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~1930 „elementary particles“:

(1932)

(1897) (1905/26)

p n
e- γ

charged neutral

(1919) Chadwick

Discovery of new particles in cosmic rays
~1930 – 1950

birth of elementary particle physics

cloud chamber
C.T.R. Wilson
Nobel Prize 1927

Einstein

Rutherford

Thomson
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Nobel Prize 1936

6 mm Pb

B=1,5 T
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P.M.S. Blackett
Nobel Prize 1948

10 t electromagnet
30 cm cloud chamber

pair production
γ! e+  e-

E = mc2

γ

1933 Blackett & Occhialini
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Electromagnetic Cascades B. Rossi 1933

γ ! e+ e-

e+/- ! γ
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1939 B. Rossi: life time

Chicago

Denver

Echo Lake

Mt. Evans

life time τ ~ 2 µs µ ! e + ...

Discovery of the Muon

1937 Anderson & Neddermeyer:     µ in cloud chamber
mµ ~ 200 me

PDG: ⌧ = 2.197 µs
µ� ! e�⌫̄e⌫µ
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Guest book research station Jungfraujoch (E. Flückiger)

P. Auger et al., Comptes renduz 206 (1938) 1721

P. Auger  
Jungfraujoch
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P. Auger et al., Comptes renduz 206 (1938) 1721

coupled 
„high-altidute rays“

Kolhörster
discovery of air showers



Jörg R. Hörandel, APP 2020/21 �53

Extensive Air Shower
Proton 1015 eV:
on ground
106 particles
 80% photons
 18% electr./positr.
1.7% muons
0.3% hadrons
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~ 1950 large detector arrays
to measure extensive air showers

B. Rossi
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P. Auger

1943
The 
University 
of Chicago

1942
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emulsion 
chambers at 
high-altitude 
lab above 
Innsbruck 
(Austria)

nuclear 
interactions
a „star“
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I. EARLY HISTORY OF THE DIRECT
PHOTOGRAPHIC METHOD

A N alpha-particle striking a photographic
plate at glancing incidence alters the grains

of silver bromide in its path. After development
of the plate, microscopic investigation reveals
each alpha-track as a minute trail of discrete
silver grains. The discovery of this efkct by
M. Reinganum (R1)' in 1911 probably stemmed
from the researches of 0. MOgge on pleochroic
halos, from the photographic investigations of
S. Kinoshita, and from certain cloud-chamber
experiments of C. T. R. %'ilson.
In 1909, while studying the radioactive prop-

erties of various minerals, Mugge (M6) strewed
some tiny crystals of zircon over a moist photo-
graphic plate. After twenty-6ve days the plate
was developed and examined under a microscope.
Black spots were observed where the zircon
particles had fallen, and emerging from these
spots were rows of black dots. MOgge correctly
attributed this phenomenon to the radioactivity
of the mineral. He did not, however, identify
the radiation producing the series of dots as
alpha-particles.
Working in Rutherford's laboratory in 1910,

Kinoshita (K1) showed that a halide grain is
rendered developable when struck by a single
alpha-particIe. This observation was based upon
photometric density studies, and upon micro-
scopic counts of the number of silver grains on a
' A letter and a number, e.g. (Ri), refer to an original

paper. A list of references is given at the end of this
monograph.

plate previously exposed to a suitable radioactive
source. Kinoshita suggested that the photo-
graphic action of an alpha-particle is due to the
ionization of silver halide molecules in the grains.
That Kinoshita failed to detect tracks as such
may be ascribed to the fact that in his experi-
ments alpha-rays were incident upon the plate
at small angles with the normal, rather than at
glancing angles. The projection of each track,
viewed microscopically, would thus appear as a
single dot.
Reinganum's attempt to produce such tracks

in a photographic emulsion may have been
inspired by a discovery of C. T. R. Wilson
(W13). Early in 1911 Wilson had succeeded in
making visible by photographic means the paths
of single alpha-particles in his cloud chamber.
In 1912 W. Michl (M5) confirmed and ex-

tended Reinganum's 6ndings. He measured the
track length and number of grains per track for
alpha-particles of diferent range, and concluded
that both quantities are linear functions of the
air range of the alphas used. The average track
of a polonium alpha-particle, consisting of eight
grains, was found to be 23 microns long. From
this value the range in air was computed to be
3.8 cm, in good agreement with the Geiger value,
3.77 cm. Reinganum had reported a number of
deflections in his tracks which he had attributed
to scattering. Michl contended that most of these
bent or curved tracks—which were more nu-
merous near the edges of his own plates—can be
explained by the particular way in which the
emulsion contracts upon drying.
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1947 Discovery of the Pion

C.F. Powell
Nobel Prize 1950

Pion: nuclear interaction
decay   π+/- ! μ+/- ! e+/-

  π0   ! γγ

mπ ~ 280 me
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1941 protons (M. Schein)
1948 heavy nuclei (Brandt & Peters)

End 1940s plastic balloons
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2.1 The Discovery of Cosmic Rays 5

Fig. 2.2. V.F. Hess in his balloon gon-
dola

-10
0

10
20
30
40
50
60
70
80
90

0 1 2 3 4 5 6 7 8 9 10
Altitude [km]

Io
n 

pa
irs

 [1
/s

ec
 c

m
3 ]

Hess 1912
Kolhörster 1913/14
Pfotzer 1935

Fig. 2.3. Measured intensity of ioniza-
tion as function of altitude obtained by
Hess [6] and Kolhörster [7]. The units for
the ordinate are ion pairs generated in
1 cm3 air at standard pressure and tem-
perature per second. The value measured
at ground level has been subtracted [8].
For comparison, also the values obtained
by Pfotzer [9] are shown, normalized to
the values by Kolhörster

intensity should have been reduced by a factor of two every 80 m. During
the years 1909 to 1911 K. Bergwitz and A. Gockel extended the measure-
ments to larger altitudes by means of balloons. They reached altitudes up to
4500 m. The expected decrease of intensity, assuming the Earth’s crust as
the source could not be confirmed, but the experiments were not conclusive
due to instrumental insufficiencies.

From April to August 1912 V.F. Hess conducted seven ascends in balloons
carrying electrometers, see Fig. 2.2. Some of them were hermetically sealed
and were kept at constant pressure of the launch site, others were open to
the outside and consequently had ambient pressure during the flights [6]. The
decisive flight has been conducted on August 7th, 1912. At 6:12 a 1680 m3

hydrogen-filled balloon named ”Böhmen” (Bohemia) launched from Aussig in
Austria and ascended to a maximum altitude of 5350 m. The balloon landed
at 12:15 close to Pieskow 50 km east of Berlin. During the first 200 m of
the ascent Hess recorded a depression of the ionization and a strong increase
at higher altitudes. At 5300 m the intensity was about 270% of the ground-
level value. The results are shown in Fig. 2.3. Hess concluded in his report
[6]: ”The results of my observations are explained best by the assumption
that a radiation of very great penetrating power enters our atmosphere from
above. The penetration power is large enough to cause ionization in closed
volumes even in the lowest layers. Neither at night nor during a solar eclipse
a reduction of the radiation has been observed. Consequently, most likely,
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Fig. 2.5. Left : Counter telescope used by Pfotzer, consisting of nine Geiger-Müller
tubes arranged in three layers and operated in threefold coincidence [9]. Right :
Counting rate as function of altitude as obtained by Pfotzer with the sketched
apparatus (left scale) and van Allen using a single G-M tube on a V-2 rocket [17]
(right scale)

10 m water equivalent of atmosphere but also to reach even larger absorber
depths up to 250 m.

In the early 1930ies E. Regener and G. Pfotzer developed in Stuttgart
devices with automatic read-out to record the intensity variations at high
altitudes, both, ionization chambers and the newly available Geiger-Müller
tubes have been used as detection devices [14, 15, 16]. In a typical apparatus a
single Geiger-Müller tube was connected to an automatic counter, which was
capable to record impulses up to 100 Hz [16]. The number of impulses, the
temperature, and the pressure were recorded on a photographic plate every
4 min. The photographic plate was rotated with an electromagnet after each
exposure, this mechanism allowed up to 75 registrations. The apparatus was
enclosed in a protective gondola made from cellophane and aluminum foil.
Having a total weight of 6 kg the instrument was carried by 4 rubber balloons
up to about 30 km. The radiation intensities obtained were in agreement with
values measured with an ionization chamber (read out with an electrometer)
and they concluded that the specific ionization is independent of altitude.

The development of a vacuum tube coincidence circuit by B. Rossi in
1930 [18] allowed to construct telescopes with fast coincidences. The resolv-
ing time was of the order of 0.01 s in the early experiments by Bothe and
Kolhörster. With vacuum-tube circuits of increasing sophistication the re-
solving time has been reduced eventually to considerably less than 1 µs. In
1935 G. Pfotzer used nine Geiger-Müller tubes operated in three-fold coinci-
dence, i.e. a cosmic radiation telescope with automated read-out up to alti-
tudes of 30 km. A photograph of the apparatus is shown in Fig. 2.4, Fig. 2.5
(left) illustrates the telescope schematically. A maximum of the intensity at
80 mm Hg (∼ 100 g/cm2) or about 18 km has been found [9], the so called
”Pfotzer maximum”. At higher altitudes the coincidence rate decreases to

Intensity 
vs. height

cosmic rays with 
~GeV energies 
initiate cascades in 
the atmosphere

(galactic) 
cosmic rays
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• 1932  e+  Anderson
• 1937  µ   Anderson/  

                           Neddermeyer
• 1947       Lattes,  

                    Occhialini, Powell
• 1947 K   Rochester,  

                       Butcher, Powell
• 1951-53 hyperons

⇤

⇡

⌅ ⌃

1953 Cosmic-Ray 
Conference
birth of particle 
physics

particles discovered 
in cosmic rays:
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75 MeV 450 MeV
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Van Allen Belts
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Van Allen Belts
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John Simpson (Chicago)

1958 PIONEER 2
1959 EXPLORER 6
subsequently, more than 20 other space missions                      
including:  IMP1-8; OGO 1,3,5  - Earth orbit 
                   PIONEER 5,6,7 - Solar orbit; 
                   PIONEER 10,11 - out of Solar System
                   ULYSSES  - out of ecliptic plane (Jupiter flyby) 

Precission 
measurements of CR 
abundances
dE/dx vs. E technique with 
solid state detectors in 
space

• Elemental composition of cosmic rays
• Isotopic composition
• Measurement of anomalous cosmic rays
• Particles and fields in the Heliosphere
• Planetary magnetospheres
• Solar modulation to outer Heliosphere

solid circles: 
   70-280 MeV/n 
open circles:  
    1 -2 GeV/n 
open diamonds: 
    solar system

abundance compilation 
J. Simpson 
(1983)
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Formation of the chemical composition

~ 1 GeV/n
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Relative abundance of elements at Earth

abundance of elements in CRs and solar system mostly similar
but few differences, e.g. Li, Be, B  —> important to understand propagation of 
cosmic rays in Galaxy  —> column density of traversed matter

primary cosmic rays generated at source            e.g. p, He, Fe
spallation products —> secondary cosmic rays, e.g. Li, Be, B
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Age of cosmic rays

10Be ! 10B + e-   (τ=2.4 106 a)

cosmic
rays

calibration

τ = 17*106 a

10Be 10B

e-
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10 g/cm2

5 g/cm2

Λ(E) ~ E-0.6 + Λ0

B/C-ratio

Path length
of cosmic rays

spallation

C  !  B + n + p

g/cm2
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Walter Baade Fritz Zwicky

1934 Supernovae

Origin of Cosmic Rays?
1927 R.A. Millikan: „death cries of atoms“ E=mc2 γ

1978 R.D. Blanford, J.P. Ostriker: acceleration at strong shock front
(1st order Fermi acceleration)

1949 E. Fermi: acceleration at magnetic clouds

1933 Regener: E density in CRs ~ E density of B field in Galaxy
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Beyond the boundaries of our Solar System

Voyager 2: 20 August 1977
Voyager 1: 5 September 1977
Kenedy Space Center

Voyager

�T = c d ⇡ 17 h

February 2012: Voyager 1: 119.7 AU from Sun
                           Voyager 2:  97.7 AU from Sun

passage through termination shock ended
Voyager 1: 94 AU, December 2004
Voyager 2: 84 AU, August 2007
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The heliosphere is a shield that 
excludes >75% of the Galactic 
Cosmic Rays with >70 MeV

Mainly >70 MeV protons Termination shock

August 25th, 2012
Interstellar Space

Galactic Cosmic Rays 
and the Heliosphere

Voyager 1, launched
September 5th, 1977


