Hilberry and Hoag (R 8) and meas-
ured the absorption of the penetrating component in Denver (1616 m)
and at Echo Lake (3240 m ); Nielsen, Ryerson, Nordheim, and Morgan
(N 6) have made similar comparative 1ecords n lower altitudes (125 m. and
2040 m ) The principle of the measurements 15 1 all cases practically the
same At two different heights the absorption measurements of the pene-
trating component were cartied out with multiple comneidences ot trom 4 to
6 counter tubes between which were placed lead absotbing lavers In the
measurements at greater heights an amount of absoibing mateuial was
placed above the arrangement of counters which was caleulated 1o corre-
spond exactly to the absorption of the air layer between the two measuring,
stations when the decay was not taken into aceount As absoibing maternal
substances were used with atomic numbers so close to those of oxygen and
nitrogen that the conversion could be made with the usual stopping formula
without enor

Without the radioactive decay one should obtan the same results from
the series of measurements at each height since the amount of mattes
traversed was the same in both cases, a small difference 1s to be expected
because of the effect discovered by Ferm (cf. Chapt 6, Volz) who found
that the absorption in materials of different density is not exactly piopor-
tional to the total mass; the influence of the Fermi effect is small, however,
and will be taken into account by a correction The radioactive decay then
has the effect that the intensity 1s less at the lower elevation, and the
comparison of the two intensities gives dnectly the decay path In this
manner the mtensity measurements behind vatious lead thicknesses serve
to distinguish between meson groups i different energy ranges those
mesons which are stopped in a lead block and those which are able to pass
through For each of these meson groups one can then caleulate the mean
energy from the thickness of the lead and the well-known meson spectrum
The measurements then yield the mean decay path for elch group The
following table gives the comparison between the average energy and the
average measured decay path, they should he approximately proportional
to one another

Table 1

Rosst and HaLL NinLsen, RYErson et al

5 56 14

pc (in 108 eV) 5 b
3 25 8

13 3 50
R (in km)

1 4
45 13 3 20 2
The table shows that in each series of measurements the proportionality
of R with pc is satisfactory, and, therefore, the time dilatation of the rela-
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tivity theory is indirectly confirmed; the two series of measurements, how-
ever, are in poor agreement with each other

Correspondingly, the values of 7,/u resulting from the two series of
measurements (with different corrections) are quite different; thus Rossi
and Hall find

8
ro(l%;—v-) =B30+04) 10 "sec,

and Nielsen, Ryerson, Nordheim and Morgan find r @)
8
Tn(l(lceZV) =(1254+03) 10 %ec

A direct detexmination of r, has been made by Rasetti (R 1) with the
arrangement shown in Fig 1 In the figuie parallel connected counters are
joined by a hine and designated by a letter The comncidence recorder 1
registers the fivefold comcidences of counter tubes A-B-C-D-E, while the
recorder 2 registers anti-comeidences of 1ecorder 1 and the counter tubes
F,G Thusin 2 are registered the events in which a meson penetrates the
counters A, B, C, D, ente1s and remaims n the absorbing block (of Al or Fe),
and a decay election 1s sent out into one of the counters E or a meson is
deflected by the absorber into a countet E The 1ecorders 1 and 2 have
relatively low time-1esolving powers (15 107° sec) At the same time
twofold comecidences D-E aie separated out with higher 1esolution by
two other comeidence circuits 4 and 6, are tied i with the circutt 2 by the
comncidence circuits 3 and 5, and are 1ccorded on the registars 3 and 4
The 1esolving power of cucuit 4, recorded on 1egister 3,15 195  107° sec,
while that of circuit 6, 1ecorded on 1egister 4, 15 076 107° sec, or
another run 095 107° sec  Designating by n, to n, the comcidences
counted n a given long interval of time by counters 1 to 4, respectively,
then n, — =, and 1, — n, indicate, respectively, the numbers of delayed
coincidences 1n which more than 195 107° sec and more than 076 - 107"
sec elapsed between the response of counter D and that of one of the
counters E These differences should then he related to the mean life 7,
of the meson by the equation

(1 93—-0 7n) 10~°
Ng = Ny =0 o

Ny — N,

6)

Rasetti found from prolonged registrations which were carried out, partly
with iron and partly with aluminum as the absorber, that the mean value
of 7, computed from (5) is

10 = (1.5 & 0.3) - 107° sec
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This value 1s in better agiecment with the value of 7,/u found by Nielsen,
Ryerson, Nordheim, and Moigan than with that of Rossi and Hall; thus
the mass of the meson may deviate fiom the value pc® = 10°eV by 30%, at
the most The statistical error, however, 1s still consideiable in Rasetti’s
measurements For the present, therefore, 1t can be stated only that the
value of 7 is smaller than was previously assumed and probably lies be-
tween 1 and 2 5 microseconds.

These small values of 7, and of 7,/u are in turn difficult to reconcile with
the values deduced by Euler from the number of secondary electrons
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according to equation (3). especislly since Bernardini. Caceispuoti. Ferretti.
Piccioni. and Wick (B ¢ have shown that the number of deeay electrons
is even smaller than Euler had previously sssumed With the spparatus
deseribed sbove Rasett: has investigated in how muany cases the radioactive
decsy of a meson stopped m the absorbing block can sctuslly be observed.
After taking account of the absorption in the block and of the solid sngle
filled by counter tubes E, he has tound that on the average. ouly sbout
half of all mesons decay radinnctively while the orher half sare sbsorbed
without decay

This result can be ~atistactouly nterpreted by theoterical consideration~
made by Tomonaga and Araki T 2Y  These mvestigators have computed
the probrability tor the captuie of 4 meson m an a*omic nueleus by trans-
fer of its energy to a nuclear particle) on the Yukawa theory. In this they
find an essential difference between negative and pesiive mesons The
effective cross-section tor capture of a negative meson satisties the 1 ¢ lawn
for small veloecities and 1esults 1o a mean capture lite - of negative meson~
which depends on the density of the material concerned. even in air. this is
considerably less than the mean hfe o1 decav  + The theoretieal values are
of the order ot . ~ 03 107 see ' Slow positive mesons, on the other
hand are practically immune to capture becau~e of the Coulomb repulsion
irom the atomic nuclel, henee for the positive mesons decay is very much
mote probable than capture

From these constiderations and Rasetti » evperimental findings, one can
conclude that only positive mesons decav i1adioactively, and that the
negatives aie preferentially captured by atomie nuelei and there, ss 2 rule,
produce nuclear tiansformation~ Thus toimula (3) 1eters only to positive
mesons. and 1n it x refels to the equilibiium 1atio of decay electrons to the
positive meron~ At ~cu level the number of decay elections amounts to
about 185; of the mesons. accordmg to Bopp's discussion in Chapter 9
Since s~omewhat moie than half of all mesons at sea level catry a positive
charge, the quantity 1 evaluated from the intensity of the soft component
is about 03 Fiom this 1t follows from equation (3) that

g xr
To(lO E‘—/) ~2 07%ec.
e

This number hes in the middle between the measuiements by Ross: and
Hall and those by Nielsen, Ryerson, Nordheim, and Morgan, and by
Rasetti.

As regards the concept ot radioactive decay of the meson outhned above
there i~ still lacking one essential point of experimental confirmation  If
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the negative mesons are, as a rule, captured by atomic nuclei, then they
must excite a form of nuclear transformation in which the entire rest energy
of the meson (about 100 MeV) can be made available for heating the nucleus
and evaporating nuclear particles. One should, therefore, regularly see at
the end of a track of a negative meson in a cloud chamber, a nuclear trans-
tormation with frequent emission of several protons Thus far no observa-
tions of this kind have been reported



9. THE DECAY ELECTRONS OF MESONS
By F'ritz Bopr, Breslau (tempoanly at Berlm-Dahlem)

The soft component E (electron component) of the cosmie radiation
contains at sea level, in addition to a shght residual B of cascades (see
Chapter 1, Heisenberg), a secondary 1adiation derived from the penetrating
component M (meson component) and made up of several parts of different
progeny The mesons can produce secondary cascades, first, by knock-on
interaction with the wrradiated matter and second, by S-decay. (Euler
and Hesenberg (E 7)) (knock-on component 1V, decay component Z)
In what follows there will be deseribed some 1ecent attempts which seek
to determine the Z-component

Fundamentally, any measurement 1s adaptable to this purpose if 1t
displays the mstability of the meson, because, as was shown by Euler and
Heisenberg (E 7), there 1s a close connection between the intensity of the
decay component 1n 1elation to that of the mesons and the mean life =,
of the stationaiv meson Wick (B 8) and his collaborators have derived
this relation, independently of the restiicted assumptions of the cascade
theory, on the basis of the postulate invoked by Wilhams, (W 10) namely,
that finally the total energy tiansferied to the decay electrons—in the mean,
therefore, half of the meson energy—must be transformed mnto work of
ionization If one introduces the fact discovered by Rasetti, (R 1) that
only half of all mesons decay (¢f Chapter 8, Hewsenberg), this equation

becomes
Z _w (1_ 1)
A= 1w\ T m

Here uc’ 1s the rest energv of the meson, a 15 the eneigv lost by 10mzation
per cm of path in amr, and T 1s the depth below the top of the atmospheie
m em air equivalent (referred to the density of air at the place of obseiva-
tions, thus 7 = 75 10’ cms)

The first term gives the portion fiom the moving mesons, and the second
term 18 from the mesons decaying at 1est after they have been stopped
The value of @, at the ionization mit E, = 0.15 - 10°V, appears to be a
useful mean value for the 10nization loss, since the energies of most particles
in a shower lie in the vicmity of E,. According to Bethe (B 11 and B 26),
for this case @ = 3000 eV/cm in air at normal pressure In equation (1)
no account is taken of the fact that decay electrons at the place of observa-
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7~

tion arise from mesons which have decayed on the average a few radiation
units higher up This must increase the ratio Z/A/ On the other hand,
only particles which are above a certain energy are detected by a coina-
dence arrangement, a consideration which diminishes the number of
effective particles Wick and his collaborators (B 8) heleve that the
latter effect predominates so that equation (1) should give too laige rathe:
than too small values

According to 1ecent measuicments of the anomalous absoiption of the
hard component, by Nielsen, Ryeison, Nordheim, and Moigan (N 5) (ef

8

Chapt. 8 Hewenberg), the very low value, T(%(;V-) = 1 25 microscconds,
was given for the mean life of the me<on, so that according to cquation (1),
with uc® = 80 JMeV, one would expect tor the decay component Z/M =
249,. Other measurements give, in the mam, higher values for the mean
life, up to 4 5 microseconds, and lead to values of Z/M all the way down to
about 59, The higher values agice qualtatively with those to be ex-
pected from the analysis of the soft component at sea level The measure-
ments by varous authois (for example Auger, Lepunce-Ringuet, and Eb-
renfest (A 8)) give approximately E/M = 30% .According to Euler (E 3
and E 4), the portion of decav eleetions should be of this same oider of
magmitude, since, according to the cascade theory, there should be prac-
tically no primaiy elections at sea level, and since the knock-on election
component 7 may be 1egarded as small (Auger and Rosenberg (A 12),
Bernardmi, Caccaiapuot: and Fenetti (B 8), Grivet-Mever (G 9), Wilson
(W 14), Santangelo and Seciocco (S 1))

Siegert (S 17) has attempted to determine the intensity of the latter
mdependently of the decay component Behind layers of matter of suffi-
cient thickness the Z-component 1s 1educed by absorption to a small
residual arnsing fiom the decay of stationary mesons, so that practically
the only remaming electrons aic the knock-on electrons produced 1n the
absorber Their intensity agrecs satisfactorily with that of the knock-on
electrons m air if the atomie numbeis of the absoiber and of an are taken
mto account Sicgert’s measurements give for the solt component under
the open sky E/) = 31 69, and behind a layer of water 3 radiation units
thick he gives B/ = 2059, The fust value agices with those of other
authors (Nielsen and Morgan (N 4), Stuhlmger (S 23), Sticet, Woodward,
and Stevenson (S 22), Auger (A 7)) within the limits of etror The second
value is not in agreement with other measurements if it is assumed that
the water layer used was thick enough to absorb all of the decay electrons;
behind a layer of stone four times as thick Wick (B 9) and his collaborators
obtained only a §%, knock-on component instead of the 209, cited above.
It was also reported by the same authors that Santangelo and Scrocco
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obtained the same value belund twice again as great a thickness, Meas-
urements by Pomerantz (P 4) are also 1n agireement with this value. Only
Alexeeva’s measurements (A 2) made with absorbers 4 to 5 radiation units
thick check with those by Siegert

From examination of the various data it must be concluded that a consid-
erable fraction of the decay elections can penetrate through shields from
3 to 5 radiation umts thick. In fact, one might expeet only a small degree
of absorption 1n shields that are not too thick since the spectrum of the
decay electrons falls off only mversely with the fitst power of the energy
A calculation on the basis of the cascade theory (Bopp (B 30)) gives about
a 40%, penetiation through o water layer 3 1adiation units thick. The
fractions obtained for the decay and for the knock-on electrons—as usual
neglecting the residual primary clectrons—are

7'M = 18 5%, W/M = 1319, )

values which appear to agiee rather well with the above measurements
Moreover, Alexeeva’s measurements (A 2) fit in with these considerations
However, his conclusion 1egarding the relatively stiong absorption of very
thin layers hardly applies to the medrum thicknesses exclusively used by
him Accoiding to the cascade theoy a relatively rapid decrease of -
tensity o1, under certain crcumstances, a similar 11se of mtensity, can take
place until an cquilibinun characteirstic of the matenal between patticles
and quanta 1s reached

In the above analysis of the soft component the assumption is made thal,
the intensity of the prmary cascades 1s practically zero. This is hased
upon the following considerations In the fust place the theoretically cal-
culated latitude effect of the primary eascades at sea level amounts to
only 1/10 of the observed latitude effect of the hard component. Empin-
cally, however, the latitude efteet of the «oft component agrees apptoxi-
mately with that ot the haid component In the second place measuie-
ments by Bowen, Millikan and Nchar (B 32) show that the cascades of
electrons 1n a narrow band of primary encigies have 1n the upper atmos-
phere an intensity vanation which agices almost exactly with that derived
theoretically The cxeess of intensitv at sca level must, therefore, be of
secondary origmn  In the thud place. according to Kuler (E 5) one ean
evaluate the mtensitv of the R-component (1esidual primary clections)
from the frequency of laige busts since extensive showers and the large
Hoffman bursts anse fiom the residue of very energetic primary electrons
This turns out to be negligible.

Bernardini, Cacciapuoti, Ferretti, Piccioni, and Wick (B 9) have at-
tempted in the above mentioned work to confirm this indirect conelusion
by direct measurement. They determine the intensity of the soft compo-
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nent at sea level under the open sky and on a mountain behind an absorber
which compensates for the thickness of air between the two stations The
excess of ntensity at sea level should be equal to the intensity of the decay
electrons created between the two stations and, in general, equal to the
intensity of the Z-component if the thickness of the absorber is enough to
prevent any of the decay electrons produced above fiom passing through
The authors discuss the 1esults of their measurements on the basis of the
latter assumption, which, according to the above analysis of the various
determinations of the IV-component, may not be quite right In the
following analysis the results of calculations on the absorption of decay
electrons (Bopp (B 30)) will be used

Table 1

E/Mm % ‘ A B C
Valley Station 25 0 22 5 33 3
Mountain Station 26 2 311 51 6

The results of mvestigations bv Wick and his collaborators are shown 1n
column A of the above table and may be compaied with the measurements
by the Duke University group (Nielsen, Ryerson, Noidheim and Morgan
(N 5 and 6)) taken under exactly simila: conditions and shown 1n columns
Band C (ef Fig 1) The latter measurements were carried out for anothe:
puipose (cf Chapt 8, Heisenberg) but they provide a measurement of the
fraction of the mntensity duc to the soft component and are, therefore,
useful for determiming the intensity of the decay component At least
they s1c useful as a entique of the first work The mmportant data regard-
ing the conditions of the two experiments are shown i the following
synopsts

Table 2

Measurement A B C
Valley station Rome 50 m Durham 123 5 m above sea
Mountain station Cervima 2050 m Mt Mitchell 2040 m
Comeidence arrangement Threefold Fourfold
Compensating absorber 170 g/cm? earth 204 g/cm? graphite

(mass equivalent)

Sidewise screening no no | yes

The layer of earth was a little less than the mass equivalent of air to com-
pensate for the higher atomic number of earth with respect to air
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Contrary to expectation the percentage of the counts due to the soft
component at sea level is not any larger than at 2000 m Whereas Wick
and collaborators assume that the differences to be expected on the decay
hypothesis are covered up i the errors of measurement, the comparison
with column C suggests the cxplanation that the counts at the greatei
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heights are appreciably falsified by sidewise showers That also agrees
with the findings of Coecom and Tonglorgr (C 5), accordmng to whom the
sidewise showels can amount to as much as 309 at 2000 m even with
fourfold comneidences One 1ematk m the paper (Nielsen, Ryerson, Nord-
heim and Morgan (N 5 and 6)) rejecting the assumption that sidewise
showers are influential, probably concerns only the measurement of the
hard component which was the real objective of their work This is also in
agreement with the measurements by Cocconi and Tongiorgi, who have
established the fact that the influence of sidewise showers decreases as the
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thickness of the lead absorber is increased The difference between the
results in columns A and B of Table I may be attributed to the low pre-
cision of the measurements under B which served only as exploratory
investigations The deviations here are no gieater than those between the
individual measuiements for which the mean value is given under A

So far as 1s generally possible under the encumstances desciibed above,
only the measuiements of Bernardini, Cacciapuot:, Fertetti, Piccioni, and
Wick (B 9) will be used 1n the calculations To take account of the side-
wise showers one can 1n a somewhat rough and arbitrary manner 1educe
the measured values taken on the mountain by about 209, as suggested
by the data of Cocconi and Tongioigr The contribution from decay elec-
trons produced between the mountamn and valley stations 1s thus AZ/M =
0.042 + 0042 After taking account of the mean statistical errois one,
therefore, obtains as the statistically determined upper limit AZ/Af = 00 10
An evaluation of the total decay component can be obtained fiom the
following intensity balance If Z 1s the intensity of the decay component at
sea level and if Z’ = Z is the same quantity at 2000 m above sea level,
then it follows that

Z=oyZ + AZ 3)
where « 18 the fiaction which penetiates the intermediate layer of air, and

AZ

e

@

According to a caleulation by Caceiapuoti (C 1) and measurements by
Coccom and Tongiorgi (C 5), ¥ has a value between 15 and 2. For the
transparency of an air layer of 2000 m , o1 5.2 radiation units of thickness,
our calculation (Bopp (B 30)) gives « = 03 and the contmbution of the
decay elections amounts to

Z/M =105 £ 10 5% (5)

The expected value thus hes within the statistical fluctuations

The real uncertaintv of the value 1s still g1eater than these fluctuations
on account of the uncertamnty m the approximations of the corrections
Probably the mfluence of the sidewse showeis 19 still underestimated, since
the measurements by Bernaidini, Caceiapuoti, Fenett:, Piceion, and Wiek
were made with only 3-fold comncidences But a change 1n the other direc-
tion ecannot be ruled out. In the latter case the Z and W components
would not suffice to make up all of the particles of the soft component,
and there must still be an appreciable primary residual R at sea level.

The observations of Wick and his collaborators, which were said to show
qualitative proof of the existence of an appreciable R-component, are,
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on the basis of the foregoing remarks, no longer unconditionally conclusive
In the first place the fact that the Rossi curve taken at Cervima under
170 g/cm * ot earth still shows a pronounced maximum can be explamed,
at least paitially, by the unabsoibed fraction of the decay electrons In
the second place, the rapid 1se with height of mtensity of the soft compo-
nent 1elative to that expected for the deeav eleetrons can be tied up with the
sidewise showets  Only the measu ements by Coccom and Tongiogi (C 5)
give 1e<ults free from objections and ~howing a contithution of the R-com-
ponent at sea level These measwrements show a deciease of the 1elative
contribution of the soft component with inereasing senith angle at both
120 m and 2200 m above sca level, whereas the 117 and Z components
must 1emain constant  The value of 6 57¢ computed from thenr measure-
ments for the R-component 1~ m agicement with Kule’s estimates (E §)

In summanzing, 1t ean he stated that the foregoing actual determina-
tions of the Z-component do not contiadict the values to be expected fiom
the decay petiod of the meson Yet the piecision ol measurement 1s so
low that the presence of an appiecciable contribution fiom primary electrons
cannot be excluded, even at sca level. .\ duect determination of the
primary 1esidue 15 m agieement with the estimate of 1ts intensity based
upon the frequency of the large Iloffmann bursts As the most probable
values of the various contiibutions, we mav wite

Z/M = 18%, W/M = 5%, R/M = 6Y%. (6)
The first value can very well be too high.



10. THEORY OF THE MESON
Bv ' F v. WEIZSACKER, Strasbourg

1. Fundamentals

It 15 well known that as caily as 1935 Yukawa (Y 2-6) postulated from
nuclear physical considerations the existence of a particle which would have
the same properties as those which now, on the basis of experiments,
we ascribe to the meson For the theoretical desciiption of the meson we
will, therefore, begm with Yukawa, and to this end we review briefly the
status of nuclear physics as 1t was before Yukawa's theory

The atomic nuclel, which consist only of protons and neutrons, can emit
either clectrons or positrons by 8-decay In oder to claufy these facts
the following elementary process 1» postulated A neutron can transform
itself, under suitable cnergv assumptions, mto a proton and an electron,
and conversely a proton can be transformed 1nto a neution and a position
As a consequence of this process theaie should exist, according to IHewsen-
heig, “exchange foices” between piotons and neutrons If a neution
free space 15 tiansformed 1nto a proton and an clection, then the election
can either go off into fiee space or unite again with the proton to form a
neution, but if there should be another pioton in the viemity ot the origmal
neutron, this can unite with the election to foim a neutron Then, in this
process, the original neution becomes a proton, and the proton becomes a
neution With this exchange of chaige theie must be associated a force
field between the proton and the neutton This 15 perthaps easiest to see 1t
one thinks of the wave picture of the exchange election rather than of the
corpuscular It can then be said the neution n 1ts transfoimation excites
a field, namely, the Y-function of the election, which now aets upon the
neighboring proton  The most mportant qualitative distinetion between
this eflect and the electromagnetic mteiaction ot two chmiged pairticles
consists 1n the tact that the mterchange of chaige behaves, as ean be shown,
in such a manner that the nuelear torces have the empiiecally requued
property of saturation

This hypothesis was developed mto a quantitative theory bv Feimi n
his theory of g-decay. Fermu assumed, as did Pauh m an older theory,
that i S-decay there is emitted simultaneously with the electron an un-
charged particle, called the “neutrino,” which has the spin 1/2% and obeys
Fermi-statistics In this manner he provided for the conservation of
cnergy, angulal momentum, and statistics in the decav process Likewise,
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the g-decay process became amenable to quantum mechanieal calculations
The field of the light weight particles, that is, the wave functions of the
electron and neutrino, hkewise gave a calculable mteraction between the
proton and neutron

Unfortunately, howcver, this interaction was too small by a tactor ot the
order of magmtude 10"* This was not basieally swmpusing because the
postulated elementaiy process of B-decay 15 an extremelv improbable
process when thought of in teims of normal nuclear phenomena The
shortest known decay period ot anv g-1acdhator 1~ ot the oider of one second,
that is, about 10** times longer than the time which a patticle normally
requires to traverse the nucleus It 18 understandable that such a rare
process should not result 1n an appieciable mteraction

In oader to avoid these difheulties Yukawa 1etamed the assumption of a
special ficld tor the nuclear torees but gave up the identifieation of the
B-electrions with the paiticles associated with this field  Furthermoie, he
tried to fix up the propeities ot the held in such a way that they would
yield the correet empinical values of the nuclear foices Now, however,
the g-decay 1emaimned uncyplained Ience Yukawa introduced the addi-
tional hypothesis that the “Quant’” of the nuclem field, which we now call
the meson, 1s 1tself unstable a 1egards disintegration mto an election and a
neutrno  In this wav a new constani of natuie wa< brought i, namely
the decay constant of the me<on, which could be so chosen that the order
of magnitude of the g-decay period would come out nght For 1eview we
list together the various processes, according to both theonies, and designate
the various particles as follows P = proton, N = neution, x = meson,
e = electron, v = neutnno

Ferui Yukawa
Initial state N+ P N+ P
Exchange Force Inteimediate state P4et+rv4P P4ut+P
| Final state P4+ N P4+ N
Imitial state N N
B-decay Intermediate state — P+a
Final state P+4+e+v P4e+v

Since, according to Yukawa, the 8-decay 1s a double process (1. creation of a
meson, 2. decay of the meson) 1ts small probabulity 18 conceivable without
too extreme assumptions regarding the value of the meson decay period.
We still have to consider the question of the charge of the meson Since
m B-decay not only electrons but also positrons can be produced, there
must be both positively and negatively charged mesons, as is also confirmed
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by the experiments with cosmic rays To clarify nuclear forces one must
also apparently postulate the existence of neutral mesons, for it 18 well
known that the same force exists between two protons or between two neu-
trons as that between a proton and a neutron If there were only charged
mesons, the foree between two protons could be explained only by & double
exchange, in which cach piroton emits a meson and then absorbs the meson
emitted by the other proton In the usual approximate calculation of
this kind of force field, any process is 1epresented by an approximation of
the same order as the number of elementary processes of which 1t may be
thought to be composed; if the calculation 15 to converge, this double
exchange process should take place less fiequently than the single one and
the empirical chaige-independence of nuclear forces would be unexplained
However, we will show, a hittle further in the discussion, that the approxi-
mate caleulations mentioned diveige and the conclusion 1s not assuted Yet
1t stil remains 1emarkable that two essentially dufferent processes should
lead to exactly the same forece On the other hand, if one assumes the exis-
tence of neutral mesons these can lead natwally to a force between similar
particles by a simple exchange a proton emits a neutral meson and remains
a proton—another proton absorbs the neutral meson

The simplest assumption for the theory of nuclear forces would be that
there ate no charged but only neutial mesons Thus the force between a
proton and a neution can be supplied by a neutial meson; the lack of
dependence of nuclear forces on chaige can be most simply explained if
the carriers of the force field have no charge (“neutral theory””). Another
possibiity (“symmetric theory”) 1s to ascribe to each particle an equal
probability for the emission of chaiged and neutral mesons and then to
choose the sign of the exchange energy so that, by suitable superposition of
effects of the varlous kinds of mesons, the charge independence will again
come out The neutial theory, however, contradicts Yukawa’s basic
assumption sinee 1t again 1clinquishes the connection between 8-decay and
cosmic rachation Howevel, we will partially develop this theory in what
follows as the simplest model of 2 meson theor v fiom which the symmetrical
theory depaits in only a few additional details

2. Scalar Theory

In oider to come to quantitative statements, an assumption must be
made about the field equations satisfied by the field of the nuclear forces
As the simplest equation we may consider the usual wave equation:

o'U

1
AU—?W=O (1)
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This equation must be valid m empty space, that 1s, in a space which con-
tains only the nuclear field (o1 1 other words only mesons) but, especially,
no protons o1 neutions, since these are sources of the nuclear field. If one
extends the equation in the manner in which we develop it below in section
3, by equations which descnibe the interaction of mesons with protons and
neutrons, then the field intensity U turns out to be the potential of the
exchange foices produced by the mesons

The sphencally symmetrical solution of equation (1) with a singulanty
at the onigin, which, theiefoie, should represent the nuclear field around a
proton or neution, is the well known Coulomb potential

. const
U= — 2
This potential, however, cannot be the rght one since all characteristic
properties of the nucleus (saturation, validity of the Coulomb law up to the
nuclear boundary) show that the nuclea: foree falls off 1apidly with distance.
Equation (1) must, therefoie, be altered As the simplest alteration
Yukawa chose the addition of a term proportional to U

_1av
¢ ot

AU — AU =0 3
This equation has, as one can easily venify by substitution, the spherically
symmetrie solution

—Ar

Y
U—g 1.; (4)

whete g 15 an arbitrary constant This potential law now has the desired
property of short range The experiments require that

At =2-10""em (8)

What significance does {his have for the physical properties of the nucleus?

In answer to this question we consider the particles associated with the
field U Equation (3) can be regairded as the relativistic Schrodinger
equation (Klein-Gordon-equation) of the meson If one writes the relativ-
1stic relation between energy and impulse in the form

5 2
-p" + (GE) — W =0, (6)
and then replaces p and E, in accordance with the quantum mechanical

preseription, by %’ grad and —l} %t’ respectively, and divides by #°, and
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applies the operator thus formed to U, one obtains precisely the equation
(3), where now

o=t ™

Since g 15 the 1est mass of the particle consideted, < 15 the Compton wave
length of the meson From (5) 1t follows that

p = 200 electron masses, (8)

a prediction which was confirmed by observations on the cosmie rays
Nevertheless, the theory in the foregomg form still cannot be right. The
experiments show, for example, that the potential depends strongly upon
the relative spin orientation of the nuclear particles A theory like the
foregoing, which has only a scalar field intensity, cannot represent its
directional dependence We, therefore, present all available details of
the vectorial form of the theorv which 1s the most complete, at present

3. Vectorial Theory

The constant changing over fiom one arbitranly chosen wave equation
to another might give 119e to the impiession that the theory consists only
of ad hoc assumptions and contains exactlv as many hypotheses as there
are experimental facts to be explammed Fot such reasons, n fact, the theory
at first recerved little attention, and 1t was all the more surpnsing when 1ts
fundamental concepts were bilhantly confiimed by cosmic ray experiments
In this regard we can th1ow some light on the situation by the remark that
the freedom of choice of arbitrary wave equations 15 very much less than
would at fust appear If the number of space components which the wave
functions should have is established, then the various mvariance 1equire-
ments which the equation must satisfy allow only a very restiicted choice
of possibihities

From the nature of the spin dependence of the nuclear forces, it follows
that the field intensity must be at least a four-vector Spin dependence
of an exchange force means that 1n many cases not only the charge but also
the spin ot the proton and neution are exchanged Thus, if, for example, &
neutron of spmn + 1/27% transforms itself into a proton and a meson, it
must be possible that the proton remains with the spin —1/2#; from the
law for the conservation of angular momentum 1t follows that the meson
must carry the spin + 1% Since the exchange interaction is provided
essentially by mesons for which the orbital momentum is zero the meson
must have an actual spin of + 1%, analogous to the light quantum. A par-
ticle of this kind requires for its description in the wave picture at least a
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four vector to represent the field mntensity (in the case of the hght quantum
this four vector is formed by the scalar and the vector potential) The
analogy of the meson to the light quantum becomes still closer if one con-
siders that the meson must have Bose-statisties in order that, in the conver-
sion of the neutron into a proton and a meson, the statistical behavior re-
mains unchanged

We now choose from among the small number of possible equations
which represent a meson of spin 1 the one which has the closest analogy to
the Maxwell theory of ight (Proca (P 7)) The meson field is described
by four field components ¢,, ¢, s, ¢1, Which together form a four vector
In analogy to the Maxwellian field we designate these as potentials and
write (according to Bethe (B 13) and Jensen (J 5))

o = 9[1. ‘|
‘ (k= 1,23) 9
v =19, {

i which ¥ corresponds to the vector potential, and @ to the scalar potential
Confusion with the real electromagnetic field is not to be feared, for 1t never
enters into our consideration We fuither define (in the notation of Froh-
lich, Heitler and Kemmer (F 4)) six quantities x., (greek indices run from
1 to 4, latin indices fiom 1 to 3) coresponding to the anti-symmetric tensor
of the electiic and magnetic field strength:

Xu = 'IIGA . Xaa 0; L
(10)

x&t=©nu(k¢l¢m) Xepg = __ XBa °
The connection between x and ¢ 15 given by the defining equation.

= oo _ 9o,
Xap = a.":a al‘p (11)

or, written out:

au
= —gradé cat’l

(12
9 = curl &, J
from which follow the first two Maxwellian equations
crl @ + 22 = o,
¢ (13)

div = 0.
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In place of the other Maxwellian equations we write

9 Xa
> aﬁ = K'pp (14)
or, written out
div G + «*® = 0, l
I (15)

curl@—;‘%+x2?l=0J

These equations differ from the Maxwellian by the term m «°. It may be
remarked on the side that in this theory the Lorentz convention.

;g—':i=d1v2[+za—‘%=0 (16)

1esults immediately by differentiation of equation (14) with respect to x;,
The physical meaning of the «*-term becomes most apparent if one substi-
tutes for x.s m (14) from (11) and takes account of (16)

A<1>——1,<I>——x‘q>=0,
[

17)
A% —éésr — =0

That is, the Klem-Goirdon equation holds for each of the four field compo-
nents individually, and the «* term expresses, as mn the scalar theory, the
existence of a rest mass of the meson.

The analogy with the theory of light is complete if one stipulates that
all field components are real Then the theory describes a single kind of
particle and becomes adapted to the representation of neutral mesons
However, if ¢ and x a1e allowed to be compley, and if along with equations
(11) and (14) the conjugate complex quantities are included,

- 6_1,0& — _6&.'_ *
Xab = 97, ~ Oty (11%)

and 9v"
2 Ge = iy, (14)

o O,

then one has to a certan extent two independent sets of wave functions
¢ and ¢* and any Linear combmations. The expiession corresponding to
the space density is then, as in the Klemn-Goidon equation, no longer
uniquely defined, and in this feature one can see, as Pauli and Weisskopf
(P 1) have shown, a description of the emission of two kinds of particles
with opposite charge The complex theory, therefore, represents charged
mesons
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4. Interaction with Nuclear Matter

The above equations represent the behavior of mesons 1n vacuum. For
the treatment of their interaction with matter let us again start out from
the analogy to the Maxwelhan theory. Just as above, we constructed a
“classical” theory of the meson field, that 1s, we oveilooked the fact that the
field intensities ¢ and x are not ordinary numbets but are operators, so now
we treat the mteraction only in the classical approximation, at a later stage
m the discussion the inherent (large) etrors will be mentioned At first the
argument 1s limited to neutial mesons

The clectromagnetic field excited by a chaige density p and a current
density { may be calculated if one puts on the nght side of (14) the four-
vector with the components 4rp, 4ri/c In the same way we should hike
to calculate the meson field excited by nuclear paiticles Thus we make p
proportional to the density espression ¢*y (¥ 15 the wave function of the
nuclear particles), and i/¢ propoitional to the associated cuirent expiession
V*ay. The proportionality factor g, having the dimensions of a charge,
measures the strength of the meson-exeited mteiaction between nuclear
particles and meson field, just as m the radiation theory the elementary
charge e measuies the mteraction of matter and 1achation  (As a further
tactor for charged mesons an opelator Q comes 1n wluch, for example m the
excitation of a negative meson, changes the wave tunetion of a neutron into
that of a proton)

Since the forces are to be essentially dependent on spm, this statement,
which is exactly analogous to the field excitation by purely electrical
charges, is not at all satisfactory. However, we are free to add to equation
(11) a six-vector which corresponds to the effect of a magnetic dipole (and
an imaginary electiical dipole). The way m which a tensor of this kind is
to be built up from wave functions by means of Dirac-matrices e, 8 and o,
is shown by the following formulae. Into these comes naturally a new pro-
portionality factor f with the dimensions of a charge. Finally these equa-
tions read as follows

3

div  + «*® = 4mp, p=qY,
curl@-:—;e-t+x"?1=+lr(‘:, £=9'I/'3'P,
o S (18)
€ +erad @+ 5 =79, N = ifY'Bav,
41‘ b
5-—cmm=—x-ﬂn, M = fYBay.
4
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The reciprocal length x must enter in the denominator of the last two equa-
tions in order that the factor f/x may have the dimensions of a dipole mo-
ment In the limting case of the radiation theory, not only « but also f/«
are equal to zero

‘We now limit ourselves to non-relativistic effects for the heavy particles,
1 e, to effects in which the matrix @, proportional to v/c, may be neglected
Then t and N disappear and, analogous to (17), we obtain

Ad —-;},‘P — &P = —dmp,
(19)
1 2 41I'
AN — 5 — A = —curl M.
¢ K
If a density distribution p(r) and a momentum distribution N (xr) of the

nuclear particles are assigned, one can solve the equations (19) analogously
to the electrostatic case and obtain for the field distribution:

(20)
) = == [ar "’“:'_9_’*5”') e o L curl(B GT)

Here the approximations given by the expressions at the extieme right refer
to distances r fiom the exeiting nuclear paiticle, which are large compared
with the space in which p and I differ appreciably from zero Furthermore,
the mean moment vector of the nuclear paitiele is

= SYBHd' = SY* oy (1)

If we now seck the force which a nuclear particle exerts on another nuclear
particle by means of the meson field, in the statistical approximation to
which we hete confine owiselves we can eliminate the meson field entirely
and reckon only with a potential eneigy dependent upon the position and
spin of the heavy paitticles In order to calculate this we first need the
expression for the interaction energy between nuclear particles and the
matter-field It can be derved n a fashion eaactly analogous to the pro-
cedure 1n the Maxwellian Theory (ct Bethe) and 1s given by

H= f dr{p@ - cl(m) + %‘(sm:@) ~ %‘(m@)}. 22)

we skip over the derivation; the two terms important for our purposes are
self explanatory, the first term of the integrand p® (1.e. the energy density)
by electrostatic and the third term 1/x(M9) by magnetostatic analogy
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If a field €,, $, excited by particle 1 acts upon a particle 2, then, (if r =
It — 1) .

Ep = 88 1 L g, @)
in which
4
O:(rs) = " My (r;) — curl A (rs) (24)

Expanding (24) we finally get
Epo!.= U+ V1+V21

—KT

[
U=gg, )

—.r r o (25)
2 e
V.= §f1f2(5152) '1.";

A

This potential has one very disadvantageous propeitv  The expression V,
contains terms which at » = 0 diveige like 1/r* and 1/1°  Whereas a diverg-
ence like 1/7 (Coulomb field) 1s well known to present no difficulties quantum
mechanically, no stationaiy states exist in a potential which diverges more
stiongly than 1/;> The 1eason for this can be easily explained on the basis
of the indetermmation puneiple It a patticle 1s 1e~tricted by means of a
potential to a space of approximate diameter 7, then 1t possesses an unde-
termined momentum of the order of magmtude 4/r and hence a kinetic
energy which 1s proportional to 1/r*  If now as: hecomes smaller the poten-
tial energy incieases less 1apidly than 1/r%, then there must be a value of 1 at
which the kinetic energy exceeds the potential energy, thus, if the particle
were to be limited to a still smaller space, 1t could not be held by the
potential This ertical value of 1 gives approumately the exten-ion of the
wave function in the lowest stationaiv state It the potential energy n-
creases mote rapidly than 1/:° 1t gets lmger and laiger i compaiison with
the kinetic cneigy as the distance 15> 1educed, thus the particles must
approach one another closer and closer without hmit (with 1adiation of
the kinetic energy acquired by acceleration), and there exists, in general,
no lowest stationary state. The empirical existence of nuclei with a fixed
radius, therefore, shows that (25) cannot represent the correct potential.

This difficulty 1s not accidental Furthermore, 1t is bound up with the
fundamental problem of anv theory of this kind, as we remark at the end
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of the chapter. Many times, however, one has had the hope that the results
of the theory would be nght for sufficiently great particle distances, and
in the hope of a futuie rectification of the process the potential has been
cut off at a definite small distance. The consequences of a process of this
kind axe treated m following chapter by Flugge.

‘We now evaluate the absolute magmtude of the force constant « has
already been determined in Section 2 from the range of the nuclear forces.
g and f must follow from the strength of the nuclear forces The determina-
tion is admittedly very maccurate, since, with the diverging potential, one
can get any value he pleases fo1 the binding cnergy of the atomic nucleus,
regaidless of the value of the foice constant; it is required only to make a
suitable choice of the radius at which the potential is cut off The determi-
nation becomes possible, however, if one also takes account of the size of
the nucleus If, for example, a very small force constant is chosen, then 1t 15
necessary to go to very small 1adu to obtain sufficient binding The
eigenfunctions of the particles bound by this forece will differ fiom zeto only
over distances of the order of magnitude of this small cut-off rads. It is,
therefore, necessary to demand that the cut-off 1adius be not much smaller
than the radiws of a light weight nueleus; in this way a condition 15 placed
upon g and f In the special case where 1t 1s assumed that g = 0 (Flugge
remarks on this hypothesis of Bethe’s in Chapt 11) 1t results that

L .
- =008 (26)

[ is then about threc times gieater than the elementary electric charge
e (¢/hc = 00073)

5. Theory of g-decay

The theory of f-decay 1s important because 1t provides a means of calcu-
lating from the observed periods ot g-decay the mean life of the meson
which can then be compaied with the results obtamed from cosmie ray
expenmments The fundamentals of the caleulation are outhned below ac-
cording to the method of Bethe and Nordheim (B 18)

The interaction of the meson with hight-weight particles (clectrons and
neutrinos) can be dealt with m a manne1 analogous to the treatment of
their mteraction with heavy particles (protons and neutrons) In B-decay
a meson is emitted from the heavy particle by a process in which a neutron
disappears and simultaneously a proton is cieated; then similarly this
meson is absoibed by the hight-weight particles with the creation of an
electron and a neutrino Formally, the analogy can be made even closer
If the neutrino is treated by the Diiac equation, then, just as the positron
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is related to the electron, so there is a counterpart to the neutrino called the
antineutrmo  Just as the creation of a positron is deseribed as the disap-
pearance of an election of negative energy, so also the creation of the anti-
neutrno 18 1epresented as the eancellation of a neutrmo  Because of the
symmetry of emission and absorption the same interaction which allows for
the simultaneous cieation of a neutrino and an electron can also allow for
their simultaneous disappeatance The latter 13 equivalent to the creation
of an antineutimo and a positron  This 1s the way the positron decay is
described in the Fernu theory of g-decay Now, moreover, we have a
free hand 1n deciding which of the two kmds of neutrinos shall be desig-
nated the neutrino and which the antineutiino, and it has been agiced to
call the particle created simultancously with the positron the neutiino
1t may be noted that, formally, the number of hight-weight patticles temains
constant* when a neutino appeatrs, an clectron of negative energy disap-
pears; when an election appeas, & neutiino of negative cnergy disappears
B-decay can then be briefly described as follows .\ neution 13 converted
mto a proton with the emission of a meson, and a neutrino of negative
cnergy is converted into an clectron with the absorption of the same meson.

This ability of the hght-weight particles to emut and absotb mesons 18
taken nto account, m cquation (18), by addmmg to the density-curient
vectors p, t and to the momentum tensos N, M which were excited by
the heavy paiticles, similar quantities a1ising {10m the hght-weight particles.
The charge must also be taken nto account and we wnte

Ps = W*Q-\by iu = CW* EQ-‘P‘
( (27a)
M, = fU*8 3Q.¥. N, = W*8aQ.4.

Here @ is an operator which transforms the cigenfunction of a neutron
mnto that of a proton and visa veisa In cxact analogy we write for the
light-weight particles whose wave function may be designated by x

= Gx*Qny i, = CGX* EQ!X l

M = Fx*8 7Qx. Ny = 1Fx*8 aQx. J

F and G are new constants which measure the decay probability of the
meson. The expressions which went into equation (18) are now to be
replaced by the sum of the corresponding expressions from (26) and (27):

p = p, + p; ete. (27¢)

If, on the one hand, we work out the mean life of a free meson, which is
approximately known from the cosmic rays, and, on the other hand, we

(27b)
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derive the mean life of a familiar g-radiator, we will obtain two independent
predictions of the constants F and G; in this way we can test the theory.

One of the solutions of equation (12) and (15) corresponds to a plane
wave 1n the theory of hight and represents the free meson With this and
with the wave functions of the free electron and of the antineutrino, the
matnx element H,, of the potential energy (22) can be evaluated, corre-
sponding to the transition from the free meson to the electron and anti-
neutrino; from this one gets the decay period , of the free meson according
to the well known formula

1 _2r 2
il | Hom |°e, (28)
where ¢ 18 the number of possible final states per energy interval This
becomes
1 u_c_’(z ¢ 1 E)
-r,,_l‘z3hc+3hc (29)

The B-decay of a neutron m a nucleus 1s calculated hke the exchange
force in the preceding section, with the only exception that now the mesons
emitted by the heavy particles are absorbed by the light-weight ones. In
the Hamiltoman funetion (22) the symmetrical form %(p,®; + p.®.) is to
be substituted for p®, and similar procedures are to be used for the other
terms; here &, is the meson field excited by the heavy particles, and &,
is that excited by the hght-weight paiticles If we again neglect i, and
N., a formula exactly analogous to (25) 1s obtained (except that now the
assumption 1s not made as 1t was there that the density distiibution of the
two kinds of particles 1s neaily in the form of a point, and hence the spatial
integration 1s not cairied out)

H = ff gr—p.pzdn(lr, +

[ 2y +{p D) _ g g ' (30)

1 1 1
{:2;} + Py + g}dr.dn]

Since the wave length of the created light-weight particle is large com-
pared with the nuclear dimensions, or the region within which p, and 9,
differ appreciably from zero, it is permissible to replace the wave functions
of the light-weight particles by constant values x, and x,. With

fg—?‘:d'r == 31)
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1t follows that

H =2 [ (Gixdibs + HFGCBTNeB TN (32)

The fust term of the ntegrand 1s the exact equivalent of Fermi’s hypothe-
sis; only by the appcarance of two constants ¢ and G 151t evident that in the
process two t1ansition probabilities a1e involved The second term effects a
B-transition m which the spin of the heavy paiticle ean flop over in the
manner discussed by Gamov and Teller (G 1)

We compare the theory with expetrment  The systematization ot the
B-decay of hight nucler (Gronblom (G 10)) requues that spin reversals
take place m B-decay In particular, the simplest well known g-radiator
He® cannot decay without spin 1eversal since we have to ascribe the spin 0
to He® and the spin 1 to the product nucleus Ia®  Moieover, a spin 1eversal
n & transition forbidden in the fist approximation is also possible with the
puiely Fermi mteraction, 1t the hght-weight paiticles have an o1'™ntal mo-
mentum However, the decay of the IIe” 15 too 1apd to wanant its being
regarded as toibidden At anv rate, we shall not obtam too short o decay
period of the meson it we ticat the constant F a< though 1t alone weie
1esponsible for the deeay ot He' (G = 0) and likewise treat the constant f
as though 1t alone weie 1esponsible tor the nuclear forces (g = 0, ef the
preceding section) and mtioduce these constants into equation (29) Thus
it follows that F*'fic = 107 and r, = 10" se¢  This 15 to be compared
with the value r, = 1t02 107 °sec determined tiom the cosmie radiation

The agreement of the two numbers 15 1ather poor but perhaps better
than would be obtamed by puie aceident  Let us pictute to ourselves,
qualitatively, the meaning ot the aboy e caleulation  The noimal g-rachators
have decay periods which extend down only to values of the order ot a few
seconds The decay period of the meson 1n the theory of Yukawa must be
shorter fo1 two reasons TFnst, the meson decavs nmnmedately whereas a
B-radiator has fiist to excite a meson which then decays. (Since the mass
of the meson 15 so great that its excitation 1= not possible, consistent with
the law for the conservation ot energy, it can obviously be excited only to a
virtual intermediate state, 1n other wouds, cach exeitation can last for such a
short petiod of time that the cneigy of the svitem can be determined,
according to the rclation ot the indetermmmacy punciple AE At 2> h
only to an accmacy of the order of the 1est energy of the meson) The fact
that f*/ficis of the o1der of magnitude 1/10, hence not much smaller than 1,
means, moreover, that the meson is excited very frequently; hence this
reason for a shorter decay period of the meson is not very important. The
second reason lies 1n the large rest mass of the meson which gives the light-
weight particles a disintegration energy of nearly 100 million volts There



112 C. F v. WEIzZSACKER

1s the well known Sargent relation between energy and decay period of the
B-radiator, according to which a nucleus giving a g-1ay of this energy,
should have a decay period of the o1der of that found for the meson The
Yukawa arrangement of the meson 1n the seties of g-radiators 13, thetefore,
consistent with the experments within the limits of accuracy with which
the Sargent relation can be extiapolated to such high eneigies

The above calculation 1s n a sense an attempt to carry out this extrapola-
tion quantitatively on the basis of the theoietical interpretation which
Fermi has alieady given to the Saigent 1clation  In view of the factor 100
which separates the two values of r,, this attempt 15 1egarded as unsuccess-
ful. The Yukawa theory in this application, as well as in the case of
nuclear forces, is thus apparently 1 qualitative agieement with exper-
ments, but, in 1ts present form, 1t is unsuited to quantitative deductions

6. Scattering of Mesons on Nuclear Particles

For the understanding of the passage of mesons thiough the atmosphere
1t is important to decide how stiongly they are scattered If no forces act
between the meson and eleciion other than those considered in the section
on S-decay, the scattering on electrons can be neglected (¢f also Section 7
and the 7th Chapter on buist excitation by mesons) The scattering on
nuelear particles can be accurately caleulated fiom the theory just as the
scattermng of light by electrons is ealculated One obtains for the cffective
cross-section of scattering

LN | =
I

where p is the momentum and E 1s the energy of the meson. The constant
18 independent of the proton mass and larger than can be reconeiled with
the experiments The expression differs from the effective cross-section
for the scattering of light quanta on electrons in that it finally increases
quadratically with mcreasing energy and that it has a finite value, even for
mfinitely heavy protons, because of 1ts ndependence of the proton mass
The latter 15 very surprising when 1t 1s recalled that the scattering takes
place only by the sympathetie vibration of the scattering particle under
the influence of the incident wave, and hence should vanish with mfinite
inertia of the scattering paiticle

The explanation, according to Heisenberg (H 2), lies in the fact that 1t 18
not the center of mass of the proton which gives rise, by its vibrations, to
the scattering, but rather the two inertia-less degrees of freedom, namely the
spin and the *“charge coordinate” (the freedom to be either a proton or a
neutron) The scattering, therefore, comes in through the f~terms which
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do not appear in electrodynamics. Now the calculated scattering is cer-
tainly not to be reconciled with the experiments, and we, therefore, have a
third proof of the breakdown of the theory in answering quantitative
questions We now turn to the fundamental difficulties concealed in these
failures

7. Discussion of the Difficulties

The difhiculty of the divergence of the potential at small distances, like
that of the laige seatteiing cross-scetion, ean be summanzed in the state-
ment The theory breaks down i mesons of too lmge a momentum are
mvolved Now, the exchange wnteraction hetween two heavy particles at a
given separation 7 1s produced essentially by mesons with wave length of
the order of r and with momentum of the order 17 The difficulties, there-
fore, mean that the theoiy bicaks down for a eertaun high momentum or,
what amounts to the same thing, for a certamn small distance

However, a theory can be formulated, as Moller and Rosenfeld (M 5)
have shown, thiough the use of additional field quantities with other
relativistic tiansformation propeities, m which the diveigent potential
terms do not enter Theie are other deep-seated diveigenee difficulties,
which remamn even m this formulation ot the theory and iender 1t of
questionable value for giving the desned 1esult  These diveigences 1esult
if one goes over fiom the classical proaimation theory, which we have
thusfar presented, to a 11gorous quantum theoietical caleulation

The presentation of the theoiv given above ticats the meson as a field
propagated continuously in space. It, theicfore, deviates completely from
the fundamental experrmental fact that the meson appears mn reality as a
single particle Accoiding to the general 1ules of the quantum theory, the
particle properties of matter aie taken mto account 1if one starts out with
the wave pictwie by treating the field quantities not as ordinarv numbers
but as opeiators The peitinent mathematical formalitics will not be
presented heie, but we will attempt to describe mtwitively the most im-
portant of its consequences In the quantum theory 1t 1s customaiy to
start out with the field cquations in empty space, just as we did above 1n
the classical theory, and then to introduce the terms which give the inter-
actions between the vaiious kinds of paiticles as perturbations The results
of the calculations, for example for the potential of the exchange forces,
have the form of a powe: series in the interaction constants g and f, of
which the first term is that calculated above The higher order terms, how-
ever, are by no means small In the first place, the dimensionless constant
f*/he, which functions here as the parameter for the expansion, analogous
to the fine structure constant of electrodynamies, is not very small com-
pared to unity And, secondly, the coefficients of the higher order terms,



114 C F v W\ E1ZSACKER

analogous to the self-energy terms in electrodynamics, are large and in
some cases infimte

What physical processes correspond to the higher order terms of the
expansion? In the case of the exchange forces the first texm 1s the interac-
tion through which one meson 1s emitted and absorbed, the second term
aises fiom the simultaneous emission and 1eabsol ption of two mesons, ete
The failme of the expansion to conveige, therefore, means that in the pro-
cess consideied many mesons are frequently created 1n one elementaiv act
Heisenbeig (H 2) has shown that this takes place as soon as very small
distances (of the oider of 1/4), o1 high momenta, come 1nto play Now there
18 the question whether this kind of “explosive shower” 15 actually to be
expected 1n natme Firom the theoretical standpoint two opposite views
have been advanced Evidently the theory cannot be right as long as
divergent terms appear n 1t Smee the multiple processes deseribed are
associated with the divergent expiessions, American authois, especially,
have conjectuzed as to a conrect (but unknown) form of the theory which
would contain no divergences and i which the multiple processes would
not occut o1, at least, onlv with extreme ranity This view, however, does
not say how the divergences are to be made to disappea:r, and Heisenberg
15 of the contiary opinion, that the theory can fiee itsclf of the divergences
only along the line of a conect description of the multiple processes It
one knows that multiple processes oceur predominantly, 1t 1s inconsistent
with the tacts to stait out with a desciiption of the phenomenon m which
the creation of cach individual new paiticle 1s regarded as a small pertuiba-
tion; 1t 18 not to be wondered that divergences occur in this tormulation

The exact meaning of the latter view may be 1llustrated by an example
Heisenberg has formulated the conditions for the apphicability of the present
quantum theory 1n the process considered the momentum transferied in
the coordinate system m which the center ot mass of the physical structure
m question 15 at 1est must be less than pe (1 = mass of the meson), ot 1n any
arbitrary coordinate system the eneigv tiansfer E and momentum transfer
p must satisfv the condition

2
2

p - = < e (34)
Otherwise there would be a high probability tor the stmultaneous creation
of many mesons, a situation which 1s contrary to the conditions for the
applicability of the usual quantum theoretical methods (and also of the
divergences occurring in them) On the other hand, Oppenheimer and
Snyder have objected that in the special problem of the excitation of
secondary electrons by mesons (¢f Chapt 7 on the burst-excitation by
mesons) the calculation must break down on this condition even for primary
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energies of the meson of 10* eV, whereas the interaction terms become large
enough for one to expect a failmie of the appronimation only at 10'* eV;
the extension of the 1ange of vahdity of the formula up to 10 eV 1s
agreement with the expeniments Oppenheimer and Snyder are, therefore,
of the opmion that 1t 15 not the appearance ot small distances (or high
momenta) but rather the amount of the mtetaction energy, which places
the limit on the theoties thus far pioposed  The 1eply to this, according
to Heisenbei g, 1~ that the tormula mav well remain valid up to 10 eV but
that it will then no longer mean what 1t meant n the sense of the caleula-
tions used n its deirvation namely, the probabihity that a meson excites
one secondarv election and nothing moie It 1~ more likely from the luge
transfer of momentum that several mesons will also be exeited simultane-
ously with the sccondaiy election This 18 exactlv analogous with the
1esult of Bloch and Nordsieck (B 27), who have shown that the usual
formula for the Rutherfoid seatterng cross-cetion of elections on chaiged
particles does not give the probability that the election will be seattered
and that nothing else will happen, but rather that the election will be
scattered and simultancously a ceitam number ol hight quanta will he
emitted

All of these questions can be deaided only 1t we possess 1 quantitative
theory of these processes An appronimation procedure proposed by
Hesenbearg for then tieatment will not he presented heie, but we will hmtit
ourselves to a quahtative discussion of the previously mentioned difheulties
trom the point of view currently adopted

It is of no concern that, at small distances trom the nuelear partiele, the
expression fo1 the exchange foree diverges too stiongly n the first approxi-
mation, calculated ahoye, since the lugher apptonimations i that caleula-
tion diverge much moie stiongly The attempt has heen made to use the
expiession for the potential at laige distances and to cut 1t off at small di~
tances Howevel, the expression so detnv ed should have no quantitative
significance smee apparently thele 1» no expeniment 1 which the potential
can be tested at laige distances independentily of ats behavior at small
distances  For the caleulation of stationarv states this s seli evident, for,
since, without the cutofl, theie 1= no stationaiy state, the position of the
stationay states depend entiely upon the natwe ot the cutofi  Moreover,
collision expeniments, ¢g, those m which the deflection of a nuelem
patticle 15 measuied when 1t passes by another similar particle at a sufh-
clently large given distance, are tundamentally unsuited to this puipose,
especially on account of the exponential drop of potential at great distances.
If we wish to be sure that the passing particle does not approach arbitrarily
close to the other, we must localize 1t 1n space and thereby 1enounce an
arbitrarv precision mn the knowledge ot 1ts momentum If, however, the
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change of momentum experienced by a particle in its passage, because of
the exchange force, 15 less than the error thus imposed upon our origmal
knowledge of the momentum, obviously no knowledge of the potential can
be gained by this experiment

We demonstrate this generalization by a 10ugh calculation We allow
one nuclear particle to fly past another at a distance r. In order to be sure
that 1t does not fly past at distance 0, 1ts position 1n space must be known
with an uncertainty Aq < 7, and the uncertainty m 1ts momentum 15

Ap > - (35)
This relation applies to the momentum perpendicular to the direction of

motion. In the direction of motion its velocity must be so great that during
the collision time, that is, the time to travel the distance AB

A B

whieh is of the order r/v, the sidewise displacement, because of the uncer-
tainty in momentum cited above, should remain smaller than » The un-
known component of velocity perpendicular to the direction of motion 18
Ap/M, and, therefore, it must follow that

A r
——M';<r (36)
or
Ap_ B
" >3 < 37)

The momentum p transferred during the colhision time 1s now to be com-
pared with Ap It 1s about equal to the average force acting during this
time multiplied by the collision time, ot

p= 4L Lot @)

where for the sake of ssmpheity the static potential U is introduced and 1/;
18 neglected in comparson with «; in other words it is assumed that the
collision distance is large compared to the Compton wavelength of the
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meson at which distance this law of force begins to be in error. From (35)
and (38) it follows that

2
C

3’35 < ?E < wre (39)

In the limiting case of very laige distances, because of the exponential
fall of potential, the momentum transfer is small compared with the uncer-
tainty of the momentum The ratio is most favorable when r is nearly
equal to 1/k In oider for p/Ap to become greater than unity, since
g*/he = 1/10 wemust have v < ¢/30  On the other hand, (87) requires that

o _w
N T HMET W
so that the two conditions for ¢ are mutually inconsistent 1n the most favor-

able calculation.
The conditions (37) and (39) may be combmed in the condition

?

(40)

g M
e a >1 (41)
Since we must postulate that ¢°/Zc < 1 if the theoretical separation mto
heavy particle and meson fields, fiom which we ~tarted out, is to have any
sense, then the only way to have a measmable field in an abstract theory
would be to inciease the mass 1atio of proton and meson In this manner
the actual impossibility of a classical meson theorv s tied up with the
empincal fact that to measure the meson field there are no elementary
particles of greater rest mass than the proton
What can now be conjectured about the natwie of the deviations of the
actual force from that just caleulated It would he difflcult to 1epiesent
the actual force bv a potential dependent upon the coordinates of two par-
ticlés. The simultaneous cmussion and absorption of several mesons,
leading to the corection of the law of force, must not be hmited to two
nuclear particles Fo1 example, if several mesons can be created from a
single nuclear paiticle, these will be absoibed bv several other nuclear
particles Ths kind of process must lead to forces which depend upon the
coordinates of seveial particles <o that the torce hetween a proton and a
neutron depends upon the simultaneous position ot all other neighboring
nuclear particles The expermments of nuclem physies (for example the
binding energy of He®) pomt, in fact, in this direction, (cf. especially H.
Primakoff and T. Hostein (P 8))
Another consequence of the strong mteraction would be the existence of
higher states of the proton and neutron in which the particle is doubly
charged, triply charged, etc Wentzel (W 5) has suggested this The
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additional charge can be ascribed to the surrounding meson field. The
experiments, to be sure, have not revealed this kind of structure,

Finally, as Heisenberg has shown, the meson scattering on nuclear
particles will be essentially reduced if account is taken of the fact that the
two mertialess degrees of freedom of the nuclear particle have, in conse-
quence of the virtual emission and reabsorption of mesons, a strong
“self-field” which mnvests their oscillations with an inertia in the same way
that the electromagnetic self-field of a charge produces rest mass



11. MESON THEORY OF THE DEUTERON

By S Frieag, Berlin

An attempt was made in 1940 by Bethe (B 13, 14) to airive at a quanti-
tative formulation of the meson theory free from all objections. The basic
1dea of this attempt was the following: If the mteraction force between two
nuclear particles is produced by the meson field, then the empirically
known measurable quantities, which are the consequence of this interaction,
should also be representable quantitatively by the theory of the meson.
Such measurable quantitics in the systems resulting from two nuelear
particles are:

1. The mass defect of the deuteron in the ground state, or the binding
energy between proton and neutron with parallel spins.

2. The binding energy of the state in which the two nuclear particles
have opposite spins The latter 15 determined from scattering experiments
and turns out to be, quantitatively, the same for the systems proton-neu-
tron (the first excitation state of the deuteron) and proton-proton

3. The quadrupole moment of the deuteron n the ground state, which
arises from the fact that the electrical charge distribution is not spherically
symmetrical about the center of mass but is somewhat elongated The
existence of a quadrupole moment shows that the neution-proton foree
must contain a spin-orbit coupling term As a matter of fact, a term of
this kind comes naturally into the meson theory, in contrast to the older
and more arbitrary statement of Majorana and Heisenberg for the nuclear
forces.

It must be regarded as fundamentally futile to attempt to derive these
three quantities quantitatively from the meson theory, and in this manner
to find what assumptions have to be made to tie the theory down on ques-
tions which cannot be resolved from more general ponts of view, for in-
stance, by invanance arguments. This difficulty 1s not very surprising
when one reviews the arguments of the previous chapter However, the
presentation of these attempts should not be skipped over completely since
it is an interesting example of the application of the meson theory, and it
always aids the understending to consider in a conerete case the unraveling
of the difficulties, the general antecedents of which have already been
realized from fundamental arguments

It has already been pointed out in the previous article that there are two
possibilities for the meson theory:
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a) Neutral theory. In this case an uncharged meson is introduced.
Consequently, there is no difference between the proton and neutron as
regards the force of interaction provided by the exchange of a meson
between the two nuclear particles, a fact which agrees with the second
experimental observation cited above It has been shown that this neutral
theory, with the mtroduction of certamn cut-off rules, 15 also suitable to
represent the other two experimental observations on the deuteron On
the other hand, it has proved fundamentally unsuited for the explanation
of B-decay since 1t allows no room for the transformation of a proton into a
neutron and vice versa For this reason alone it certainly cannot contain
the whole truth

b) Symmetrical theory. In oider to explain the g-decay we must
mtroduce cha1ged mesons of both signs  But then only those processes can
be undeistood i which a proton tiansfoims into a neutron and vice versa
In this theory forces exist only between proton and neutron, and theie 1s
no interaction foice between similar nuclear particles, a fact which contra-
dicts the second experimental observation (scattering of protons on protons)
In order to repiesent these observations and the g-decay at the same time,
it is necessary to introduce both charged and unchaiged mesons Since the
proton-neution force agrees quantitatively with the proton-proton force,
it 1s necessa1y to asciibe to both nuclear particles the same emission prob-
ability and the same absorption probability for the chaiged as for the
uncharged mesons. It will be shown that a symmetrical theory of this
kind is not adequate to represent the properties of the deuteron quantita-
tively. Thus this manner of reasoning can at most contain only a part of
the truth

The mathematical formulation for the force of interaction between two
nuclear particles resulting from the neutral theory has already been carried
out in the foregoing chapter. As a result the potential energy of the inter-
action of two nuclear particles at a distance r from one another 15

V=U+V+V,
with
U

—Kr
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The first two terms U and V, correspond to central forces; here only the
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mtenstty of the force 1s dependent upon the spin #, and @, of the two par-
ticles The third term V,, which 1s also repiresented as a ‘““Tensor foree”,
contains the spm-orbit couphing produced by the electric quadrupole
moment

The symmetiical theory requires m 1ts formulation the concept of a
difference between proton and necution  Actually, this difference is realized
by mtioducing the chaige as another quantum number which can take on
two values and, thactore, can be tieated exactly like the spin  Hence, to
every nuclear particle five degrees of fieedom ate ascribed, three for the
motion m space, one for the spin, and one for the charge

The exact mathematical explanation of this method will be passed over
herte  One procceds hv intioduemg the “charge operator” 7 analogous to
the <pin opeiator 7, the potential eneigy then takes the form

VF=U+V,+V) (7 7)

Without 1eferting to the symbolism we can expiess the essential tacts in
the following manner Since, according to the Pauli principle, only those
states exist which are antimetric with respect to the exchange of two
particles, or m this case of two variable-quintuplets, the states can be
grouped m the following mannex

Table 1

“pectroscopic | Position Spin Chuge (A Example
notation

3N, 3D symmetr symmetr antimetr -3 Ground state of
the deuteron

18, 1D syinmet1 antimetr sy mmetr +1 Exaited
deuteron

e antimetr symmet: syminett +1

p antimetr antimetr antimet: -3

We have, accordngly, to mtroduce the potential energy —3V for the
ground state and + V for the excited state

For the quantitatwe solution, or, essentially, for the solution of the
Schrodinger equation with the potential function given, Bethe has intro-
duced a simplification by putting g = 0, thus omitting the term U. This
term was interpreted in the neutral theory, as well as for the excited state
in the symmetrical theory, as an additional repulsion, and for the ground
state in the symmetrical theory, as an attraction. The omission is purely
arbitrary and is based only upon the heuristic argument of greater simplicity
(“single force hypothesis™)
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Furthermore, it has proved to be necessary to cut off the potential V at
a certain radius 7, in order to avoid the divergence difficulties at r = 0

arising from the term V,

These difficulties have already been discussed in

the foregoing chapter; here is one of the principal causes of failure of Bethe'’s

attempt

For the cut-off two different prescriptions were used; in the first

prescription the rule was that V' = 0forr < 7, in the second 1t was assumed
that in the same range V = V().
The results are assembled in the following display.

Table 2
Neutral theory Ntmmetrie theory
L. cutoff rule | 2. cutoff rule | 1 cutoff rule | 2 cutoff rule
7o (in 1071 ¢m) 0 695 0 885 305 377
P/ ke 0 0800 0 0770 0 181 0 152
e} (1075 ¢cm) 182 181 2 88 274
q (in 107¥ cm?) +2 71 +2 62 —-200 —17 9

In this the meson mass was assumed to be 177 election masses and the
characteristic length was, accordingly, 1/k = 2185 - 107> cms The quan-
tity 7’ signifies the separation of the proton from the cente: of giavity of the
deuteron in the ground state; the mean value (%)} can, therefore, bhe re-
garded as about the radius of the deuteron The quadrupole moment was
calculated according to the assumption ¢ = 327 — 7%; it states that the
positional eigenfunction does not depend on r alone This arises from the
fact that, In consequence of the spin-orbital coupling, V,, the ground state
of the deuteron is a mixture of a dominant S-state with a D-state. Since
only the total angular momentum and the total spin, but not the orbital
momentum, are true quantum numbers, two possibilities are open either
there is no orbital momentum and a spin momentum %, or the orbital
momentum is 2% and the spin % has the opposite direction, so that overall
the empirical total momentum # is realized

The two quantities r, and f*/ic are so determined that the binding
energies of the ground state and of the excited state are correctly repro-
duced. One sees that the results aie, to a large extent, ndependent of the
nature of the cutoff preseription; on the whole 2 much larger structure re-
sults fiom the symmetrical than from the neutral theory. Corresponding
to its porous structure it is necessary to have a larger value of f*/#c in the
symmetrical theory in order to obtain a binding energy equal to the
empirical value. One is considerably prejudiced against drawing quantite-
tive conclusions from the symmetrical theory by the fact that the cut-off
radius in it is greater than the mean distance of the proton from the
center of gravity That means that the two heavy particles often find



Meson Theory of the Deuteron 123

themselves separated by distances for which the meson theory, because of
its davergence difficulties, no longer applies.

The possibility for a quantitative control is afforded by the value of the
quadrupole moment ¢ It 1s known, empirieally, tobe 275 - 107 em * It
18 seen that the neutral theory reproduces this value very well, whereas the
symmetrical theory leads to an erroneous result, as regards both the sign
and the order of magnitude

In summary, it may, theiefoie, be stated that for a quantitative treat-
ment of even the simplest problem of nuclear physics the meson theory is
far from being the right language. The neutral theory is not able to explain
the g-decay nor the actual appearance of charged mesons in cosmic radia-
tion. The symmetrcal theory breaks down completely in the quantitative
treatment of deuterons. Both are beset by arbitrary cut-off rules which
imply a much moie serious encumbrance here than 1n the relativistic quan-
tum mechanies ‘The great hope which was first placed in the meson theory
has, therefore, not been fulfilled. But, after all that has been brought out
in these two chapters, this is not very astonishing since we have apparently
now gone beyond the limit of applicability of the existing schemes; processes
with several particles, nonlinearity of equations, and similar things may
create an entirely new situation for which our mathematical apparatus is
in no way adapted



12. THEORY OF EXPLOSION-LIKE SHOWERS
Bv W HeisExsERG, Berlin-Dahlem

The effective c10ss-section for any kind of a colhision process has almost
always been caleulated by means of a quantum mechanieal perturbation
theory known as the Born collision theory Since the matrix of the inter-
action cnergy contains, in general, only elements for transitions in which
one or at most two particles are created, 1t 18 necessary 1n general to extend
the perturbation caleulations to the ath (o1, respectively, the nth/2)
approximation if processes aic to he accounted tor in which n particles are
created at a time If the pertwrbation calculation converges 1easonably,
then the probability tor the simultaneous emission of many particles
becomes very small This general consideration has led to the supposition
that there can be practically no genume multiple piocesses of this kind;
and also, 1n the Yukaw s Theory, Yukawa (Y 1 to 6), Bhabha (1 19, 20) and
Heitler (H 5, 6) have caleulated the effective eios~-scetion for scattering,
according 1o the Born method, and have assumed that the convergence of
the pertmbation method, which is always a problem because of the known
divergences (self energy of a paiticle), could he cstablished in a later and
more complete foim of the theory

The more precise investigation of this question (Heisenberg) (H 3)), on
the contiary, has led to the 1esult that the Yukawa Theory alicady belongs
to a group of theories m which the peiturbation ealeulations are basically
non-convergent when the colliding paiticle is ahove a certain cneigy
The Yukawa Theory 1s, theiefore, one m which genume explosive showers
above this encigy are to be expected  The reason for this property of the
Yukawa theory will he given i the following diseussion without detailed
mathematical analysis

There are two reasons im the ocewnience of multiple processes m the
Yukawa theory first the close 1clationship of the Yukawa particle with the
light-quantum, and second, the peculiaiities of the energy of nteraction he-
tween mesons and nuclear paiticles which are associated with the spmn and
chaige of the meson,

The close formal relation between mesons and light-quanta which comes
out of the Yukawa theory has as consequence that in the collision of two
energetic nuclear particles several mesons can be created in the same way
as an infinite number of hght quanta are normally produced in the collision
of two electrically charged particles The latter fact was made understand-
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able on the basis of the quantum theory in a paper by Bloch and Nord-
sieck (B 27). When an energetic particle 1s suddenly deflected, aceording
to the classical theory, at the moment of deflection the difference of the
electromagnetic fields surrounding the particle before and after the deflec-
tion becomes in a ceitain sense detached and wanders into space as radis-
tion This radiation field at the moment of 1ts cieation is evidently a
relatively small wave packet, and its Fourier expansion at that time gives
a spectrum, the intensity of which approaches a constant value in the range
of very low trequencies This spectrum m the quantum mechanical inter~
pretation represents the expectancy for the actual spectrum  The mean
number dn of light quanta m the fiequency mterval dv1s, therefore, (cf., for
example, the well-known formula for the x-1av spectium)

dv
dn ~ const ™ 4}
and the mtegial over all frequencies leads to an infinite number of very
low-energy light quanta
In complete analogy to this, in the sudden deflection of & very energetic
proton or of a neution, the difference of the associated Yukawa fields before
and after the deflection becomes detached and wanders into space as meson
radiation Agmn a spectrum 1s created with expectaney given approxi-
mately by (1). The total number of mesons now turns out to be fimte since
the meson posscsses a finite rest mass, the mntegial over dn has a lower limit
hy = pc® From this it follows that the mean number of mesons mereases
with the logarithm of the available collision energy, since the upper limt
of (1) lies in the 1egion where hv 1s compaiable with the primary energy E.
Thus it follows

n ~ const log g_. 2
ue

The constant factor has « value of the order ¢*/kc m the theory of hght
quanta, and 1 the Yukawa theory ot the order ¢°/7c, 1ts derivation will be
omitted The above-mentioned cficct thus gives i principle the possi-
bihty of understanding the creation of several mesons m a single act, but
only with extiemelv high eneigies of the colliding particle This effect alone
will scarcely suffice to explain the experiments

The Yukawa theory differs fiom the theory of hght quanta i a second
essential feature: It contains terms mn the interaction between the heavy
particles and the Yukawa field which increase without hmit with mereasing
energy of the particle considered. One can see this most simply by & dimen-
gional analysis. Dimensionally, any physical quantity can be transformed
to a power of a length by multiphcation with suitable powers of & and c.
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If in this way one measures all field quantities in units of / and ¢, then, n
the Maxwellian theory, there 1emains only one dimensionless interaction
constant (namely (7—‘3);), the convergence of a perturbation caleulation,
ic

therefore, depends upon the value of this constant alone The Yukawa
theory, on the contrary, because of the spin and charge of the meson,
contains interaction terms with a constant of the dimensions of a length
(and of the order of magmitude 107" em ) This has the 1esult that each
perturbation calculation finally diveiges if the wave length of the particle
concerned is small with respect to this constant The divergence of the
perturbation procedure, moreover, has the significance of allowing for the
possibility of exciting many mesons in a single act

In detail this creation of explosive showers takes place 1n the following
manner: Just as the excitation of electron-positron pairs in the radiation
theory gives nse, in the Maxwellan equations, to nonlinear terms which
lead to the scattering of light by light (Euler and Kochel (E 6)), so also in
the Yukawa theory theie aie nonlinear terms, associated with proton-neu-
tron pairs, which effeet a scattenng of mesons by mesons (Heisenberg
(H 3)). These nonlmear terms aie, in general, verv small However, in the
very dense wave packets which aie given off m the deflection of very ener-
getic heavy paiticles thev plav an even greater pait than the normal linear
terms, if the energy 1s gicat enough Thus the nonlinea: terms produce a
kind of turbulent mixing of the wave packet until 1t has expanded mto such
a large volume that the nonhnear terms lose their significance In this pro-
cess the Fourier spectrum of the wave packet undergoes a displacement
toward the lower frequencies signifying the creation of many low energy
mesons. A quantitative calculation of the meson spectrum within such an
explosive shower 1s still impossible 1n the present state of the theory. One
can make only the rather obvious statement that such a shower, 1n general,
will contain many more low-energy than high-energy mesons and that the
mean number of particles will increase with the available primary energy.
On the other hand, the form of the meson spectrum will depend only slightly
upon the primary energy

The fundamental assumption of the Yukawa theoiy, namely, that the
mesons of the cosmic radiation carry a spin of a whole number and that they
are the producers of the nuclear forces, is not at the moment fully confirmed
experimentally. Wigner, Critchfield, and Teller (W 8), for example, have
proposed a theory of nuclear forces in which the forces are supplied by a
pair of particles of spin 1/2, the question remaining open as to whether
these particles are identical with the observed mesons. In such a theory
the first of the above mentioned causes for the creation of genuine multiple
processes drops out, but the second is still as valid as in the Yukawa theory.
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In fact the possibility of explosion-like multiple processes was first studied
on the basis of a theory of the same kind as that of Wigner, Critchfield, and
Teller, namely, the Fermi 8-decay theory (Heisenberg (H 1)).

Looking back over this situation m the theory 1t 1s gratifying that the
experiments of 1ecent years have pretty well established the existence of
explosion-hke showers (ef Chapter 5, Klemm and Heisenberg). For the
cross-section, calculated according to the conventional perturbation theory,
one can expect agreement with the expciiments only in the range of small
eneirgies when eftects a1e involved depending on the Yukawa field. The
purely electromagnetic effects of the meson, however, can probably be
treated without these restrictions by the conventional theory. But 1t will
be necessarv to 1eckon with the possibility that the effective cross-section,
thus caleulated, for example, for the exeitation of 1adiation by the collision
of a meson, does not measw e the probability for the emission of one hght-
quantum alone, but that 1t measures the probability for the emission of a
hght-quantum and for the simultaneous creation of some low-energy light-
quanta and mesons (cf. the work of Bloch and Nordheim). One must also
reckon with the possibility that, for example, the cascades which are set
off by radiation excited by meson collisions may also contain a number of
slow mesons (cf. Chapt. 5, v. Weizsacker). There are still no experiments
bearing directly on this question.



NUCLEAR PARTICLES

13. NUCLEAR DISRUPTIONS AND HEAVY
PARTICLES IN COSMIC RADIATION

By Ericr BaggE, Beilin-Dahlem

1. Introduction: Statement of the Problem

In carefully examinng photogiaphic plates which had been exposed to
cosmic radiation for a long time, Blau and Wambacher (B 25) in 1937
discovered the phenomenon of nuclear disruptions These weie 1ecognized
from the fact that within the gelatin layer several rows of developed silver
grams produced by the nuclear fragments which flew off 1n the process of
nuclear disruption radiated out from a common center (Fig 1) In many
of the observed tracks the 1ange of the paiticles was so great that a con-
fusion of this phenomenon with the so ealled “stars’” fiom 1adioactive con-
tamimation could be excluded

The proof that nuclear disruption 1s nduced by cosmie rays was brought
out by Stetter and Wambacher (S 19) when they were able to show by
measurements at various locations that the frequency of this process
mcreases very 1apidly with clevation ahove sea level

Independently of these phenomena, the sepaiate piotons and neutions
appearing in the cosmie radiation have been the subject of several investi-
gations (Widhalm (W 7), Schopper (S 11, 12), Rumbaugh and Locher
(R 12), Funfer (F 5, ), Koiff (K 6), Montgomery and Montgomery (M 6))
Moreover, the frequency of occur ence of these particles shows a dependence
on altitude similar to that established for the nueclear disruptions, and 1t 1s
natural to suppose that the two gioups of phenomena are 1elated

In fact, 1t was also shown that mn the lower atmosphere the proton and
neutron intensities follow exactly the frequency of nuclear disruptions
The question of the identity of the 1adiation which liberates the heavy
nuclear particles is, therefoie, 1eally the same as that of finding the source
of the disruptive processes; all available evidence favors the view that the
latter are excited by energetic light-quanta or electrons of the soft com-
ponent of the cosmic radiation. The heavy particles and the nuclear dis-
ruptions are thus given a definite place in the overall picture of cosmic
radiation.
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Figuwie 1 kaample of a nude u distuption in the photographie emulsion

2. Frequencies of Nuclear Disruptions and of Heavy Particles at Various
Elevations above Sea Level

The frequencics of nuclear dimuptions at various elevations above sea
level as determined by Stetter and Wambacher are shown in Fig 2 Like-
wise, the data ot Widhalm (W 7) are shown for the proton intensities, and
the curve (I) gives the variation of the election-photon ntensity to be
expected theoteticallv from the cascade theory TFiom this figure it 18
seen that the values tor the fiequencies of the nuclear disruptions show the
same 1apid meiease with elevation as those for the single proton tiacks
Moreover, both sets ot data conform approximatelv to the theoretical
curve for the mtensity 11se of the cascade elections

A certain difference 1s indicated hetween the rse in fiequency of protons
and that of nuclear disruptions Wheteas the 1atio of the extreme values
of the mtensity of the protonsis 6 1, the cortesponding ratio for the nuclear
disruptions has a value between 30 and 60 1 We note this fact here and
will come back to 1t later (sec hottom of p 140

The 1esults of measurements of the neution ntensities at various eleva-
tions areshown m Fig 3 Tleie also a compauson with the curve taken from
Fig. 2 for the cascade elect1ons shows a frequency increase of the same order
of magnitude as that of the observed single proton tracks Likewise, the
measurements of neutron frequencies by Korff, as well as the first measure-
ments by Funfer, are given and these fit the curve very well

Accordingly, hetween the gioups of phenomena here considered there
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exists & far reaching parallelism in regard to their variation with elevation.
It immediately appears that if one assumes that the nuclear disraptions are
the real source from which the single tracks of heavy particles onginate, and
if it can be fuither shown that the effect of s single particle extends only
over a range within which the mtensity does not alter radically, then the
similaxity of the variations ot fiequency with elevation are explained in a
most simple manner. The smgle tracks of the protons and neutrons can
thus be considered simply as products of the nuclear disruptions
According to both theory and experiment, something like the following
picture can be formed of the nuclear process itself (B 1a). At first, possibly
through the collision of a photon, one or more heavy particles in the nucleus
are set into rapid motion. These energetic neutrons or protons in thewr
passage through the nucleus collide with other heavy particles and mmpart
more or less eneigy to these These secondary particles can either leave
the nucleus immediately or they can form teitiary particles until finally
the greater part of the energy of the primary particle 1s distributed through-
out the nucleus as thermal motion. Thus, the original collision process
results in a nuclear evaporation in the sense of the Bohr theory of nuclear
processes. 'The whole process also takes place in the same way if a very
energetic proton or neution strikes the atomic nucleus from outside In
general, it should be possible to divide the particles ejected from the
nucleus into two groups: those thrown out of the nucleus directly as secon-
dary particles and those released by chance through evaporation.
Corresponding to these idess it is possible to represent the empirical
spectrum (averaged over all “‘stars”) of the ejected protons in the form

@~ (%0 + %:""")dE
with g = 8.18, b = 160, e = 272 MeV, n = 17 MeV. The second patt
of this spectrum 1s to be asciibed to the duectly emitted protons and the
first to the evapoiated protons The nuclear temperature 1 this process
would then be of the oider of magmtude of a few MeV  However, the
partition of the spectrum 1nto two exponential functions will not exactly
correspond to the partition of the paiticles into the two groups; also one
must consider that the temperatuic of the nucleus 15 gradually reduced
during the evapoiation —Occasionally the view has been exp essed that all
Blau-Wambacher “stars” can be conceived simply as nuclear evaporation
Such an hypothesis, however, according to the empirieal spectrum of the
protons would lead to temperatures of 10-15 MeV and to total excitation
energies which are far too high. Since one can evaluate the total energy
of a disruption process, 1t must be concluded, by reversing the argument,
that from the relative number of high energy protons it cannot be treated as
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a pure evaporation process. One can most probably describe what happens
in the following manner The heavy particle which penetrates the nueleus
produces at the point of entry a very stiong local heating and, mn conse-
quence, sends out relatively high-energy nuclear ingredients Finally the
heat dissipates 1t<elf gradually thioughout the nucleus This assumption,
however, 1s only another formulation of the distribution of the emutted
particles mto two groups distingmished by their times of emission, as
outlined above

3. Nature and Energy of the Emitted Radiation

Next, a more piecise tieatment will be made ot the question of the natme
of the radiation which sets off the nuclear processes As the most important
indication of the answer to this question, one may concider the facts estab-
lished by the data repiesented n Tigs 2 and 3, 1e, that the inciease of
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intensity with elevation of cascade electrons and photons, which is well
established both experimentally and theoretically, is mn close agreement
with the rise in the number of disruption stars.

The analogous observation regarding the cascade electrons and the
large Hoffman bursts led Euler (E 3) to assume that the bursts are excited
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by the energetic cascade particles. On the basis of their completely similar
behavior the 1elease of nuelear disruptions will also be regaided as an
effect of the seft component of the cosmic radiation, but it must also be
admitted that the eneigetic electrons resulting from decay of mesons can be
effective i the process

Howevel, ane encountels here a difficulty with this interpretation For,
whereas experimentally the mean energy of 89 DMeV 1eleased by all nuclear
disruptions at 200 m elevation mcieases to 144 MeV at 3450 m., the mean
energy of the cascade clections remains constant over the same elevation
mterval, and that of the decay electrons falls off shghtly as long as one
takes mto account that portion of the eneigy spectrum beyond about
510%V If the lower limit 1s pushed to still smaller energies, this charac-
tenstic becomes even more maiked.

The situation 1s somewhat different 1t one takes the average for the
mterval beyond a higher eneigy Thus may be seen from Fig. 4. For con-
ditions at sea level it shows the mean energy of the spectrum of the cascade
electrons

ot !

F, = const (y = 187; T in m water) €))]

and the mean energy of the decay electrons:

P = 1 _ s
F, = const B0 1 oT) (n =2 10%V/m water), P)]

a8 a function of the lower lmit E, of the spectrum concerned, beyond which
the mean is figured It turns out that in the range £ > 10° the mean energy
of the decay electrons, E. = 16E,, hes signficantly below that of the
cascade electrons %, = 2.15 B, On the other hand, it is recogmzed that
very few low-ene1gy cascade electrons are present at sea level and the decay
electrons predomunate, whereas, on the conhiary, because of their exponen-
tial mse the cascade elections 1epresent the dominant portion at greater
elevations One, theiefore, needs only to assume that, in actuality, the
eneigetic part of the soft component £ > 5 10'eV is responsible for the
release of the nuclear distuptions m order to understand the increase with
elevation of the mean cnergy liberated by this process For in this case
one can realize a transition 1n going to greater elevations froman £ = 16 E,
of the decay electrons to an E = 2.15 E, of the cascade electrons Unfor-
tunately, the absolute values of the individual spectra are not well enough
known at the moment, to enable one to follow this transition theoretically
in detail.

In any case, however, one will conclude that the mean energy of the pri-
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mary photons or electrons is at least an order of magnitude, and perhaps
considerably more than this, greater than the eneigy liberated by the
process as deduced from the energies of the emitted protons This corre-
sponds entirely with the observations on nuclear disruptions in the Wailson
chamber (for example thosc of Fussell (F 7)) .\ compilation of the hitera-
ture on Wilson chamber photographs of nuclear disruptions 1s given m a
paper by Wambacher (W 1), n which it has been established that,
addition to the heavy particles, there are also frequent hght-weight pai-
ticles or clections, and 1n a few cases some mesons were found which were
most probably exeited by a collision process

4. The Single Proton Tracks as Products of Nuclear Disruptions

The question may now be raised as to how far it is possible to attuibute
the observed single proton tracks to the nuclear disruptions. In this, one
must calculate the number of protons which strike a unit surface per day
from all of the nuclear disruptions in the surrounding space

In order to t1eat this question 1t 1s nceessary to know the number of all
nuclear disruptions i one c¢ per day Tiom this knowledge, together
with the encigy spectrum of the dismtegiation protons determined by
Wambacher, and by taking mto account the cnergy losses of the protons by
1onization m the air, one gets immediately, the expected energy spectrum
of the single tracks

In this, however, one encounters two difficulties which can be only
partially resolved

In the fi1st place, the frequency of the nuclear disruptions 15 known only
for the gelatin films of photogiaphic plates, whereas one needs to have
1t for an It is, therefore, necessaiy to make a calculation as to what
happens in air fiom what 1s observed to happen in the photographic emul-
sion. Such an evaluation can, natuially, be only approximately correct
because of the different chemical constitutions of the two substances

Moreover, thete is the further difficulty that in all of the measurements
made so far of the fiequency of nuclea: distuptions, no single and only 2
part of the double processes in which only onc o1 two protons leave the
nucleus have been counted This results fiom the difficulty in the meas-
uring proceduie, Le., that such piocesses fundamentally cannot be dis-
tinguished trom 1ecoil protons of fast neutions o1 trom sharply bent single
tracks

To evaluate these single and double disruptions one is, therefore, led to
make certain extrapolations. These do not seem unplausible, but they are
justified only if they succeed, with the same numerical values, 1n brmging
hoth the frequency of the single proton tracks and that of the fast neutrons
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nto approximate agreement with the results of the measurements, mn spite
of the fact that the frequencies of occuiience of the two kinds of particles
differ from one another by about two orders of magnitude (B 16)

a) Determination of the Energy Spectrum of the Single Proton Tracks
In the calculation of the energy spectrum of the single proton tracks one
proceeds as follows: If n is the number of nuclear disruptions per ce. per
day and f(E,)dE, is the average encrgy spectrum of the protons emtted
per process, then a number of paiticles

C

(o) b dr s @)

with energy between E, and E, + dE, would leave volume element dr
and strike a umt surface at the origin (cf Fig 5)

x
dt

Ly *

Figure 5 The signifieance of r, g, and dr in formula (4).

Along their path from dr to 0 the particles will have lost energy by ioniza-
tion in a known amount. The energy-range relation is represented by the
formula R = ®(E,) The energy E of the protons when they strike the
origin 18 determined by the equation.

R—1r=E) —r= &K 4)

One, therefore, hus a relation between the three quantitics K, E, and r
and can thereby express B, by E and . By integrating the formula (3)
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over the upper half-space, a function F(E)dE is obtained hich describes
the energy spectrum of all of the protons coming from this region and
originating in nuclear disruptions

For f(E,)dE, one takes the spectrum derived by Wambacher which, as
already mentioned, is represented in good appioximation by the function

1 B, = (2o + Lo a, ®

witha = 3.18,b = 1.60, e = 272 MeV and 4 = 17 MeV.

Wambacher’s measurements and the function (5) are iepiesented
Fig. 6. As one sees, in the range between 0 and 50 MeV, they are n very
good agreement
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Figure 6 Frequeney distiibution of distuption protons as function of the eneigy

If the calculation 1s carried through with this distribution function (B 1),
the desired function F(E)dE 1s obtained. The integration over the latter
results in a relation between the total frequency N, of protons per em.” per

day and the frequency n of the nuclear processes per ce. per day. One
obtains

% = 230 em (6)
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This ratio will be compared with the corresponding numerical values
taken from the measurements

b) Comparison of the Total Frequencies. = The distribution function
F(E)dE resulting from the preceding calculation is shown in Fig 7. The
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Figure 7 Energy distithution of single prolon tiacks Step cuive Measurements of
WipmauM Smooth eutve Theoetieal curve F(E)dE

same fgwme also contams the conesponding dala on proton frequencies
taken from the measutements bv Widhalm  The tunction F(E)dE is here
50 normalized that 1t ag) ces with the measured values at about 25 MeV  As
the figme shows, 1t 1epresents the experimental 1esults very well for all
higher energics On the contraiy, the euives deviate fiom one another
completely at the lower encigies  This can be attitbuted principally to
the fact that mn Wambacher’s measwmiements he failed to mclude the single
and double distuptions This assumption mmediately explains the ahove
mentioned shape of F(E)IE

The mean encigv of the nuclear hagment~ hom the single and double
processes 1s of the o1der of magmitude 4 to 3 MeV  This 1s taken directly
from Fig 8, which gives the measured mean value of the particle energies
for the three, four, etc. “‘stars” as a function of the number of emitted
protons. The measured pomts fall approximately along a straight line,
which begins with & 15 MeV mean energy for the eight particle “stars’ and
then falls off for smaller proton numbers The extrapolation to the particle
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number one leads to a mean value of about 4 MeV. The existence of single
and double disruptions will, therefore, be able to influence the shape of
F(E)dE only in the small energy range up to about 20 MeV.

One can now evaluate the approximate number of the single and double
disruptions which were not included, if he measures the ratio of the shaded
to the unshaded area in Fig. 7 It turns out that about three times as
many processes of this kind were left out of account as the number of dis-
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ruptions found with the higher number of particles. The total frequency
of the nuclear processes should, therefore, be four times as great as that
given by Wambacher’s data

This agrees very well with the findings on the frequency distribution of
the various “stars”, as represented in Fig 9 The total frequency of all
“stars” with particle number » exceeding that given as abscissa, falls in
excellent fashion on a stiaight ine for » = 3 to 8 If one tries to extend
this line to small particle numbers, he obtamns for » = 1 a frequency
(= 50) which is four or five times the value measured for v = 2 (11), in
satisfactory agreement with above result. With regard to such an extra-
polatory determination of the frequency of these processes, one can natur-
ally hold certain misgivings. However, it is to be noted that this procedure,
on account of the relationships brought out in Fig. 8, may be considered
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as good as an extrapolation made with the help of the particle number o1
as a determination using the mean proton energies.

It is still to be shown that by taking mto account the missing single and
double processes the observed absolute fiequencies of single proton tracks
can be attributed to the nuclear disruptions

K/
L) B
30

P4

A

Number of stars

g
al

g4
93 \
42 \

72 3 ¥ 5 & 7 8 9
v-number of barticles per star

Figure 9 Frequency of stars whowe paiticle number 15 greater than »

According to Stetter and Wambacher, 0.03 nuclear processes take
place per em.? per day in a 100 thick film of the photographic plate at an
elevation of 3450 m. In the film about 4/5 of the nuclei are of the type
(0, C, N) and about 1/5 Ag and Br. Their total number is, therefore,
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esgentially determined by the frequency of the first kind in the gelatin,
whose density is nearly 1. One can then expect

3 13

— -3
o0 =4 10

n =

“stars’ per c¢ per day n an

At the same elevation there are 8 02 protons per cm * per day according
to Widhalm and 1.44 protons per em * per day according to Schopper (S 11)
In these values, moreover, the protons of the single and double processes
are meluded In owder to have a comparable ratio only a quarter of these
should be attributed to distuptions mvolving more than two paiticles,
according to the considerations at the begmning of this section; thus one
obtains from Widhalm N, = 2 protons per em.” per day, and from Schopper
N, = 036 protons per em ? per day. From this one gets

2 — = 500 em (Widhalm),
( ££> D -
"7 oz 036 ‘ _
T 10 90 em  (Schopper)

This result is to be compaied with the ratio (6) which was aheady derived
for the processes with more than two particles’

r
(Az) = 230 em
thuor

n

The result to be expected theoretically thus lies between the caperimental
determinations of Widhalm and Schoppe:

It is, therefore, shown that the ficquency of the simgle proton tracks can
be attributed to the nuclear disruptions. To explain the appeaiance of
such paiticles n the lower atmospheie 1t 18 not necessary to suppose that
these particles come from external space  Moie probably their appearance
should be regarded as a necessary conscquence of the nuclear dismtegra-
tions 1eleased by the soft component of cosmic 1adiation

In this conneetion 1t 18 to be expected that the proton mntensity will
mcrease with elevation somewhat faster than the trequencv of nuclear
disruptions since 1t 15 already known that the mean energy of the disinte-
gration particles mcreases slowly with elevation and for this reason at the
same time the mean range of the protons becomes larger. An effect in this
direction seems to be indicated by a comparison of the measurements of
Widhalm and Wambacher
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5. The Fast Neutrons as Products of Nuclear Disruptions

In the nuclear disruptions neutrons as well as protons are emitted. The
former, however, cannot be observed mmediately i the photographic
emulsion, but if charged particles leave the nucleus in such eollision-pro-
cesses, naturally the uncharged neution~ will alse be knocked out. As
regards the number of emitted neutrons one will not be tar off in the assump-
tion that about as many particles of one kind as ot the other leave the
nucleus This assumption will form the basis tor the following considera-
tions, 1n complete analogy with the procedure for the protons, it will be
shown that the trequency of just neutions obtaned trom a sumple estimate
agrees approximately with that found tiom the expermments.

This determination should pertam only to the tist neutrons The be-
havior of the <low neutrons will be diseussed i a chaptel by Flugge Here
we will consider the fast neutions that can be detected, according to the
method used by Schoppei, bv the tecoil protons hom a thin layer of
parafin

One can also simply assume, as has been extensively discussed by Bethe,
Korff and Placzek (B 17), that the fast neutions disappear when they strike
an atomic nucleus, tor example N* In many cases they will leave the
nucleus again with reduced enetgy, but they will then be within the range
of velocity whete they can no longer be detected photographically by their
recoll protons from the paiafin layer

Let their mean free path to the first nuclear encounter be A. Then in
complete analogy with the derivation n the case ot the protons, one obtains
for the number of particles which orginate in the volume element dr at
distance r and strike a unit surface

‘;:if o @®)

nvdr

Here » is the mean number of neutrons emitted 1n one process
By integrating (8) over r and 8 m the uppe:r half-space one gets, N., the
total number of incident neutrons.

N, M
e ®

Wambacher’s table gives the value 3.88 for the mean number of protons
per star. Thus we take for the neutrons

y = 4 neutrons per star.

The free path ), with a collision cross section of ¢ = 107** em.”, turns out
to be 360 m. normal air.
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Thus,

%=}-3.6-IO‘- = 3.6 - 10* cm. (10)

On the other hand, one can calculate the above relation directly from
N. and % if one takes N, from the measurements of Schopper and bases n
on the discussion of page 140.

At 3450 m. elevation behind 1 mm. parafin Schopper finds 5.3 recoil
protons per cm.’ per day. Neglecting the very slight absorption in the
parafin itself, the number AZ of recoil protons turns out to be

AZ = Ar,, o Ny Az (ll)
and hence
AZ
N = Crnts (12)

(ng = number of protons per cc. in parafin = 9 - 10%,
Az = thickness of the layer = 0.1 em., ¢ = 107> em.”)
5.3 2
N, = =2 600 per cm” per day 13
910 0. - 107 per e per €Ay as)
If we again take into account the fact that in the derivation of this num-
ber all single and double disruptions were counted, whereas, in the deter-
mination of n = 4 107° per cc per day on page 140, only the processes with
the higher particle numbers were counted, then N, must be replaced by
N./4 in order to have comparable relationships.
In this way one gets

N, _ 600
n 44107

The two numerical values for the ratio (N,/n) obtamned on the one hand
from theoretical considerations (10), and on the other hand from experi-
mental determination (14), therefore, are mn practical agreement Although,
because of the uncertainty inherent in the effective cross-section, it is
partly accidental that the {wo numeiical values agiee so perfectly, there
can be scarcely any doubt that the two numbers are of the same order
of magnitude. More than this is not to be expected from the present state
of the experimental determinations.

Nevertheless, it can now be established that such frequencies of fast neu-
trons as are actually observed experimentally are to be expected as products
of the nuclear disruptions alone. The frequencies of the nuclear processes
used in this calculation are the same as those upon which the considera-
tions of the proton intensities were based

=~4 . 10" cm (14)
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It is thus shown that the frequencies of the protons, as well as those of the
peutrons in the lower atmosphere, can be attributed to the nuclear disrup-
tions. The hypothesis that such particles penetrate mnto this region from
external space 1s, accordingly, superfluous.

The state of the experimental investigations in the upper regons of the
atmosphere do not allow the relationships there to be reviewed at the
moment. Only after one succeeds in obtaining smitable numerical data on
the frequencies of the various groups of phenomens can it be proved to
what extent the heavy particles in this part of the atmesphere are to be
considered as products of nuclear disruptions.



14. ON THE EXCITATION OF NEUTRONS BY COSMIC
RAYS AND THEIR DISTRIBUTION
IN THE ATMOSPHERE

By 8. Frugeg, Berhin

1. Experimental Facts

The first observations of neutrons in the atmospheie wete made by Fun-
fer 1937 (F 5). He used a proportional counter of large volume (2800 ce.),
of which the mner surface was lined with a boron layer. When this cham-
ber was swrrounded on all sides by a thick boiax shueld (10 Kg), the
number of counts registered fell from (10 85 + 0 23) per min to (9.5 4- 0 2)
per min at the Giessen Institute. The difference of 135 =+ 0 3 counts per
min. had to be ascribed to slow neutions. These fiist observations gave
impetus to a systematic investigation of the effect First, layers of hydro-
genous substances (water, parafin, wood) were placed a1ound to slow the
fast neutions down a hittle and thus to make them effective for measurement
in the boron chamber. Wheieas within the Giessen Laboiatory, where the
neutrons were alieady slowed down by passage through the concrete 100f,
no influence of such layers appeared, the measurements n free air gave
about a two fold increase

Without parafin 065+ 01 neutron/mm
With 1 em parafin 13 =+ 012 neutron/min
With ¢ em. parafin 125 & 0 12 neutron/mm
With up to 45 ems H,O the same

With wood also the same increase of the effect could be obtained up to
saturation at about 13 per min On the contiary, no such augmentation
was obtained with layers of lead, a fact which agam is typical of the
behavior of neutrons.

Measurements were then undertaken by Funfer in 1938 (T 6) at various
elevations with the chamber surrounded on all sides by & 2 em thick wooden
box. Agan the differences were measuied with and without borax The
following counts were obtained

Table 1
Altitude Atmosphene Neutrons Nog™#?
Place m pressure = 6 03
. atm. per min p=

Giessen . .. 160 0 99 127009 127
Hoherodskopf 780 091 2.1 =036 218
Feldberg in 1280 0 85 3.2 £0.3 3.19
Schwarzwald 1500 0 82 42 =02 "4.12
Zugsptze 2660 0N 98 4025 8 85
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If one tries to represent the experimental counts by a law of the form
N = N, e where p is the pressure in atmospheres, then with u = 6.93 one
obtains the last column of the table. which 12 in quite good agreement with
the measurements

At about the same time Schopper began mnvestigations to detect neutrons
n the cosmic radiation By a procedure similar to that of Blau and Wam-
bacher (B 25), photographic plates were exposed at different elevations and
the tiacks of heavy paificles formed m the emulsion were counted In
this work two different procedures could be used ior separate observation
of fast and slow neutions. In order to detect fast neutrons the plates were
placed first behind 1 mm. of lead and agam behind 1 mm of parafin
‘Whereas the number of tracks behind the lead could be regarded as a meas-
ure of the number of protons piesent, the considerably inercased number of
proton tracks belund the parafin layer indicated that protons were being
ejected from the parafin by primary heavy patticles These particles were
thought to be fast neutrons The following counts were obtained

Table 2

\ ) Protons per ¢m? per howm
Place Altitude ) 11)?2:;11]1(2”0 W l'th Nee=#»
m atm 1 mm 1 mm u=6 93
parafin ‘ lead
Stuttgart 200 0 98 007 ? 0 02
Jugfraujoch 3400 0 65 028 006 022
Stratosphere 18000 0 09 51 ? 10 2

In the last column numbers have again been chosen to coirespond to the
exponential absorption which Funfer found in the lower third of the atmos-
phere Since the null effect with lead was measured at hut one point, these
numbeis can be compared only very 10ughly with the expetimental values
Nevertheless, it can be defimtely concluded that Schopper’s stiatosphere
value 1s smaller than 1t should be according (o the exponential extia~
polation.

The measmements of the slow neutrons weie made m the followmng
manner by Schopper: He used a photographic emulsion eontaining boron,
m which a-pax ticles of 1 89 MeV energy were given off by the slow neutrons
n the reaction “B(n,a) L1, and their tracks were observed n the emulsion.
At one time a boron absorber was laid over the plate to absoib the slow
neutrons. Again, he worked without the boron absorber, and a strong
merease in the a-tracks took place. Observations were made at two places
In Stuttgart 0.15 a-particles per em.” per hour were found, and on the
Jungfraujoch the number was 0.25 This increase is very much less than
was to be expected, according to Funfer’s absorption coefficient.
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Korff (K 6) has also carried out investigations of the neutron intensity
up to very great heights. The measurements were made with counter
tubes 20 em. long and 2 e¢m. diameter, and filled with BF; gas at 0.1 atm
pressure In this way the total number of all slow neutrons was counted
The measurements extend to pressures of about 1/20 atm. and throughout
show the same rate of increase which can be represented by an exponential
function with p = 7 per atm

The absolute number of neutrons can also be deduced from Korff’s
measurements. However, in this there is involved a series of poorly known
quantities, especially the excitation of recoil nuclet in the boron chambe:
which are released by primary particles other than the neutrons. Hence,
all absolute values are uncertain by at least a factor of two in one or the
other direction. From Korff’s measurements, which he, Bethe, and Placzek
have discussed extensively, a production of 0 05 neutrons per gram per
sec takes place in the region of the atmosphere where the pressure 1s 0 1
atm. That agrees well with the value obtained from an airplane flight
which v. Halban, Kowarski and Magat supervised in Paris up to 9500 m.
elevation (0.3 atm.). In these measurements the neutrons weie slowed down
1n a solution of C,H;Br; the active bromine created could then be separated
out by a Szilard-Chalmers process, and 1n this manner considerable activity
was attained. The discussion of these mvestigations by Bethe, Korff and
Placzek led to a neutron production of 0.01 neutrons per g. per sec., which,
at the lower elevations, agreed well with the value of Korff. If this pio-
duction 1s integrated over the whole atmosphere with the absorption
coefficient » = 7,' one obtamns a neutron production amounting in all to
about 15 neutrons per em * per sec. in the entire atmosphere.

2. Nuclear Physics Background

To understand the observed neution distribution in the atmosphere it is
necessary to know the interaction between neutrons and the air atoms.
The experimental material on this question is not so plentiful as might be
desired, yet it is sufficient to provide a preliminary survey. This is to be
presented here, following closely the work of Bethe, Korff and Placzek.

We know only imncompletely what happens when neutrons of more than
30 MeV encounter nitrogen or oxygen nucle: (cf. the previous chapter)
If, on the other hand, their energy is smaller, we can more confidently use
the Bohr model of the atomic nucleus (sandsack model). According to
this, the effective cross-section for inelastic scattering of the neutrons will
be of the order of the geometric nuclear cross-section (~ 10™* em.?) and

This corresponds to an effective cross-section of 2 X 10~% cm?
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in such scatterings the neutrons on the average are slowed down to a few
MeV. Below 6 MeV in oxygen and 4 MeV 1n nitiogen no more inelastic
collisions can take place since the lowest excitation levels of these nuclei
are at these energies.

Regarding the elastic scatterng which effects further stoppage of the
neutrons a few experimental values are known Thus it is known that the
scattering cross-section of N as well as of °0 varies but little m the range
from 3 MeV to 015 MeV, whereas it mncieases to considerably greater
values in the range of theimal neutron energies (1/40 eV).

Tuble 3
Effectine c1oss section in 10-2 em? for
neutron energies of Threshold

Process 1/40 eV energy

3 MeV 015 MeV (thermal) MeV
Elastic scatterning on N 14 16 107 —
Elastic seattering on 1¥0 12 18 42 —
UN (n, p) ¥C 0 0t ” 13 —

UN (n, @) B 016 — — 0 30
40, (n, 7) N - — — 50
100 (n, ) BC ~0 01 -- — 20

The effective cross-section for the capturc process 1s cettamly very small.
Something 1s known about the capture 1caction of p1otons N (p,y) *0 and
**O(p,y) ''F, both of which take place with proton energies of 4 MeV and
an cffective cross-section of only 0.15 - 107 em.? (Curran and Strothers
(C 10)). Since the Gamow factor at these energies for such light nuclei
cannot be much smaller than 1, one should expect that the two capture
processes for neutrons (n,y) would not exceed mn order of magnitude
107* em.?

The survey shows that the only nuclear reaction which has to be taken
into account in addition to the elastic collisions is the (n,p) process m nitio-
gen, since the other thiee reactions given in the table arc endothermic and,
m geneial, do not take place for small neutron energies Unfortunately,
the vanation with energy of the cioss-section for the (n,p) 1eaction mn
"N 15 not well known This is the more 1egrettable since resonances which
are still unknown swely determime the two measured values of the eross-
section If one were to assume a smooth variation of the 1eaction curve,
then the c10ss-section should be inversely proportional to the velocity of the
neutrons and, besides, proportional to a Gamow factor for the emission
of the proton. According to this, one would expect a cross-section of around
13 - 107* cm.? for thermal neutrons, whereas actually it only amounts to
a tenth of this value

As a plausible explanation for this one can assume that the value for 3
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MeV neutron energies is abnormally high because of a 1esonance lying n
this range. Since with such hight-weight nucler the bieadth of a 1esonance
line amounts to about 10 keV, one may well assume that the effective cross-
section for small eneigies follows the 1/» law out to about 10 keV; the
Gamow factor m this range can be regaided as pactically constant

As an approximation in what follows we theietore use the model pro-
posed by Bethe and his cowotkeis; neutions which aie ongmally faster
than about ¢ MeV aie slowed down by melastic scattering almost immedsi-
ately to an cnergy of a few MeV  Then practically all of the seatterng s
elastic, a fact which cffects a further slowing down  Fmally, below 10 kel
the (n,p) cross-section in nmitiogen gradually begins to play a pait, for which
we write

016 —21 2
& 1077 em’,

if E is the neution encigy 1n electron volts  The appearance of this reaction
leads finally to an absorption of the slow neutrons The experimental
data for the cffective eross-section for clastic scattering show that in the
range of fast neutrons apparently only small variations a1e present Hence,
the scattering cioss-section of an ait atom will be put equal to a constant
average value of 135 - 107** em * above an cneigy E,, which certainly
cannot he larger than 015 MeV. Under this energy an increase in the
cross-section determined by resonance comes mn as the large value for
thermal neutions shows Since 1n clastic scattering the 1/ law 1s not in-
volved, one may well 1egard the scattering cross-section as a constant up
to at least 10 keV, amounting to 9 4 - 107* cm ? for the average air atom.
Thus the following simple model may be used

135 - 100" em for E > E,

Oaty =

O Seat =
1 94 - 10 em*for £ < E;

and 10 keV < E; < 150 keV

Naturally the assumption of the existence ot a transition point of this kind
18 & very rough approximation It would be especially deswrable to study
somewhat more thoroughly the 16le of the chemical bond of scattering
atoms in the N,; and O, molecules

Here we need the free path A in the atmosphere corresponding to the
scattering cross-section in addition to the cross-section itself. Since this
depends on the air pressure p we introduce instead of it the quantity

=2 )
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which is independent of the pressure, and i winch A ~ 8 km signifies the
height of the homogeneous atmospheie The quantitv 1 then has the
dimensions of a presauie, numerteally

18 107 atm ton K > K
| = (2}
26 W 'atm tm - K

3. Consequences of the Diffusion Theory

a) The neutrons which we observe mn the atmosphere cannot be of cosmie
origin, but must have been excited as secondarnes n the passage of some
other kind of cosmic ray particle through the atmosphere This conelusion
cannot be established at the present time mmmediately from observations;
however, 1t follows frum the S-instability of the neutron, which possesses
a greater mass than a neutral hydiogen atom and henee should go over
wnto this form by 3-decav  The half-life can e abtained from the Sargent
dizgram. which shows 1t to he of the oider ot one hour. Tt should he ex-
pressly noted that the J-decav of the neutron hasg not vet heen observed
expermmentally since the interaction of neutions with the atormc nucler of
the expertmental apparatus 1s alwavs <o shiong that the neutrons vamsh
long betore they reach such an age

by It will. therefore bhe awsumerd that a <oniee of defimte but unknown
strength tor neutions must Le ssertherd to the atmovphere, We will ron-
sider the tate ot the neut:ons ongmating m the atmo-phere during a short
time interval at 7 = 0 Therr denatv ar the moment of therr formation 18
naturally proportional to the «trength of the sowee, let1t he po(p), m which
the anr pressure p 1< mtiodneed as 4 smtable varable in piace of the elevation

=z
4

The nentions now undrigo @ stopping process n whieh therr velocty
drops from an mmhal value », fenergy £,) The momentary veloeity
(energy E) of a neutron 14, therefore, on the average a function of the
number » of elastic eollwions which 1t has made snce the time of its forma-
tion, as well as of the imitial velocity o,, which m this prragraph is sssumed
the same for all nentrone It will prove ta he expedient to introduce this
collision number mto the caleulations as the mdependent variable m place
of the time; the twn ave related by the equation

dv oy
=2

or, gince, aceording to equation (1), » = i - I(»)/p,

.2 O]
dt = dy 7] @
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Since this condition has only a statistical meaning, its introduction implies
an approximation, which, however, should give rise to no appreciable error
in the solution of our problem

Besides the stopping process the neutrons experience a change of position
through diffusion This is governed by the diffusion equation

% _ 2 %)
a oz b az/"
Here the diffusion coefficient D, according to the kinetic theory of gases, 15

1 1 h
D= 31}7\ = 3v(v)p iv);
thus, in our problem, it is by no means a constant but depends upon p (o
upon 2) as well as on » (or on the time).

We will now make a transformation from the variables ¢ and z to the
new variables » and p with the help of the equations

30)

dt = = poe " 4
v( ) dv and p = pe @

The first equation is a consequence of the stopping theory, and the other
i8 just the barometric height formula for an isothermal atmosphere. Then

puo 4 . _ 3

A" hiw M 2T Thop
so that the diffusion equation becomes

pv)dp _paflh 3
5 = by 3 50)

or in reduced form

®)

¥l

2

= % > %fi.

¢) If we measure p in atmospheres and put p, = 1, then the positions

= 0 and p = 1 are the upper and lower limits of the atmosphere. Besides

the initial condition p = p,(p) for v = 0 we also have to formulate boundary

conditions for both of these places before we can carry through the inte-
gration of the diffusion equation (5).

Of these the one for the upper limit of the atmosphere is immediately
apparent: Since neutrons which reach the boundary can wander off to
infinity, at that point p = 0. It is much more difficult to make 2 statement
about the lower boundary The neutrons penetrate into the rocks or into
sea water where they are partly absorbed according to unknown laws but
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can be paitly refleeted with dimimshed veloeity  Praectically nothing
can be said, therefore, about what takes place n the layers near the ground.
A thorough discussion of what happens over an extended water surface 15
canied thiough in the work ot Bethe, Koiff and Placzek We shall assume
for the puipose of ow calculation that the substances of the earth’s surface
absorb neutions stionglv, and we will put p = 0 for1 p = 1

The solution of the differential equation (5) under these conditions can
be put m the form of a Fower seties which 1s given by a shght extension of
the classical theory of diftusion on account of the dependence of the para-
meter [ on the varable »

® —xs g;r't(-m-

p() = D A, sinnape ! ©)
n—1
wheie the Founer coefficients, A,, determined from the initial condition
p(0) = po, ;e

4, =2 [ dpnle) smnrp. 0

d) In auder to calculate the integral [ I(»)°dv, 1t 15 necessary to know [
0

not only as a function of encigy, according to equation (2), but also as a
function of the number of collisions v Here we must investigate the stop-
ping process somewhat more closely We can say with a rather good
approximation, that i an elastic collision a neutron of energy E, when
colliding with an atom of mass A/ (expiessed as a multiple of the neutron
mass, or M = atomic weight) loses on the average an amount of energy

2

AE = =y E (8a)
Hence

dE 2

%= Hfif (8b)

With the help of this 1elation we can convert the above integral to the energy
scale m which 1 1s given by equation (1) Thus we obtamn

2 B dE
fl(v)dv=—[ IE): "+1‘ZE M;Hfs UEY %

If we put M = 14 6 as the mean value for air then, in the case E < E;s, we
get for the exponent of equation (6)

’ E
%w’n’ f Ip)'dv = n210_°{8320 log %; + 174 log -E,i} 9)
0
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e) We now ask how long and to what final energy does the stopping
process persist before it is terminated in the absorption of the neution in a
"N (n,p) process. For this we can use the following formula. The fraction
of neutrons of an imtial enetgy E, which attam the energy E, without

capture, is
r
A _ ot Tabs dE )
o.\p( '/;; CT.cat + Oaba AE I ’ (10)

where AE is the energy loss for cach elastic collision, e,.,, 15 the effective
cross-section for elastic collisions, and a,,, 1s the concurrent (n,p) cross-
section With the help of equation (8), one obtans for the integral,
neglecting ¢,,, in the denominator,

M+1 (% ow dE _ 11+1f 016 dE _ 0266 an
2 By UTacar E (Ii) 9 4 E (E )a
Thus, the energy E, 1s attained by the fraction ¢™® ***)*”* of the neut1ons,
or there 15 attained an eneigy
E,= 1 05 02 01 005 002 001 eV
by 7% 9% 359, 439  30% 15%, %

of all neutrons. In paiticular, the numbher of neutrons 1s reduced to 1,'e
of 1ts original value for I, = 007 ¢V Thus, the neutrons 1n the atmos-
phere do not quite reach thermal equilibiium, they become absoibed before
they reach thexmal energy For an approximate deseription of the diffusion
process 1t is sufficient to assume that all neutrons are absorbed at the same
energy of 007 eV or at a velocity of V, = 37 - 10° em /sec

By means of the stopping theory we can, at least approximately, evalu-
ate the time which clapses between the formation and the absorption of a
neutron From equation (3) and (8b) 1t follows that

f dv " '(“) (M+1)hf"£;1)%

If one now defines p as the mean presswie within the region traversed by
the neutron during 1ts slowmng down, then fo1 v, < vs < v, and with the use
of equation (1) we get with good approximation

h 1
= QL+ 1) )

or in numbers
0

2

5

sec. (12)

T =

3t

where 7 is measured in atmospheres.
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The mean life, m genersl, ymoumts 1o & few tenths of & cecomd], umd w
imeresees to shout 1 sse omdvbor po = 01 anm  Corapamad to e kel vl
e of the neutron tor p-deeay of wivowt L howe nhos os sweh @ Jhontt tons
that sny notable mbwence of the d-shabinty somesthut smaliogou to
ghe meson, csnnot cemue Ml the pueture 1o the corome 1oy Degmeoms,  Im
pertieular. w tollows trom this thus the pronons obrerved im the oosme ys
are cortanly ot rormed trum the nertmoss Buk am: cinlver of promury angm
ox are termed by @ process ansiogouns otk 0y wieh the mentnom.. temm-
selves are formed.

f1 We eal new get & Srmer grasp o the guesn, =0t the dnfeswom distmibo-
tiom. Stmee all messurements of neurroms bave beer muade wotth the helip of
the B n.a-reaction, we observe the nouattons oaly woem thew have mesched
the sbsorprion range. thst is. neucrons which wriadly have the age »  Im
equation 191 we can then put the fins] energy £ = 007 eV. The value of
E; is difficult to give: it must le between 10 ond 130 kel Sinee & more
precise value is not possible, all further caleulations will be carried throwugh
tor the two extreme assumptions. where the equatims desgmated by @)
are tor E; = 10 keV and those with b are for £; = :30 keV. The mummesr~
ical value tor the exponential factor of equation 16 is

exp (—n'% % [ ray = B2 - 0.960" (13s)
Jo

= E—D 008320 0 982n‘ (13b)

We now wnte E mstead of E, for the imtial eneigy and measuie it in MeV,

4. The Neutron Distribution in the Atmosphere

To cadeulate the Fourer coefhcients A, we have to make postulates about
the ~ouree stiength, o1, in other woirds, about the 1adation which exeites
the neutrons, and about the excitation process itsclf  Since in the greater
expanse of the atmosphere an exponential decrease of neutron intensity is
observed with increasing wn pressure, 1t 15 plausible to try assigning to the
primary radiation a uniform exponential decrease whle it penetrates the
atmo~phere,  Then p, ~ ¢, m which we should put p = 7

Furthermore, we mi-t make a~umptions about the primary energy of
the excited neutions. We now know of one neutron excitation process
which is obmerved in the atinosphere, namely, the Blau-Wambacher *stars™
which weze the subject of the preceding chapter. There we saw that their
inerease with elevation agrees well with the assumed increase of the number
of neutrons present, for the frequency of the stars inereases with elevation

ase ”.
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We know a Iittle about the energy distribution in the stars. Two gioups
of emitted particles (protons and neutrons) are to be distinguished, an
energetic group consisting of those particles which aie struck directly by
the primary ray and aic ejected from the nucleus, and a low ene1gy group
of particles which a1e evaporated fiom the nucleus after 1ts excitation The
observed distribution® can be best 1cpresented by the following superposi-
tion of two such distribution functions

N(E)YdE ~E(a - ¢ +b e*")dE

N(E)dE 1s the number of neutions excited with an energy between E and
E + dE, the constants have the numerical values

a = 0.178,b = 6 16 (both 1n arbitiary intensity units), « = 008 MeV™?
(corresponding to a half value bicadth of the e-function of 8 6 MeV) and
B = 0.35 MeV™' (corresponding to a half value breadth of 20 MeV). We
can then base our discussion on the statement

po(p) = Joe ™ E(ae™** + be **)dE, (14)

if we make the hypothesis that all ncutions are excited in the atmospheie
by a primary radiation m Blau-Wambacher processes
Introducing this statement into equation (7), the integiation over p gives

t —ap 2nx]l — ¢ “(—1)"]
(4 —
2]; dpe " sinnap = P .

Since u = 7 the second term 1n the numerator will be omitted throughout.
Thus one finally gets

= nw ® (o= E —BE
o0 2']021: Tr o sin mrpﬁ E(ae™® 4 be "")dE X

(15a)
x 0-960"‘ —0 008321.’.
If the number 0.982 is used nstead of 0960 this formula goes over mnto

(15b). The integrals which still remamn i these equations can all be re-
duced to the Euler integral

j:n EPetig = - f: dze™"z” = p! (16)

p+1 +1°
o o’

This distribution differs from the one given by Baage by the factor E which was
introduced since one must suppose for theoretical reasons that the probability of
evaporation will approach zero as E — 0 To be sure, the experimental distribution
function should have 1ts maxamum at a lower energy than 1s here assumed
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Figure 1. Theoretical distribution of slow neutrons in the atmosphere. a) E; = 10 KeV;
e b) E; = 150 KeV.
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and for Eg = 150 keV

o(p) = 426 s wp + 515 sin 2xp + 419 sin 3mp
-+ 296 sin 4xp + 1910 sin 57p + 1 185 sin Grp
+ 0.696 sin 7xp + 0393 sin 8xp + 0 220 sin 9rp
+ 0.119 sin 107p 4 0066 sin 11xp + 0.037 sm 127p.

(18b)

In these the athitrary normahzation 1s so chosen that for high pressures both
functions go over approximately mto 50 - ¢7** The value of 7 07 has been
used for x in the computations

The two functions aie compated in Fig 1 with the expetimental points
(the dotted line)

5. Discussion of the Maximum of the Neutron Density

One sees that both theoietical cuives agrec well towards the right side
with the observed exponential deciease, cotiesponding to our postulate
(14) The formation of a maximum 1s likewise a necessary consequence of
the fact that the neutions aic sccondaries excited in the atmospheie. The
position of the maximum, however, does not agiee at all well with the
observations on the stiatosphere ascents Thus for Es = 10 keV the
maximum occu1s at 0 15 atm , and tor Eg = 150 keV 1t occurs at 0 12 atm ,
whereas, on the contiary, the obseivations still show a significant exponen-
tial rise even at 0 08 atm =o that the attamment of a maximum can be
expected only at suiprisingly low pressures

The disc1epancy hetween our theoietical consideiations and the observa-
tions scems to be of a ieally sciious nature One mught think that it 1s
purely a matter of owr having made false assumptions about the primary,
neutron-producing radiation and that there may also be present a primary
radiation which does not fall off exponentially with neicasing pressuie but
is much more strongly absorbed in the upper atmospheric layers and 1s
there 1n a position to supply an additional neution ntensity displacing the
maximum towards smaller pressures This 1s, however, not the case The
position of the maximum 1s actually determined more eiitically by the
diffusion path which the neutrons tiaveise fiom the moment of their
ejection from a nucleus until they aie again caught by another nucleus
For even if we were to assume that we have an extiemecly soft pumary
radiation, which is completely absorbed mn the very hghest layers of the
atmosphere so that py(p) is a s-function, the solution of the diffusion
equation would give

2 e—a"/Lfl'dv (19)

p~ (fl’dv)a” .
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This distribution would have a maximum st the point

] Y R i
p= (§ f I‘dv) = (1690 log ? + 33 log %ﬁ) - 107 atm..

as is found by invoking equation (). With E = 007 eV one obtains the
following values.

With E, = 1 MeV 10 MeV
and (@) E; = 10 ke\: p = 0091 atm p = 0.110 atm.
and (b) E; = 150 keV: p = 0001 atm p = 0.087 atm.

One sees from this, in the first place, that other assumptions about the
neutron-exciting component of the cosmic rathation do not change the
discrepancy and, second, that a variation of the primary energy of the
excited neutrons also efiects no essential improvement in the situation.
For these reasons any changes 1 the nuclear-physical postulates above an
energy of 1 MeV are practically without sigmiicance as 1egards this ques-
tion

After their eneigy becomes less than E. the neutions, because of the
increased scatterng eross-section, cannot change their position appreciably;
the diffusion path, therefore conwsts laigely ot the path traversed duling
the slowing down tiom E, to E. .\ sgmficant 1eduction of this length is
thus only possible if E, 1~ reduced neatly to E.  The above numerical
values show that the mitial energy would have 1o he 1educed to a few 100
keV. a situation which 1s very impiohable tfiom the nuelear physies pont
of view

Even though the nuclear physies data which we have used may be quite
uncertamn, one gets the impression that even considerable alterations in
these would not afford a solution to the chfhieulties  But one should still
consider, as a last posaibility, whether owi assumption on the chemical
constitution of the atmo-phete 13 valid In iaet, at a height of 20 km.
(p = 0055 atm.) the ratio between N; and O: i1~ displaced from its ground
value of 781 - 209 to about 85 15 .\ noticeable enrichment of H. and
He should not yet be present  Since the clastic scattering cross-sections of
nitrogen and of oxygen ale not essentially diffcrent at energies above Ej,
this displacement cannot change things much, even below E; this only
means an merease of the mean scattelng cross—~cction from92 107 em.?
per air atom on the ground to 9 7 107" em * {Ou: calculations have been
based upon 9.4 - 107* em.).

1This would be true 1n the case of stratification for each component aceording to the
barometric height formula However, meteorolomsts inchne to the assumption that in

these altitudes complete mixing still prevails and the constitution of the air 18 the same
as on the ground. Cf R. PENxpoRF, Meteor Z 68 (1941) 1, 103
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The presence of water vapor in the lower atmosphenie layers implies a
reduction of the diffusion distance becau~e of the much more 1apid slowing
down That, however, does not change the form of the distribution cuive,
since the exponential deciease mn the lower layers 1s independent of the
diffusion distance and 1s determined by the absoiption of the primary radia-
tion as long as the diffusion distance 15 so small that no very considerable
change of the neution density p(p) takes place over an mterval of the o1der
of magnmtude of the diffusion distance That is the case m the example
which we have worked out and 1s naturally all the more correct if a mixture
of water vapor shortens the diffusion distance still further In the upper
atmosphere, however, where this shortening could be of use to us, we have
good reasons to assume that no water vapor 1s present.



GEOMAGNETIC EFFECTS

15. COSMIC RAYS AND THE MAGNETIC FIELD
OF THE EARTH

By J Mrixyrr Aaclen

1. Statement of the Problem

The intensity of co=mic r1adiation 1s not the same over the whole suriace
of the earth  As Clay has discovered, 1t shows a definite correlation with
the geomagnetic latitude, 1t vanes only shghtly along the geomagnetic
equator From this the conclusion 1s to be diawn that the magnetic ficld
of the earth exert~ an influence on cosmic 1adiation and that can be the
case only 1f it consi~ts at least m part, ot electuically charged particles.

In order to compute the intensity ot the cosmic 1adiation at various points
on the earth’s suitace one must have mtormation about four things

1 The magnetic field ot the earth

2 The dunectional disttibution of cosmie 1adiation in external space

3 The composition of cosmie 1adiation m external space

1 The eneigy distubution ot cosmic radiation mn external space

The magnetic field ot the earth can be 1epresented with good approxima-
tion as the field of a dipole with the moment 3/ = 81 - 10® gauss em.®
It 1s about 340 km tom the center of the earth i 7° north geographie
latitude and 160° west geographic longitude It~ direction runs from the
magnetic south pole m the noithein hemisphete to the magnetic notth pole
n the southern hemi~phere

The duectional distiibution ot cosmie 1adiation 1 external space can be
assumed as 1sotiopic  Accoicding to all previous experience that 1s a useful
workimng hypothesis

No special assumptions will be made at fu~t about the composition of the
cosmic racdhation and the energy distubution of 1ts components

Under these assumptions the following mathematical problem can now
be stated With a given composition and encigy distribution 1 external
space what ate the composition and eneigy distubution (and thus the
intensity) of cosmic radiation as 1t 1s incident from a definite direction on a
definite point of the earth’s surface?

From companson of the solution of this problem with measurements of
cosmic radiation at the earth’s surface and in the atmosphere, conclusions
can be drawn about the characteristics of cosmic radiation in external space
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2. Application of Liouville’s Theorem

Here we shall consider only one component ot cosmic radiation and of
this only one segment of the energy spectrum between the energies E and
E + dE o1 with velocities between v and ¥ + dv  The number of particles
in a volume element drdydz with velocities between v and v + dv and with
direction of motion in the sohid angle dQ 1s

I - drdydzdvde )

The factor I 1s a measuie of the intensity at the position zyz m the sohd
angle d2 In external space I, according to our assumption, 1s independent
of direction and position It can be shown then that within the region of
the earth’s magnetic field the same 1s true at every place and in every
direction in which particles ot the given kind and velocity can occur at all
The proof rests upon a shght modification of Liouville’s Theorem of sta-
tistical mechanies (Ferrm and Rossi (F 2), Swann (S 24)). The equations
of motion for a particle of kinetic mass m and charge ¢, (measured 1n electro-
static units) in a magnetic field I7 (in gauss) are

d, > el-a171. - dT
dt(mv) = [v,H] ;U= 2

7 18 the radius vector with components z,y,2 The scalar value of the veloc-
ity and hence the kinetic mass remain constant during the motion in a
magnetic field. Therefore

5 dl—)) e [-) —’:I > > \
p_gt-—mv,H r=v (3)
From this 1t follows that

av,, av,

@

If we mtroduce a six dimensional pos1t10n-veloc1ty space with the coor-
dinate z,y,2,v.,0,,0. (in the usual Liouville theorem a phase space is used
instead of this), then (4) mmplies that the divergence of the six dimensional
velocity veetor with components %,3,2,0.,0,,v., vanishes and that, therefore,
the flow governed by the equations of motion (3) 1s incompressible mn the
position-velocity space. Moreover, since dxdydzdvdS, except for a constant
factor v°, 15 exactly the size of an elementary cell in position-velocity space,
this remains constant during the flow, and the intensity is always the same
wherever the flow goes.

It remains only to investigate where the flow goes, namely to what points
and from what directions (or with what velocity components v.,v,,2.)
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particles of veloeity » ean arrve at a given observation pomt z,y,2 from
external space or from infinity. One 18 therefore concerned with the determi-
nation of those orbits described by the equations of motion (3) which arrive
at the observation pomnt from nfinity

In connection with the theory of the awora tlus problem was thoioughly
studied by Stormer The caleulations were extended for the special purposes
of cosmic ray investigations by Strrme1r and, particularly, by Lemaitre,
Vallairta, and their coworker~

3. The Equations of Motion in the Magnetic Field of the Earth

After the magnetic ficld of the dipole 1s mseited m the equations of
motion (3), they can be put m a form m which the phvsical quantities M,
m,e,v and ¢ no longer appea1 eaplicitly  To this end the arc length s = vt
1s mtroduced mstead of the time as independent vanable, and the interval

(itﬂ)* ®)

mre

15 chosen as the unit of length  This will be designated as the Stormer unit
of length or as 1 sturmer  The upper <ign 15 for use with positive paiticles
and the lower sign with negatrve particles  This umt of length 1s different
for each velocity o1 energy, since, in the case of cosmic 1ay particles, we
generally have to deal with velocities near the veloaty of ight the umt of
length is almost mversely piopoitional to the square root of the kinetie
mass m or of the encrgy me’ of the particle

If polar coordmates r,,\,p are mtroduced (2, = distance fiom the mag-
netic center of the eaith measuled in stcrmeis, A = geomagnetic latitude,
positive north of the geomagnetic equatol, ¢ = geomagnetic longitude
ncreasing from east to west) then the equations of motion referred to the
arc length s instead of the time and to sturmer umits of length are

1,3‘%}%+2%§—:+r,sm>\cm)\<%§)2==F———-2Sin:‘l,c°8)‘3—:; @
o) = = 552 ®

Two integrals can be obtained immediately. From (8) 1t follows that
T:OOS’)"%==F(E.%>“—271). ()
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The constant of integration v, 1s proportional to the component of
angular momentum paiallel to the magnetic moment of the eaith at
infinite particle distance It can assume all values between — » and + «
The conservation of eneigy gives the mtegral

2 2 2

The right side of the equation 1s unity since we are differentiating with
1espect to the aic s instead of the time dy ds can be ehminated from the
equations (6), (7), (9) and (10) Then we have a system of two differential
equations and the accompanyng energy mtegial for the coordinates r, and
A If these ate integrated, the g-component ot the motion 1s given by (9)
Thus, the motion mn the field of a magnetic dipole 1s separated mnto the
motion 1 the menchan plane and the motion of the metidian plane ahout
the dipole axis

For numetical caleulations 1t 15 convenient to poitiay the meridian plane
mn a plane with the 1ectangulaxr coordmates 1,A with respect to which the
angles are undistorted and in which < 1s defined for positive v,, according
to Stormer, by

27]71 =e (11)
As a new independent vanable, ¢ 1s chosen and defined by (2y,)%ds =

& do.
The equations of motion mn x and A aie now

d’z _ 10P d’A

N (12)

where

P(z) = ae™ — (e" cos A — )2 7 a= Q2y,)" (13)

cos A
The energy integial 1s

The equations (12) can thus be interpreted as the equations of motion
of a particle of mass 2 under the influence of a conservative force with the
potential —P(z,\) in a plane with rectangular coordinates z,\. The total
energy of this motion, acconding to (14), however, is not arbitrary but has
the fixed value zero Fiom the contour diagiam of the function P one can
get an approximate idea of the course of the motion in the meridian plane
(cf. Fig 2).

'The motion also takes place in the meridian plane as though a conservative force
were acting 1n it. Contour diagrams of the potentials corresponding to various values
of r may be found in StorMERS papers (S 20)
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Tf r and X are known as functions of o. or s, then the direction of the orbit
m space 15 also given The angle 6, which the trajectory in space makes
with the meridian plane, will be regarded as positive if the orbit passes
through the meridian plane in the direction of increasing ¢; thus, sin 8 is
equal to the ¢-component of a unit vector mn the direction of the velocity,
o1, according to (9) and (11),

o de 2w _cosx_( _g_,,)*
:I:Slnﬂ—inCOB)\ds—rlcos)\ T; ={1 ae . (15)

If 715 the angle whach the orbit 1n the mendian plane makes with the
radius drawn to the center of the earth, then

tan g = rp- = o= (16)

4, The Stérmer Cone

A point on the orbit and the tangent at that pomnt are given by the
coordmates r;,\,¢ and by the angles § and 7 For observation ponts on the
surface of the earth these quantities are designated by 710,Mose0,00,m0. If 7o
15 the radius of the earth m ems then fiom (5)

M\
19 = Ty * (i’:;c> . (17)

Nimnce 7q,7,M and the 1est mass of the particle are all previously known
quantities, then ry,, the magnitude of the earth’s 1achus in stormers, 15 a
measuze of the energy of the paiticle For velocities near the velocity of
light ry, is nearly propoitional to the 100t of the paiticle energy. Table I
gives ths relation between 1,, and the energy fo1 clectrons, protons and
a-particles (from Lemaitre and Vallarta (L 6))

We now consider the orbits belonging to a fixed value of y,. They can
fill only that part of the meridian plane for which P > 0, or | sin 6] < 1
Fig. 1 shows the curves P = 0 1n the z, M-plane for various values of r,
between 0.78854 and 1  For negative A the diagram is the murror image of
Fig. 1 about the lineA = 0 Foi v, < 1 the region allowed for the oibits
1s sumply connected, fo1 v, > 1 there aie two allowed 1egions separated from
each other. For v, = 1 the two regions have just one pomt 1n common at
xz =0693,x=0.
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. Table 1

Kinetic energy 1n Billion e-volts for
he

electrons | protons |o-particles
01 0 596 0172 0 184
02 2 38 162 2 31
03 5 36 4 49 7 60
04 9 54 8 61 15 64
05 14 9 14 0 26 25
06 215 20 5 39 28
07 291 28 2 51 6
08 38 2 37 2 72 5
09 48 3 47 3 92 7
10 59 6 58 5 115 2

For one of the allowed 1eglons r, < 1, and for the other »; > 1. An orbit
which comes from infimty with v, > 1 can 1each no pomnts with r, < 1,
hence particles whose energy conesponds to 7, < 1 cannot reach the sur-
face of the earth fiom mmfimity The cufical valuey, = 1 corresponds, at a
given observation point ry0,\y, according to (13), to all directions with the
critaical angle 6,, 01 to a encular cone with axis perpendicular to the meridian
plane. Therefoie, into this cucula: cone, with angle of opening depending

wll
)

[

L -

[ TR TR

77

a8

Tigure 1 Curves P = 0, inne1 stable and outer unstable periodic orbits for vaious

values of ¥, (according 10 Banos, Urink, and Lirscrirz (B 5))
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upon the ehservation point. no particles ean suceeed in arriving from intinity.
It iz designated as the St rmer cone (St mier 8 20 The forbidden
directions are in the east tor positive particles and in the west for negative.

The left branch of the curve £ = 0, which ecuts the equator perpendicu-
larly. backs off in the r, \-plane towards smaller v alues of r as+, diminishes,
or. conversely. tonands Inrgel values ot 7, if one transforms from x to r, by
means of {111 The nanch of the emve P = 0 fory, = 1, therefore, coun-
stitutes an sbsolute lower limt of 1, for partieles coming from infinity. The
corresponding energies im elections, protons, and o-particles are listed in
table 2 as calculated from equation (17)  Accordmng to ths, tor example,
no protons from nfinity can succeed m reaching the earth's surface m
geomagnetic latitude 30° it therr energy 1s less than 52 + 10° eV. This
lower limit can, i general, be more preciselv defined for definite divections
of observation.

Table 2

Lower hmut of kinetie energy 1 10° e-volts for
N Yo

electrons « protons a-particles
0° 0 414 10 2 9 30 17 0
10° 0 104 973 8 81 16 0
20° 0 375 8 38 748 13 4
30° 0 328 6 41 323 9 60
40° 0 266 4 22 3 37 3 48
50° 0 19¢ 2 24 149 210
66° 0121 0 N 0 24 0 39
e 0 038 020 0 021 0 021
~° 0 014 0 011 072 107 073 107¢
w* o000 |, 0 1 0 0

5. General Properties of the Orbits

If nothing is said to the contiaiy, all of the followng discussion 1s con-
cerned with motion i the mendian plane, or m the v, A-plane The
orbits can be traced in both duections, (a statement which does not apply
to the spatial orbits), since the equations of motion (12) are not altered if
—g is substituted for ¢ Instead of speaking ot orbits which come from
infimty and pass through the point of observation, one can, theiefore,
speak about oi1bits which go out fiom the pownt of obsetvation to nfinity

The equations of motion (12) appear not to be mtegable in closed form.
For their treatment there has been recourse to general theoiems (Schremp
(S 13)); to series expansions (Bafios (B 2, 4, 5); Bouckaeit (B 31), Godat
(G 5, 8); Lemaitre (L 4), Lemaitre and Vallarta (L 7); Schuemp (S 14):
Stormer (S 21), Yong-Li1 (Y 1) and to numerical methods (Hutner (H 14,
16); Lemaitie and Vallarta (L 8, 9), Schuemp (S 14); Stormer (S 21)).
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. In order to give an insight into the possible types of orbits the contour
diagram of Fig 2 for v; = 089 will first be mentioned. Along the line
P = const the kinetic energy of the two dimensional motion 1n the merndian
plane is equal to P. The relief of the potential energy — P, corresponding
to the contour hnes, is very flat over a relatively large region around r, =
0.69 (z = 02) (the function has a flat maximum of amount 0 1163 at
z = 0 204, X = 0, the maximum vanishes fory, < 08774). Forz < —023
the allowed region with P > () consists, 1 relief, of two grooves becoming

Figure 2 Contour diagram of the function P(t, \) for v, = 089 (a = 0 10)

ever narrower towatds the left and sloping off gently towaids the nght and,
with dimnishing x, extending into greater and greater latitudes. For
larger values of z of about 0.6 and greater, an exponential variation of the
relief begins; the term ac* in (13) is responsible for this.

Since the unit in which r, is measured (the zero point of the x coordinate)
depends on the particle energy, the position of the earth’s surface in this
diagram according to (17) also depends upon the particle energy. The
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surface of the earth comes at z, = —034. + 0065 and + 0.5& (Le. ry =
0.4, 0 6, 0.962) for electrons of energy 9 5, 21 5 and 56 BeV respectively.
An orbit which goes towards the right from z, = 0 3¢ (r = 0962 = (y)*
in an arbitrary direction always experiences an sccelerstion to the rght
and can, therefore, never return again to the imtisl value of r,, ie, it
cannot come back to the earth’s surtace n any latitude. Only in the region
between the two dot-dssh curves 1s the r-component of the acceleration
directed to the left, ie. AP/3r < 0 Therefore for r; > 09632 all direc-

Figure 3. Famly of orbits which start out f1om one pomnt (According to Horner (H 14)).

tions are allowed A corresponding limit also exists for all other positive
values of ¥, < 1.—An orbit which staits out in any accessible latitude from
#o = 0.065 can spend more or less time, according to its initial direction,
in the flat region around £ = 0.2 and thus oscillate in the z- as well as in
the \-direction (cf Fig. 3); under certain circumstances it can take on
smaller values of z than the initial value z, before it finally succeeds in
passing out towards infinity. Such an orbit should be excluded since its
course lies partly inside the earth and, therefore, would lie in the earth’s
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regions within which the orbits extend to infinity without interseeting the
earth; between these lie other directional regions forbidden by the shadow
effect of the earth There aie also orbits which do not extend to infinity
at all; to these belong the periodic orbats (ef Fig 1) and such orbits as start
out from the position of observation and approach asymptotically to a
periodic orbit (ef Fig 4) —An orbit which starts out from 2, = —0.34
towairds the 11ght will first follow the groove and can then execute a series
of oscilllations i the flat 1egion around © = 0 2, but here 1t turns out that
only for a few mitial duections will the o1bnt get back mto the groove and
1eturn to & < —0 34, thus intersecting the caith, before it again 1uns out
along the groove In genetal, the ovbit will find 1t~ way to infinitv before 1t
does this  The smallex the eneigy of the patticle, the farther to the left
the earth’s surface 1s to be taken, and the more 1aely will the orbit iind its
way back Smce with dimmishing 7, the groove extends to ever greater
latitudes, thus mplies that i high latitudes neaily all directions are allowed,
and practically the onlv foibidden dueetions hie within the simple shadow
cone (see below)

For smaller v, the coefficient & m (13) hecomes greater, and this means
that the 1egion of the shaip slope of the 1chief extends more and more to the
left Fo1 vy, < 078854 thete are no osellations' and, therefore, no more
petiodic oibits  In spite of this, ecrtam duections stall remain forbidden,
¢ g, all obits which start out towards the north near the horizon from
pomt A (Fig 2) As can be scen immediately fiom the contour diagram,
they will be curved towaids the left and will thus intersect the earth before
they can cscape to infinity With such oibits one speaks of the simple
~hadow effect (Schremp (S 14))

A genetal discussion of the ohits Ieads to the following 1esults (Schremp
(S 13, 14))

1 Fori,, > 1all duections are allowed for any value of v, erther positive
o1 negative The mtensity of cosmie 1adiation for the corresponding
energies (cf. table 1) is the same m all directions at the place of observation
and equal to that in external space Ii 15 theicfore msensitive to the
magnetic field

2 For 1o < 1 all duections m the Stoimer cone, 1e with v, > 1, are
forbidden

3 Fot 1,0 < 1 all directions with — @ < vy, < 1}, are allowed and the
appropiiate value of f, is to be caleulated from (15)

4. For 1%y < 71 < 0.78854 only the simple shadow cone comes into

1For the general discussion of orbits from the topological pont of view 1t 18 con-
vement to introduce the concept of the number of oscillations A section of an orbit at
both ends of which the kinetic energv 15 & mmimum 1s designated as an oscillatibn or a
reentrant orbital section (ScHrEMP (S 13) )
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consideration. The directions forbidden by it and by the Stormer cone
have been given by Schremp (S 14) for all latitudes and energies.

5. The most complicated behavior oceurs for vy < (v,)! mn the region
078854 <17y, < 1.
This is already shown in Figs. 1 and 3. But even m this 1ange of r, all
orbits from the observation point lead out to mnfinity except for a quanti-
tatively insignificant group, where as fory, < 0.78854 there are no oscilla-
tions, these can take place any large number of times for 0 78854 < v, < 1,
thus bringing about a complicated shadow effect

Figure 5. Schematic diagram of allowed and forbidden directions.

For the purpose of displaying the allowed and forbidden directions for
any given pomt of observation, one can plot the quantities sin 8, and
cos 6, sin 5, for each direction in a rectangular coordinate system This
diagram can also be obtained 1f each o1bit 1s allowed to mnterseet a umé
sphere drawn about the observation pomnt and these points of intersection
are projected upon the horizontal plane Fig. 5 gives such a schematic
diagram for the allowed and forbidden directional regions and Fig. 6 gives
the ealculated diagram for a definite case.

The allowed and forbidden regions are separated by critical directions
or orbits; therc a1 two kinds of these, but both depend upon the shadow
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effect of the earth. The cnitical orbits of the first kind start out from the
point of observation, and from the inside they approach asymptotically
to one of the outer periodic orbits of Fig. 1 (cf. Fag. 4); these outer periodic
orbits exist only for 0 78854 < 4, < 1 and, in contrast to the inner periodic
orbits, which exist for ( 78854 < v, < «, they nic unstable.' The eritical
orbits of the second kind start out from the obseivation pont, come back
again to the earth’s surface and just touch it before executing a more or less
large number of oscillations outside the eaith and then passing out to
mfinity. Such orbits oceur for i, < v, < 1

Tigure 6. Diagram of allowed and foibidden duections Positive particles, northern
hermsphere White atea was not caleulated (According to Hurner (H 14))

In the schematic diagram of Fig. 5 the forbidden Stormer cone (limit St)
lies to the right. It extends to the value of 6, given by equation (15) for the
o and 7, of the observation point and 4, = 1. To the left is a connected
allowed region. Itismade up of the so-called principal cone, reduced by the

tBesdes these periodic orbits there are also other compheated patterns, diagrams of
such are to be found 1n the work of St6amER (8 20) and Hurner (H 15) If an erbit 1n
the meridian plane 18 periodie the three dimensional spatial orhit 18, 1n general, not
closed; orbits closed in space were studied by Goparr (G 8)
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segment, of the simple shadow cone (limit Sch), which juts into it. Between
the limits H, Sch, St is the so-called half shadow region or penumbra In
this there are an infinite number of alternately allowed and forbidden strips
(cf. Fig. 6); in the schematic diagram just one forbidden strip 1s shown

All directions for which the orbits go to infinity from the observation
point without oscillation lie within the piineipal cone. In the region com-
mon to the principal cone and the simple shadow cone the orbits intersect
the earth before they go to infinity. The edge of the prinecipal cone 15
formed of the critical orbits of the first kind; that of the simple shadow cone
is formed of the critical orbits of the second kind The edges between al-
lowed and foibidden strips in the half-shadow region are formed of eritical
orbits of the first and second kinds, respectively The orbits belonging to
each strip all have the same number of oseillations. The faet that there are
mfinitely many allowed and forbidden stiips 1s immediately connected with
the fact that theie are orbits with any number of oscillations (nfimitely
many in the case of periodic orbits and those asymptotic to the perodie
orbits) (Schiemp (S 13)).

The computation of the half-shadow regions has been caired through
for 20° latitude by Hutner (H 1) and for the magnetic equator by Yong-Li
(Y 1).

In general, the following qualitative statements can be made about the
structure of the allowed and forbidden duzections. For low latitudes and
energies in the neighboihood of v, = 1 all of the allowed directions are
reduced essentially to the principal cone; the half-shadow region is almost
dark, and the half-shadow cone 15 very small. For intermediate latitudes
and intermediate energies (1,0 between about 0 35 and 0 5) the structure
18 the most complex, m the half-shadow region the forbidden strips again
predominate over the allowed; this can lead to large variations or a fine
structure in the directional distribution of cosmic rays. For laige latitudes
and small energies the half-shadow 1egion 1s almost ight and the allowed
directional region is practically limited by the sumple shadow cone

The integrated apertuies of the prneipal cones and the shadow cones for
all energies and latitudes have hcen assembled by Koenig (K 2)

6. The Geomagnetic Effect of Cosmic Radiation

When the diagram of allowed and forbidden direclions has been com-
puted for all energies at a given observation point, one can read from it what
energies are allowed at a given point of the diagram corresponding to a
given direction of observation. In Fig. 7 the allowed energies for A, = 20°
are given for those directions which are inclined 60° from the zenith. This
holds for positive particles; and for negative particles —8, is to be sub-
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stituted for 8. The lower limut, of the allowed eneigies lies above r,, = 0375
as it must in this latitude, according to table 2 For directions from north
to west and somewhat beyond, the half-shadow region is shown as a series
of allowed and forbidden energy iegions beyond which, from the limit of
the region corresponding to the principal cone, an uninterrupted allowed
cnergy spectrum comes n

In order to obtam the meident mtensity for positive particles m a
definite direction, one must integrate the encrgy spectrum 7°(E) of these
patticles in external space over all allowed energies. The result of this
mtegration is shown m Iig. 8 for three different assumptions about the
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Figure 7 The allowed and forbidden energies (expressed in o) &t zemth angle 2 = 60°
for various azimuths The orbital type 18 given by the figures at the night of the allowed
strips  Positive pmticles, northetrn hemnspheie (According to Iluiner (H 16)).

energy spectium. For the assumption y*(E) ~ E~* %, wluch is suggested
by the behavior of the hard component in the atmosphere, jagged variations
of the intensity occur for vauations of azimuth at constant zenith angle
hetween the north and west They are an immediate consequence of the
existence of the half-shadow regions Such vanations are designated as
the fine structute of cosmic 1ay mtensity Its existence is confirmed by a
series of observations (Cooper (C 8, 9), Ribner (R 3, 4), Schremp (8 15),
Schremp and Ribner (8 16)). Magnetic disturbances seem to influence
these strongly (Schremp (S 15)). Because of the strong dependence of
the fine structure on the assumed energy spectrum, which is shown in Fig
8, fine structure studies should be especially suited to the determination of
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the energy spectrum of the primary particles of cosmic radiation; of first
mportance are investigations at constant zenith angle and variable azimuth,
since then the effect of the atmosphere on the primary particles is the same
for all directions because of the nearly equal absorption path for all direc-
tions (Vallarta (V 4)).

Besides the azimuthal effect mentioned, the following geomagnetic
effects of cosmie radiation are of interest: The latitude effect, the north-
south asymmetry, the east-west asymmetry, the longitude effect and the
effect of magnetic disturbances.

For a qualitative discussion, at least for low altitudes, one can limit him-
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Fiﬁure 8. Azimuthal effects for the energy spectia indicated, calculated from the allowed
and forbidden energyranges of Fiz 7 Positive particles, northern hermsphere. (According
to Horner (H 16))

gelf to the principal cone dimimshed by the segment of the simple shadow
cone which juts into it. (Lemaitre and Vallarta) (I 9) have given (a)
the principal cone for A, = 0°, 20°, 80°, and all energies, (b) the critical
energies in these latitudes for the zenith angle 45° and (¢) the critical
energies in the zenith directions for all latitudes.) Then at each observation
point and at each direction there are a critical value r,(\o, 6o, 72) of 710 and a
corresponding critical energy. Above this all energies are allowed, and below
it all are forbidden For the directions in the north-south and in the east-

!This 18 not exactly right since the orbits are curved 1n the maguetic field. For
protons and electrons of 10 BeV whose paths lie in the equatorial plane, the radius of
curvature at the earth’s surface is about 1000 km and that makes a difference in the
absorption paths 1n an atmosphere of 100 km thickness of 14 km at 45°, and of 30 km
at 60° zenith angle
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west planes the critical values are given in Fig. 9 for the case of positive
particles in geomagnetic latitude 30°. For negative particles the curves
E and W are to be interchanged, and for —30° latitude the curves N and 8
are to be interchanged. If the velocity v lies close to the velocity of light,
then from (17) the critical energy in electron volts is

2

E; = 3000 ﬁr—, (18)
0
The upper sign pertains to positive and the lower to negative particles,
The eritical energy, besides depending on \o,600,70, also depends on the
magnetic moment M (in gauss cm.?) and on the distance r, (in cms.) of the
observation point from the magnetic center of the earth. If the cosmic rays
in external space consist of positive particles with the energy spectrum
77 (E), of negative particles with 77(E), and of a neutral component of total
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Figure 9, Critical energies (expressed 1n 10) for the north-south and the esst-west
asymmetries. Positive p%rticlespnorthern hell‘;usphere. The rse of the N-curve for large
zenith angles is due to the sxmpie shadowz Ic:t:)l;c)a (Aceording to LoMAITRE and VALLARTA
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intensity K, then the intensity in a given direction at the observation point
is given by

1= [ s@ae + [ @ae + & (19)

P

The geomagnetic effect depends upon the change of the lower limit of
these integrals when the parameters ry, Ao, 85, 70, and M change

Along the geomagnetic equator E; changes only by the longitude varia-
tron of r,, the geographic and the geomagnetic center of the earth do not
coincide. 7 should thus have a maximum where r, is greatest at a point west
of Africa. Along the geomagnetic equator the observed intensity has a
peniod of 360° with amplitude agreeing quahtatively with the theory
(Vallarta (V 2)). However, the maximum occurs at a pont west of South
Amenecg (Vallarta (V 3)) The source of this disciepancy is to be found
part i the difference between the geogiaphic and the geomagnetie zenith
direction (Lemaitre (L 5)); the remainder can perhaps be explained by the
fact that the measurcments of the longitude effect were in many cases of
only shoit duration and could have been affected by short period magnetic
disturbances

A noticeable quadrupole moment in addition to the dipole moment seems
not to be p1esent 1n the earth Such a moment would give rise to a variable
mtensity along the geomagnetic equator with a period of 180°, with nodes
coinciding with the symmetiy planes of the quadrupole. A harmonic
analysis of the intensity variations gives a well defined 360° period of about
4%, (the longitude effect cited ahove) hesides weak higher harmome fune-
tions with an amplhitude of 0 1 to 0 3%, but no outstanding 180° period
(Vallarta (V 6))

The various geomagnetic effects can be 1epresented especially simply for
the zenith direction For example, the latitude effect according to (18)
and (19) becomes

97 M .

oot 1 4 e 2
= 6007; EYD + 7 ED] e N

In the other effects the sum ; < ;~ also occurs, except in the east-west
effect, which depends upon the sign of the charge of the particle; here;* — ;-
comes in. If one substitutes for 7° + ;7 the values resulting in sequence
from the observed north-south effect, the latitude effect, the longitude effect
and the effect of the magnetic moment in the expression

_IEY + (&) 20
b= rEy - @ @0)
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Table 3.
gt +y from g latitude | Height of atmosphere
1n m water equvalent
North-south asymmetry 08 03 30° 6 m HO
Latitude effect 11605 30° 10 m H,0
Longitude effect 46 0° 10 m H.0
/oM 170 0° 10 m H.0

whereas, fo1 ;' — 37, one substitutes the 1alue resulting from the east-west
effect, four independent determmations are obtained for each latitude.
Table 3 contamns the results taken from Johnson’s work (J 9, 10, 11).

The first two results are completely compatible According to them, j°
must be essentially greater than 3~ so that the cosmic radiation observed
on the earth’s surface behind 6 to 10 meters water equivalent must be
derived in the main fiom positive pimaiies  Onc should not attribute too
much significance to the number 4 6 resulting from the longitude effect since
n the longitude cffect, as alicady pointed out, theie are other diserepancies
of an unexplamed ongin  The value 8 = 170, resulting from the intensity
vanations during magnetic storms, has only ioimal significance; in its
derivation 1t 1s assumed that one can deseiibe these disturbances by a dipole
field, variable 1in time, and this assumption 15 certainly not correct.

Thus, whercas the pumary particles which are 1esponsible for the geo-
magnetic effects at sea level cany a predominantly positive chaige, 1t
1esults from measwements of the geomagnetic eftects at great heights
(up t0 033 m H,O) in the same way that 3~ = 449, andy = 569%,; that
1s, the pr1imary pairticles which produce the cffects at great heights are
positive and negative with neaily equal fiequenev (Johnson (J 10)).

After mvoking other considerations Johnson deduces from his 1esults the
followmng conclusions (Johnson (J 8, 10, 12))

1 The haid component of cosmic 1adiation mn the atmosphere, which
consists of mesons, 1s excited by primary protons.

2 ‘The soft component, which contrnhuies the main portion of the cosmic
1ays 1 the upper atmospheie, 1s excited by electrons which are charged
positively and negatively with equal fiequeney They excite cascade show-
ets 'The field sensitive pait of these elections with energies of less than
60 BeV 15 completely absorbed m the atmosphere, therefore, this compo-
nent can have no geomagnetic effects at sea level.

3. Cosmic radiation in external space is on the average electrically neu-
tral. That is understandable as was pointed out by Swann, inasmuch as
gigantic potential differences would occur between 1elatively closely spaced
points in interstellar space if an appreciable fraction of cosmic radiation
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should not be neutralized on the average, and this would be inconsistent
with the observed passage of charged particles through space

The observations on the latitude effect of large showers are worthy of
note. Jesse and Gill (J 6) and Schein and Gull (S 2) find a considerable
dependence on latitude of the large showers with energies up to 4 - 10" eV
observed behind 12em of lead Since singly charged particles with energies
ahove 60 - 10° eV can have no latitude effect, one must conclude that eithex
the primary particles of thesc la1ge showers are multiply charged (accord-
ing to (17) and according to page 169 a field sensitivity of the intensity is
not to be expected for n-fold charged particles for r,, > 1, or for energies
greater than n - 60 10° eV), or that the cneigy of the shower is not the
same as the eneigy of the primary particle but has its origin elsewheie
(Vallarta (V 5)) Considenng the fundamental significance of this con-
clusion, 1t would be desnable to have the latitude effect of the large showers
very extensively and systematicallv investigated experimentally

7. The Worldwide Fluctuations of Cosmic Ray Intensity

Worldwide fluctuations arc those which extend over the whole suiface
of the emath They aie paitlv perodic and partly non-periodic. They
may be distinguished as

1. Non-periocthe fluctuations which correlate with the magnetic dasturb-
ances or magnetic storms

2. Fluctuations with a persod ot the solar day

3 Fluctuations with a period of 27 days

4 Fluctuations with a period of one year

5 Fluctuations with a period of one sidetcal day

For the magnetic distmibances 11ng cutients m spatially closed unstable
periodic o1bits seem to play a role (Godait (G 7, 8); Stormer (S 20)).

For the fluctuations with the perods of one solar day, of 27 days, and of
one yea1, one 1s tempted to assume a magnetic field of the sun as the cause
These fluctuations might take place as the position of the magnetic field of
the sun with 1espect to the caith changes with the coresponding period
In particulai, the period of 27 davs should depend upon the rotation of the
sun about its own axis  Almost no accwiate ntormation 1s avallable today
about the magnetic field of the sun The otrder of magnitude should be
about 10 to 30 gauss at the sun’s outer suiface 1t one uses the Zeeman effect
measurements of the solar spectrum of Hale, Seares, Maanen and Ellerman
(H 17). However, this magnetic field seems to fall off very rapidly with
elevation and it can be detected only up to a few hundred kilometers. It is,
therefore, questionable whether one can count on magnetic effects at great
distances (cf for example Handbuch der Astrophys IV, Kap 2, p 20)
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Nevertheless, one can choose the simplest case as a working hypothesis,
namely, a magnetic dipole of moment 3. From the existence of a period
of 27 days, one must conclude that the direction of this dipole does not
coincide with the axis of rotation of the sun

For the motion of charged particles one can count on the magnetic field
of the earth as having a sphere of mfluence of about 250,000 km , beyond
which the dipole field of the sun has the dominating cffect All considera-
tions hold in 1egard to the dipole field of the sun as were invoked regarding
the dipole field of the eaith However, an important simplification comes
in because the space between the earth and the sun 15 empty and thus there
can be no shadow cffect m the dipole field of the sun for an observer on the
earth. Ilence, only the duections m the Stormer cone, which is associated
with the dipole field of the sun, are forbidden by the solar magnetic field.
In the first approximation one can add to the ducctions forbidden by the
earth’s field those forbidden by the Stormer cone of the solar field In this
way one gets the totality of the allowed and forbidden directions In the
second approximation one has to take account of the fact that the forbidden
orbits with directions lying within the Storme: cone of the solar dipole are
deflected 1n the sphete of influence of the earth The deflection Ap 15 to be
calculated by an integiation of (15) over the sphere of influence

The daily variations of the mtensity of cosme 1adiation depend then
upon the daily rotation of the Stormer cone of the solar dipole with respect
to a coordinate system fixed 1n the pownt of obscrvation. The fluctuations
with the period of 27 days depend upon the fluctuations of the hehomagnetic
latitude of the earth and on the corresponding fluctuations of the Stormer
cone of the solar dipole. The period of one year has various causes. One i8
the yearly fluctuation i the earth-sun distance; another is the yearly
fluctuation of the heliomagnetic latitude of the earth 1n case the solar dipole
is not perpendicular to the planc of the ecliptic, finally, as a third cause,
there are the variations of geometric position of the Stormer cone of the
solar dipole with 1cspect to a given point of obscivation.

Carrying through the calculations of these fluctuations under the
assumption that the magnetic field of the sun can be described by a dipole,
Vallarta and Godait (V 9) obtained results in general quahtative agree-
ment with the observed fAuctuations. Certain larger deviations can perhaps
be explained by the influence of the 10nospherc and by temperature effects

Janossy (J 1) was the first to suggest an important result from the
assumption of a magnetic dipole field of the sun. Such a field would keep
away from the earth all particles with energy under a certain mmnimum.
If the orbit of the earth is not far from the heliomagnetic equator, then,
according to Table 2, particles of energy below 71, = 0.414 can not reach
the earth. Here r, is to be evaluated from (17), where r, is the earth-sun
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distance and M is the magnetic moment of the solar dipole. Thus there
could be no latitude effect in those latitudes in which primary particles with
energies less than 0.414 are responsible for such an effect. Actually a lati-
tude effect is present only between + 40° and — 40° (cf. for example Gill
(G4)) According to Table 2, one can conclude from this that the particles
reachung the earth must have an eneigy of at least 4 BeV, and if one sub-
stitutes this value for the energy, and 7,, = 0.414 in (17), there is obtained a
magnetic dipole moment of the sun which viclds a ficld strength at the
surface of the sun of the order of magnitude of the observed value How-
ever, for the disappearance of the latitude effect, there is another mterpre-
tation depending upon the fact that the low energy particles which could
still be incident in high latitudes ai1e unable to penetiate the entire atmos-
phere and in this way they fail to produce a latitude effect The fact that
the limit (the so-called knee) of the latitude cffeet is displaced to higher
latitudes at great heights 1s also evidence favoring the latter interpretation

The fluctuations in the intensity of cosmic radiation with the period of
the sidereal day were interpreted by Compton and Getting (C 6) and by
Vallarta, Graef and Kusaka (V 8) as a rotation of the galaxy and a motion
of the earth resulting from it of about one thousandth the velocity of light
Another possibility for such fluctuations would be given by magnetic
fields in the galactic system; in case the magnetic moments of the individual
stars are randomly oriented such an effect is not to be expected according
to Vallarta and Feynman (V 7).
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