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Abstract. The discovery of cosmic rays is a standard example of ‘one
man’s noise is another man’s signal’. From the apparently minor leak-
ages of electricity from well-insulated detectors came a subject of great
importance for modern science: the detection of a so-called ‘radiation’
coming from not just beyond the Earth’s atmosphere but from deep
cosmic space. Furthermore, a radiation of energy density rivalling that
of starlight. Our goal is to examine the history of the subject from the
period of ‘pre-discovery’ in the years from 1900 to 1912, through the dis-
covery itself up to the 1940’s when particle physics was continued with
accelerators. The crucial role of ‘new techniques’, principally the Wulf
electrometer and the Wilson cloud chamber and their use in precission
studies by Hess, Kolhorster, Anderson and Blackett are described. The
arguments about the veracity of Hess’s claim for an extra-terrestrial
origin are included, as well as the developments leading to the inspired
discovery of the positron and the muon. The question of ‘origin’ is also
examined, from the contention by Hess that the Sun was not responsi-
ble, to the idea — still held — that supernovae are involved.

1 Introduction

The history of most subjects is usually one of some complexity and ‘cosmic rays’ is
no exception. ‘Who did what’ and ‘when’ are questions which are not always readily
answered but in the present case, where we deal with events occurring in the last
century or so, the publication record is available. This means that the easier question
of ‘who published first’ can usually be answered, assuming, that such publications were
readily available. This seems generally to be the case. In this ‘Early History of Cosmic
Ray Physics’ we deal with the pre-discovery experiments on the conductivity of air,
leading up to the search for the nature of the agent responsible for the leakage current
in the electrometers which had had such valuable application in studies of radioactive
elements. The crucial role of precise measurements is epitomised by the measurements
of Hess [Hess 1912], and the quick confirmation by Kolhorster is examined in some
detail, as is the following decade of confusion caused by poor measurements and
sweeping extrapolations. It is evident that detector design was as important then
as it is now and the stimulus given by the enigmatic cosmic rays is considered. An

® e-mail: a.w.wolfendale@durham.ac.uk


http://www.epj.org
http://dx.doi.org/10.1140/epjh/e2012-30020-1

324 The European Physical Journal H

examination of the properties of the radiation — the hard and soft components, and
the demonstration that the primary ‘radiation’ was, in fact, mainly composed of
protons was examined by way of intensity variations with geographical (geomagnetic)
latitude and zenith angle. Early attempts to discover where the primary ‘radiation’ is
coming from are described. It is fascinating that there are, one hundred years later,
still uncertainties in this area. This ‘Early History’ concludes with an examination of
cosmic rays and the birth of particle physics. The crucial role of cloud chambers of
improved design in the hands of ultra-careful experimenters will be examined, as also
will be their willingness to postulate the existence of ‘new particles’. This refreshing
lack of conservatism brings us to 1940 and the soon-to-be explosion of results in
particle physics and astrophysics.

It must be stressed that the authors are not historians. However, they are practi-
cising scientists who are at least au fait with the more recent advances in the subject
and hopefully, are aware of the circumstances surrounding the discoveries to be de-
scribed. It should be also clear that here only the outline of the historical development
can be given and this was tried referring to the relevant original publications. For a
more detailed overview of the early years of cosmic ray physics, the following volumes
are recommended: [Miehlnickel 1938], unfortunately in German only, [Bonetti 1997;
Hillas 1972; Montgomery 1949; Sekido 1985].

2 Conductivity of air

The question why a charged conductor included in an electrically isolated container
loses its charge was first investigated in 1785 by C.A. de Coulomb. He assumed that
dust particles in the surrounding air could be responsible for the discharge. But the
problem remained unsolved for more than hundred years. It was not until the revolu-
tionary technological and scientific developments at the end of the 19th century which
opened new research windows with the discovery of cathode rays, X-rays, radioactiv-
ity and the electron. It was the time where the base was built for quantum theory,
atom and nuclear physics. Nobody would have expected that the solution of such a
rather marginal problem as the conductivity of air would culminate in the discovery
of cosmic rays.

2.1 lonisation by natural radioactivity

The discovery of natural radioactivity and its accompanying a-, 8- and y-rays gave
eventually finally an answer to the question of how gases become conductive. Irradi-
ation with such energetic radiation ionises the gas atoms. The atomic structure was
not known at this time, it was assumed that positively and negatively charged ions
were produced making gases conductive. In 1900 Hans Geitel and Julius Elster [Elster
1901; Geitel 1900] and independently Charles Thomson Rees Wilson [Wilson 1900]
presented an explanation for the conductivity of air in isolated vessels. They could
verify that sources of ionising radiation exist as impurities in materials of the sur-
rounding environment thereby ionising the air molecules. This was investigated with
an ionisation chamber connected to an electrometer (see Sect. 5.2), an instrument to
measure static electric charge. Electrometers used at this time consisted of two thin
gold leaves mounted on a metal bar. If a charge is connected to this bar, it flows to
the gold leaves. There, because of the identical charge, the leaves move away from
each other and their distance apart is a measure of the amount of charge.

In the following years systematic investigations were performed in different coun-
tries as e.g. Elster, Geitel and Wulf in Germany, Wilson in Great Britain, Burton,
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Cooke, Eve, McLennan, Rutherford in Canada, Wood and Strong in the USA, Gockel
in Switzerland, Mache, Rimmer and von Schweidler in Austria and Pacini in Italy.

From measurements of the v-ray absorption in different metals Eve derived the
absorption coefficients for earth, water and air: A(earth) = 0.092cm~!, A\(water) =
0.034cm™t, A(air) = 0.000044cm~! [Eve 1906]. It should be emphasized that all
values presented here and in the following have no errors since it was regretfully not
the rule in the past to estimate the uncertainty of measurements.

Gamma-rays from radium sources were at this time the radiation with the largest
known penetration power. With the absorption coefficient so found the reduction of
~-rays in air was estimated to be 50% for 157m and 99% for 1000m of air.

Two investigations should be highlighted: A paper by Wulf “About the origin of ~-
radiation existing in the atmosphere” summarising measurements performed in 1909
[Wulf 1909] and a publication of Pacini “Penetrating radiation on the sea” from 1910
[Pacini 1910] which referred to the results of Wulf but came to different conclusions.
Both studies were characterised by accurate experimentation and the reduction of
systematic uncertainties measuring with two, in the case of Wulf sometimes, three
electrometers. For his investigations he had developed a new electrometer type, the
two-string electrometer (see Sect. 5.2).

Wulf summarised his results as follows ([Wulf 1909], p. 1003): “the reported exper-
iments demonstrate that the penetrating radiation is caused by primary radioactive
substances at the place of observation which are concentrated in the upper earth layer
up to 1 m below the surface. If a part of the radiation comes from the atmosphere,
then it is so small that it is hardly detectable with used methods. The time-variations
of the ~-radiation can be explained by variations of the air pressure which shifts
emanation enriched air masses into larger or less depth of the air”.

Challenged by these conclusions, Pacini performed his own investigations using
the Wulf electrometer. He compared the ionisation on land with those on the surface
of the Mediterranean Sea. In contrast to Wulf he showed that ([Pacini 1910], p. 311):
“The number of ions due to penetrating radiation on the sea is estimated to be 2/3
of that on ground, and consistent values for this ratio have been measured using two
different devices. .. The penetrating radiation on the sea at a distance of more than
500 meters from shore with water depths larger than 4 m, under conditions that allow
to neglect the radiation from the soil, undergoes oscillations that are at least of the
same order of magnitude than observed at the same time on the ground.” Further
studies confirmed these results and Pacini concluded ([Pacini 1912], p. 100): “...that
a sizable cause of ionisation exists in the atmosphere, originating from penetrating
radiation, independent of the direct action of radioactive substances in the soil.”
Carlson and De Angelis discussed in [Carlson 2011] Pacini’s contribution to the cosmic
ray research and possible reasons why he was not recognised appropriately by the
community.

All these studies of ionisation and absorption processes improved considerably
the understanding of the environmental natural radioactivity and its influence on the
detection methods. The results of this first decade of research can be summarised as
follows:

— Radiation by radioactive substances in the Earth: measurements in different en-
vironments showed that the Earth’s crust contains mainly radium as a natural
radioactive element. Granite and other hard rocks have a higher fraction of ra-
dioactive substances than sedimentary rock. It was assumed that in the sediments
heavy elements were washed out with time.

— Radiation by radioactive emanations in the air: the decays of uranium-, radium- or
thorium-containing minerals into radioactive gases lead to radiation sources in the
atmosphere. Therefore, the radiation in the air near to the ground is almost as high
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as in the Earth itself. But it is much smaller on or below the water surface, since
the fraction of radioactive substances dissolved in water is in general negligible.

— Radiation of the detector’s surrounding: enclosing the ionisation chamber in ab-
sorber materials such as lead, the radiation from outside could be reduced with
increasing absorber thickness. But it was important that the absorber itself should
be free of radioactive material. Recently produced lead should not be used; it often
contains a higher fraction of the radioactive isotope radium-D which has a half-
life of 17 years. Sources of background radiation can also be the brick or concrete
walls of the laboratory, the rock walls in a cave and surrounding steel or aluminum
constructions.

— Radiation pollutions within the detector: the gas of the ionisation chamber can
be contaminated by radioactive emanations. Therefore it should be exchanged or
cleaned after long time use. The walls of the ionisation chamber also can contain
radioactive substances but using thin sheets of zinc, this radiation source can be
minimised.

2.2 Investigations in the atmosphere

Probably, the proposal to use balloons for the investigation of the ionisation due to
radioactive emanations in the atmosphere came from Elster and Geitel. The first
measurements of the conductivity of air with balloon flights were performed by Franz
Linke [Linke 1904], who later became a well-known meteorologist and geologist. His
main goal was the detailed investigation of the Earth’s electric field. In addition,
he measured in six flights in 1902 and 1903 the conductivity of air with a gold-leaf
electrometer from Elster and Geitel up to an altitude of 5500 m. In his summary Linke
came to a very interesting conclusion ([Linke 1904], p. 87): “Would one compare the
presented values with those on ground, one must say that in 1000 m altitude — where
the measurements in general began — the leakage (ionisation, the authors) is smaller
than on ground, between 1 and 3km of the same amount, and above larger than on
earth, with values increasing up to a factor of 4 (at 5500 m altitude) ...” This looks
like an anticipation of later results leading then to the discovery of cosmic rays. Why
his results were never cited and obviously not recognised by the physics community, is
not clear. This is especially surprising since his measurements were coordinated with
those of Elster and Geitel in Wolfenbiittel, with Hermann Ebert in Munich and with
colleagues in Potsdam. They measured the ionisation at the same time on the ground
for comparison with Linke’s balloon results.

A new series of experiments to study the influence of natural radioactivity on the
conductivity of the air started in 1908. In a pioneering expedition, Albert Gockel and
Theodor Wulf measured the ionisation at different altitudes in Switzerland’s Alps with
two electrometers of the Wulf-type. In their summary they concluded ([Gockel 1908],
p. 910): “the result of measurements performed in Freiburg (650m), Brig (680m),
Zermatt (1650 m), Schwarzsee (2600 m) and on the Hornli at the Matterhorn (3000 m)
is the following: An influence of the altitude on the ionisation could not be verified.
This allows the conclusion that a cosmic radiation, if it exists at all, contributes
with an inconsiderable fraction only.” It should be emphasised that the term ‘cos-
mic radiation’ was used here for the first time. Before, Wilson paraphrased it as
“ ..radiation from sources outside our atmosphere” ([Wilson 1901al, p. 159) and
Richardson as “...that the ionisation is caused by radiation from extra-terrestrial
sources” ([Richardson 1906], p. 607). Nowadays it is usually (wrongly) claimed that
Millikan has coined the term ‘cosmic radiation’ eighteen years later in 1926 ([Millikan
1926al, p. 361).
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Table 1. Ionisation measurements of Wulf and Gockel in the atmosphere [Gockel 1910; 1911;
Wulf 1910].

Scientist Location Date Position Ions, em % g7t
Th. Wulf Eiffel Tower 29.03.1910 Ground 17.5
30.03.1910 300 m 16.2
31.03.1910 300 m 14.4
01.04.1910 300 m 15.0
02.04.1910 300 m 17.2
03.04.1910 Ground 18.3
A.Gockel Balloon Ziirich  11.12.1909 Ground 23.8
2500 m 16.2
4000-4500 m 15.8
Balloon Bern 15.10.1910 Ground 11.4
2000-2800 m 79
Balloon Bern 02.04.1911 Ground 14.7
1900 m 14
2500 m 11.3

The two following balloon experiments did not yield clear results either, mainly
because of problems with the electrometer detectors. In 1908 Karl Bergwitz reached,
with a balloon near to Braunschweig, a height of about 1300m [Bergwitz 1910]. The
electrometer showed first a decrease of ionisation, but then an increase. Since the
electrometer was damaged during the flight, Bergwitz could not really trust his mea-
surements. It has been passed down by his family that he did not repeat his balloon
flights since an older university professor advised against it; he said that Bergwitz
would lose his scientific reputation if he continues to pursue the idea of an extrater-
restrial radiation ([Fricke 2011al, p. 204).

Gockel, too, left the solid ground. He started in December 1909 the first of three
balloon flights in Switzerland. With a Wulf-type electrometer he measured the ioni-
sation rate up to 4500m [Gockel 1910; 1911]. Because of problems with the detector
he could only conclude, with confidence, that there was a decrease of the ionisation
with increasing height, but this decrease was much smaller than expected.

Wulf took advantage of the offer for experiments on top of the Eiffel tower. At the
end of April 1910 he installed his electrometer for four days 300 m above ground [Wulf
1910]. Using the mean values of the measured ionisation, he observed a decrease of
13% compared to that at the ground. Even after subtraction of the radiation fraction
caused by the walls of his detector, the ionisation was much higher than expected for -
ray sources at the ground. The results of Wulf on the Eiffel tower and of Gockel’s three
balloon flights are summarised in Table 1. There is at least a qualitative agreement
of both measurements.

3 Victor Franz Hess — discovery of the ‘Hohenstrahlung’

For the research on natural radioactivity, Austria played a very important role.
Rutherford and Curie used for their pioneering investigations probes from the
sole European uranium mine, that in St. Joachimsthal in Bohemia. As a conse-
quence, in October 1910 the Institute for Radium Research of the Academy of
Sciences was founded in Vienna. Stefan Meyer, the first director, was the secretary
of the ‘International Committee for the Radium Standard’. With Boltwood (New
Haven), Curie (Paris), Debierne (Paris), Eve (Montreal), Geitel (Braunschweig), Hahn
(Berlin), St. Meyer (Wien), Rutherford (Manchester), von Schweidler (Innsbruck) and
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Soddy (Glasgow) it included the most famous scientists working on radioactivity. The
institute in Vienna became for many years the gauging office for radium probes.

3.1 V.F. Hess in the institute for radium research

Victor F. Hess finished his physics studies at the University of Graz in 1906 with
the doctor’s degree. In the following years he worked in Vienna with Exner and
von Schweidler, both experts on the atmospheric electricity and the conductivity of
air. In 1910 Hess became the assistent of Meyer in the new Radium Institute. Details
on his scientific development can be found in [Federmann 2003].

The results of Bergwitz and Goppel with balloons and by Wulf on top of the Eiffel
tower (see Sect. 2.2) had demonstrated, despite all the uncertainties, that the mea-
sured radiation in the atmosphere did not decrease with the distance to the ground.
Hess decided to verify the absorption effect of air. With the strongest available ~y-
sources of up to 2.6 x 10'% Becquerel, measurements were performed at distances
from 10 to 90m to the detector [Hess 1911]. The absorption coefficient for air pre-
dicted by Eve [Eve 1906] was for the first time established by direct measurements.

Following a proposal by Wulf, Hess continued these successful systematic inves-
tigations with the development of a calibration method for two-string electrometers
[Hess 1913]. After improving the electrometer construction, the production was car-
ried out by the company Giinther and Tegetmeyer in Braunschweig [Fricke 2011a).
Hess calibrated these electrometers with gauge radium probes of different strength at
distances up to 4m from the detector. The accuracy of measurement of unknown ra-
dium probes of 0.05 to 600 mg was estimated to be about 5 per mille for electrometers
calibrated in Vienna and 3% for standard instruments.

3.2 The balloon flights of V.F. Hess

In parallel with the studies discussed before, Hess started in August and October
1911 the first of his balloon flights. Reaching about 1000 m, he confirmed the previous
results that the ionisation at this altitude is comparable with values at the Earth’s
surface. The second flight was during the night. At 200-400m altitude the same
ionisation was observed as during day-time.

From his own investigations and the existing results and experiences of Bergwitz,
Wulf and Gockel he defined the following goals and improvements for the next series
of balloon experiments:

— Use of three well understood and well calibrated two-string electrometers of the
Wulf type to improve the significance of the measurements. Two with pressure-
sealed 3mm thick brass walls for the detection of 7-radiation. As proposed by
Bergwitz, the company Giinther and Tegetmeyer [Fricke 2011a] covered the inside
with a zinc layer to reduce the radiation of the wall material. Another improvement
was the accuracy of the optics to measure the positions of the strings, i.e. the
ionisation determination. A third electrometer with only 0.188 mm thin zinc walls
was especially suited for g-rays.

— Careful control of the ionisation on earth near to the balloon before and after the
flight. It had also to be checked if the balloon material accumulated radioactive
substances during the flight, which could increase the amount of ionisation.

— Jonisation measurements during both day and night times to establish or disprove
a possible influence of the sun.
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Fig. 1. The seven balloon flight routes of V.F. Hess. 6 of them started in Vienna’s Prater.
The flight, where he reached 5350 m and discovered the cosmic radiation, was started in Usti
nad Labem and ended in Pieskow, near to Berlin.

— Flights at constant altitude over long distances to see if there are inversion layers
in the atmosphere where Radon emanations could be concentrated. Such flights
would also give more information about possible ionisation variations with time
of the day, as observed by other scientists.

— Measurements of y- and (-rays at great altitudes above the ground to check if
the composition of the ionising radiation varies with height and if the ionisation
remains constant, decreases or increases.

Funded by the Imperial Academy of Sciences in Vienna, Hess received support to
perform seven balloon flights, starting in April 1912 [Hess 1912]. For six flights the
balloons were provided by the Royal Imperial Austrian Aeronautical Club in Vienna’s
Prater. But the achieved altitude was limited since only ‘illuminating gas’ was avail-
able. The characteristic data of these flights are summarized in Table 2. The flight
routes were as shown in Figure 1.

The six flights at low altitudes yielded the following results:

— Both electrometers for v-detection, and also the third one for additional 3-
detection, showed identical variations with time and altitude.

— The ionisation rate was not connected with solar activities. The first flight was
before and during a solar eclipse and four other flights took data also during the
night.

— The rate did not decrease significantly with distance from the Earth. This was in
agreement with the results of Linke, Wulf, Bergwitz and Goppel, however with
much higher confidence.
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Table 2. Results for the six balloon flights of Hess which started in Vienna [Hess 1912].
(‘Tons(y-1)” means the ionisation measured by the y-detector 1., etc.)

Flight Date Time Height, m  Ions (y-1), Ions (7-2), Ions (B-Det.),
em™? g1 cm ™ s” cm ™ 7!

1 17.4.1912 08:30-09:30 0 14.4 10.7
11:00-12:15 1700 13.7 11.1
12:15-12:50  1700-2100 27.3 14.4
12:50-13:30 1100 15.1

2 26.-27.4.1912  16:00-22:30 0 17.0 11.6 20.2
23:00-09:35 140-190 14.9 9.8 18.2
06:35-09:35 8001600 17.6 10.5 20.8

3 20.-21.5.1912  17:00-21:30 0 16.9 11.4 19.8
22:30-02:30 150-340 16.9 11.1 19.2
02:30-04:30 ~500 14.7 9.6 17.6

4 03.-04.5.1912  17:10-20:40 0 15.8 11.7 21.3
22:30-00:30  800-1100 15.5 11.2 21.8

5 19.6.1912 15:00-17:00 0 13.4
17:30-18:40  850-950 10.3

6 28.-29.6.1912  20:10-23:10 0 15.5 12.2
00:40-05:40 90-360 14.9 114

— There must be another source of penetrating radiation in addition to y-rays from
radioactive materials in the upper Earth layer or in the atmosphere near to the
ground, as had been already concluded by Wulf and Pacini.

3.3 Extraterrestrial radiation

After these very successful investigations the next goal was a high altitude balloon
flight. For the seventh flight, Hess used a hydrogen filled balloon provided by the
German Aeroclub in Bohemia. The flight started in the morning of August 7, 1912
in Aussig (now Usti nad Labem, Czech Republic, near to the German border). A
maximum altitude of 5350 m was reached above the Schwielow lake in the south of
Brandenburg, Germany. At noon Hess landed near to Bad Saarow/Pieskow, about
60 km south-east of Berlin. The mean values of the observed ionisation above ground
are shown for the three detectors in Figure 2. Both y-detectors showed a slight increase
of ionisation between 2500 and 3600 m. Then, the mean values at 4800 m altitude were
a factor of two higher than at 3600 m. For the third detector, optimised for radiation
with small penetration power, the increase of ionisation started at lower altitudes.
But these data have a larger uncertainty, since the open construction of the ionisation
vessel required an air pressure correction. Unfortunately, this detector was damaged
before the maximum height was reached.

Hess summarised the seventh flight as follows ([Hess 1912], p. 1090): “the results
of these observations seem to be explained by the assumption, that a radiation of high
penetration power hits our atmosphere from top, which causes also in their lower layers
a fraction of the observed ionisation in the closed detectors. The intensity seems to
underly variations which are visible in time intervals of one hour. Since I did not find
a decrease of radiation during the night or during the eclipse, the sun can not be the
reason for this hypothetical radiation, at least if one assumes a direct y-radiation with
straight-line propagation.”
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Fig. 2. Number of ions em™2s~! measured by Hess at the seventh flight in August 1912

(1-3) [Hess 1912] and by Kolhorster (4) in 1914 [Kolhorster 1914].

The discovery of cosmic rays can be seen as a step-wise approach. The first indica-
tions seen by Linke, Wulf, Bergwitz, Goppel and Pacini were convincingly established
by the measurements of Hess. The essential step was the detection of the strong in-
crease of penetrating radiation with growing altitude. Since ~-rays have the largest
penetration power of the three known ionising radiations, it was natural to assume,
that cosmic rays consist of energetic y-rays, too.

4 Confirmation and rejection

In 1912 nobody, including the protagonists, could anticipate the consequences of this
discovery for the development of many new fields in physics and astrophysics. For
almost twenty years cosmic ray physics was the playground of just a few specialists not
recognised by most of the physics community. During World War I basic research and
also the communication between scientists of different countries almost ceased. This is
also reflected in the small number of publications. On the other hand, for many years
there were still sceptics not convinced that the radiation had an extraterrestrial origin
at all. They assumed measurement errors or penetrating radiation from radioactive
sources in the upper atmosphere. Therefore, the main goal of the following years was
to repeat these measurements with higher accuracy and significance.

4.1 Confirmation by Werner Kolhérster

Kolhorster had studied natural sciences in Berlin, Marburg and Halle. He received
his Ph.D. in 1911 in Halle with a work on: ‘Contributions to the knowledge of the
radioactive properties of the Carlsbad mineral water’. As assistant in the Physics
Institute in Halle, he planned several balloon flights at very high altitudes to repeat
the measurements of Hess. This work was supported by the Aero-Physical Research
Fund of Halle. In November 1913 Kohlhérster published the results of three flights in
summer 1913 [Kolhorster 1913] where he reached altitudes of 3500, 4000 and 6200 m.
Above 2000 m an increase of the ionisation was observed comparable with the results
of Hess. For measurements at the very high altitudes, he proposed the development of
a new electrometer with higher sensitivity, independence on pressure and temperature
variations, as well as easy handling and transportability. The company Gunther and



332 The European Physical Journal H

Tegetmeyer produced such a new detector based on a stable aluminum corpus with
separated electrometer and ionisation chambers. With metallized quartz fibers instead
of platinum wires a higher sensitivity was reached.

At the end of June 1914 Kohlhorster started his record flight with the new detector
and the electrometer used for the previous observations [Kolhorster 1914]. He reached
an altitude of 9300m above Adlershof in Berlin and measured the ionisation with
both detectors at this altitude for about an hour. The values agreed within 5% and
confirmed his previous values and the results of Hess at lower altitudes. At 9000 m the
ionisation was a factor of four higher compared to the ionisation measured by Hess at
4800 m altitude. Figure 2 shows the mean values of both measurements in comparison
with Hess’ results. Kohlhorster estimated the attenuation of the radiation in air to
be 1 x 107° cm ™!, which means that the penetration power is about 4.5 times higher
than for y-rays from radioactive sources. One could assume that now the existence
of an extraterrestrial radiation was established beyond any reasonable doubt, but it
took almost 15 years to convince the last sceptics.

4.2 Development during the war

World War I interrupted most of the activities in all countries. Many scientists had
to serve in the army, also the funding of basic research was very limited and the
number of publications decreased. In spite of these difficulties, Austria, Germany and
Switzerland remained the countries with the largest activities in cosmic ray research.
The observations changed from balloon flights to long term measurements in the
mountains.

Gockel used an electrometer of the Wulf-type for measurements at different
places: on the Bodensee up to 6 m below the water surface, in autumn 1913 at the
Jungfraujoch in 3400m and in the summer of 1914 in Switzerland on the Aletsch
glacier at 2800m altitude [Gockel 1915]. This time, these investigations showed an
increase of ionisation similar to that in the balloon flights. Gockel also demonstrated
the hardness of the radiation with measurements in a crevasse of the Aletsch glacier,
where the ice layer corresponded to an absorber of 3.5 m water equivalent.

A long-term measurement was performed from October 1913 until November 1914
by Hess and Martin Kofler at the 2044 m high Obir in the Alps. The two electrometers,
installed outside in a wooden container, were the same as Hess had used for his
balloon flights. The ionisation was registered five times in 24 h. Since Kofler was from
August 1914 in Russian war captivity, the analysis done by Hess was delayed and
only published late in 1917 [Hess 1917]. What made this experiment so unique is that
with the two detectors 1753 and 604 single ionisation measurements were obtained
continuously over a period of 13 months. These values were analysed in terms of their
dependence on such different parameters as time, temperature, air pressure and other
metereological variables. Compared to observations at sea-level, the daily variation
was three times smaller. The authors concluded that natural radioactive radiation
components were mainly responsible for these variations, their fraction being much
smaller at high altitudes. Between day and night the ionisation values agreed very
well, a result that, again, excluded the Sun as the source of cosmic rays.

In another fundamental investigation, Hess and Schmidt studied the possible dis-
tribution of radioactive gases in the atmosphere [Hess 1918]. They estimated that
radium emanations had at about 1200m a concentration of 50% compared to that
at the ground. Only Radium D and their decay products can be found up to 10 km
altitude. Most of the other radioactive emanations have much shorter decay times and
are therefore concentrated near to the ground. The estimates were in good agreement
with the available data at that time.
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4.3 Disbelief of cosmic rays

While the main actors tried to consolidate the cosmic origin of the discovered pene-
trating radiation, there was still scepticism and disbelief. In Germany, Wigand com-
pared data taken during the passing of Halley’s comet in May 1910 at different places,
mainly in Europe but also in Iceland, Toronto and Kyoto [Wigand 1917]. He found
that an increase of ionisation was observed for 11 out of 17 places and concluded that
particles of the comet tail bound radioactive substances which were concentrated in
the upper atmosphere.

In the USA, Kunsman investigated in 1920, in a laboratory experiment, the ion-
isation as function of the temperature. From his measurements down to —44.6 °C,
he concluded that ([Kunsman 1920], p. 361): “the apparent increase in ionisation as
observed at high altitudes is solely a temperature effect, and is due to an increase in
conduction over the insulation.”

The first results of studies performed at the California Institute of Technology
were presented in 1923. Ionisation measurements of Otis in airplanes and balloons up
to an altitude of 5340 m showed the analogue of behaviour observed years before in
Europe [Otis 1923]. First, a decrease of ionisation up to 1000m above ground and
then a continous increase, but not as large as seen by Hess and Kolhorster. Also
the hypothesis of Kunsman was tested but not confirmed. Millikan and Bowen used
another approach to examine the results of Hess and Kolhorster. They constructed a
simple and light two-fiber electrometer with automated data recording to explore very
high altitudes with unmanned sounding balloons [Millikan 1923; 1926a]. From four
balloon ascents in spring 1921 two were successful and reached altitudes of 11.2 and
15.5 km. The ionisation measurements had the essential drawback that there was one
averaged value only for altitudes above 5000 m. At ground level the ionisation rate was
15.4 ions per cm® per second. Within the range from 5 to 15.5km altitude the averaged
rate was 46.2 ions. It was remarkable and demonstrated his style that Millikan came
with only one measurement point to the following statement ([Millikan 1926a], p. 360):
“this shows quite unambiguously, in agreement with the findings of Gockel, Hess, and
Kolhorster, that the discharge rates at high altitudes are larger than those found
at the surface. Quantitatively, however, there is complete disagreement between the
Hess-Kolhorster data and our own. .. The results then of the whole Kelly Field work
constitute definite proof that there exists no radiation of cosmic origin having such
characteristics as we had assumed. They show that the ionisation increased much less
rapidly with altitude than would be the case if it were due to rays from outside the
Earth having an absorption coefficient of 0.57 per meter of water.”

The aim was clear: Millikan tried to demonstrate, with a not very convincing
measurement that the findings of Hess and Kolhorster were wrong. On the other
hand the authors referred to upcoming articles where they would discuss results of:
“...experiments which present unambigous evidence of the existence of a cosmic ra-
diation of extraordinary penetration power, p calculated as above being as low as .18
per meter of water, ...”. This first paper [Millikan 1926a] was sent for publication in
December 24, 1925. However, about one month earlier a hymn of praise to Millikan
appeared in the New York Times with the title ‘Millikan Rays’ which was reprinted
by Science Magazine [Science 1925]. There, Millikan’s balloon result was acclaimed
effusively as the discovery of cosmic rays: “Dr. Millikan has gone out beyond our
highest atmosphere in search for the cause of a radiation mysteriously disturbing the
electroscopes of the physicists. ... He found wild rays more powerful and penetrating
than any that have been domesticated or terrestrialized, traveling toward the Earth
with the speed of light ...”

In the second paper [Millikan 1926b], the results of observations in airplanes and on
top of mountains were presented. The measurements were performed with two-string
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electrometers of the Wulf type. On Mt. Whitney (4421 m) and Pikes Peak (4301 m)
they proved in 1922, 1923 and 1925 the possible dependence of the ionisation on
sidereal time and on the position in the Milky Way. In contrast to several observations
in Europe there was no hint on such dependencies. But the main result came from
absorption measurements performed on Pikes Peak with an electrometer shielded
by 4.8 cm lead which showed ([Millikan 1926b], p. 658): “...quite definitely (1) the
existence of a considerable increase in soft radiation in ascending from Pasadena to
the Peak; (2) the non-existence of a radiation of cosmic origin of such constants as
are supposed above (results of Hess and Kolhorster). If cosmic rays exist at all they
must be less intense at the surface than above assumed, or else they must be more
penetrating than any one had as yet suggested.”

4.4 Rediscovery of cosmic rays

In November 1926 Millikan and Cameron published the third paper in the series
on ‘measurements in snow-fed lakes at high altitudes’ [Millikan 1926¢]. The previous
experiments on Pikes Peak with lead shields surrounding their electrometer had failed
to give a clear answer to the question of the existence and the properties of cosmic
rays. Possible reasons were not discussed but Kolhorster assumed that they could
have used lead with radioactive contaminations [Kolhorster 1926].

The new investigations were planned with the goal ([Millikan 1926¢|, p. 853):
“To settle definitely the question of the existence or non-existence of a small, very
penetrating radiation of cosmic origin — a radiation so hard as to be uninfluenced
by, and hence unobservable with the aid of, such screeens as we had taken to Peak
Pikes; ....”. Two electrometers were used, the one from the Peak Pikes experiments
and a new one of the same construction but with a larger volume and a higher
sensitivity. First, measurements in Muir Lake (3600 m above sea level) near to Mount
Whitney were performed at different depths from 0 to 20 m below the water surface.
For comparison, the experiment was repeated in Lake Arrowhead in the south of
California at an elevation of 1577 m. From the absorption coefficient calculated from
these measurements, the authors concluded ([Millikan 1926¢], p. 868): “The advances
made in these researches seem to us to be (1) the increased precision, definiteness, and
unambiguity with which the properties of the penetrating rays have been brought to
light. (2) the definite proof that some of these rays come from above, the 6700 feet of
atmosphere between 11800 and 5100 acting merely as a blanket equivalent to six feet
of water. This is by far the best evidence found so far for the view that penetrating
rays are partially of cosmic origin.”

Naturally, this paper of Millikan and Cameron caused strong reactions in Europe.
Hess wrote ([Hess 1926], p. 159): "the anew statement of the existence and the pene-
tration power of the ‘Hohenstrahlung’ by Millikan and his co-workers gave the reason
to scientific journals as ‘Science’, ‘Scientific Monthly’ to propose the term ‘Millikan-
radiation’ for the ‘Héhenstrahlung’. Since this is only a confirmation and extension
of results of radiation measurements in balloons performed by Gockel, myself and
Kolhorster from 1910 to 1913, this naming has to be refused as misleading and unau-
thorized.” Kolhorster discussed in detail the weak points of Millikan’s experimental
results as well as his ignorance and misinterpretation of data published in Europe
before. At the end he wrote ([Kolhorster 1926], p. 628): “Summarising one can say
after all, that the ‘Millikan-rays’ are not more than the ‘Hohenstrahlung’ known long
ago.”

That the absorption coefficient published by Millikan was in agreement with previ-
ous measurements is demonstrated in a table presented by Walter Schulze in Figure 3
[Schulze 1929].
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Tabelle 1. Absorptionskoeffizient der Héhenstrahlung.

| -
Beobachter . Beobachtungrort | Absorber Berechnet | plasenabsorptions.
Kolkorster 1913-1914 Freiballon bis ggoo m Luft Kolhdrster 1914 5.5 1072
v. Schweidler 1915 | 5.8+1078
Linke 1916 | 36107
Seeliger 1918 3.8+ 1072
Kolkirster 1923 Seen bei Berlin Wasser | Kolhdrster 1923 z 1073
Eigerhéhle Eis 1.6 - 107%||2,5 - 1073
Eigerhihle u. Jungfraujoch| Luft 2.4+ 10732.2 - 1073
| Jungfraujoch Eis 2.7+ 1073
| Eigerhghleu. Jungfraujoch| Luft Kolhirster 1926 2.6+ 1073
Millikan Muir Lake | Wasser | Millikan 1925 (1.8-3.0) - 1073
Arrowhead Lake | » (1.8-3.0) * 1072

Fig. 3. Part of a table published by [Schulze 1929] which summarised the absorption co-
efficients (1 per cm of water) calculated from the ionisation of the penetrating radiation
measured at different depths.

Millikan has tried to resolve the differences in an article about his view on the
history published in 1930 in the Zeitschrift fiir Physik [Millikan 1930]. For instance
his statement (p. 241): “I was also until now neither pointed to an errorneous argu-
ment, conclusion, nor to an oversight in our presentation of the essential historical
development.” was found to be underlined in Kolhorster‘s personal exemplar of this
paper and commented with “bold lie” [Fricke 2011b]. Interesting is what Millikan as-
sessed as the most important contribution of his coworkers and himself to the field of
cosmic radiation ([Millikan 1930], p. 242): “(1) the measurement of the absorption co-
efficient which shows that the cosmic radiation has a frequency or penetration power
... which can neither be explained by radioactive or other decay processes of atoms
nor by ionisation collisions of electrons. .., but probably by the fusion of protons to
form heavier nuclei. (2) the definite experimental proof of the origin of these atom
producing processes.”

As discussed above, the high penetration power and the fact that cosmic rays
have an extraterrestrial origin were discovered before. As will be seen later, Millikan’s
hypothesis that cosmic rays are high-energy photons produced in atom-annihilation
processes was disproved. But the members of the symposium in honour of Millikan’s
80’s birthday in 1948 heard still the outdated arguments in Millikan’s own talk about
“The present status of the evidence for the atom-annihilation hypothesis” [Millikan
1949].

Erich Regener from Stuttgart played an important role in the further research
on the absorption of cosmic rays. He performed remarkable measurements in Lake
Constance up to a depth of 230m below the surface [Regener 1932a]. The ionisa-
tion was automatically recorded by projecting the fiber position of the electrometer
onto a photographic plate. The absorption coefficient for water was estimated for the
most energetic radiation to be u = 1.9 x 107% cm~!. With the same accuracy bal-
loon experiments were prepared to search for cosmic radiation at altitudes where the
primary radiation hits the atmosphere. He used small unmanned rubber balloons to
carry the automatic recording detector into the stratosphere up to 30km altitude.
The measured ionisation [Regener 1932b] showed impressively the continuation of the
dependence on altitudes as measured by Hess and Kolhorster.

5 New detection methods

The increasing research activities in the field of the ionising radiation and the
high-energy cosmic radiation required electrometers with improved accuracy and
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Fig. 4. Basket of the balloon Phonix on a flight with meteorological instruments launched
in Berlin in 1894. (Drawing by GroB, [Assmann 1899)]).

sensitivity. But this also boosted the development of such completely new detection
methods as the cloud chamber, the Geiger-Miiller counter, the coincidence method,
the photo-emulsion technique and photomultipliers. All of them were connected with
important discoveries in the young research field of cosmic rays. And it should also be
emphasised that they were the basis of future detectors in particle and astroparticle
physics.

5.1 Balloon experiments

The operation of balloons for both military and research purposes was a common
practice in the 19th century. For physics research the pioneers were the French scien-
tists Joseph Gay-Lussac and Jean-Baptist Biot. They measured in 1804 the electrical
field of the Earth up to 2800 m altitude. Further studies of the atmosphere up to alti-
tudes of 9000 m were performed by English and French meteorologists in the second
half of the 19th century. The properties of the atmosphere up to 10000m altitude
were investigated between 1888 and 1904 with more than 100 balloon launches in
Berlin. Figure 4 shows a drawing of the basket of the German balloon Phonix in 1894
with different meteorological instruments.

The few physicists who later investigated the penetrating radiation with balloons
took advantage of the many years worth of experience of their colleagues from the
meteorological community. Often a meteorologist completed as observer the crew, as
can be seen in the log book of Hess [Hess 1912].

A new phase started in 1931. The Swiss physicist Auguste Piccard and his assistent
Paul Kipfer measured cosmic rays at 15785 m altitude. For this first manned flight
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Santher & Tegeimeya
Braunachweig

Fig. 5. Schematic view of Wulf’s two-string electrometer produced by Giinther and Teget-
meyer in Braunschweig around 1908 [Fricke 2011a]. The two 6 cm long metallized quartz
fibers (F) can be charged from the top part via a brass pin (L). Below, the fibers are fixed on
an elastic quartz bow (Q). Insulation against the metallic body is guaranteed by the amber
plates (B) and (J). Good grounding of the body (E) is essential. The wire bows (S) allow an
adjustment of the strings and improve the sensitivity.

into the stratosphere a very stable pressurized aluminum gondula was constructed and
carried by a hydrogen balloon. One year later, Erich Regener continued the cosmic
ray studies in the stratosphere with small unmanned rubber-balloons [Regener 1932b)
reaching an altitude of 28 km. With such balloons the meteorologist Richard Afimann
(Berlin) had discovered the stratosphere thirty years before.

5.2 Improved electrometers

The English physicist Abraham Bennet described his invention of the gold-leaf elec-
trometer in a paper in 1789. For almost 120 years it was the standard instrument
for the measurement of electrical charges. Marie Curie, Wilson, Elster and Geitel
and many others used it to investigate the ionisation of gases by radioactive sources
around 1900. In Braunschweig (Germany) the company for scientific instruments
Gunther and Tegetmeyer [Fricke 2011a] produced a leaf electrometer to the design
of Elster and Geitel. The general drawback of this type of electrometer was the thin
leaves; they limited the measurement accuracy and made field applications difficult.

Essential improvements were introduced by Theodor Wulf. A schematical view
of his two-string electrometer in Figure 5 illustrates the essential components. The
distance between the strings is measured with a microscope which has an eyeglass
with micrometer scale. By means of high sensitivity and simple construction this
Waulf electrometer became a kind of standard which was copied world-wide.
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The first experiences with balloon launches showed a pressure dependence of the
fiber tension. The pressure-tight corpus expanded at higher altitudes (lower outside
air pressure) and the fibres were stretched, i.e. a lower ionisation was measured. This
problem was solved with a fiber suspension which was almost independent of the
outside vessel. This, as well as further improvements by Hess and Kolhorster, was
implemented by Glnther and Tegetmeyer. The product catalog of the company (see
[Fricke 2011a]) presents five different electrometer types: ‘Gamma-Ray Electrometers’
according to Wulf, Wulf-Hess, Franz, ‘Electrometers to Measure Penetrating Radia-
tion” according to Wulf-Hess and Kolhorster and according to Kolhorster. Most of
these instruments can be visited in museums, as for instance in the ‘European Centre
for the History of Physics’ in Pollau castle, Austria.

Another possibility for further improvements was the automated measurement of
ionisation. Here, too, Elster and Geitel were probably pioneers. For their expedition
to Palma de Mallorca in 1905 they ordered at Giinther and Tegetmeyer a device
to measure the electricity of air by photographic registration [Fricke 2011a]. In all
devices, also of later constructions, the fiber position was projected on a moving
photographic film driven by clockwork (see [Bergwitz 1915; Kolhorster 1928; Millikan
1926a; Regener 1932a]). Erwin Regener, particularly, reached a new quality with high
pressure electrometers and automated registration in Lake Constanca up to depths
of 230m and in the stratosphere up to 30 km altitude. But progress in the further
understanding of cosmic rays was only reached by new detection devices described in
the following.

5.3 Cloud chamber

It was the goal of understanding the formation of clouds which guided Wilson to
develop the cloud chamber (see e.g. [Galison 1997] for details). His first trials started
in 1894 and two years later he demonstrated that the irradiation of water-saturated
air with X-rays led to the formation of water drops. In the following years it became
clear that X- and ionising radiation ionises atoms and that the ions then become
the nuclei of drops. That the ionisation also explains the conductivity of air was the
discovery of Wilson, Elster and Geitel, as discussed in Section 2.1. Wilson resumed
the cloud chamber idea, and March 18, 1911 he wrote in his notebook ([Dee 1963],
p. 59): “Cloud was discontinuous showing numerous knots. Are these cross-sections of
tracks of rays?” Two days later he took a first photograph and in a paper from 1912
he demonstrated with impressive pictures the visualisation of radioactive radiation
[Wilson 1912].

In Figure 6 the first cloud chamber is illustrated. The opening of valve B to the
vacuum chamber C leads to a fast expansion of the cloud chamber A and to saturated
water vapor in this volume. If now ionising particles traverse the chamber, the vapor
atoms are ionised and serve as condensation nuclei. The small drops make then the
particle trajectory visible.

It was mentioned by Paul Kunze, who operated a cloud chamber at the University
of Rostock [Kunze 1933], that two photographs of Wilson from 1911 showed straight
tracks which probably were cosmic particles. In his publication, Wilson had inter-
preted these tracks as ([Wilson 1912], p. 285): “a (-particle in the earlier stage of its
free existence while its velocity is still very high.”, not knowing that cosmic rays will
be discovered somewhat later.

That the cloud chamber was not used immediately to study the penetrating ra-
diation had probably several reasons. The physicists were fixed on the much simpler
ionisation chambers, and World War I prevented the introduction of new ideas and
technologies. So, it was not until 1927 that Dimitri Skobelzyn (Leningrad) discovered
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Fig. 6. Schematic view of Wilson’s cloud chamber which in 1911 took the first photographs of
tracks produced by X-rays [Wilson 1912]. A: cloud chamber made of glass (16.5 cm diameter,
3.4cm high), C: vacuum chamber, B: valve between expansion chamber (below A) and C,
D: wooden cylinder to reduce the volume of the expansion chamber.

by chance, in 160 photographs of [-rays with energies below 3 MeV, two straight
tracks with energies above 20 MeV [Skobelzyn 1927]. He worked with a Wilson cloud
chamber in a magnet field of about 0.15 T. It is interesting to note that he considered
the source of these tracks in thunderstorms as proposed by Wilson [Wilson 1925] but
not in cosmic rays.

This was the start of the research with a new detection device for cosmic particles
which culminated in the following years in the discovery of new fundamental particles.
Furthermore, the idea of the expansion cloud chamber was the base of the bubble
chamber, used later successfully for almost fourty years at particle accelerators.

5.4 Geiger-Miiller counter

The Geiger-Miiller counter can be considered as an advanced development of the
ionisation chamber. It consists of a metallic tube filled with a gas and a metallic
wire spanned in the center and isolated from the tube. The ionisation chamber works
in a voltage range were every ion drifts to the negatively charged string. The new
device however works at much higher voltages. All primary electrons produced in the
ionisation process are accelerated by the high electric field. On their way to the anode
wire they ionise new gas atoms and a cascade of electrons generates then a strong
signal on the wire.

Ernest Rutherford and Hans Geiger started in 1908 the development of a device to
register a-particles. It was continued in 1913 by the invention of the Geiger counter to
measure a- and (-particles. Then, in 1928, Hans Geiger and Walther Miiller presented
the famous Geiger-Miiller counter in a paper not longer than half a page [Geiger 1928].
About the advantages of this new detector they wrote (p. 617): “The device described
in the following, which we would like to call Electron Counter Tube, unifies a large
counter plane with the sensitivity of the Geiger counter.” With tubes of up to 1 m in
length, and diameters of several centimeters, these counters became very important
and efficient instruments for cosmic ray experiments in the following decades.

5.5 Coincidence method

The coincidence method was first used by Walter Bothe and Hans Geiger in a Comp-
ton scattering experiment [Bothe 1925] and [Fick 2009]. With two Geiger counters
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Fig. 7. Diagram of the first electronic coincidence circuit developed by Bothe [Bothe 1929a).
Z, 7': Geiger-Miiller counters; R, R’: preamplifier tubes, D: two-grid tube. In the case of
a coincidence the signal goes from C3 to another tube connected to a telegraph relay. A
mechanical telephone call counter registers the coincidence.

they demonstrated that the scattered photon and the recoil electron gave signals
at the same time (within 100 us). A few years later the new Geiger-Miiller counters
stimulated Bothe to measure the directions of cosmic rays. The strong signals induced
on the anode wire could be used to look for the coincidences of signals. Bothe and
Kolhorster designed in 1928 [Bothe 1928] a pioneering experiment with the aim study-
ing the absorption of cosmic rays. Counters of 5 cm diameter and 10 cm length were
installed one above the other with a gap of 5 cm. The coincidence was measured with
an electroscope connected to both counters. The anode signal caused a deflection of
the electroscope string. Projecting the string position on a film the coincidences could
be counted. This absorption experiment demonstrated with high statistics that the
dominant fraction of secondary cosmic rays measured at the surface was composed of
charged particles and not high energy 7-rays as assumed before. It could be shown
that y-rays were not able to produce the observed coincident signals.

Electronic vacuum tubes made the development of telephony and radio transmis-
sion at the beginning of the 20th century possible; without question this electronics
revolution also found its way into physics research. In 1929, only one year after the
publication of the important absorption experiment, Bothe presented the development
of a coincidence circuit [Bothe 1929a] using a two-grid vacuum tube (see Fig. 7). This
was the beginning of electronic experiments. The method was improved then by Bruno
Rossi [Rossi 1930] and others who realised three- and higher multiple coincidences.
Today, probably all experiments in particle and astroparticle physics apply the coin-
cidence method.

5.6 Photomultiplier

The following two sections on photomultipliers and on Cherenkov radiation are in-
cluded here since both were developed and discovered in the thirties. But in both
cases their application in accelerator and in astroparticle experiments took more than
twenty five years. Examples of their later application in experiments will be presented
in the following articles about cosmic particle, high energy gamma and neutrino ex-
periments.

The origin of the development of photomultipliers is still debated. In an article
from 2006 Lubsandorzhiev writes [Lubsandorzhiev 2006]: “In 1933-1934 Leonid Ku-
betsky developed a number of photomultiplier tubes with Ag-O-Cs photocathodes
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Fig. 8. Omne of the first photomultipliers developed by Kubetsky in 1933/1934
[Lubsandorzhiev 2006].

and circular secondary electron emitters made also from Ag-O-Cs. The photomul-
tiplier tubes consisted of photocathode and multistage electron multiplier systems
including constant magnets for electron focusing because electrostatic electron optics
was not well developed at that time, Figure 8. The total gain of the tubes reached
103-10* and more.” In the literature, the first paper on photomultipliers was pub-
lished by Zworykin, Morton and Malter in 1936 [Zworykin 1936]. It is documented
that Zworykin had visited Kubetsky in his laboratory in September 1934 where he
also saw his photomultiplier. We let historians and further research clarify the priority.

5.7 Cherenkov radiation

The history of the discovery of the Vavilov-Cherenkov radiation, as it was named
originally, is described in the Nobel lecture of Pavel Cherenkov in 1958 (see [Cherenkov
1958] and [Bolotovskii 2009]). Cherenkov had studied the luminescence of liquids
activated by 7-rays of radium in 1934. Accidentally, he observed an additional visible
light which did not show the properties expected for luminescence light [Cherenkov
1937]. In 1937, Tamm and Frank published a theory to explain this phenomenon
[Tamm 1937]. The essential idea is expressed in Cherenkov’s words [Cherenkov 1937]:
“According to their theory, an electron moving in a medium of refractive index n with
a velocity exceeding that of light in the same medium (3 > 1/n) is liable to emit light
which must be propagated in a direction forming an angle 6 with the path of the
electron, this angle being determined by the equation: cos = 1/08n, where 8 is the
ratio of the electron velocity to that of light in vacuum.”

Although the first photographs were taken in water and benzene showed that
the radiation forms a part of a ring, the experimental possibilities to study cosmic
particles were discussed much later. A large water tank with 16 photomultipliers for
the registration of the Cherenkov light was measuring cosmic muons in the Lebedev
Physical Institute in Moscow in the 1960s [Bolotovskii 2009].

5.8 Photographic emulsion

As early as in 1911, a-particles were investigated with photographic plates. But it
was to the credit of Marietta Blau that the photographic emulsion method came
to be used for the detection of cosmic particles (see e.g. [Galison 1997] for details).
In 1937 a photographic emulsion was exposed for five months on the Hafelekar at
2300m altitude in the Alps. The cosmic particle research station near to Innsbruck
had been founded in 1931 by Hess, who invited Blau and Wambacher to perform this
experiment which was the starting point for very successful research in cosmic as well
as in elementary particle physics.
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The sensitive layer of the first photographic emulsions was 50-70 pm thick, but this
was too thin to see long tracks. Therefore, energy estimates measuring the number of
grains per unit length were not possible. In the late 1930s Blau emigrated to Mexico
but she had no possibility to continue her successful work. This was done by Cecil
Powell in Bristol, England and Donald Perkins in London where they discovered the
pion [Occhialini 1947; Perkins 1947] with photographic emulsions exposed to cosmic
ray particles.

6 Investigation of properties

Progress in both instrumentation and theory led to a veritable explosion in research in
the 1920s and 30s. A fundamental advance, already referred to, was the demonstration
that the radiation was, in fact, a beam of elementary particles and that there were
differences in the nature of cosmic rays at high altitudes (the primaries) and well down
in the atmosphere (the secondaries). This section deals with these developments.

6.1 The particle character

That cosmic rays in the lower atmosphere were corpuscular rather than photonic (our
present term) was shown almost at the same time by different experiments. After
Skobelzyn had found in 1927 two straight tracks in his cloud chamber photographs
(see Sect. 5.3) he performed a dedicated exposure. In about 600 stereoscopic pho-
tographs 32 tracks were identified with energies larger than 15 MeV, which could only
be interpreted as charged tracks from cosmic ray interactions [Skobelzyn 1929]. The
other confirmation that at least the secondary products of primary cosmic ray interac-
tions are charged particles came from the Geiger-Miiller counter experiments of Bothe
and Kolhorster [Bothe 1928; 1929]. But of course it was not clear then as to whether
or not the particles were the same all through the atmosphere. Specifically, was the
truly cosmic radiation composed of particles or, as Millikan and other insisted, y-rays?
One answer came from the latitude effect, i.e. the dependence of cosmic ray intensity
(near ground level) on latitude. Clay (referenced in [Montgomery 1949], Clay 1927,
1929) seems to have been the first to obtain accurate data from measurements on a
series of voyages between Java and Genoa. Later measurements, of great importance,
were made by Compton and Turner [Compton 1937] see Figure 9. The results were
interpreted as showing that at least some of the particles are charged and that at
least some come from outside the atmosphere.

After earlier ambiguous experiments, Millikan and Neher made wide-scale mea-
surements [Millikan 1935; 1936] using a recording spherical ionisation chamber
(shielded with the equivalent of 11cm lead), and this clearly showed the relevance
of the Earth’s magnetic field (the primaries of low energy are deflected away by the
Earth’s field so that the intensity of cosmic rays arriving at sea level will be least
along the Geomagnetic Equator). Crucial to a further understanding of the cosmic
ray results was the theoretical work on particle trajectories by Vallarta and other. The
earliest work seems to have been done by Stérmer [Stormer 1930] and further devel-
opments were made by Lemaitre and Vallarta [Lemaitre 1933]. Vallarta and Godart
[Vallarta 1939] later produced a theory which explained a variety of cosmic ray inten-
sity temporal variations on the basis of changes in the solar-allowed cone of Lemaitre
and Vallarta.

Balloon experiments were used to determine the dependence of total cosmic ray
intensity on height at different latitudes in the manner initiated by Hess [Hess 1912]
and others, as shown in Figure 10 [Bowen 1938]. Hess’s results were indicated yet
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Fig. 10. Measured ionisation in dependence on altitude (in water equivalent of air) for
different latitudes [Bowen 1938] (published by Montgomery, p. 142 [Montgomery 1949]).

again and it was demonstrated that the characteristic profile was preserved at different
latitudes, albeit with a latitude dependent magnitude.

Rossi appears to have been the first to predict an East-West difference in inten-
sity [Rossi 1931a;b], from which both the preferential sign of the primary particles
and their average energy could be determined. (In fact there is much dilution of
the primary charge by the production of secondaries in the atmosphere). Johnson
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Fig. 11. Separation of the soft and the hard components by the triple coincidence method.
The solid curve represents the counting rate in arbitrary units versus the thickness of a lead
absorber inserted between two counters. The counting rate is decomposed into two parts
as indicated by the dashed curves; the steeper one represents the counting rate due to the
soft component, whereas the less steep one is due to the hard component. (published by
Montgomery [Montgomery 1949]).

[Johnson 1933] and Alvarez and Compton [Alvarez 1933] observed the effect in Mex-
ico City, followed by Rossi (Rossi 1933, referenced in [Rossi 1985]) who made mea-
surements in Almara, Eritrea. Remarkably, the predominant sign turned out to be
positive (electrons had been expected by many) and typical energies were several to
several tens of GeV.

Rossi went further and, using the coincidence arrangement, where the Geiger coun-
ters were shielded by lead, he demonstrated the existence of particles of energy much
higher than 10 GeV (Rossi 1934, referenced in [Rossi 1985]). Clearly, what are now
known as extensive air showers were involved, a topic that is discussed in detail else-
where [Kampert 2012].

6.2 Cascade curves and the two cosmic ray components

Very early studies of the dependence of cosmic ray intensity on altitude led to an
examination of the effect of lead absorbers. It was found by many workers (e.g. Rossi
1933, referenced in [Rossi 1985] and Street [Street 1935]) that there were two com-
ponents to the cosmic radiation in the atmosphere: the hard and the soft. Figure 11
gives a good schematic illustration.

The realisation that there were at least two components led to much theoreti-
cal analysis. The soft component under thick absorbers was interpreted by Bhabha
in terms of electron secondaries (knock-on electrons) [Bhabha 1938a;b]. Euler and
Heisenberg [Euler 1938] drew attention to the role of decay electrons from mesons in
contributing to the soft component at ground-level.

Cascade theory developed apace in the late 1930s and early 1940s, particularly
after the so-called extensive air showers (EAS) had been discovered by Auger and
Maze [Auger 1938] and others.
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6.3 Meteorological effects

From the early work of Wilson onwards the role of the atmosphere in affecting radi-
ation measurements loomed large.

Myssowsky and Tuwim [Myssowsky 1926] appear to have been the first to note
that the cosmic ray intensity varied with atmospheric pressure. In fact, the authors
pointed out that Simpson and Wright [Simpson 1911] had observed such an effect
although cosmic rays had not been discovered at that time and an interpretation
could not be given then. For an increase of pressure by 1.333hPa the cosmic ray
intensity decreased by 0.34%; clearly, accurate measurements were needed to study
this effect further and, as a consequence many measurements were at variance one
with another. An example was the observation by Hess and Steinmaurer [Hess 1935]
of intensity variations with a period of one sidereal day, i.e. showing a celestial origin;
they commented specifically, that Nova Herculis might be responsible but later results
could not confirm this hypothesis, even with higher accuracy.

With the division of the cosmic radiation into hard and soft components, studies
were made of time variations of both components which could be associated with mete-
orological parameters. Compton et al. [Compton 1933] devised an ionisation chamber
for continuous recording of the hard (penetrating) component and chambers were
distributed world-wide. The result was the observation of semi-diurnal, solar-day, 27-
day, annual and, eventually, 11-year intensity variations. A fundamental result was
the demonstration that the cosmic ray intensity depended not only on the pressure
of the atmosphere (the barometric effect) but also on its temperature.

Blackett [Blackett 1938] realised that the temperature effect was due to the in-
stability of the penetrating particles (now known to be muons — with mean lifetime
2 ps). Blackett pointed out that the results were consistent with the penetrating par-
ticles being produced in the upper levels of the atmosphere. The derived lifetime was
nearly one hundred times that of the nuclear-force theory of Yukawa [Yukawa 1935],
a problem solved later by Powell and others with their discovery of the pion as the
intermediate particle between primary and muon.

6.4 Biological effects of cosmic rays

Probably the first suggestion of a possible influence of the cosmic radiation on the
biological evolution came from Joly in 1929. In a short contribution [Joly 1929a] he
wrote: “There seem to be no sure grounds for believing that the penetrating radia-
tions are uniformly distributed throughout space. If they are not, and if considerable
variations in the strength of those reaching the earth have occured in the past — possi-
bly referable to translatory movements of the solar system — then serious effects upon
organic evolution may have taken place.” Joly also suggested performing experiments
to investigate the influence of cosmic rays on the incidence of malignent deseases [Joly
1929b).

Hess was interested in the biological effects just as he was concerned about the
effect of lack of oxygen at the great height (5300m) achieved in the early manned
balloon flights. (The hazards of radiation from radium and the other materials was
becoming realised in Hess’s early days). This early work is well documented in Hess
and Eugster [Hess 1949]. In later life Hess worked consistently at a variety of biological
effects. Also Piccard [Piccard 1933] was fully aware of the biological effects of cosmic
rays, particularly during his balloon flights into the stratosphere. Contemporary in-
terest in biological effects has been stimulated by high flying passenger aeroplanes
and manned space missions.
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7 Speculation on sources

Initially, cosmic rays were thought to be a form of rays; if only they had been so,
the problem would have been much easier! The discovery by Bothe and Kolhorster
[Bothe 1929] that charged particles were involved and the knowledge that at least in
the solar system there was a magnetic field [Hale 1908] led, early, to the appreciation
that the directions to the sources need not follow those of the detected cosmic rays.

Possible sources will be considered, starting with the Sun, leading on to Millikan’s
cosmological theory and Alfvéns relativistic effects round double stars. Finally, atten-
tion will be given to the work of Baade and Zwicky involving their newly discovered
supernovae.

7.1 Cosmic rays from the Sun

That the Sun was not the obvious source of cosmic rays was apparent to Hess in his
pioneering studies [Hess 1912] because of the lack of a difference between day-time
and night-time intensities.

It is true, however, that some scientists preferred a solar origin in view of the fact
that the Sun had a magnetic field, as already remarked, and particularly that their
(known) energies only extended to about 10 GeV or so. Foremost amongst the solar-
origin believers was Alfven [Alfven 1937a; 1937b]. Indeed, Alfven persisted with this
idea well into the 1980s, just as he championed the case for the symmetry of matter
and anti-matter in the Universe [Alfven 1981].

Teller also championed the case for a solar origin of cosmic rays, the particles
being assumed to be trapped in what we now know of as the heliosphere [Richtmyer
1949].

The first who recognised solar cosmic particles (of low-flux) were Lange and
Forbush [Lange 1942] and Berry and Hess [Berry 1942].

7.2 Millikan’s ‘Birth Cries of Atoms’ in the universe

It is not surprising that a nearly isotropic cosmic radiation was attributed by some to
a truly cosmic phenomenon. Millikan in the 1920s (see [Skobelzyn 1985]) put forward
the idea that the cosmic rays then thought to be gamma rays were produced in the
synthesis of light nuclei, such as Helium, Oxygen and Silicon. Interestingly, Millikan
and Anderson [Millikan 1932] interpreted Anderson’s cloud chamber photographs,
which showed high energy protons, as supporting Millikans cosmic gamma ray ideas,
the protons being produced by the incident gamma rays in the atmosphere. The
eventual death of the idea that cosmic rays are all gamma rays led to the death of
the “birth cries of atoms” idea.

7.3 Cosmic radioemission

No subject develops in isolation and cosmic rays are no exception. Jansky’s discovery
in 1931 [Jansky 1933] of cosmic radioemission is relevant. Although the theory of
electromagnetic radiation generated by relativistic particles moving in a magnetic
field had been worked out by Schott [Schott 1912] its relevance to cosmic rays (the
electron component) does not seem to have been realised until the 1940s and 1950s.
This is surprising in view of the clear cosmic connection of the two phenomena.

The nearest is the theory put forward by Alfvén [Alfven 1937b] involving the
acceleration of charged particles by relativistic effects around double stars.
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7.4 Cosmic rays from supernova remnants

Baade and Zwicky [Baade 1934a;b;c] examined the light from very energetic stars:
novae and supernovae (SN). The latter were shown to involve enormous energy out-
flows (quoted as about 10% times the solar luminosity), and it was natural in their
subsequent paper [Baade 1934b] to postulate a link with cosmic ray origin. It is inter-
esting to follow their reasoning. They argued as follows: (i) The cosmic ray intensity
is almost independent of time and this indicates that the origin of cosmic rays cannot
be in the Sun nor in any of the objects in our own Milky Way (the latter reason is
clearly ambiguous (the authors)). (ii) The latitude effect and the East-West effect
indicate positively charged particles. The distances travelled in the Earth’s magnetic
field are so big that the particles must be of extra-terrestrial origin.

Despite the remark under (i) above, in the next adjoining paper [Baade 1934c| the
authors feel justified in putting forward the hypothesis that cosmic rays are produced
in the supernova process. They argue that there is an analogue in the escape of gamma
rays from a radioactive substance resulting in a heating of the substance. The reason
why the objects in the Galaxy were discounted is that they are continuous emitters
whereas the supernovae are spasmodic, specifically that no supernovae have occurred
in our Galaxy in the period that cosmic rays have been observed.

The authors give values for the energy of cosmic rays emitted per SN and rates
of SN for the whole Universe which differ from contemporary values; furthermore,
they were not aware of Galactic trapping, nor of the role of SN remnant shocks, as
distinct from SN as such, in accelerating particles. Nevertheless, this very early idea is
prescient. Just 22 years after the discovery of cosmic rays, and only a few years after
the realisation that most cosmic rays are charged particles, a claim for a SN origin is
remarkable.

Baade and Zwicky in 1934 mentioned novae as well as supernovae and Kohlhorster
[Kolhérster 1935] postulated that a particular nova observed in 1934 in the constel-
lation Hercules was a source of cosmic rays. With a counter telescope he observed
an increase by 1.7% in the counting rate in apparent coincidence with the nova. The
result was also confirmed by Messerschmidt [Messerschmidt 1935] using an ionisation
chamber, the increase there being 2.5%. However, Hess and Steinmaurer [Hess 1935]
and Barnothy and Forro [Barnothy 1935] did not confirm the results.

8 Early years of particle physics

As is often the case, advances in science followed advances in technique, and here the
technique was the cloud chamber. The cloud chamber was discussed in Section 5.3 but
some relevant words can be given here. In his Nobel lecture of 1927 Wilson described
the way in which be proceeded from studying the optical phenomena resulting from
sunlight falling on the hilltops of his beloved Scottish mountains. After developing
the cloud chamber in the mid 1890s Wilson went on to show that he could detect
droplets caused by the newly discovered X-rays [Wilson 1900]. Wilson wrote in his
Nobel lecture: “Towards 1910 I began to make experiments with a view to increasing
the usefulness of the condensation method...I had in view the possibility that the
track of an ionising particle might be made visible and photographed by condensing
water on the ions which it liberated.” He succeeded.

8.1 Radioactivity

Studies of ionising particles owed much to this technique and the reader is referred
to the Atlas of Typical Expansion Chamber Photographs by Gentner, Maier-Leibnitz
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and Bothe [Gentner 1954] for an excellent description of the development of nuclear
physics using the cloud-chamber technique. Before moving to cosmic rays proper it is
relevant to point out that Kapitza [Kapitza 1924] seems to have been the first to use
the very strong magnetic fields needed to bend the tracks of a-particles and thereby
determine their momenta. Interestingly, the cloud chamber was only 4 cm in diameter
and the (pulsed) magnetic field was between 4 and 4.5 T for 2ms. An illustration of
phenomena to be the subject of later intense study in cosmic rays was the observation
of transmutations of nuclei by a-particle impact. Blackett [Blackett 1925] seems to
have been the first to observe such transmutations in nitrogen in a cloud chamber.

8.2 Cosmic rays and the birth of particle physics

Bothe and Kolhorster [Bothe 1928] found evidence for charged particles of great pen-
etrating power and having energies around 1 GeV. The development of the counter-
controlled cloud chamber by Blackett led to a great improvement in the efficiency of
collection of interesting cloud chamber photographs, and gave rise to great advances in
the field. Very careful temperature and optimum liquid and gas contents, coupled with
the provision of well-designed expansion mechanisms, led to the development of cloud
chambers for the determination of particle ionisation, and in some cases range. With
internal absorbers and magnetic fields, particle mass and charges could also be deter-
mined. Interestingly, and perhaps not surprisingly, cosmic ray tracks were observed
by chance in cloud chambers being used to examine a- and (-particles from radioac-
tive substances. Amongst the earliest such photographs is that shown in Figure 12
[Skobelzyn 1929]. This photograph is important in that is showed a track showing
little deflection in a magnetic field of 0.15T. That such events were not uncommon
is shown by the fact that Skobelzyn gave an estimate for the flux of particles across
a horizontal surface of 1.2cm ™2 min—!, which is close to the presently accepted value

of 1.07cm ™2 min—!.

8.3 The discovery of the positron

The first unambiguous evidence for the existence of a positively charged particle of
electronic mass and charge came from the work of Anderson [Anderson 1933]. Su-
perlative cloud chamber technique led to the photograph shown in Figure 13. The
chamber, mounted in the vertical position, had a diameter of 16.5cm and was 4 cm
deep, of which 1cm was illuminated (it was crucial that neither the back nor glass
of the chamber should be illuminated, otherwise the visibility of the tracks would be
impaired). A lead plate of 6 mm thickness across the centre aided the identification of
the particles. The magnetic field strength was 1.5 T. Inspection of the plate shows a
greater radius of curvature below the plate than above it, indicating that the particle
was (rather unusually) moving upwards. (It appears that Blackett had observed a
positively charged electron in his cloud chamber, too, but thought that the magnetic
field must have been reversed: private remark in the late 1940s to the author!). The
identity of the particle was determined from the ionisation of the track (number of
droplets per unit length) and the momenta below (63 MeV/c) and above (23MeV /c).
Rapid confirmation of the existence of positrons came from a cloud chamber pho-
tograph of Blackett and Occhialini [Blackett 1933] showing a small electron shower
containing both positive and negative electrons. It should, perhaps, be noted that
Anderson’s full paper on the positron in 1933 came out 3 months after that of Black-
ett and Occhialini but Anderson’s hurried paper (at Millikan’s insistence) in Science
in 1932 gave him precedence [Anderson 1932]. It seems that Blackett and Occhialini
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Fig. 12. The first cosmic ray particle to be recognised in a cloud chamber. The particle is
not deflected significantly in the magnetic field [Skobelzyn 1929]. The near-vertical track is
indicated by the arrow-heads above and below the image.

were the first to suggest the pair-production process by which eTe™ were produced;
a fact acknowledged by [Anderson 1985].

In the same work, Anderson stated that his discovery of the positron was not a
consequence of its theoretical prediction by Dirac (important as the work of Dirac
[Dirac 1928] undoubtedly was), “despite the fact that the existence of this theory
was well known to nearly all physicists, including myself, it played no part whatso-
ever in the discovery of the positron.” If truth be told, the ‘Dirac Prediction’ was
not without problems. Initially, Dirac thought that the anti-particles were positively
charged! Anderson [Anderson 1985] went further and pointed out that the positron
could (should?) have been discovered some 3 years earlier by Bothe and Becker [Bothe
1930] in their experiment in which Be was bombarded by a-particles. The new, ar-
tificially radioactive nuclei produce positrons! The observation of anti-matter and its
associated theoretical ‘justification” was quite fundamental and the problem of the
lack of anti-matter in equal quantity to that of matter anywhere in the Universe is a
continuing problem. Appropriately, Gamma Ray Astronomy has proved vital in the
search for the annihilation gamma rays in very distant parts of the Universe. None
has been found, so far.

8.4 The discovery of the muon

Some time before the discovery of the muon, Yukawa [Yukawa 1934; 1935] had invoked
the existence of a particle of mass intermediate between that of the electron and
the proton. Such a particle would be the carrier of the nuclear glue which kept the
atomic particles (protons and neutrons) together and would, in a sense, be analogous
to the photon in electro-magnetism. Fortunately, perhaps, most of the cosmic ray
experimenters did not know of the existence of Yukawa’s work, which was published
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Fig. 13. The Positron. This photograph gave the first unambiguous evidence for the existence
of the positron [Anderson 1933]. The positron was travelling upwards.

in a Japanese journal) and the paradox of particles of great penetration but apparently
unusual mass continued.

The paradox seems to have been around for several years before its resolution.
In the same paper where Kunze had mentioned Wilson’s misinterpretation of two
tracks (see Sect. 5.3) [Kunze 1933] he published a cloud chamber picture taken in
1932 ([Kunze 1933], p. 10) with: “...a thin track of an electron of 37MeV, and
a considerably stronger ionising positive particle of smaller curvature. The nature of
this particle is unknown; for a proton the ionisation is too small, for a positive electron
too high.” It was in fact a muon which was then detected as a ‘mesotron’ four years
later.

Also Anderson and Neddermeyer, with their brilliant cloud chamber technique,
were in the van of developments in this area. The difficulties in interpreting the
nature of the penetrating cosmic rays was spelled out by Anderson and Neddermeyer
[Anderson 1936]; they had unit charge and were presumed to be protons or electrons.
Protons, however, were ruled out on the basis of the incorrect frequency of knock-on
electrons, and the fact that there was rough equality of the number of positive and
negative particles. For electrons (and positrons), too, there were difficulties. Theory,
well developed by Bethe and Heitler and others, demanded large radiation losses,
leading to the occasionally observed showers of secondary particles. Thus, unless the
theory broke down at high energies as was, indeed, suggested by Blackett and Wilson
([Blackett 1937] and earlier workers quoted therein) a new particle was needed. Such
a particle would have mass intermediate between that of the electron and the proton.

The first report of the evidence for particles of intermediate mass to be named
mesotrons was given by Anderson and Neddermeyer in a colloquium at Caltech on
November 12, 1936. Publication followed: [Anderson 1936]. Street and Stevenson
[Street 1937], also using a cloud chamber, quickly confirmed the muon identification.



M. Walter and A.W. Wolfendale: Early history of cosmic particle physics 351

Fig. 14. A very early photograph of a muon passing through a Geiger Counter inside a
cloud chamber. There is probably an electron (3 droplets) moving upwards from the end of
the track in the lower half [Neddermeyer 1938].

The most convincing example of a muon is given in Figure 14. The cloud chamber
contained a Geiger counter and was 16.5 cm in diameter; the magnetic field was 0.79 T.
The particle is positively charged and has momentum 52 MeV/c above the counter.
The residual range energy relation gave a mass of (220 4 35) times the mass of the
electron. That the particle was not a proton was indicated by the fact that its ionisa-
tion above the counter would have been 30 times minimum and its range below would
have been less that 1 mm. An electron on the other hand would have had a range of
more than 30 m.

Figure 14 shows that the muon is unstable, in the sense that there is evidence (3
droplets!) for a minimum ionising track coming from the end point of the track in the
lower part of the cloud chamber, and moving upwards. Figure 15 gives a better ex-
ample; the chamber was controlled by delayed coincidences, (of 0.7 to 4.7 us) between
trigger by the Geiger counter above the counter and those below. The positron below
the plate provided the delayed trigger. Mention should also be made of the observa-
tion of undisputible muon decays by Williams and Roberts [Williams 1940a] and by
Williams and Evans [Williams 1940b]. Later measurements showed a mean lifetime of
the muon of about 2.2 us (when at rest). Using a quite different, and indirect, method,
Blackett [Blackett 1938] proposed that the then-well-known dependence of the ground
level cosmic ray intensity on atmospheric temperature was due to the instability of
the muon, the argument being that the mean height of the production layer for the
muons was temperature dependent.
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Fig. 15. The radioactive decay of the muon [Thompson 1948]. The downward-going muon is
in the center of the chamber. It loses energy in traversing the metal plate and ionises heavily
before stopping and decaying.

8.5 Nuclear interactions

The interactions of protons were not to be neglected. To the cloud chamber technique,
which showed many examples of the nuclear interactions of protons (and, later, muons
and other particles) was to be added that of nuclear emulsions. Blau and Wambacher
[Blau 1937] seem to have been the first to use ordinary photographic emulsions to
record tracks identified as protons in the cosmic radiation, although Wilkins and
St. Helens [Wilkins 1936] had, previously, observed long tracks which were involved
in nuclear collisions. Pride of place for the first to observe nuclear interactions of
significance goes to Blau and Wambacher, who used the new half-tone emulsions on
the Hafelekar mountain, near Innsbruck (where Victor Hess had his laboratory!).

The discovery of so-called ‘stars’ was the real break-through of this new detection
method. Figure 16 shows one of these stars with eight tracks. Blau and Wambacher
concluded [Blau 1937]: “We believe that the process in question is a disintegration of
an atom in the emulsion (probably Ag or Br) by a cosmic ray. The striking feature
about it is the simultaneous emission of so many heavy particles with such long ranges,
which excludes any confusion with ‘stars’ due to radioactive contamination.”

As we near the 1940 limit of this discussion, the discovery of the pion using nuclear
emulsions, the strange particles using cloud chambers, arguments about the nature
of nuclear interactions plural or multiple production of secondaries, and so on — were
not far off.

9 Summary

The discovery and elucidation of cosmic rays is an excellent example of curiosity driven
research into an apparently prosaic effect: the leakage of shielded ionisation chambers
and electroscopes. Progress depended, as almost always, on the development of new,
or improved, techniques. In this case, cloud chambers (pioneered by Wilson) and
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Fig. 16. Photograph of a ‘star’ discovered in a photographic emulsion which was exposed
at 2300 m altitude [Blau 1937]. The rectangles represent narrow strips of nuclear emulsion
within which the tracks left by the particles can be seen.

ionisation chambers (by Wulf and others). In the hands of painstaking operators the
subject flourished.

Although other subjects sometimes offer observations across, under and over the
Earth, physics does not normally involve such observations although, of course, physi-
cists work on the same subject in different countries. In cosmic rays, considerable
hazards could be involved, not least in the case of Hess and Kolhorster’s early experi-
ments: the observers flying at great heights under hydrogen-filled balloons (the hazard
of hydrogen in balloons was underlined in 1930 by the R101 disaster in which 48 per-
ished). Stories of balloonists without oxygen coming to grief are legion. Observations
on high mountains, underground and underwater were often hazardous, too.

Turning to the discoveries themselves, Hess 1912 observations, showing an increase
in recorded ionisation with altitude after an initial decrease, led him to claim an
extra-terrestrial origin for the radiation. Careful checks on consecutive flights, and
measurements by others, confirmed the validity of the effect. Hess, an atmospheric
electrician, made the correct interpretation (although the lack of knowledge of the
ionosphere was a big help!).

That particles rather than photons were responsible followed measurements of
the latitude variation of the intensity and the realisation that the Earth’s magnetic
field was deflecting away the lower energy particles in the equatorial regions. An
East-West effect showed the predominance of positively charged primary particles.
Geiger-Miiller counters played a big role in these studies, not least in showing the
occasional occurrence of extended showers of particles, leading to the still continuing
studies of these extensive air showers, events initiated by particles of the highest
individual energies known to mankind.

The 1930s saw a leap in the knowledge of the so-called fundamental particles,
with the identification of anti-particles (positrons) and particles of mass intermedi-
ate between that of protons and electrons (muons). The eventual plethora of other
fundamental particles, initially in cosmic rays but later by way of the accelerators,
were discovered after 1940. Cloud chambers with magnetic fields and Geiger counters
played a key role in the discoveries but apart from theories concerning electron-photon
cascades, theories predicting anti-matter and particles of nuclear glue did not.

The origin-problem existed from the start. The lack of a day/night difference ruled
out the Sun and a cosmic origin was indicated. The presence of the tangled galactic
magnetic field was and still is the culprit in keeping cosmic ray origin a secret by
near-randomising the arrival directions at Earth. Supernovae were suspected quite
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soon and, indeed, their remnants are likely sources up to about 10'® eV. At higher
energies, and particularly above 10'® eV where the particles are almost certainly
extra-galactic the origin problem is still severe.

It is difficult to over-estimate the importance of the discovery of cosmic rays. From
the mundane leakages of electricity from insulated electroscopes has developed whole
areas of Modern Physics.
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