Chapter 1

HISTORICAL PERSPECTIVE ON THE COSMIC RAY RESEARCH

Satio HAYAKAWA

The existence of cosmic rays was discovered in the early 1910s, but their exact nature
was not uncovered immediately. However, we soon acknowledged their importance,
and our existence itself may even have owed to cosmic rays. This problem on the
origin of life has not yet been resolved, but it seems certain that cosmic rays have
played some role in the formation of the present universe. In reviewing the historical
development of cosmic ray research, let us consider the natural phenomena related to
cosmic rays, which are one of the important elements of nature.

1.1 The History of Cosmic Ray Research

When we think of the term “cosmic ray research”, it seems, in general, that there
are two distinct meanings of it. Truly speaking, the main objective in the research had
been considered to be the research on the cosmic rays themselves in the early history of
cosmic ray physics, whereas nowadays various astrophysical phenomena are being
investigated by referring to the knowledge obtained from cosmic ray research in
recent history. Since, in the modern research in this field, such astrophysical
phenomena cover many wide fields in high-energy astrophysics, it is not easy to
summarise the current research related to cosmic ray physics in a simple picture. Even
with respect to the research on cosmic rays themselves, it is also difficult to give a
simple outline of the research, since the definition of “cosmic rays” was somewhat
ambiguous in early history. However, it should be noted that the structure of the
cosmic ray research is rather complicated since this research covers a wide range of
fields in both physics and astrophysics. In this respect, from the history of the research
over the last 80 years, the main themes which have remained for some decades will be
extracted, though rough it may be and these themes will then be reviewed with
reference to the historical development of cosmic ray research.

From the point of view mentioned above, five main eras can be defined as shown
in Table 1.1.1. Since the decades defined in this table should be thought of as very
rough, the readers should not refer to them strictly, but will understand their meaning
while studying the whole of this book.

The main reason why the eras in Table 1.1.1 are divided about every 20 years is
that these eras may correspond to the thirty-year periodicity in scientific research as
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Table 1.1.1. Historical development of the cosmic ray research.
Era Age
Early History 1900—1910
Searching for Problems 1910—1930
Particle Physics 1930—1950
Cosmic Physics 1950—1970
Stationary 1970—

described below. According to this periodicity, the subject of the research is usually
studied for about 30 years and classified as follows; the first 10 years is the developing
period, the second 10 years the prime period and then finally comes the declining
period. Although, in chemical research, this period is about half the above length and
also sometimes this period is said to become shorter as history goes on, a length of
about 20 years is considered to apply for cosmic ray research. Since such periodicity is
highly dependent on our subjective view, both the length of the above periods and the
names of these periods should also be considered subjective.

1.2 Early History

During the last quarter of the 19th century, physics was considered to be a fully
developed discipline. Many comtemporaries considered that basic physics research
had nothing further to accomplish. Although a new branch of physics named
“statistical mechanics” was just being born around that time, it seems this had not
been accepted immediately as the science which would introduce the new concept
associated with light quanta. But, the discovery of X-rays in 1895 had made
revolutionized physics. Afterwards, radioactivity, the existence of electrons, protons
and other active nuclei were discovered consecutively.

Since X-rays and radioactivity are both able to ionize gases, the existence of
electrons was found from the search for the origin of the ionization of gases. In nature,
it was then discovered that the atmospheric gas was also in an ionized state. Elster,
Geitel and Wilson (C.T.R.), who had been studying this ionization, inferred that the
cause of the atmospheric ionization might be due to some unknown radioactivity.
This ionization could even be produced inside a box shielded from radioactivity by a
thick wall, and furthermore occurred even if this box was buried deep underground.
Thus it was concluded that this “unknown” radioactivity must have had a strong
penetrating power. Wilson predicted, in his paper published in 1900, that this
radioactive emission might have been generated in the upper atmosphere or beyond.

The main source responsible for atmospheric ionization near ground level is
identified with the radioactivity in the earth. The most penetrative radioactivity
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emanating from the ground are the well-known gamma-rays. In fact, in comparison
with ground level observations, ionization decreased when the ionization detector
was located at the top of the Eiffel Tower, but the degree of this decrease was smaller
than that which was expected from the atmospheric absorption of gamma-rays. For
this reason, it was thought that some kind of radiation came from the upper
atmosphere. This radiation was eventually found from observations at balloon
altitude and furthermore this intensity seemed to increase at a level higher than 1 km
from the ground when the decrease of the atmospheric pressure was corrected inside
the detector.

1.3 Decades Searching for Future Projects

From 1911 to 1913, Hess (of Austria) made a series of the balloon experiments
using the ionization chamber. In so doing, the effect of the pressure decrease was
eliminated by making the chamber airtight. According to his experimental results, the
ionization degree had a tendency to increase with altitude above 1 km in height. Based
on this, he inferred that some radioactive rays must have come down from the sky, or
perhaps from somewhere beyond the upper atmosphere. For these experiments, Hess
was later given the Nobel prize for physics in 1936. These rays were then, named as
“Hohenstrahlung” from the sky.

These rays which could penetrate wholly through the earth’s atmosphere were
first identified as gamma-rays. Although gamma-rays emitted from radioactive
substances were not so penetrating, it seemed that their penetrating power would
become higher with their energy. Some experiments were made to detect the excess
ionization due to gamma-rays coming from particular celestial objects, although
nothing was found to show possible evidence of their existence. During the First
World War, no research was done on these rays from the sky.

The cosmic ray research was began again after the war, but the nature of these
rays from the sky was still not understood. However, the observations by Clay (in
1921) on the latitude effect of the cosmic ray intensity on the earth had partly shown
their nature for the first time. By assuming that cosmic rays were positively charged,
he interpreted his observed results on the basis of the effects due to their interaction
with the geomagnetic field. Thus it became clear that the primary cosmic rays before
entering into the earth’s atmosphere mainly consisted of positively charged particles,
perhaps protons.

In the same year, based on cloud chamber observations on the ground,
Skobeltzyn found that there existed charged particles with high penetrating power in
cosmic rays. The coincidence method was then developed by Bothe and Kolhorster to
detect charged particles by using two GM counter tubes. Their experiments also
indicated that most cosmic rays were positively charged.

Thus it became clear that cosmic rays mainly consist of charged particles. Since
the charged particles known by that time were electrons, protons and a-particles, it
was possible to distinguish if cosmic rays mainly consisted of protons or electrons by
measuring the charges of cosmic rays. When cosmic rays mainly consisted of
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positively charged particles, they had to come from the west because of the
geomagnetic effect on them. This situation must be reversed when cosmic rays are
mainly negatively charged.

In 1930, Rossi developed the coincidence method with higher accuracy by the
combination of electronic tubes, and made experiments to detect the east-west effect
on the cosmic ray incidence. The theory developed by Stérmer, of the geomagnetic
effect on the motion of charged particles, was first considered to explain the origin of
aurorae, but it became clear later that this theory could be applied to the investigation
of the motion of cosmic rays in the geomagnetic field. According to the Stérmer
theory, the momentum of a cosmic ray particle has a lower limit to arrive at a given
geomagnetic latitude on the ground, and this limit for a positive charge is higher for
incidence from the east than from the west. Furthermore, Fermi and Rossi had shown
that the intensity of cosmic ray particles having momenta higher than this lower limit
is the same everywhere, so that this intensity on the earth is, of course, the same as that
in the far distant space. Based on their calculation of the orbital motion of cosmic ray
particles, Lemaitre and Vallarta had further shown that the lower limit just mentioned
could become somewhat lower in some special cases. Referring to those theoretical
results, Johnson and Rossi independently made the experiment for the east-west
effect with cosmic ray incidence on the ground and finally proved that incident cosmic
rays are mostly positively charged.

1.4 The Age of Elementary Particle Physics

The coincidence method by combination of three counters was further devised by
Rossito study the secondary processes produced by incident cosmic ray particles. As
indicated in Fig. 1.4.1, these counters were arranged in a triangular form and lead
boards were piled up between the counters. The coincidence frequency first increased
with the thickness of lead boards, but then gradually began decreased when this
thickness went beyond some limit as seen in this figure. This curve, which shows the
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relation of this frequency with the thickness of lead, is now called the Rossi curve. It
was thought that this phenomenon was caused by the multiple production of
secondary particles from cosmic rays incident into lead. In order to see what really
happened in the lead sheets, Occhialini, who was a collaborator with Rossi, went to
England to make some cooperative experiments on this phenomenon with Blackett
by using the Wilson cloud chamber technique. In order that the paths of secondary
particles are captured in this chamber, the internal pressure had to be reduced while
ions produced by those particles were still contained, since the super-cooled state in
the chamber is favorable for such ions to become nuclei which cause condensation.
The Wilson chamber was powered up after it was connected with the coincidence
apparatus and was then always expanded to take photographic pictures whenever this
apparatus recorded a coincidence of secondary particles. As a result of those
experiments, Blackett and Occhialini found that many secondary particles were
emitted as showers. This was the discovery of the phenomena of cosmic ray showers.

Furthermore, Blackett and Occhialini were both interested in the anomalous
absorption phenomena of y-rays. At that time, it was known that the measurements of
the absorption and the scattering of y-rays with matter coincided well with the
prediction from the Klein-Nishina formula. This meant, of course, that the
interaction of y-rays with matter was mainly produced by the Compton scattering. In
cases where the y-ray energy became high enough, however, the absorption was higher
than that predicted from the Klein-Nishina formula. This was the phenomenon
known as the “anomalous absorption”.

During those years, Anderson had been making experiments with the Wilson
chamber to look for the product due to the interaction as mentioned above. His
experimental procedure was similar to that of Blackett and Occhialini, but, in order to
study the relation of the anomalous absorption with the radiation energy, he tried to
make use of cosmic rays instead of using y-rays from radioactive substances since the
energy of cosmic rays was much higher than that of such y-rays. He further applied
magnetic fields to the Wilson chamber to measure the energy of electrons scattered
through the Compton effect and then found some strange phenomena in the paths of
particles, which showed paths oppositely curved from the path of the electron. This
was the discovery of positrons in 1933.

Around this time, Blackett and Occhialini proposed a hypothesis that this
anomalous absorption might be produced by positrons predicted earlier by Dirac.
According to him, with respect to the negative energy state resulting from his
equations of relativistic electrons, whenever an electron in the negative energy state
jumps into the positive energy state, it is observed as the usual electron and then the
hole generated in the negative energy state behaves as a positron. However, his theory
was not accepted by most contemporary physicists, since it seemed that the positrons
which appeared in his theory were never found in the nature. Consequently, such
scientists as Blackett, Occhialini, Persico and Racah had to be considered as a
minority who had positively evaluated the Dirac theory. Later, Blackett and
Occhialini released evidence from their experiments of the creation of positron-
electron pairs by means of radioactive y-rays. Furthermore, they discovered many
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positrons in the cosmic ray shower phenomena and then concluded these phenomena
were associated with the creation of both electrons and positrons.

Based on their interpretation on the relation of the production of positrons with
the creation of positron-electron pairs, Nishina and Tomonaga calculated quantum-
mechanically the probability of this production. More quantitative results were later
obtained by Nishina, Tomonaga and Sakata. While their calculations were appro-
priate to the pair-creation from radioactive y-rays with relatively low energy, the
theory of the pair-creation applicable to high energies was proposed by Bethe and
Heitler in 1934. They also advanced the bremsstrahlung theory of y-rays emitted from
electrons deflected by the electric fields of nuclei. The theoretical formula from their
theory is now called the Bethe-Heitler formula and is often applied to the study of the
secondary cosmic ray phenomena.

As regards the energy-loss mechanism of charged particles moving in matter,
there is the theory by Bohr which was proposed just before the birth of the atomic
model. Since, in an atom, electrons are orbiting under the action of the positive
charges of the central nucleus, a particle impinging into such atomic state usually
makes these electrons fluctuate by its own electric field and so loses its energy while
passing through those atoms. Thus, the energy-loss rate per atom is always
proportional to the number of electrons of the atom. On the other hand, the
experimental results by Rutherford showed that this rate was proportional to the
atomic number of this atom. In this way, it became clear that the atomic number
denotes the number of electrons in the atom under consideration. This was the
foundation of the atomic model.

According to the theory of energy-loss by Bohr, the energy-loss rate is strongly
dependent on the speed of impinging particles, but hardly depends on their mass. This
rate becomes smaller with the increase of particle speed and approaches the small
value of 2 MeV/g-cm’. In consequence, it seems that any particle as high energy as
cosmic rays loses hardly any of its own energy while passing through matter.

Since every cosmic ray particle has passed through an atmosphere of thickness
more than 1 kg/cm’, its mean energy loss must have been several GeV (1 GeV=10°
eV). Since the energy lost by a cosmic ray particle by its passage through lead with a
thickness of several cmis 100 MeV at most, the rate of the intensity decrease of cosmic
rays resulting from the passage of this thick lead is estimated to be several percent.
However, this rate actually measured reached 20 to 30 percent. Furthermore, the
experimental results on the absorption of cosmic rays by several different matters, the
atomic number of which differ from each other, indicated that this absorption is not
always proportional to the atomic number Z, but consists of two distinct components.
One is proportional to Z, whereas the other depends on Z2. This also means that there
exists an anomalous absorption of charged particles.

In 1930, using quantum mechanics, Bethe calculated the energy loss for the
collision of cosmic ray particles with hydrogen atoms, but the results obtained by him
were substantially equivalent to those deduced from the classical theory by Bohr. The
results for the cases of atoms with many electrons, calculated by Bloch in 1933, were
the same as those obtained by Bohr except for a difference which appeared in the
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logarithmic term. Even if the relativistic effect was taken into account, the energy-loss
rate only increased logarithmically with particle energy. Hence, this effect did not
make the theoretical results change drastically. However, because of these theoretical
investigations, the energy-loss mechanism was established quantum-mechanically
and it was also found that the particle energy was almost equally expended in both the
excitation and the ionization of atoms. The formula for this mechanism is now called
the Bethe-Bloch formula of ionization loss.

On the other hand, the Bethe-Heitler formula showed that a high-energy electron
always loses most of its energy due to bremsstrahlung. This mechanism is called the
radiation loss and its loss rate is proportional to both Z* and the energy of the
impinging electron. This energy-loss rate is shown in Fig. 1.4.2 as a function of the
logarithmic ratio of P/ mc, where P, m and c are, respectively, the particle momentum
and mass and the speed of light.

Since the results shown in Fig. 1.4.2 are concerned with lead, the curve for
bremsstrahlung comes in the far right of the figure for air consisting of atoms with
small Z. The critical energy, for which both the ionization and the radiation losses
become equal, is about 7 MeV for lead and about 90 MeV for air. In an energy range
less than the above critical energy, the ionization is most important, while the
radiation loss is the main one for an energy higher than the critical energy.

As has been described above, the problems related to the absorption of electrons
and the generation of positrons was finally resolved, but two other important
problems were left open. These were respectively related to the existence of the hard
component penetrating through lead of thickness 10 cm and the shower phenomena.
The hard component only loses energy through the ionization loss and so produces no
shower phenomena. According to the theory of the electromagnetic interaction, the
probability of the occurrence of shower phenomena must be very small, since the
factor o (=1/137) must be multiplied with this probability for each process of y-ray
emission or electron-positron pair creation. In addition, it was known that these
phenomena usually occurred when electrons or y-rays with energy higher than about
100 MeV hit the lead. Actually speaking, on the other hand, the energy of the hard
component was almost always higher than 100 MeV. In consequence, it was assumed

Y

] .
2
10 Electron Proton
Ionization Loss Bremsstrahlung

Energy Loss Rate
(MeV/g-em™2)

1

1 1 1 L 1 1 1
1 10 10* 10° 10* 10° 10° 10" 10°
P/mc

Fig. 1.4.2. Energy-loss rates of charged particles in lead slab.



8 Chapter 1

that the theory of the electromagnetic interaction could not be applied to such
high-energy phenomena. By connecting this threshold of the energy with the
mysterious value mc’/a=137Xmc*=70 MeV, the applicability of quantum electro-
dynamics was often suspected for these problems.

Williams and Weizdcker, however, showed that bremsstrahlung was not
identified as a high-energy phenomenon. In fact, for instance, with respect to the
system consisting of a nucleus and an electron, the nucleus is thought of as moving
extremely fast when viewed from the coordinate system in which the electron is at rest.
The electron could be enforced to move by the action of the electric field from the
nucleus and consequently would emit light quanta by the dipole radiation mechanism
similar to that from a radio antenna. These quanta are thus to be identified as y-rays
when the coordinate system is transformed back to that for the moving electron. In
other words, the bremsstrahlung mechanism belongs to one of the low-energy
phenomena.

Williams thought that the hard component consisted of protons. Certainly, the
bremsstrahlung from protons did not occur unless their energy was not as high as
shown in Fig. 1.4.2, since the probability of this radiation was inversely proportional
to the square of their mass. His idea, however, was denied by the results of the
measurement of the charge of the hard component.

Around this time, the meson theory by Yukawa had already been proposed, but
he never thought that these mesons were identified with the hard component, though
they were predicted to be observed in cosmic rays. His theory had not been remarked
by cosmic ray researchers abroad, either. In the meantime, Anderson and Neddermyer
had been investigating the energy loss processes by cosmic rays using the Wilson
chamber containing a lead board inside. They found in 1936 that many particles were
produced from this lead board and then reached a conclusion that one particle among
them had a mass between that of an electron and a proton. However, they did not
publish their result because of the strong opposition against the introduction of a new
particle. When he became aware of their results, Yukawa intuitively considered that
this particle had to be the same as the meson predicted by him and immediately started
a series of theoretical studies on the possible behavior of the meson. In 1937,
Neddermyer and Anderson obtained clear evidence of the path associated with the
meson in their pictures. Nishina, Takeuchi and Ichimiya and Street and Stevenson
had also taken the paths similar to those obtained by Neddermyer and Anderson.
Reviewing these results, Yukawa concluded that the particle paths appearing in those
pictures were produced from the mesons predicted by him.

According to the Yukawa theory, the mesons exchanged between nucleons
produce the nuclear f-decays through the decay of mesons into electrons and
neutrinos. Bhabha thus pointed out that these mesons naturally decay by this
interaction, and Yukawa estimated the half-life of the mesons to be about 10~ sec with
the collaboration of Sakata and Taketani. By analyzing the observation that the
cosmic ray intensity decreases as the atmospheric temperature increases, Blackett
interpreted this result on the basis of the variation of the atmospheric height where
most mesons are produced, and then estimated the half-life of the meson decay to be
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about 10°° sec.

The problems related to the shower phenomena were finally resolved in 1937,
since Bhabha and Heitler and Carlson and Oppenheimer both formulated the theory
of the cascade showers. As a result, the shower phenomena were no longer
mysterious, but were well understood in the frame of the theory of the electromagnetic
interaction.

Taking into account the ideas on the mesons and the shower phenomena, Euler
and Heisenberg proposed a synthetic theory to explain the cosmic ray phenomena in
the atmosphere. According to this theory, the primary cosmic rays were attributed to
the positrons which were assumed to produce the cascade shower after entering into
the atmosphere. Hence the maximum of the cosmic ray intensity is produced in the
upper portion of the atmosphere. Since the high-energy y-rays were accompanied by
the cascade showers, they could produce mesons after colliding with the atmospheric
constituents. Although most mesons could reach the ground without losing much of
the energy, a part of them would decay and produce the soft component with electrons
knocked out from their collision with the atmospheric nuclei.

The behavior of cosmic rays seemed to have been well interpreted as mentioned
above, but a new problem was born later concerning the nature of the mesons. In the
Yukawa theory, the mesons had two important roles as regards the nuclear
interaction and the f-decay, so that the mesons had to strongly interact with atomic
nuclei and to decay with an appropriate half-life. The scattering cross-section of the
mesons with nuclei was estimated to be about 107° cm” and their life was then
predicted to be of the order of 10 sec based on the improved theory. However, the
experimental results indicated that this scattering cross-section and the life were
respectively <10>* cm” and <about 10 sec. This discrepancy between theory and
experiment was finally successfully resolved by the two meson theory first proposed
by Sakata, Tanikawa and Inoue.

Though there have been several different ideas on the two meson theory, the most
important of them was that the mesons identified with the hard component were
different from the Yukawa mesons which are responsible for the nuclear force.
According to the two meson theory, the Yukawa mesons are produced by the strong
interaction in the high atmosphere and then decay to cosmic ray mesons with a short
life time. Since the latter do not interact so strongly with nucleons, they do not
contribute to the nuclear interactions.

In fact, Lattes, Occhialini and Powell, in 1947, found the event in the
photographic emulsions which indicated that a meson decayed into another meson.
The former was defined as the pi-meson (7), while the latter was named as the
mu-meson (x). This meant that the pi- and mu-mesons were, respectively, identified
with the Yukawa meson and the hard component of cosmic rays. Futhermore, in
1940, based on their study of the nuclear force, Sakata and Tanikawa showed that
neutral mesons decayed into two y-ray photons with a very short life time. Later in
1943, Taketani showed that these y-ray photons could produce the cascade showers
and seemed responsible for about half of the soft component in the upper atmosphere.
In 1941, Schein and his associates found that the primary cosmic rays mainly
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consisted of protons. Actually, pi-mesons are produced due to the collision of these
protons with atmospheric nuclei, so that charged pi-mesons decay into mu-mesons,
while neutral pi-mesons decay into two y-ray photons which produce the atmospheric
component of cosmic rays. The behavior of cosmic rays in the atmosphere, as
mentioned above, has mostly been verified by Japanese workers in the years from
1948 to 1950.

A new particle was also discovered in 1947 by Rochester and Butler, because they
found strange paths of some unknown particles in pictures from a Wilson chamber.
These particles were named V-particles from the pattern of their decay and their mass
was also estimated to be much heavier than pi-mesons. While Leprince-Ringuet took
pictures of the paths of particles with mass about 1000 times that of an electron in
1944, it was conjectured that they might have been those of protons.

In order to confirm the nature of V-particles, researchers from England, U.S.A.
and France took many pictures of them in Wilson chambers located on the tops of
high mountains. These particles were also found in the photographic emulsions.
From this experiment, it became clear that V-particles were generated by the strong
interaction with nuclei and tended to decay in several different modes, since they
consisted of hyperons heavier than nucleons and heavy mesons with a mass between
that of nucleons and mesons. In particular, the mass of the heavy mesons now called
K-mesons was about 970 times that of an electron, and were also thought of as a
variety of particles which decayed into several different modes.

Since the half-life of V-particles is of the order of 107 to 107" sec, their decay
occurs due to the weak interaction. However, they are produced by the strong
interaction. This situation is similar to that of the two meson theory, but could not be
said to be the same as the latter, for the hyperon and the heavy meson could decay into
nucleons and 7-mesons, respectively, with a short life time through the strong
interaction. According to the idea proposed by Nambu, Nishijima and Yamaguchi,
the reason why they never decay so quickly is that their decay is prohibited
energetically since two V-particles interact strongly in making them paired. Further-
more, they considered that the particles produced from the decay of hyperons would
make a V-shaped pattern. The pair creation of V-particles was actually seen in
accelerator experiments in 1953. Based on these results, Nakano and Nishijima and
Gell-Mann had independently introduced a new quantum number denoted by
“Strangeness”, which is conserved in the processes of the strong interaction, but can
vary in those of the weak interaction associated with the decay.

From these investigations, the nature of V-particles was finally understood, and
later they came to be called “strange particles”. However, there has remained the
problem of whether those heavy mesons associated with a series of decaying processes
were identifiable with a single particle. In order to clarify this question, the
experiments to track from the generation to the decay of V-particles was done in an
international cooperation by sending large-area photographic emulsions aloft on-
board balloons. The data from these experiments were collected in 1955, but, based
on the experiment on the production of many heavy mesons by accelerators, at almost
same time, the cross section for the production of V-particles was shown to be the



