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Abstract

This thesis focuses on cosmic rays and Nature of Science (NOS). The first aim of this work

is to investigate whether the variegated aspects of cosmic ray research -from its historical

development to the science topics addressed herein- can be used for a teaching approach

with and about NOS. The efficacy of the NOS based teaching has been highlighted in many

studies, aimed at developing innovative and more effective teaching strategies. The fil rouge

that we propose unwinds through cosmic ray research, that with its century long history

appears to be the perfect topic for a study of and through NOS.

The second aim of the work is to find out what knowledge the pupils and students have

regarding the many aspect of NOS. To this end we have designed, executed, and analyzed the

outcomes of a sample-based investigation carried out with pupils and students in Palermo

(Italy), Tübingen and Hildesheim (Germany), and constructed around an open-ended ques-

tionnaire. The main goal is to study whether intrinsic differences between the German and

Italian samples can be observed.

The thesis is divided in three parts. In the first part we reconstruct the intricate history

of cosmic ray research. First, we present the initial studies that proceeded the discovery of

Viktor Hess in 1912, and then the pioneer years of research that unveiled the phenomenolog-

ical and interpretational features of cosmic radiation. We then continue with the history of

the mature phase of cosmic rays research focusing on the discovery and characterization of

extensive air showers.

In the second part of the thesis we first present the various aspects of NOS, including

the operative definition adopted here and based on the 14 objectives proposed by McComas,

Almazroa, and Clough. We then discuss the design, and execution of our sample-based

investigation, finally we report in details the results of our analysis, performed with the

MAXQDA software program.

In the third part of the thesis the aspects of cosmic ray research, in its historical, tech-

nological and cultural developments, are observed through the lens of NOS. We therefore

highlight aspects, moments, episodes of cosmic ray research that might elucidate and sub-

stantiate, with examples and occasions for discussions, the 14 statements of McComas and

collaborators, and we suggest some didactic objectives and units, which can be developed by

pupils and teachers.
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Zusammenfassung

Diese Dissertation beschäftigt sich mit kosmischer Strahlung und der Natur der Naturwis-

senschaft (NOS, Englisch: Nature of Science). Das erste Ziel der Arbeit ist es, zu untersuchen,

ob die vielseitigen Aspekte der Forschung im Bereich kosmischer Strahlung für einen auf NOS

basierenden Lehransatz genutzt werden können. Die Bedeutung des Lehrens von und durch

NOS wurde durch viele Studien hervorgehoben, welche auf das Entwickeln innovativer und

effektiverer Lehrmethoden abzielen.

Das zweite Ziel der Arbeit ist es, herauszufinden, welche Vorkenntnis die Schüler und

Studenten bezüglich Naturwissenschaften und wissenschaftlicher Arbeit haben. Zu diesem

Zweck haben wir eine stichprobenartige Untersuchung, welche auf einem offenen Fragebo-

gen basiert, mit Schülern und Studenten in Palermo (Italien), Tübingen und Hildesheim

(Deutschland) durchgeführt. Ein wesentliches Ziel ist es, zu untersuchen, ob intrinsische

Differenzen zwischen den deutschen und italienischen Gruppen beobachtet werden können.

Die Arbeit ist in drei Teile gegliedert. Im ersten Teil rekonstruieren wir die verworrene

Geschichte der Erforschung kosmischer Strahlung. Dabei stellen wir zunächst die anfänglichen

Studien, welche der Entdeckung von Viktor Hess 1912 vorangingen, vor, bevor die Pionier-

Jahre der Forschung, welche die beobachteten und interpretierten Eigenschaften kosmischer

Strahlung offenbarten, behandelt werden. Anschließend wird die Geschichte der fortgeschrit-

tenen Phase der Forschung im Bereich kosmischer Strahlung erläutert, wobei der Fokus auf

die Entdeckung und Charakterisierung ausgedehnter Luftschauer gelegt wird.

Im zweiten Teil der Arbeit präsentieren wir zunächst die vielseitigen Aspekte von NOS,

inklusive der gebräuchlichen Definition, welche hier übernommen wurde und auf den 14 Punk-

ten, die von McComas, Almazroa und Clough vorgeschlagen wurden, basiert. Danach disku-

tieren wir den Entwurf, die Durchführung sowie die Ergebnisse unserer stichprobenartigen

Untersuchung und berichten über die Ergebnisse unserer Analyse, welche mit dem MAXQDA

Softwareprogramm durchgeführt wurde.

Im dritten Teil der Arbeit werden die Aspekte der Forschung im Bereich kosmischer

Strahlung bezüglich ihrer geschichtlichen, technologischen und kulturellen Entwicklungen

aus der Sicht von NOS betrachtet. Dafür heben wir Aspekte, Momente und Episoden der

Forschung im Bereich kosmischer Strahlung hervor, welche die erwähnten 14 Aussagen über

NOS verdeutlichen und mit Beispielen und Diskussionen untermauern können. Zusätzlich

schlagen wir einige didaktische Ziele und Einheiten vor, welche von den Schülern und Lehrern

entwickelt werden können.
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Chapter 1

Introduction

This thesis focuses, as the title suggests, on cosmic rays and Nature of Science. The main

aim of the work is to investigate whether the variegate aspects of cosmic rays research, from

its historical development to the science topics addressed, can be used for a teaching path

based on Nature of Science.

The concept of Nature of Science (hereafter NOS) has been and continues to be at the

center of an intense debate among the specialists of the didactic of scientific disciplines.

Although the definition of NOS can assume different nuances, the relevance of the teaching

of NOS and through NOS has been highlighted by many studies which, since the seventies,

aimed at developing innovative and more effective teaching strategies.

With this work we wish to suggest an approach to the teaching of physics that points out

not only the specific notions of the discipline (phenomena and laws) and the paradigms of

the scientific method, but highlights the complex and rich human, historical and social route

that this knowledge has brought about. The fil rouge that we investigate unwinds through

the research of cosmic rays that, with a rather complex century long history appears to be

the perfect topic for a study of and through NOS.

The thesis is divided into three parts.

In the first part of the thesis, which consists of two chapters, we reconstruct the intricate

history of cosmic rays research.

More specifically, in chapter 2 we present the initial studies that preceded the discovery of

Viktor Hess in 1912, and then the pioneer years of research from the birth of the field to the

discoveries of the phenomenological features and interpretation aspects of cosmic rays. We

will see how the discovery and determination of the nature of the new unexpected rays was

the subject of an intense, passionate, collaborative, and at time unfair and dividing debate
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within the international scientific community. We will also show how new technology and

experimental techniques, including innovative imaging instruments, were the driving force at

the core of new tantalizing discoveries. The first phase of research naturally gave birth to

particle physics. New particles were discovered to explain the properties of cosmic rays and

their interactions with matter.

Chapter 3 presents the history of the mature phase of cosmic rays research. Here, we

focus on the discovery and characterization of the extensive air showers produced by primary

cosmic rays interacting with nuclei in the earth’s atmosphere. It’s from the phenomenology

of the showers that the properties of cosmic rays have been unveiled. This is still a field of

very active research, that makes the research of cosmic particles, especially at the highest

energies, one of the ‘hot’ topics of today’s Astroparticle physics research.

In reconstructing the history of cosmic rays research we have tried to highlight the role

of the physicists involved, and of the communities and networks that began to come about

as a result of the development of the field. We also point out the cultural backgrounds of

the researchers, and the social (and historical) context in which they operated. This is why

we used and cited facts and biographical aspects. We have also emphasized the moments

in the history of cosmic ray research in which the invention of new instruments, and the

development of new techniques was essential for the unveiling new physics.

In the second part of the thesis we first present the various aspects of NOS, and then,

the design, execution, and results of a sample-based investigation carried out with pupils

and students in Palermo (Italy), Tübingen and Hildesheim (Germany). The main aim of our

investigation was to uncover some of the perceptions and knowledge of the pupils and students

in regards to science and science work. For example, the students were asked whether they

know or at least have some ideas of the methods used in the scientific investigation. Do

they perceive the relationship between science and the historical and cultural context in

which research is carried out? What do they know about the relation between experiment

and theory? We also wanted to verify whether intrinsic differences between the German and

Italian samples can be observed, and if yes, how these can be explained in light of the different

ways that disciplines like physics and philosophy are being taught in Italy and Germany.

In chapter 4 we introduce and discuss the concept of NOS, presenting at first the origin

of NOS, which traces its roots back to the ideas of the American philosopher and educational

reformer John Dewey. We then present the broad lines of didactic research that indicate NOS

as a key element for an effective approach to the teaching of scientific disciplines. As discussed
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in this chapter, we decided to adopt an ‘operative’ definition of NOS, based on its 14 main

objectives as defined in McComas et al. (1998). We will show how the 14 objectives are a

very appropriate and well-suited tool for the analysis of NOS knowledge, and to introduce

NOS in school, including historical and epistemological aspects of science in teaching.

In chapter 5 and 6 we present the design, the execution and the analysis of the proposed

investigation. More specifically in 5 we discuss in detail why we chose to use as main tool

of investigation the open ended questionnaire, elaborated from the current literature, and

translated in Italian and German. We also present the aspects of the adopted analysis, the

Qualitative Inhaltsanalyse.

In chapter 6 we report in details the results of our analysis, performed with the MAXQDA

software program, specifically designed for computer-assisted text-based analysis in social

sciences. As support to our analysis we also reported a number of the most significant

citations extracted from the sample of the answers to the questionnaire. We considered it

necessary ‘to give voice’ to the students and pupils and allow them to explain their point of

views.

Also in this chapter are result summaries of comparisons between the German and Ital-

ian sample groups with a special sample group of largely international doctoral students of

physics. The aim of this aspect of the project was to verify whether or not having a deeper

knowledge of the contents and methods a scientific discipline, physics in this case, would

significantly influence NOS knowledge.

Finally chapter 7, which constitutes the third part of the thesis, links cosmic rays and

NOS. In fact, in this chapter the aspects of cosmic ray research, in its historical, technological

and cultural developments, are observed through the lens of NOS. We highlight aspects and

episodes of cosmic rays research that might elucidate, and substantiate the 14 statements of

McComas and collaborators with examples and interesting points of discussion. In order to

ensure that all of this is not strictly a theoretical discourse, at the end of each section of the

chapter we also suggest some didactic objectives and units, which can be developed by the

pupils and teachers and through which one can teach NOS as well as physics through NOS,

referring to actual themes that are still of great interest in the scientific community.
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Part I

History of cosmic rays research
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Chapter 2

From the beginning to particle

physics

[...] “My dear Zi Gong, now I may begin to talk with you about Poetry. For when I told you

about the past, you can anticipate the future.”

Confucius 1.15

The physics of cosmic rays has been an active and growing field of research since more

than 100 years ago, and it’s not exhausted yet. It has been at the center of interest of

the scientific community since the early discoveries of the Austrian physicist Franz Viktor

Hess in 1912. The scientific goal of the first researchers in the field was to understand the

nature and origin of this extraterrestrial radiation, which reaches the earth uniformly from

all directions. Very soon it was understood that the cosmic radiation measured on earth is

mainly the result of primary cosmic particles interacting in the earth’s atmosphere. Owing to

Pierre Auger’s 1938 experiments which took place in the laboratories of the Pic du Midi in the

French Alps, the energy of the primary particles was eventually measured and astonishingly

found to be the most energetic phenomenon known at that time. The study of cosmic ray

interaction in the atmosphere thus became the study of interactions between elementary

particles at relativistic energies, which are energies well beyond energies what was achievable

in terrestrial laboratories at that time. And, thus, a new branch of physics was born, the

physics of elementary particles, that, until the construction of the first accelerators in the

mid-fifties, was studied only by means of cosmic rays. The study of cosmic rays is still a very

lively field of research today which aims at understanding the sources of this radiation and

the mechanisms by which particles can reach these very high to extreme energies.
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In this chapter we reconstructed the history of cosmic rays research from their pioneer

years until the age of discoveries of new particles. In our reconstruction we will observe

aspects that later will be linked to the constituent objective of NOS.

2.1 Before the discovery

At the very end of the 19th century, two new fortuitous discoveries were having an im-

mense impact on the scientific knowledge of that time. In November 1895, Wilhelm Röntgen

discovered the X-rays and one year later, in March 1896, Antoine-Henri Becquerel revealed

natural radioactivity. Soon the study of these new types of radiation became one of the most

important research fields of physics at the turn of the century. Results from these studies

signified a remarkable advancement for both ‘fundamental’ and ‘applied’ sciences. Let’s, as

an example, consider the studies of Joseph John Thomson at the Cambridge Cavendish Lab-

oratory on the cathodic rays1 in 1897, which led to the discovery of the electron and proved

the divisibility of atoms. His famous ‘plum pudding’ atomic model was later corrected by

Ernest Rutherford through studies on the Becquerel’s radiation, which led him to the discov-

ery of two different radiation components, the alpha and the beta. From the features of alpha

radiation, correctly interpreting the results of the gold foil experiment, Rutherford proposed

that there must exist a positively charged nucleus within the atom, and in 1911 eventually

developed the planetary atomic model. Becquerel’s radiation was also studied by Villard, who

in 1899 discovered a third very penetrating radiation component not influenced by magnetic

fields. Rutherford – not surprisingly– christened them gamma rays. Marie Curie, coinciden-

tally also chose to study the Becquerel rays for her doctoral research. This decision brought

her and her husband Pierre to the discovery of the new elements polonium and radium and

to the Nobel Prize in 1903. They shared it with Henri Becquerel, “In recognition of the

extraordinary services they have rendered by their joint research on the radiation phenomena

discovered by professor Henri Becquerel”.

A common characteristic of the new types of radiation, already noticed by Becquerel,

was their capability to discharge electrically charged objects. That’s why in the physics

community the general term “ionizing radiation” was introduced. Correspondingly ionization

chambers as well as electroscopes soon became some of the widely used instruments in physics.

A key technological advancement for measurements of air ionization was the Wulf’s elec-

troscope. This innovative idea of the German physicist Theodor Wulf (1907a,b) consisted of

1Cathodic rays were responsible for X rays production in Crookes’ tubes.
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substituting the gold-leaves with a metal-coated quartz fiber attached so that it could be kept

taut (see fig. 2.1). This adjustment remarkably increased the efficiency of the instrument.

The gold-leaf electroscope required a very long setting time and was very sensitive to external

perturbations. Conversely, the new type of electroscope was easy to set-up and, above all, sig-

nificantly more accurate. Arranged so that the electrometer could serve as electrode-collector,

this new instrument featured a smaller capacitance and therefore an improved sensibility. In

addition, and in contrast to the gold-leaf electrometers, the external vessel walls were always

kept at high voltage while the internal wire was periodically grounded, preventing high po-

tential. As a consequence, the Wulf’s electrometer was exceedingly more sensitive than any

thing prior (Rossi, 1982).

Figure 2.1: Schematic representation of a quartz-fiber electroscope conceived in 1907 by Theodor

Wulf (1907a).

In the early years of research on the ionizing radiation, the dependency of the intensity

from parameters such as the height above sea level, or from shielding materials like rocks,

seawater, or atmospheric layers was actively studied. Among the first who systematically

studied air ionization, Julius Elster and Hans Geitel, two German physics teachers at the

Wolfenbüttel “Große Schule Gymnasium” in Lower Saxony, and the Scot Charles Thomson

Rees Wilson, can not go unmentioned. In a pleasant paper about Wilson, Malcom Longair
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includes (Longair, 2014) an excerpt of Wilson’s 1901 publication (Wilson, 1901) in which, for

the first time, the hypothesis of an extraterrestrial origin for air ionization was suggested.

Wilson namely supposed that these very energetic kinds of cathodic- or X-rays which were

coming from outside the atmosphere could be the cause of the ionization. As Longair (2014)

remarks, “Because of the experiments [...] he concluded that they were not, but ‘a property

of air itself’. But the idea of cosmic radiation was now in the literature. It would be another

11 years before his intuitive guess was proved to be correct as a result of Hess’s experiments”.

Elster and Geitel (1901) instead suggested that air ionization was due to radiation emitted

by radioactive substances in the soil. In the first decade of the 20th century many were the

physicists who did agree with this explanation. Among them is worth mentioning Adam

S. Eve (1906, 1907, 1911), whose studies on absorption provided reference values that were

crucial in establishing the existence of a radiation from above, and Karl Bergwitz, a disciple

of Elster and Geitel, who in 1908 used a balloon from the Braunschweiger Luftsportverein

and measured what he called a “merkwürdige” (strange) behavior of the radiation intensity.

The behavior was strange in that it initially decreased but began to gradually increase the

higher he went. Unfortunately, he dismissed his findings, claiming that they were the result

of the failure of his measuring apparatus (Bergwitz, 1910)2.

Albert Gockel and Wulf himself were also among the protagonists of pioneer studies.

Gockel, expert in air electrification phenomena, dedicated himself with fervor to the mystery

of ionizing radiation and , despite having limited funding possibilities, he was able to make

measurement campaigns, not only throughout Europe but also in north Africa and in Turkey.

He brought his instruments inside the Sempione tunnel, on the Mediterranean Sea, on the

Lake Constance, and on the mountains and glaciers of the Swiss Alps: Brienzer Rothorn,

Jungfraujoch and Zermatt. Wulf took part in the latter campaign and in the paper published

by the Physikalische Zeitschrift in 1908 (Gockel and Wulf, 1908) the locution kosmische

Strahlung or cosmic radiation3, usually attributed to Millikan, appeared for the first time.

However the most important of Gockel’s observations were those made on board an hot-

air balloon during a campaign funded by the Zurich section of the Swiss Aeroclub. Gockel

undertook three balloon flights: on the 11th of December 1909, the 15th of October 1910,

and the 2nd of April 1911. During his first expedition, in which he reached an altitude of

2http://www.rudolf-fricke.de/Bergwitz.htm
3As we will see later Millikan introduced the term cosmic ray. The term cosmic radiation was, and would

be today, more appropriate, since it does suggest a generic radiation coming from the cosmos with no specific

assumption on the nature of rays as high frequency light
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4 500 m, he was able to observe a decrease in the radiation intensity, as expected according to

the terrestrial soil origin hypothesis. However, the diminution was less rapid than predicted

and from an altitude of 2 000 m he measured an increase in the radiation intensity as it can

be seen in figure 2.2.

Figure 2.2: Table of the measurements carried out by Gockel during the balloon ride on the 15th of

October, 1910. A clear increase of the ionisation between the altitudes of 1 900 m and 2 800 m was

observed and reported (Gockel, 1910).

When publishing his results Gockel was very careful in his consideration of all possible

sources of errors such as a crash landing in a nearby forest during which one of the instrument

was damaged, and even the presence of dense fog, probably containing radioactive substances,

encountered in the ascending phase. In the conclusions of his article, he suggested that these

results needed further validations (Gockel, 1910). To improve the results he undertook two

more balloon rides, once again on board of the Gotthard of the Swiss Aeroclub. Apparently,

on October 1910 the Swiss company offered hydrogen at a very affordable price. Filled with

hydrogen the aerostat could have reached an altitude of 7 000 m but eventually it was decided

to use the heavier coal-gas4. Under these circumstances, Gockel reached in the two successive

flights an altitude of only 2 800 and 2 860 m respectively. A more detailed account of the

events are reported in the article by Lacki (2014) entirely dedicated to the German physicist.

History, and that of physics too, isn’t made of ‘if and but’... but if Gockel would have reached

an elevation of 7 000 m the history of cosmic rays would likely not have changed by much,

but the paternity of their discovery most likely would have!

4Coal-gas is a gas mixture used also for the streets illumination. Why coal-gas was finally used is unclear.
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Gockel wasn’t the only one who neared the discovery. In 1910, Theodor Wulf, for example,

took measurements (with the new instrument that he invented) from on the top of the Eiffel

tower (330 m) where he found a decrease in the intensity but it wasn’t as evident as Eve’s

prediction. Namely, according to Eve (1911), the intensity should have been reduced by the

half by 80 m of air: on the contrary Wulf detected 3.5 ions/s/cm 3 on the top of the tour

Eiffel while on the ground he had measured 6 ions/s/cm3 (Wulf, 1910).

In Italy the meteorologist Domenico Pacini dedicated himself to the study of the pene-

trating radiation and in August 1910 he was able to gather accurate measurements on the

surface of the Mediterranean Sea, 300 m off the shore of Livorno harbor. He concluded that

(Pacini, 1911):

qu’une partie appréciable de la radiation pénétrante présente dans l’air, partic-

uliérment celle qui est sujette à des oscillation notable, a une origine indepéndante

de l’action directe des substances actives contenues dans les couches supérieures

de la croute terrestre5.

To confirm his hypothesis, in June of the following year Pacini repeated the experiment

“in seno alle acque” “in water” (Pacini, 1912), i.e., plunging the electrometer three meters

below the surface of the waters in the same sea zone of the previous year. From these series

of measurements he drew the same conclusions:

[...] che esista nell’atmosfera una sensibile causa ionizzante, con radiazioni pene-

tranti, indipendente dall’azione diretta delle sostanze radioattive del terreno6.

From the quoted, it would appear that even Pacini was convinced of the existence of a

cosmic radiation. Thus, at the end of the first decade of the twentieth century, the stage

was set for a new discovery but none could clearly and unequivocally confirm the existence

of extraterrestrial radiation.

2.2 Discovery and “rediscovery” of the cosmic rays

The cosmic rays have a precise date of birth, namely the 7th of August 1912, the day in

which Franz Viktor Hess, known today as the father of cosmic rays’, made a balloon flight

5A significant part of the penetrating radiation in air and particularly the one significantly fluctuating, has

an origin independent from the direct action of substances contained in the superficial levels of the terrestrial

crust.
6[...] that exists in the atmosphere a sensible ionizing cause, with penetrating radiations, independent from

any direct action of the radioactive substances of the ground.
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from Ùst̀ı nad Laben (Aussig) on the Elbe to Pieskow, near Berlin. The trajectory of Hess’

successful flight is reported in figure 2.3.

Figure 2.3: Trajectory of the seventh of a series of balloon expeditions performed by F.V. Hess

in summer 1912 (Steinmaurer, 1985). Ionizing radiation measurements registered during this flight

proved the existence of a cosmic radiation.

But let’s take a step backward. In spring 1911 Franz Viktor Hess, after having read the

results of Wulf’s measurements, decided to study ionizing radiation in a more systematic

manner. He first set out to verify the law of the atmospheric absorption. To do this he

undertook a series of 5 sets of measurements using a Wulf electrometer on the grass in front

of the Vienna physics institute. As a γ-rays source he used radium chloride (RaCl2). To be

more precise, he used 1 020 mg of compound in the first experiment, 920 mg in the second

and third set of measurements, and 1 420 mg during the last two. The resulting mean value

of the absorption coefficient λ was, in accordance with Eve’s own, λ = 0, 447 · 10−4cm−1.

Hess’s conclusions were as follows(Hess, 1911):

[...] dass also die durchdringende Strahlung der Erde mit der Höhe rasch ab-

nehmen muss und schon in 500 m Höhe nur mehr einige Prozent des Wertes am

Erdboden zu erwarten wäre7.

In the same paper Hess reports the penetrating radiation measurements which were taken

7[...] that the earth penetrating radiation should rapidly diminish and already at an altitude of 500 m one

would expect only a small percentage of its value at the earth’s surface.
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at different altitudes on board the balloon Radetzky of the Österreichischen Aeroklub during

a flight above Vienna on August the 28th, 1911. In his report he concludes:

Nach den bisheringen Ergebnissen müsste man daran denken, dass außer den

radioaktiven Substanze der Erde noch andere Ionisatoren mit durchdringender

Strahlung in der Luft wirksam sind und dass deren Wirksamkeit mit zunehmender

Höhe wächst8.

The above mentioned balloon flight was only the first of a series of ten undertaken by

Hess: two in 1911, and seven in 1912, thanks to the funding of the Viennese Kaiserliche

Akademie der Wissenschaften. Eventually in 1913 he made his last ascent. Five of these

flights were night-flights and some of them were also continued in the morning (see section

7.1). The flight on April 17th, 1912 occurred during a partial solar eclipse. Nevertheless, the

most important ascent was the flight that took place on 7th of August, 1912, that allowed

Hess to confirm the existence of cosmic radiation. The instrumentation on board consisted of

three fiber electrometers of the Wulf’s type, two of them, identified as 1 and 2, had ionization

chambers of 2 039 cm3 and 2 970 cm3 respectively, and zinc walls of 2-3 mm. They were

hermetically sealed and inside pressure as well as temperature were kept constant. The third

electrometer, however, identified with the number 3, had thin walls because it was supposed

to measure less penetrating radiation, the β-rays. The pressure of instrument 3 was set

to the atmospheric pressure, so in order to compare future results, a normalization factor

was needed. The simultaneous use of three different instruments helped to prevent possible

systematic errors due to instruments malfunctioning. The main focus of 1912 Hess’s paper

(Hess, 1912) was on the seventh flight during which an altitude of 5 350 m above sea level

was reached. Analyzing the measurements, Hess emphasizes how at heights between 1 400

and 2 500 m the ionization values registered were comparable with those measured on the

ground. However, at 3 600 m the ionizing rate was increasing by 4-5 ions/s. At their highest

point (5 350 m), instruments 1 and 2 were registering 20-24 ions/s more. The results were

summarized in a table reporting the mean values of the measurements at different altitudes

confirming that, up to 1 000 m above ground, the ionizing radiation diminishes but then

increases with the altitude. Hess drew the following conclusion (Hess, 1912):

Die bisherigen Untersuchungen haben gezeigt, dass die in geschlossenen Gefäßen

beobachtete durchdringende Strahlung sehr komplexen Ursprungs ist. Ein Teil

8Following the existing results one has to think that besides the earth radioactive substances other ionizing

factors with penetrating radiation are at work in the air and that their efficacy increases with the altitude.
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der Strahlung rührt her von den radioaktiven Substanzen an der Erdoberfläche

und in den obersten Bodenschichten und wird relativ wenig sich ändern. Ein

zweiter von meteorologischen Faktoren beeinflußter Anteil wird von den radioak-

tiven Substanzen der Atmosphäre, im wesentlichen von RaC9 herrühren. Meine

Ballonbeobachtungen scheinen darauf hinzuweisen, dass noch eine dritte Kompo-

nente der Gesamtstrahlung existiert, welche in der Höhe zunimmt und auch am

Boden merkwürdige Intensitätsschwankungen aufweist. Die weitere Forschung

wird insbesondere diesen die größte Aufmerksamkeit zu schenken haben10.

Hess’s discovery was probably prepared by all his colleagues, who had studied the ionizing

radiation along with him, but he deserves the credit for the discovery on account of his ’clean’

and well thought out experiments. Hess, namely, had a knack for experimentation which was

evident in his unambiguous measurements in which he showed a clear increase in radiation

intensity. He was conscious of his success as shown by his letter to Domenico Pacini of 20th

May, 1920 (Carlson and De Angelis, 2010):

Coming back to your publication in “Nuovo Cimento”, (6) 3 Vol. 93, February

1912, I am ready to acknowledge that certainly you had the priority in expressing

the statement, that a non terrestrial radiation of 2 ions/cm3 per second at sea

level is present. However, the demonstration of the existence of a new source

of penetrating radiation from above came from my balloon ascent to a height of

5 000 meters on August 7 1912, in which I have discovered a huge increase in

radiation above 3 000 m.

This brief excerpt is only the final statement of an exchange of letters between the two

physicists. Domenico Pacini aimed at showing that his results on the radiation attenuation,

although in agreement with the balloon results, weren’t cited by Hess while those of Wulf,

Gockel and Kolhörster were cited. The loss of recognition from the international community

9With this symbol Hess indicated the element he called Radium emanation, probably referring to 222Rd

the most stable radon isotope with a half-life of 3.8 days.
10The previous investigations have shown that the penetrating radiation observed in closed vessels has a

very complex origin. A fraction of the radiation comes from the radioactive substances of the earth soil and

from the upper layers of the terrestrial crust and it features relatively small changes. A second fraction,

influenced by meteorological factors arises from the radioactive substances of the atmosphere, essentially RaC.

My balloon observations seem to indicate that exists a further third component of the radiation, that increases

with the altitude still exhibiting a remarkable intensity variation at the soil. Future research should pay special

attention to it.
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of Pacini’s credits has to be imputed, according to De Angelis et al. (2011), to the fact

that Pacini was not an academic figure and that he mostly published in Italian on national

journals.

In the years immediately after the discovery of the durchdringende radiation from above

the results were known only to a few physicists and, among them, the German Werner

Kolhörster. Being fascinated by the studies of Wulf and Hess, he began his own research

in this field asking the Günther & Tegetmeyer (G&T) (Braunschweig, Berlin) company to

improve the characteristics of the electroscopes in order to make them more suitable for

the use on balloons (Kolhörster, 1913b), (Fick and Hoffmann, 2014), (Fricke and Schlegel,

2012). Equipped with this new version of the instrument, he accomplished, during summer

1913, three ascents after which he confirmed the results of Hess with a precision of 10-15%

(Kolhörster, 1913a). However it was the balloon flight that took place on the 28th of June,

1914 that gave him world wide renown11, because it was during this flight that he reached

a astonishing altitude of 9 300 m above sea level where he measured clear increase of the

intensity that was so undeniable that two weeks later Kolhörster himself reported the results

in a session of the Physikalische Gesellschaft excluding (Kolhörster, 1914), (Hoffmann, 2012):

[...] jeglichen Zweifel an der Realität der Messungen und damit an der Zu-

nahme der Ionisation. Mangels jeglicher anderer Erklärung hierfür wird man

nicht umhinkönnen, diese Tatsache durch die Annahme einer Strahlung hohen

Durchdringungsvermögens in den oberen Schichten der Atmosphäre oder unserem

Sonnensystem zu erklären. Es erscheint ausgeschlossen, dass die bekannten ra-

dioaktiven Substanzen des Erdbodens oder der Luft hierfür verantwortlich sind12.

In figure 2.4 the minutes of the DPG session dated July the 10th 1914 are reported, in which

the address of Kolhörster was registered.

One possible source of the radiation from above was, according to Kolhörster, the sun and

in order to prove this he started a specific research program. He put hopes in observations

which were to be made during a solar eclipse on the 21st of August, 191413 but the outbreak of

11Some colleagues, among them Lajos Jánossy, namely called Kolhörster “co-author” of the discovery.
12[...] any kind of doubt about the reality of the measurements and therefore about the increase of the

ionization. In the absence of any other explanation one is bound to explain this fact through the assumption

[of the existence] in the upper layers of the atmosphere or in our solar system of a radiation with very high

penetrating power.
13This eclipse was a total eclipse in the following sites: the Persian Gulf, Banks islands, Asia Minor, Black

Sea, Russia, Baltic Sea, Sweden, Norway, Arctic ocean, Greenland, and North America (Favaro, 1914).
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Figure 2.4: Minutes of the DPG’s meeting of July 10th 1914 in which the address of Kolhörster

with the title Meßung der durchdringenden Strahlung bis 9300 m Höhe was reported http://www.

dpg-physik.de/veroeffentlichung/archiv/pix/Protokollbuch19140710Kolhoerster.jpg.

the first World War, that saw many physicists called to arms, canceled this and other scientific

programs. Although the War did indeed slow down research, especially in Europe, according

to Walter and Wolfendale (2012) important experiments were nevertheless carried out during

the conflict. The authors cite as an example the work of Gockel: between September 1913

and February 1914 at the Constance lake at a depth of 6 m, on the peak of the Jungfraujoch,

at 3 400 m, during autumn 1913, and the measurements at the alpine glacier Aletsch at an

altitude of 2 800 m in the summer of 1914. The results of these experiments, published in

1915 (Gockel, 1915), not only confirmed the increase of the radiation intensity with altitude,

but allowed Gockel to estimate the great penetrating power of the radiation. In fact, the walls

of the glacier had shown an absorption coefficient equivalent to 3.5 m of water. Before war

broke out Hess, in collaboration with Martin Klofer, had planned a series of long duration

measurements on the Hochbir Mount (2 044 m) in Carinthia (Austria). From October 1913

until November 1914, using the same electrometers carried on board of the balloon in 1912,

they measured the radiation intensity five times per day. The data they collected at that time

17

http://www.dpg-physik.de/veroeffentlichung/archiv/pix/Protokollbuch19140710Kolhoerster.jpg
http://www.dpg-physik.de/veroeffentlichung/archiv/pix/Protokollbuch19140710Kolhoerster.jpg


could only be analyzed three years later in 1917 since in meanwhile Klofer was conscripted

and had to go to Russia. From the data (Hess and Kofler, 1917) and (Gockel, 1915) it could

at the very least be concluded with a high level of certainty that the sun was not the source

of cosmic radiation.

At the end of the first World War the existence of some kind of penetrating radiation of

extraterrestrial origin had been accepted by the European scientific community with the sole

exception of Wigand (Walter and Wolfendale, 2012). Research projects then focused on the

nature of the rays and their possible sources. In the United States on the other hand there was

no surge of scientist who were conducting cosmic rays research and the first experiments only

gained traction due to the skepticism of a dominant personality in the scientific community:

Robert Andrew Millikan. Millikan was well known in the community for having conducted,

between 1910 and 1913 (initially in collaboration with Harvey Fletcher) experiments that

allowed him to determine the value for the charge of the electron (Millikan, 1911, 1913).

For these experiments the elementary charge and also for ones on photoelectric effect he

had been awarded the Nobel Prize in physics in 1923. He was therefore well-known in the

community at large. Millikan had a strong personality. In 1921, due also to the leadership

skills he had exhibited during the war, he was appointed as head of the new, well financed

California Institute of Technology (Caltech), and director of its physics institute. Under

his direction Caltech became one of the most modern and prestigious research institutes

in the USA (Kevles, 1979). As a professor, Millikan regularly looked-up scientific papers

abstracts to find new topics for diploma and PhD theses and was therefore well informed

about all the current research. At the beginning of the twenties, when he was already in

California, Millikan resumed some studies on penetrating radiation which he had begun in

Chicago (triggered actually by his skepticism) whose aim was to verify the results of Gockel,

Hess and Kolhörster. In performing his experiments Millikan brought a “genial” (Rossi,

1964) modification to the instruments currently in use in ballooning missions. These kind

of experiments required the presence of personnel on board to record the measurements

and safely return instrumentation to the ground. Millikan established the use of sounding

balloons that enabled unmanned missions. Bruno Rossi wrote that the instruments drafted

and assembled by Millikan were “un capolavoro di robustezza, attendibilità e sensibilità14”

Rossi (1964). The instruments were lifted by two balloons, and when the desired height

had been reached one of the balloons was released while the other one slowly brought the

14A masterpiece of robustness, reliability and sensibility.
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instruments back to the ground. In figure 2.5 a picture of the original Millikan’s electroscope

is reported. It was integrated with a photographic device that constantly registered on a

film the instrument readings so that, after the recovery and development of the film, all

measurements could easily be read in the laboratory.

Figure 2.5: Smallest cylindrical electroscope. Used in Texas in 1922. Sent up to about 15.5 kilometres

by balloon (left) Courtesy of The Calthec Image Archiv http://archives-dc.library.caltech.

edu/islandora/object/ct1%3A174 and its schematical view (right) (Millikan and Bowen, 1926).

In spring 1922, together with Ira Bowen, Millikan undertook measurements by means

of such sounding balloons to verify the correctness of the ‘European’ measurements. From

Kelly Field (Texas) four sounding balloons were launched carrying on board Millikan’s new

instrumentation. Only two of them successfully reached the altitudes of 11.2 and 15.5 km.

In a note published in 1923 and in a successive paper of 1926, Millikan affirms that (Millikan

and Bowen, 1926):

This shows quite unambiguously, in agreement with the findings of Gockel, Hess

and Kolhörster, that the discharge rates at high altitudes are larger than those

found at the surface15. Quantitatively, however, there is complete disagreement

between the Hess-Kolhörster data and our own, the total loss of charge of our

electroscope in the two hours spent between the altitudes of 5 km and 15.5 km

having been but about 25 percent of that computed from Hess-Kolhörster curve.

[...] The result then of the whole Kelly Field work constitutes definitive proof

15Emphasis in the original paper.
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that there exist no radiation of cosmic origin having such characteristics as we

have assumed.

The ‘European’ answer to such drastic conclusions didn’t take long. Hess (1926) and

independently Kolhörster (1926) affirmed that what stated by Millikan, at least: “in einer

Weise dargestellt ist, die Mißverständinisse hervorrufen könnte16”, and Kolhörster further

added:

So bildet denn ein einziger, von Temperatureffekten angeblich unabhängiger Mit-

telwert für die noch dazu ganz unbestimmte Höhe zwischen 5-15.4-5 km das

zahlenmäßige Ergebnis dieser Versuche. Es ist daher zunächst ganz unverständlich,

mit welcher Berechtigung gerade ein solcher Einzelwert gegenüber meinen rund

1 000 wohldefinierten und übereinstimmenden Mittelwerten überhaupt angeführt

werden kann17.

In Kolhörster’s paper one can read:

Im übrigen sind Millikans Schlüsse aus diesen Versuchen nicht nur mit den rund

10 Jahre früheren Angabe europäischer Forscher, sondern auch mit seinen eigenen

späteren Befunden18 unvereinbar19.

This last sentence is more than justified. Millikan indeed in 1926 had published, together

with different collaborators, three papers titled High frequency rays of cosmic origin, in

which the results of the experiments on ionizing radiation conducted by him until then, were

reported.

Let’s go back to try to clarify this intricate case that shows how Millikan’s work was not

linear and rigorous. After the measurements in spring 1922, Millikan had planned for the

summers of 1922 and 1923 the following experiments:

• experiments on radiation absorption at higher altitudes, “the highest altitude to which

we could transport considerable quantities of absorbing materials” (Millikan and Otis,

1926).

16Is portrayed in a way that could generate misunderstandings.
17Thus one single mean value that is supposedly unaffected by temperature effects and that furthermore

refers to an undefined altitude between 5-15.4-5 km, constitutes the only numerical result of the experiment.

It is therefore not understandable, by what right just such a single value can be mentioned against my almost

1 000 well-defined and consistent mean values.
18Emphasis in the original paper.
19By the way Millikan’s conclusions on this experiment are incompatible not only with the statement that

the European researchers made almost 10 years ago, but also with his own later findings.
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• experiments without absorbing shields on board of airplanes, balloons, or on mountain

peaks.

His aim was to ascertain if such a radiation existed and, if so, if it was possible that it was

originating from radioactive substances in the atmosphere and to measure (one more time) the

absorption coefficients. The measurements at high altitudes without any shielding confirmed

the results already found in Europe: the radiation initially diminishes but successively, at

increasing altitude, increases. The conclusions of Millikan and Otis (1926) on the absorption

experiments were instead:

The net results of the Pikes Peak work is, then, to establish quite definitively

(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 constant as are supposed above. 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 anyone had as yet suggested20.

Once again Millikan’s conclusion was the non existence of a radiation from above. Eventu-

ally in the last ten days of August 1925 he performed, with Harvey Cameron, two experiments

on mountains peaks. They measured the intensity of the radiation sinking the electroscope

into two mountain lakes the Muir Lake at about 3 600 m of altitude, and the Arrowhead Lake

at 1 550 m. The result was that, independently of the depth, the intensity values measured

in the Arrowhead Lake were the same as those recorded, 6 feet deeper, in the Muir Lake.

The value of 6 feet (≈ 1.83 m) was, in fact, not arbitrary: it happens to be the absorption

(in meters of water) equivalent of an air column of ≈ 2 100 m, the altitude difference of the

two lakes. It was this exact correspondence of all values that convinced Millikan that the

radiation couldn’t originate in the air layers between the two lakes and so, in the summary

of this last paper of the 1926 (Millikan and Cameron, 1926), he concludes:

The advances made in these researches seem to us to be: [...] (2) The definitive

proof that some of these rays come from above, the 6,700 feet of atmosphere

between 11,800 and 5,10021 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 the

penetrating rays are partially of cosmic origin.

20Emphasis in the original paper.
21Altitude difference between Muir and Arrowhead lakes.
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This scientific paper appeared on Physical Review on November 1926, but one year before

on November 9th 1925, Millikan had already presented his results during the meeting of

the National Academy of Science. After this meeting the New York Times on the 12th

of November, 1925 published its magazine which was titled “Millikan-Rays”22 pushing the

already popular Nobel prize winner deeper into the spotlight. In the respective article the

magazine went on to say that Millikan:

Has gone out beyond our highest atmosphere in search for the cause of a radiation

mysteriously disturbing the electroscopes of the physicists. [...] he has brought

back to earth a bit more of truth to add to what we know about the universe.

[...] The mere discovery of these rays is a triumph of the human mind and should

be acclaimed among the capitol events of these days. The proposal that they

should bear the name of their discoverer is one upon which his brother-scientists

should insist. [...] “Millikan rays” ought to find a place in our planetary scientific

directory all more because they would be associated with a man of such fine and

modest personality.

In Millikan’s management of the paternity of the discovery, the role of the European re-

searchers was totally ignored.

Meanwhile in Europe just after the war, the nature of the penetrating radiation was

studied through absorption experiments with different shielding materials. In particular

Kolhörster, funded by the Preußischer Akademie der Wissenschaften had in 1923, 1924 and

1926 conducted measurements on the alpine glaciers Jungfraujoch, Eigergletscher and on the

Monchgipfel, respectively. In figure 2.6 Werner Kolhörster can be seen working during one

of such campaigns. The choice of these sites was dictated by the knowledge that in the

high altitude glaciers the presence of radioactive materials, that might have influenced values

of the absorption coefficients, was negligible. During these campaigns he searched also for

any possible dependence on passing constellations and performed measurements even during

the passage of Halley’s comet. No dependence was found but for his studies on absorption

Kolhörster was awarded with the silver Leibniz-Medal. It was on the basis of these studies

that he considered himself the progenitor of research regarding the absorption law and in the

paper of 1926 in the Annalen der Physik he made a detailed analysis confronting his own and

Millikan’s studies and concluding that his own results couldn’t at all be influenced by those

of Millikan, having been published quite earlier, when the American physicist still doubted

22This journal article was partially published in the scientific magazine “Science” (Science, 1925).
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Figure 2.6: Werner Kolhörster during measurements of intensity aiming to define the absorption

curve in an alpine glacier. Courtesy of Hoffmann (2012).

the existence of the penetrating radiation (Kolhörster, 1926). The discrepancies between the

values of the absorption coefficient λ at high altitudes obtained in Europe and in the USA

were from both sides attributed to inaccurate measurements and inadequate instruments: it

was indeed still unknown that the intensity of the radiation also depends on the terrestrial

latitude. To decide which measurements were the correct ones, implied to attribute the

discovery paternity to Hess or to Millikan. For a conclusive answer one had to wait until

1932, that is, until the experiments by Erich Regener and August Piccard. Eric Regener,

a German physicist, launched on August the 12th 1932 a sounding balloon that reached an

altitude of 26 km (Regener, 1932). August Piccard, Swiss physicist and inventor, on his

side had developed a new type of balloon which Pfotzer describes with these words (Pfotzer,

1972):

The merits of August Piccard and later also of his twin brother Jean Piccard as

pioneers in stratospheric manned flights are outstanding. The steps taken in the

first flights of A. Piccard are:

1. The use of a spherical pressurized aluminium cabin.
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2. The replacement of the heavy net of the classical rubberized balloons by two

catenary belts. The essential features of these belts are small ropes hemmed

into curved edges of scallops which are in the form of the mathematical curve

known as a catenary.

During the flight on the 18th of August, 1932, Piccard and Cosyns reached the record altitude

of 16 201 m (Piccard and Cosyns, 1932), which was undeniably a technical and scientific

success. Millikan himself, in collaboration with Ira Bowen, had contributed to the studies on

atmospheric absorption with the launch from Dallas of a balloon that reached ‘only’ a height

of 8 000 m. (Bowen and Millikan, 1933). Thanks to the improvements in instrumentation

the physicists were finally able to obtain well documented and well consistent data, and the

Hess-Kolhörster’s curve was extended to a height of 25 km. The credit for the discovery of

cosmic rays must definitively assigned to Viktor Hess (Ziegler, 1989).

2.3 Determining the nature and characteristics of the rays

Even if the existence of cosmic rays was finally proved and accepted by the scientific

community, their nature and origin was still unknown. Only Millikan in 1928 had made some

hypotheses on the matter. By means of intensity measurements taken in high altitude lakes

in California and Bolivia (Millikan and Cameron, 1928a,c) he estimated the shape of the

absorption curve. According to the knowledge of that time, that photons at high energy were

absorbed via Compton collisions, and that the photon mean free path in materials was pro-

portional to the energy carried, the energy of the cosmic radiation was calculated by means of

absorption/intensity measurements. Thus, from the experimental data it was assumed that

cosmic rays should consist of ultra-gamma photons, i.e. very energetic γ rays. Millikan noted

that the absorption curve he obtained was in accordance with the superposition of three

different absorption curves whose mean free path values were 300, 1 250, and 2 500 g/cm2

corresponding to photons energy of 26·106, 110·106, and 220·106 eV. Then using Einstein’s

mass-energy equivalence, he calculated the amount of energy released (binding energy) when

four interstellar hydrogen atoms, by means of a suddenly nuclear fusion, form an atom of

helium. He found, within the experimental errors, an agreement with the measurements.

Similarly he calculated the mass defect for the syntheses of nitrogen and oxygen and found

100·106 and 120·106 eV, respectively. The energy release in the building of a silicon atom from

28 hydrogen atoms was also in amazing agreement with the third energy band. Unsurpris-
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ingly, these self-consistent values, “[...] that turned out to be purely accidental[...]” (Rossi,

1964) convinced Millikan to have understood the nature and origin of the cosmic ray: “The

cosmic rays originate in some nuclear act or acts having sharply defined energy-values trans-

latable, like quantum jumps into spectra-line frequencies”23(Millikan and Cameron, 1928d),

and in several occasions (Millikan and Cameron, 1928e), (Millikan, 1928) he affirmed that:

the observed cosmic rays are the signals broadcasted throughout the heavens of

the birth of the common elements out of positive and negative electrons.

This ‘biblical’ view, fervently advocated by Millikan, surely fascinating and so close to

Millikan’s personality, was destined to fail in front of a new experimental evidence obtained

thanks to the invention and the subsequent use of a new measuring device, the Geiger-Müller

counter.

We want to stress here how the role played by Millikan in the early stage of the research

on cosmic rays, although controversial, was pivotal and his involvement might be derived

from the number and sequence of experiments he conducted and also from the list of his

publications of those years. An overview of these activities is reported in the table 2.1.

In 1911 C.T.R. Wilson had invented an instrument capable of visualizing tracks produced

by ionizing particles: the cloud chamber (Wilson, 1911, 1912). The use of this new instrument

was not suited to the study of cosmic radiation because, after the expansion, the chamber

remained sensitive only for a short interval (a hundredth of second). Another complication

was that the expansion occurred randomly so that the probability to register the flow of a

charged particle was very low, only 2%. A new device was rather bound to have a greater

success. Between 1906 and 1912, Hans Geiger, visiting Rutherford’s laboratory in Manchester,

took part in the construction of a new instrument, the pointer-counter, capable of counting

singular occurrences of ionizing radiations. This instrument, too, was not perfectly suited to

the study of cosmic rays. In 1925, Geiger was asked to be a chair of Experimental Physics at

Kiel University where, in 1928 with the collaboration of his doctoral student Walter Müller,

he was able to modify the pointer-counter and developed the Geiger-Müller counter24, that

would soon become one of the most used research device of the 20th century (Geiger and

Müller, 1928).

The instrument consisted of a metallic tube filled with gas at low pressure (the first models

of the device were filled with argon or other noble gases). One area of the tube constitutes

23Emphasis in the original paper.
24In the following we will use the abbreviation “G-M” for “Geiger-Müller”.
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Table 2.1: Summary of Millikan’s Experiments and relative communication and papers during the

twenties.

Date, Place Scientific comunications, Autor(s)

April 1922 Kelly Field AFB (Texas),

Sounding Balloons

1923 May 5 Pasadena Meeting APS, Phys.Rev.22, Note 1 Millikan

and Bowen; Phys.Rev. 27 p.353 Millikan and Bowen

1922 Pasadena Captive Balloons;

March Field AFB (Ca) Airplane

flights

1923 May 5 Pasadena Meeting APS, Phys.Rev.22, Note 2 Otis;

Phys.Rev.27 p.645, Millikan and Otis

1922 September 16-18, Mt. Whitney 1923 May 5 Pasadena Meeting APS Phys.Rev.22, Note 3 Otis;

Phys.Rev.27 p.645, Millikan and Otis

1923 Rockwell Field Airplane flights

(Ca)

1923 May 5 Pasadena Meeting APS, Phys.Rev.22, Note 2 Otis;

Phys.Rev.27 p.645, Millikan and Otis

1923 September 22-24, Pikes Peak 1924 April 25-26 Washington Meeting APS Phys.Rev.24 Note 62

Otis and Millikan; Phys.Rev.27 p.645, Millikan and Otis

1925 August 20-31, Muir and Arrow-

head Lakes (Ca)

1925 November 9 National Academy of Science Millikan;

Phys.Rev.27 p.851 Millikan and Cameron

Autumn 1926, Bolivian Lakes (Titi-

caca and Miguilla), Andes Valley, See

from Mollendo (Peru) to Los Angeles

1927 September 2, Public evening lecture before the BAAS Na-

ture, Millikan and Cameron; Phys.Rev. 31 p.163, Millikan and

Cameron

Summer 1927, Arrowhead and Gem

Lakes (Ca)

1927 September 2, Public evening lecture before the BAAS Na-

ture(Suppl.) 1928; 1928 February 16 Physics Seminar at Caltech;

March 16 Speech, Caltech Associates Reports of the Associated

Press on March 17; Phys.Rev.31 p.921; Science April 13, Millikan

and Cameron

Continue atom building (three fre-

quency bands)

1928 April 23 N. A. S.; July 12 N. A. S. Phys.Rev.32 p.533;

September 28 Millikan and Cameron; 1928 Science, Millikan

the window through which radiation can penetrate; it is usually covered with a thin sheet.

Along the tube axis a thin wire, connected to a resistor, is suspended. The external walls

are connected to the negative pole of a battery having the other pole grounded. In this

arrangement the wire always has a higher voltage than the walls, the difference ∆V is the

so-called operative voltage. When a cosmic ray enters the tube, it ionizes an atom and a ion

pair is formed; the electron will be attracted to the wire while the positive ion moves towards

the walls. If the operative voltage is maintained under a critical value the G-M counter works

simply like an ionization chamber, but if the voltage is increased (∆V = 1000 − 1500 Volt)

the electric field around the wire becomes sufficiently strong and thus the electrons gain,
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during their drift, an energy sufficient to initiate further ionization, creating an avalanche

of secondary electrons. Consequently the gas becomes an electric conductor and the wire

discharges through the resistor and generates a large, easily measurable pulse. Another

important characteristic of the counter is its efficiency. In fact with an internal pressure of

only a tenth of the atmospheric pressure, the probability of revealing an ionizing particle, i.e.

the probability of creating ion pairs is about one. Moreover the counter can, within a broad

range of voltage values, work in a noncritical mode where the response time is very rapid,

usually a signal is observed with a delay < 1µs with respect to the ionizing particle arrival

time. One of the first models of this new instrument is shown in figure 2.7.

Figure 2.7: Early Geiger-Muller tube made in 1932 by Hans Geiger for laboratory use (left), from Sci-

ence Museum London https://commons.wikimedia.org/w/index.php?curid=28024312. Schemat-

ical view of G-M counters (right) http://nptel.ac.in/courses/115102017/16. V(t) in the sketch

corresponds to ∆V in the text.

The rapid response of the counter was very suitable for coincidence measurements. Coin-

cidence experiments25 were already performed by Walter Bothe and Hans Geiger in 1925 at

the Berliner Physikalisch-Technischen Reichsanstalt (Bothe and Geiger, 1925), (Bothe, 1926)

and also by Kolhörster (1928), although not for studies of cosmic rays. Having heard about

work by Dmitri Skobeltsyn, Bothe and Kolhörster decided to apply the coincidence method

to cosmic rays research. Skobeltsyn as research fellow of the Leningrad Physical Technical

Institute26, with the help of a Wilson chamber in a magnetic field, had photographed traces

of secondary β rays generated from a beam of γ rays. He observed, in some photographs, very

25These experiments were conducted by means of pointer-counters.
26The Physical Technical Institute of Leningrad has changed name, namely it is now known as Ioffe Institute,

and Leningrad is now St. Petersburg.
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energetic electrons (with straightforward trajectories) that were not correlated to any γ ray.

He himself suggested that they could be secondary particles generated by the Höhenstrahlung

(Skobeltsyn, 1927).

The experiment that Bothe and Kolhörster performed in 1929 is a milestone in the research

of cosmic rays not only for the extraordinary results they obtained, but also because they

designed and constructed the first example of a modern experimental apparatus. In the

introduction of the now seminal paper of 1929 the authors wrote (Bothe and Kolhörster,

1929):

Ist diese Korpuskolarstrahlung als Sekundärstrahlung einer γ-Strahlung aufzu-

fassen, wie bisher üblich, oder stellt sie selbst die Höhenstrahlung dar? [...] Wir

haben nun, von der hergebrachten γ-Strahlhypothese ausgehend, Versuche unter-

nommen, um das Durchdringungsvermögen der zu erwartenden Sekundärelektronen

zu bestimmen. Es zeigte sich im weiteren Verlauf, daß diese Versuche eine Entschei-

dung in dem oben erwähnten Sinne ermöglichten27.

Bothe and Kolhörster’s experimental equipment, schematically shown in figure 2.8, consisted

of two G-M-tubes coated with 1mm of zinc, and between the tubes an inter-space of 45mm

was left, where different layers of absorbing materials could be introduced. Two lead bars

were put on both side with the task of absorbing electrons scattered in the absorbing layers.

The whole apparatus was inserted in a shielding Panzer which constituted an extra layer

of 5 cm thick iron surrounded by another layer of 6 cm thick lead. The whole Panzer was

equivalent to one meter of water. The first measurements were taken by Bothe and Kolhörster

in the cellar of the Reichsanstalt in Berlin, so that the total shielding was equivalent to three

meters of water (Bothe and Kolhörster, 1929).

Assuming that the penetrating radiation consisted of γ photons, Bothe and Kolhörster

measured the signals arriving in coincidence at the counters, after having accounted for

random counts. Since the signal in the G-M counter can be generated only from charged

particles, they supposed that these particles could be secondary electrons resulting from

the Compton interaction between primary γ rays and the air (surrounding the instrument)

or, alternatively, the walls. Nevertheless, the probability of an interaction of a primary

27Is this corpuscular radiation to be understood as a secondary γ-radiation as has been customary, or does

it represent in itself the high-altitude radiation? [...] We have now performed an experiment to determine

the penetrating power of the supposed secondary electrons, proceeding from the above γ-ray hypothesis. It

turned out that this experiment made it possible to decide between the above-mentioned interpretations.
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Figure 2.8: Arrangement of Bothe and Kolhörster’s experiment. Adaptation from the 1929 paper

(Bothe and Kolhörster, 1929).

photon with the instrument walls or with the gas molecules is very low and, even more, the

chance of two consecutive Compton effects is virtually negligible. The first hypothesis was

therefore dismissed. Conversely, if the interaction occurred in the atmosphere, outside the

instrument, secondary electrons should have been absorbed in the metal layers between the

two counters and the rate of signals in coincidence should have drastically decreased. This

expected effect wasn’t observed and moreover with a block of gold 4.1 cm thick, equivalent

to 7 cm of lead, a large amount of coincidences was still measured. These results, along

with the overestimation of the number of produced secondary electrons, led the German

physicists to conclude that the hypothesis of cosmic rays consisting of energetic γ-photons

had to be rejected. To gain confidence in the correctness of their results and to obtain at

least three points in the absorption curve, they carried out measurements on the roof of

the institute with and without the gold absorber. These measurements were in agreement

(within the experimental error) with the accepted absorption curve at that time. Therefore

the authors concluded, with great confidence, that the observed coincidences were generated

from the incident primary radiation and that therefore this should be, at least partially, of a

corpuscular nature. Below we report a significant excerpt from a paper written by Bothe and

Kolhörster (1929) in which the authors rule out the possibility that ultra-γ primary photons

could be the cause of the readings in coincidence they recorded:
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Deutung der Korpuskularstrahlen. Würden wir uns im Energiegebiet

der radioaktiven γ-Strahlen befinden, so würde [...] zwingend folgen, daß die

beobachtete Korpuskularstrahlung identisch ist mit der Höhenstrahlung und nicht

erst durch eine besondere γ-artige Höhenstrahlung ausgelöst wird, denn in diesem

Gebiet ist die sekundäre Elektronenstrahlung sehr viel weicher als die auslösende

γ-Strahlung. [...] Es würde also hiernach nicht möglich sein, unsere Korpusku-

larstrahlung als Sekundärstrahlung einer etwa gleich harten γ-Strahlung aufzu-

fassen28.

Though, as we already stressed, this experiment constitutes a milestone in the history of

cosmic rays, nevertheless it must be said that based on its results it was not possible to

unequivocally assert that the radiation was composed of charged particles. In addition, in

light of successive investigations, Bothe and Kolhörster’s conclusions were indeed not fully

correct, since they in fact did not register primary rays but rather µ mesons, secondary

particles produced during the interaction of cosmic rays with the terrestrial atmosphere29.

However, the question about the nature of cosmic rays was raised and the investigation

of cosmic rays entered a more mature phase, in which the young Italian physicist Bruno

Rossi played a pivotal role. Assistant of Professor Garbasso at the department of Physics

and Astronomy of the University of Florence in Arcetri, he was fascinated by the paper

of Bothe and Kolhörster, and as guest professor at the BPTR in Berlin since spring 1930,

he reproduced the experiments of the Germans colleagues, with a higher level of precision ,

partially confirming their results. Coming back to Arcetri, Rossi continued to take coincidence

measurements only because he supposed that the penetrating power of the cosmic radiation

should have been much higher than what was previously measured. To test his hypothesis

he took different coincidence measurements inserting absorbing layers of increasing thickness

between the counters. However the occurrence of ’random’ readings increased and became

more numerous than the ‘true’ ones. To solve the problem Rossi arranged, not two, but

three counters in coincidence obtaining a signal only in the case that the same particle went

28Interpretation of the corpuscular radiation. If we would be in the energy domain of the radioac-

tive γ-rays, then it would [...] compelling follow that the observed corpuscular radiation is identical to the

Höhenstrahlung and that it isn’t produced by a special γ type of Höhenstrahlung, because in this domain the

secondary electrons radiation is much more soft than the γ-radiation.[...] Hereafter it is impossible to consider

our corpuscular radiation as a secondary radiation [produced by] a hard γ-radiation.
29A detailed and clear description of the Bothe and Kolhörster’s experiment of the 1929 and its implication

for the further studies on cosmic rays is reported in (Rossi, 1964).
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through all counters. Between the counters, absorbing blocks of lead of different thickness

could be inserted. In performing his experiment Rossi observed that increasing the thickness

up to 10 cm the number of coincidence counts decreased rapidly, but then, though the further

increase of the thickness, the simultaneous signals still diminished but only very slowly. In

other words 50% of the particles that passed through the first 10 cm of lead were further able

to traverse an additional meter of lead. With the following words Rossi (1985) comments:

It is difficult today to appreciate how hard it was for the majority of the scientific

community to accept this result. After all, the most penetrating particles known

at that time (β-rays from radioactive substances) had ranges of a fraction of a

millimetre of lead.

He concluded, as already supposed by Bothe and Kolhörster, that, whatever would have been

their nature, these particles possessed an energy of the order of 109 eV (Rossi, 1930b). These

findings effectively eradicated, once and for all, any possibility that this phenomenon was as

a result of the birth cry of the elements, as Millikan had purported since no synthesis reaction

could in fact release such an enormous amount of energy.

The hypothesis that the penetrating radiation could somehow be charged particles ap-

proaching the earth, opened a complete new path of investigation. The earth’s magnetic

field, indeed, although weak, should influence the particles trajectory towards earth. Two

facts encouraged investigations along this direction: first, Störmer’s theory about the motion

of charges in the terrestrial magnetic field and similar studies of Lemâıtre and Vallarta, and,

second, the intensity measurements taken by Jacob Clay. The Norwegian physicist, Carl

Störmer, had studied the aurorae borealis and in this context he calculated all possible tra-

jectories of charged particles through the terrestrial magnetic field, from the sun to the earth

(Störmer, 1931c,a,b, 1932). Through painstaking mathematical computations he found two

major kinds of trajectories: bounded and open. He developed an equation which made it

possible to know the type of path if the direction of motion and the magnetic rigidity of the

particle were known. The bounded trajectories weren’t, of course, taken into account for the

cosmic rays and were therefore indicated as forbidden. Following the theory and the calcu-

lations of Störmer, the incoming directions of the particles along this kind of trajectory lay

within a conical surface called Störmer’s cone. Rossi, following the trajectories backwards,

found that some of them, although being of the open type, nevertheless resulted in them

being dubbed forbidden as their starting points were located on the earth’s surface. George

Lemâıtre and Manuel Vallarta, with the help of the first mechanical computer, the differen-
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Figure 2.9: Dependence of cosmic-ray intensity on magnetic latitude as reported in Lemâıtre and

Vallarta (1933). The intensity of the cosmic radiation is reported as a function of the magnetic latitude

λ for different values of x0, a parameter linked to the magnetic rigidity of the incoming particles.

tial analyzer, resolved the complex motion equation in the magnetic field and determined the

theoretical paths. In particular, they predicted some effects due to the geomagnetic longitude

and latitude (Lemâıtre and Vallarta, 1933, 1936b,a). In figure 2.9 a plot published in 1933

(Lemâıtre and Vallarta, 1933) is shown, in which the cosmic rays intensity vs. the magnetic

latitude λ for different values of x0, a parameter linked to the magnetic rigidity, was reported.

Their calculations were in good agreement with the experimental values. The dependence of

the intensity of the cosmic rays on the latitude had been, for the first time observed by Jacob

Clay (Clay, 1927, 1928). The Dutch physicist in July, 1927, during a journey on board the

steamer Slamat from Java to Europe, had taken ionizing measurements with an apparatus

he was carrying, in order to be calibrate, to Europe and more precisely to the salt mine of

Stassfurt. It was generally believed that the salt mine was free from radioactive emanations.

On board Clay observed an increase of the radiation “which may be partially the result of

increased gamma radiation of the emanation in the atmosphere”. Back to Java, on board the

Prins der Nederlanden he took systematic measurements and found that as he approached

the equator the intensity was reduced by a factor of about 57%. Table 2.2 summarizes Clay’s

measurements as reported in his paper (Clay, 1928).

These results encouraged new journeys in search of what became later known as the

latitude effect. Among the first who undertook such campaigns were Bothe and Kolhörster,
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Table 2.2: Values of Clay’s observations during his journey from Java to Europe adapted from the

original article of Clay (1928). In the original table the latitudes are, unfortunately, not reported.

with armour without armour

Leiden 1,49 –

From Genua till Messina – 1,49

Strait of Messina 1,25 –

Messina till Port Said 0,97 –

Port Said 0,99 –

Canal of Suez 0,82 1,30

Read Sea Northern part 0,92 1,25

Read Sea Southern part 0,92 –

Indian Ocean 0,86 1,04

Colombo till Sabang 0,88 –

Port of Sabang 0,87 –

Sabang till Singapore 0,85 –

Singapore till Batavia 0,82 –

Port of Batavia 0,88 –

Bandoeng (760 m above sealevel) 0,99 1,01 protected at the bottom and at the side.

who in summer 1930 went from Hamburg to the Spitsbergen archipelago30 in the Arctic

Ocean ranging from 54◦ to 81◦ north latitude. During their journey they didn’t note any

variation due to change of latitude (Bothe and Kolhörster, 1930). Millikan too, during the

experiments of the 1926 (Millikan and Cameron, 1928c,b) and those of the 1930 (Millikan,

1930), noted that it wasn’t possible to find any intensity variation with the latitude and this

fact reinforced his hypothesis that the radiation consisted of γ rays. Thus, whether or not

effects due to latitude actually existed appeared to be crucial in understanding the nature

of cosmic rays. Therefore Millikan as well as Arthur Compton, independently, organized

campaigns aimed at measuring the radiation intensity at different latitudes and at different

locations. Millikan commented on the results of his campaign with these words (Millikan and

Neher, 1936):

With sensitive, vibration-free, self-recording electroscopes sent to many parts of

the globe on twelve different voyages a precision survey has now been completed

of the variation of cosmic-ray intensities both with latitude and longitude, so that

30The archipelago is now known as Svalbard. Spitsbergen is the largest island of the archipelago that gave

formerly the name to the entire archipelago.
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the earth as a whole can now be covered with sea-level, equal intensity, cosmic-ray

lines.

Compton, who considered more plausible the corpuscular nature of the penetrating radiation,

organized expeditions in different parts of the world “[I]n order to get as extensive data as

possible in the minimum possible time. [...] Seven similar sets of apparatus were constructed,

and measurements by the different observers were made with essentially the same procedure”

(Compton, 1933). More than eighty physicists were enrolled and measurement stations were

displaced in hundreds of locations. The results of all these campaigns, confirming the latitude

effect, were summarized and published by Compton as shown in figure 2.10 (Compton, 1936).

This is perhaps the first example of a large-scale collaboration.

Figure 2.10: Summary of the published observation of the various expedition that have studied the

geographic distribution of cosmic rays at sea level. State of the art in 1935 (Compton, 1936).

Under the hypothesis that the cosmic rays were charged particles, the earth’s magnetic

field should have another measurable effect on the particle’s motions. This effect known as

east-west effect was predicted by Rossi in 1930 (Rossi, 1930b, 1931). Rossi, studying Störmer’s

work, noted that: “the effect of the earth field should be noticeable by an unsymmetrical
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directional distribution of the intensity with respect to the perpendicular” (Rossi, 1930a),

this asymmetry being related to the axis direction of the Störmer’s cone. In particular he

foresaw that positively charged particles could reach the earth surface from the west rather

than from the east because the cone of the forbidden trajectories for these kinds of charges

is open towards east. In figure 2.11 the Störmer’s cone for positively (a), and negatively (b)

charged particles, respectively, is schematically represented.

Figure 2.11: Störmer’s cones for positive and negative particles of the same rigidity. The plane

shown in (a) and (b) is the horizontal plane at the point of observation O. For positive particles (a),

all direction east of the cone (such a AO) are forbidden; direction west of the cone (such BO) may

be allowed. For negative particles (b), AO is a forbidden direction; BO may be allowed direction. In

(Rossi, 1964, p. 63).

In order to verify the existence of the predicted east-west effect Rossi arranged two coun-

ters so that their axes were parallel and their midpoints aligned as figure 2.12 schematically

shows. By means of such a ‘telescope’ became possible to select not only the direction of ob-

servation but, by changing the tube distance and dimension, the field of view could be varied

too. In 1931, in the Arcetri Laboratory, he took measurements orienting the telescope along

the two opposite directions. The results were disappointing: no difference in the incoming

rate was observed. Rossi’s tentative explanation was that at the latitude of Florence, 43◦

north, and at sea level the effect should be too small to be detected. To test this hypothesis

further he planned to perform the same experiment in Asmara (Eritrea), at that time an

Italian colony, settled near the equator at a latitude of 11◦ 30’ north and on a plateau at

35



2 370 m a.s.l. For logistical reasons, as Rossi writes in his memoirs (Rossi, 1990), the exper-

Figure 2.12: Rossi’s telescope for cosmic rays: schematical view (Rossi, 1964) (left) and telescope

used in Asmara. By Source (WP:NFCC# 4), Fair use https://en.wikipedia.org/w/index.php?

curid=39177378(right).

iment was postponed and when eventually, in 1933, he was ready to begin the measurement

campaign, two letters appeared on Physical Review, one by Thomas Johnson (1933) and the

other one submitted by Luis Alvarez and Compton (1933). In both letters the results of the

experiments conducted in Mexico City (29◦ north and 2 310 m a.s.l.) that confirmed the

existence of the east-west effect were reported. As noted by Rossi (1990), although he had

published a letter with the hypothesis of the asymmetry (Rossi, 1930a) in 1930, in the same

journal in which Lemâıtre and Vallarta submitted three years later, nevertheless only the

work of the latter authors was cited by Johnson and by Alvarez and Compton as theoretical

support for the results. Rossi with Sergio De Benedetti performed the experiment in Asmara

and, in accordance with the results from Mexico City, an excess (30%) of coincidences was

observed when the telescope had an inclination (zenith angle) of 45◦ and was directed to the

geomagnetic west. From the results of Johnson, Alvarez and Compton, and Rossi, it was

concluded not only that cosmic rays were mostly particles but also that they were positively

charged. From Rossi’s memoirs it can be clearly seen just how much this discovery disoriented

the scientific community. In line with β-radiation, negative particles had been expected and

the fact that the cosmic particles were instead positive raised a new problem. In fact in 1932,

an annus mirabilis for physics, Carl Anderson had taken an image of a particle in motion
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in a Wilson’s chamber, whose curvature, due to the magnetic field, was that of a positive

charge, while the mass of the particle was about that of the electron. Anderson called this

new particle a positron (Anderson, 1933). Another piece of the puzzle had been put into

place, yet the real nature of the radiation remained an enigma that seemed to become more

and more mysterious.

2.4 A new research instrument and new particles

Meanwhile, as already said at the end of section 2.2, measurements of the intensity and of

the absorption coefficient were taken at high altitudes at mountain stations as well aboard

balloons. From all data, it became clear that the latitude effect was more evident at high

altitude than at sea level, as it results from the summary plot of Compton (1933) reported

in figure 2.13.

The hypothesis of two different components of the cosmic radiation was advanced: one

less penetrating (therefore more intense at high altitude) and strongly influenced by the

geomagnetic field, and a second one so energetic that its motion towards earth wouldn’t

be affected by the terrestrial magnetic field. This second component was the one capable

of passing through the 4.1 cm of gold or through a meter of lead as Bothe and Kolhörster

(1929) and Rossi (1932a) respectively had demonstrated in their experiments.

It was once again up to Rossi to place another piece on the cosmic ray puzzle. In his research

program he namely scheduled coincidence experiments with different arrangements of the

GM-counters and with different shielding materials. In particular, aware of the results of

Skobeltsyn’s experiment with the cloud chamber in 1929 (Skobeltsyn, 1929) (see section 2.3),

Rossi aimed to investigate the origin of the multiple tracks registered by his Russian colleague.

As already noted, it was Skobeltsyn who had advanced the idea of a secondary component of

the cosmic radiation. To confirm this prediction, Rossi conceived a triangular arrangement of

the tube: such geometry assured that a single particle couldn’t trigger a coincidence signal.

With a total shielding of the instrumental apparatus Rossi counted 35 coincidence per hour

as reported in (Rossi, 1964), but without the shielding cover the rate of the coincidences

suddenly decreased to 2 per hour31. The only plausible explanation was, according to Rossi,

that a primary cosmic particle interacting with the components of the shielding material

would generate an avalanche of electrons (or other charged particles) which would, in turn,

31Rossi was unable to clear this residual value due to the secondary rays generated by the surrounding

atmosphere, then still unknown (Rossi, 1964), page 48.
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Figure 2.13: Intensity of the cosmic rays vs. geomagnetic latitude for different elevations (Compton,

1933).

cause a surge of coincidence readings. The result of the experiment was so unexpected and

so unbelievable that, as Rossi tells in his memoirs, the scientific magazine to which Rossi had

submitted the paper refused to publish it. Only after the intervention of Werner Heisenberg in

favor of the young Italian physicist, the Physikalische Zeitschrift published the paper (Rossi,

1932b). At the end of a long series of experiments during which the geometrical arrangement

and the spatial configuration of the counters, as well as the nature of the shielding material

were changed, Rossi concluded that (Rossi, 1933):

Das Entstehen von Sekundärteilchen in der von den Ultrakorpuskularstrahlen

durchstrahlten Materie wurde direkt nachgewiesen; das mittlere Durchdringungs-

vermögen dieser Sekundärteilchen ergab sich von der Größenordnung eines Zen-
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timeters Blei.

Aufschlüsse über die relative Anzahl der in Stoffen verschiedener Ordnungzahl

erzeugten Sekundärstrahlen, wie auch über die Beteiligung der verschiedenen

Komponenten der Primärstrahlung an der Sekundäremission wurden erhalten.

[...]

Der ungefähre Prozentsatz von Sekundärstrahlen in der ankommenden Korpusku-

larstrahlung bei nahezu vertikaler Einfallsrichtung wurde bestimmt, und es wurde

bewiesen, daß dieser Prozentsatz mit zunehmenden Einfallswinkel stark zunimmt32.

Contrary to what was expected, the curve describing the rate of triple coincidences as a

function of the thickness of the shielding material, afterward known as Rossi’s curve, shows

initially a rapid increase which reaches a maximum and then decays. The velocity of coinci-

dence decay appears greater than the expected value according to theory on the absorption

of very energetic particles. “Ciò significava che le interazioni secondarie erano prodotte non

dalla radiazione penetrante (come io avevo ragione di aspettarmi), ma da un’altra compo-

nente dei raggi cosmici, più “soft” la cui esistenza era fino allora sconosciuta.33” (Rossi,

1990).

Rossi’s curve was similar to those of Regener and Pfotzer obtained with measurements of

triple coincidences registered by counters on a stratospheric balloon at the altitude of 22 km.

Also these measurements revealed that the coincidence rate showed a maximum value at an

air pressure of 100 mm Hg, while, with an increase of pressure, a significant reduction of the

rate was observed.

The maximum could be explained by the assumption that coincidences weren’t due to

primary radiation but to a secondary component generated in the atmosphere. The similarity

between the two curves, reported in figure 2.14 wasn’t deeply analyzed. Only a few years later

Bhabha and Heitler used the curves as an observational support to their theory on extended

air shower formation.

32The generation, in the material traversed, of secondary particles by the Ultrakorpuskularstrahlen was

directly proved; the mean [range of] penetration of these secondary particles unfolds a magnitude of few

lead centimetres. Information is obtained about the relative number of secondary particles originating in

materials of different atomic numbers, as well as [about] the involvement of the different component of the

primary radiation to the emission of the secondary particles. [...] A rough percentage of the secondary rays

in the incoming corpuscular radiation with an almost vertical arriving direction was determined, it was also

demonstrated that this percentage increases with increasing angle of incidence.
33This meant that the secondary interactions weren’t produced by the penetrating radiation (as I had right

to expect), but rather by another more ‘soft’ component whose existence was still unknown.

39



Figure 2.14: Left panel: The rate of coincidences between three counters in a triangular array as a

function of the thickness of a screen of lead or iron placed above the counters. Curves I and II refer to

measurements with lead screen at distances of 14.6 or 1.2 cm, respectively, above the counters. Curve

III refers to measurement taken with an iron screen at a distance of 1.2 cm above the counters.(Rossi,

1933). Right panel: Curve I shows the means of the results from two ascents and one descent. This

curve requires correction according to the known probability of coincidences. Curve II shows the

values thus reduced. (Regener and Pfotzer, 1935).

In the early 30s it was generally accepted that cosmic radiation would consist of two

components. The local component, measured at sea level, was supposed to contain in turn

two groups of particles: the less energetic, producing the maximum in the Rossi’s curve, and

a second type of higher penetrating particles at the tail end of the curve (Rossi, 1964, p.78).

The radiation part prevailing at high altitudes was thought to be composed, for the most

part, of positive secondary particles with energies greater than 3×109 eV, that could explain

the maximum of the Regener & Pfotzer’s curve34 (Hillas, 1972, p.25).

The mystery of ”What is the nature of these particles?” was yet unclear, and new problems

were constantly rearing their heads. It was now more necessary than ever to unveil the link

between the primary and secondary radiation. It was clear that in order to interpret the

data correctly not only the the nature of the primary radiation, but also the interaction

mechanisms between very energetic particles and the atmosphere must be understood.

34This maximum is known as Pfotzer’s maximum, but Carlson and Watson (2014) suggest, with good

arguments, one has to call it, if not Regener’s, at least Regener-Pfotzer’s maximum.
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Once again the manufacture of a new instrument was the key to find the solution. Al-

though of incomparable quality in visualizing the tracks of charged particles, the cloud cham-

bers were sensitive (after the expansion) only for a short time. To improve the performance

it was necessary to synchronize the expansion with the event. “Più facile a dirsi che a farsi”,

easier said, than done, commented Rossi. (Rossi, 1964). Then he granted a fellowship to a

young physicist, Giuseppe Occhialini, who wanted to spend time abroad. Then Occhialini

was sent to Cambridge at the Cavendish Laboratory as Patrick Blackett’s guest. Rossi got

acquainted with Blackett at the BPTR in Berlin and since Blackett’s wife was Italian they

had no trouble starting a good friendship. Beside his personal friendship with Blackett, Rossi

choose Cambridge because he well knew that at the Cavendish Laboratories they routinely

worked with cloud chamber. On his side Occhialini brought to England his experience in

constructing G-M counters and his craftsmanship in arranging them in coincidence. The col-

laboration was so fruitful that the three months on Occhialini’s initial grant turned into three

years. The idea they had was to trigger chamber expansion through the coincidence signal

which occurred in counters situated above and below the chamber. With this arrangement

the probability to register an event greatly increased. Furthermore the engineering skills of

the two physicists enabled them to reduce the delay between the particle’s arrival and the

chamber expansion to one hundredth of a second. For the invention of this instrument, called

counter-controlled cloud chamber and for “[...] his discoveries therewith in fields of nuclear

physics and cosmic radiation“35, Blackett was awarded with the Nobel prize in physics in

1948. According to Blackett, the first experiments with the new instrument were already

carried out before Carl Anderson published his letter to the editor on Science (Anderson,

1932), in which he communicated the possible existence of the positron. No photograph was

attach to the letter. Blackett then looked again at the photographs he obtained with the new

counter-controlled chamber, which had been set up in a magnetic field of 3 000 gauss, and

found many tracks of the type described by Anderson. In his reconstruction of the events,

the English physicist underlined that Bohr started to believe in the reality of the positron

only after having seen Blackett and Occhialini’s photographs. The pictures obtained with the

new method registered an event in 80% of the expansions, a great improvement with respect

to Skobeltsyn’s and Anderson’s mere 10% and 50%, respectively. It wasn’t at all clear how

these tracks, called sciami or showers, could be interpreted they were indeed as varied as

they were numerous and were undoubtedly generated by the same particles that originated

35www.nobelprize.org.
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the signals in the counters. This latter evidence confirmed only their secondary nature. It

was written in the paper published by Blackett and Occhialini (1933) that: “A very lengthy

investigation will certainly be required before it will be possible to give a complete inter-

pretation of the extraordinarily complex atomic phenomena which are responsible for these

groups of tracks.” In figure 2.15 one of the plates developed at the Cavendish laboratory and

published in (Blackett and Occhialini, 1933) is shown.

Figure 2.15: Photograph showing about 16 separate tracks. On the left are two tracks curved

markedly to the right, which must be due to positive electrons (Blackett and Occhialini, 1933).

Blackett and Occhialini noticed that, tracing back the tracks, they always seemed to

converge at a point of either the glass walls, the interior of the chamber, or the solenoid.

They also excluded the possibility that a shower might originate from many primary particles

impinging on near points. They therefore suggested that a single incoming particle should be

responsible for producing the shower and advanced three possible mechanisms: the particles

of the shower may already exist in the incoming particle, or they may be present in the atoms

of the materials composing the instrument (chamber and solenoid) and are set free by the

collision, or as a further alternative they may be generated in a nuclear interaction during the

collision. This is the founding idea of what will later become the main feature of the colliders.

The first two alternatives were ruled out considering that light elements don’t possess free

electrons. The third hypothesis was thus considered as valid and the possibility that a neutron

could be disintegrated in the collision was taken in account. However, in this case the plates

42



should have shown a number of proton tracks greater than what was actually observed. In the

hypothesis that the neutron was indivisible, the only probable mechanism responsible for the

showers should be the creation of electron-positron pairs. Furthermore from the photographs

the direction of a shower was easily identified suggesting that the shower had formed in a

very short time compared to the expansion duration. The explanation for these new and

completely unexpected results was soon to come.

In Cambridge worked a young mathematician and theoretical physicist: Paul Dirac. Dirac

had developed a new electron theory in 1928 that joined quantum mechanics and special

relativity (Dirac, 1928). Dirac’s theory foresaw the existence of ‘uncomfortable’ states with

negative value of energy. The possibility of electron transition from such intermediate states of

negative energy to those with positive energy was unavoidable in order to maintain the validity

of the entire theory and moreover it made the theory compatible with the experimental data.

Dirac suggested that although an electron with negative energy couldn’t be observed the

transition to a state with positive energy would leave an observable positive hole. This

speculations appeared hazardous and the entire theory was viewed with some skepticism.

Anderson’s discovery of the positron, the confirmation by Blackett and Occhialini of its

existence, and the photographs of electron-positron pair tracks solved the enigma. It was thus

possible not only to confirm Dirac’s theory but also to give the right physical interpretation

for the different tracks. According to Dirac, a photon with an energy greater than 1.022

MeV36 could generate an electron-positron pair transforming its energy into the rest mass of

the particles37.

Within Dirac’s theory it was also possible to find the cause of the anomalous absorption of

the cosmic rays. During pair-production the photon energy will be equally divided between

the two particles, however the positrons will immediately recombine through annihilation

reactions that in turn generate more photons and then more pairs. The process will continue

until the photon energy is no longer sufficient to create anymore pairs. As a consequence of

this new absorption process, prevailing when the photon energy is of the order of several MeV,

the statement that: ‘the more energetic the radiation, the more penetrating’ turned out to

be wrong. It was also realized that it wasn’t possible to simply extrapolate the experimental

results of the γ radioactive emanations in order to study the behavior of cosmic radiation. It

became also clear that the attenuation length (the material amount one particle or photon

has to go through before its energy will be reduced by a factor 1/e ) generally depends on the

36511 keV = rest energy of an electron.
37According to Einstein’s equation E=mc2.

43



material traversed and therefore a straightforward comparison of absorption measurements in

different materials was improper. Interpreting the experimental results in the light of the new

theory, one had to conclude that the photons revealed in the deeper layers of the atmosphere

were of secondary nature.

For relativistic38 electrons another energy reduction mechanism, other than that of the

classical mechanism which occurs as a result of collisions, called Bremsstrahlung, was discussed

by Heitler and Bethe. The two German physicists had arrived in Bristol to escape from the

racial laws of the Nazi regime. In Bristol, they published in 1934 (Bethe and Heitler, 1934)

the results of the theoretical studies which Heitler had already started in Germany (Heitler,

1933; Heitler and Sauter, 1933). According to their studies the radiation emitted by fast

moving electrons in the immediate vicinity of atomic nuclei was proportional to Z2/A, where

Z is the atomic number of the traversed material and A is the mass number of the particle.

Bremsstrahlung dominates over ionization for electron energies of the order of 10 MeV and

100 MeV in lead or air respectively. So it became slowly clear that, what Millikan or Bothe

and Kolhörster called the soft component, was actually a very energetic one, rapidly absorbed

and cause of a secondary penetrating component.

Following this assumption, Bhabha and Heitler (1937) in England and, independently,

Carlson and Oppenheimer (1937) in the United States using a totally different mathematical

algorithm developed a theory for the cascade showers. The theory accounts for that part of

the shower that is nowadays referred to as electromagnetic component and, when fitted to

the data, could explain the maximum of the Rossi’s Curve. In figure 2.16 the evolution of

such a shower is shown. From this picture, reported by Rossi (1964), one can easily see how

at a fixed distance the intensity of the shower, i.e. the number of secondary particles forming

the shower, reaches a maximum, attenuates and eventually disappears.

The combined theories on the new absorption mechanisms and shower development to-

gether helped to show how the local component of the cosmic radiation must consist of

secondary charged particles. On the other hand it couldn’t explain the astonishing evidence

that the radiation was able to pass through a meter of lead, as the results of Rossi’s experi-

ment in the year 1930 had proved. This question rose from a paper presented by Anderson

and Neddermeyer (1935) at the International Conference of Physics held in London. In the

subsequent debate it was concluded that the penetrating component couldn’t consist either of

protons or, in the light of the Bremsstrahlung theory, electrons (positive and negative). This

38A electron is defined relativistic when its kinetic energy is larger than its rest mass energy of 511 keV.
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Figure 2.16: A cascade shower produced by an incident high energy electron in a cloud chamber

with brass-multiplate (Rossi, 1964).

difficulty appeared insurmountable unless the theory set forth by Bethe and Heitler would

be proved to be invalid in relativistic cases, i.e. relativistic electrons. As reported by Rossi

(1964), and Janossy (1950) the authors of the new theory thought that: “the quantum theory

is definitively wrong for electrons of such high energy”. However an alternative hypothesis

was slowly making its way into the spotlight: the existence of a yet unknown particle that

could be responsible for the penetrating part of the radiation. It can also be inferred from the

last sentence in Anderson’s Nobel lecture on the 12th of December 1936 (Anderson, 1985):

These highly penetrating particles, although not free positive and negative elec-

trons, will provide interesting material for future study.

During summer 1936, Anderson and his young collaborator, Seth Neddermeyer, made

further absorption experiments using cloud chambers with absorbing plates. The analysis

of the photographs revealed two different types of tracks: some of them had the typical

shower structure, but there were tracks of single particles that were neither decelerated nor

absorbed. The first series of measurements were carried out with an absorbing layer of 3.5

mm of lead (Anderson and Neddermeyer, 1936). With this configuration the possibility

couldn’t be excluded that some electrons didn’t interact with the atoms of the absorber and,

therefore, emerged from the other side of the metallic plate, producing straight tracks. In

order to avoid this possibility, a 1 cm thick platinum plate (equivalent to 2 cm of lead) was
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inserted in the chamber so that the probability of nuclear interactions by the electrons was

reduced to negligible values(Neddermeyer and Anderson, 1937). After having analyzed 6000

photographic plates they concluded that the tracks were not created by protons because

(assuming the same magnetic rigidity) a proton has an ionizing power 25 times greater than

that of an electron. They concluded that the particles responsible for the mysterious tracks

should have a mass smaller than the proton mass and, additionally, from measurements

of radiative losses, a mass “larger than that of a normal free electron” (Neddermeyer and

Anderson, 1937).

The conclusion was then that the tracks were due to a new never-before-seen particle with

unity charge39 whose mass had a size between electron and proton. At the end of the article,

the authors included a “Note added in proof” because meanwhile, an ocean away in the

USA, “Excellent experimental evidence showing the existence of particles less massive than

protons, but more penetrating than electrons obeying the Bethe-Heitler theory has just been

reported by Street and Stevenson, Abstract no. 40, Meeting of American Physical Society,

Apr. 29, 1937”.

Actually, not only Jabez Street and Edward Stevenson at Harvard by means of a counter

controlled cloud chamber (Street and Stevenson, 1937b,a), but also Yoshio Nishina, Masa

Takeuchi, and Torao Ichimiya at Tokyo Riken Laboratories using a larger chamber and a more

intense magnetic field (Nishina et al., 1937), and Louis Leprince-Ringuet with Jean Crussard

in Paris (Leprince-Ringuet and Crussard, 1937) were also reaching similar conclusions. The

Japanese group esteemed a mass between 1
7 and 1

10 of the proton masses for the new particle,

i.e. between 0.167 and 0.239 · 10−27kg, while Street and Stevenson suggested a value equal

to 130 electron masses (0.118 · 10−27kg). The new particle was initially called mesotronby

Anderson40, which means in-between particle in Ancient Greek.

Not only in the case of positron discovery, foreseen from Dirac’s theory, but the existence

of a particle smaller than the proton and heavier than the electron had also been predicted

by the Japanese physicist Hideki Yukawa (1935) as the carrier particle of the strong nuclear

force.

39The tracks revealed positive as well as negative curvatures.
40Anderson tell that his first proposal was mesoton. Millikan however didn’t like this name and strongly

insist to call it mesotron.
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2.5 Puzzling behaviour and more particles

Yukawa’s theory predicted also that the new particle should be unstable. The most direct

way to verify the instability appeared to be the study of anomalous absorption of cosmic

rays in air. They are more strongly absorbed in air than in an equivalent amount of water,

and it was furthermore seen that the absorption power was inversely proportional to the air

density. Helmuth Kulenkampff (1935) proposed the following explanation. As it was well

known, in order to obtain equal amounts of mass per unity of surface area (g/cm2) with

material of different densities, it is necessary to have layers of different thicknesses and, in

particular less dense materials need greater thickness.Increasing the thickness of the material

through which the mesotrons must pass, brings with it an increase in the probability of

decay in the material. So, following Kulenkampff’s idea, in the case of a dense material the

mesotrons would be absorbed mainly through ionization processes, while going through less

dense materials the mesotrons might decay during their flights.

To verify this hypothesis in the summer 1939, Rossi in cooperation with Normann Hilberry

and Barton Hoag, collaborators of Compton at Chicago, carried out series of accurate mea-

surements of the mesotrons absorption (Rossi et al., 1939, 1940). The instrumental equipment

consisted of three G-M counters in coincidence mode and the whole apparatus was shielded by

means of lead plates, inserted also between each counter. With the help of such an arrange-

ment all electrons, the soft component of the cosmic radiation, were absorbed before arriving

into the counters, while the mesotrons, the hard component, could induce the discharge of

the counters. Rossi in order to compare the coincidence, hence the absorption of mesotrons,

in carbon and air (materials that have similar atomic number) took measurements with and

without a further sheet of graphite above the counters. Data were collected at different alti-

tudes: Chicago (180 m), Denver (1 660 m), Echo Lake (3 240 m), and Mount Evans (4 300

m). The results of these experiments are summarized in the graph reported in figure 2.17

from the paper of Rossi et al. (1940).

The solid curve in the picture shows the variation of the mesotron intensity in air while

the dashed lines, which connect points taken at the same altitude (with and without ab-

sorber) can be read as “the initial slopes of the logarithmic absorption curve in carbon of

the mesotron beam [...]” Rossi et al. (1940). As it can be easily seen the solid curve has a

larger slope indicating therefore a more rapid absorption. Rossi commented on these results

in his memoirs saying: “We had thus achieved the first unambiguous demonstration of the

anomalous absorption of the mesotron in the atmosphere, therefore proving their radioactive
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Figure 2.17: Logarithm of cosmic-ray mesotrons intensity as a function of the depth. Open dots

refer to measurement without absorber above the counters, while the solid ones refer to measurements

at the three higher stations with 87 g/cm2 of graphite Rossi et al. (1940).

decay in flight” (Rossi, 1990). They indirectly estimated a value 2 · 10−6 s for the half-

life of the particle. It is worth observing that the explanation of the anomalous absorption

through the decay in flight was an indirect confirmation of the relativistic time dilation (Rossi

et al., 1939)41. A direct measurement of mesotron half-life wasn’t carried out until 1941 when

Rasetti was able to determine the time interval between the moment in which a mesotron was

stopped in a material and the instant in which the emitted electron was registered (Rasetti,

1941). He recorded a value of 1.5 µs.

In order to accurately estimate the half-life of the mesotron it was necessary an instru-

ment with a temporal resolution of the order of 10−7 s. It was Oreste Piccioni, along with

Marcello Conversi, who, at the physics institute of Rome University, succeeded in assembling

a coincidence circuit with such a time resolution (Conversi and Piccioni, 1943). With the

help of this experimental equipment they, similarly to Rasetti, made delay measurements,

and estimated the half-life value τ0 = 2.30 ± 0.17µs, obtaining the curve reported in figure

2.18 which shows the exponential feature typical of radioactive decays (Conversi and Piccioni,

1944a, 1946b).

41Assuming that the mesotrons possess a velocity c, the time required to travel the distance 1.06 · 105 cm.

would be 0.03 · 10−6 sec., too short to have time to decay, but taking into account the time dilation in the

reference frame of the mesotron they could have enough time to decay.
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Figure 2.18: Meson absorption curve (Conversi and Piccioni, 1946b).

Although the paper of Conversi and Piccioni was published in 1946, the experimental

equipment of the Italian researchers was ready to start measurements in summer 1943. But

with the bombing of Rome on the 19th of July and the subsequent resignation of Benito

Mussolini the Italian political situation was in disarray. The events of July also endangered

the work of the physicists. The institute of physics and its laboratory were located in the

vicinity of the San Lorenzo train station, a target of the allied bombardments. “About

80 bombs fell within the perimeter of the university campus, one of them just outside the

window of our laboratory a few minute after I had left, having moved the electronic system

far away from the window.” With these words Marcello Conversi (1983) remembers that day

and Edoardo Amaldi, professor for experimental physics and a reference personality for the

young researchers42 wrote about those moments (Amaldi, 1997):

Decidemmo che l’ubicazione della Città Universitaria, cos̀ı vicina allo scalo San

Lorenzo, era troppo pericolosa e che era necessario mettere in salvo almeno il

materiale elettronico che avrebbe permesso di continuare a lavorare, magari fuori

Roma, sulla radiazione cosmica.[...] Fu cos̀ı che preso contatto con il Preside del

Liceo Virgilio, verso la metà di luglio43 l’apparecchiatura fu montata su un carretto

42Edoardo Amaldi was the only one of the ragazzi di via Panisperna who didn’t left Italy, the one who

aimed to continue in Italy high levels of research in physics during and after the second world war.
43From Conversi’s account one infers that the dislocation occurred few days after the bombing raid of the

19th July.
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tirato a mano e trasportata dall’istituto Guglielmo Marconi al Liceo Virgilio dove,

essendo finite le lezioni e gli esami, fu sistemata in un aula del pianterreno44.

The Liceo Virgilio was situated in Via Giulia, a street closer to the Vatican that, one might

have thought would have been spared from the bombing. Not only this experiment but also

the following ones were carried out in the premises of the liceo. The classrooms of Liceo

Virgilio became, after the armistice on the 8th of September and the following occupation of

Rome by the German, a hiding place for a lot of young students and researchers who were

afraid of being either arrested as deserters or being forced to join the German troops. Piccioni

as deserter himself was in possession of a false ID.

Since 1940 Piccioni and coworkers were cut off from the international research scene and

weren’t even able to receive the American scientific journals. For this reason Piccioni, aware

of the fact that in the allowed publications there wasn’t any report about the half-life of the

mesotron, and being also aware that the result of Rasetti (1941) didn’t prove the exponential

decay, hoped to be the first one to measure the half-life of the mesotron after all. However,

in the USA Bruno Rossi had already published such a result. In collaboration with Norris

Nerenson, he improved the experimental method obtaining new and very accurate data from

which he inferred a mesotron half-life of 2.15±0.07µs (Rossi and Nerenson, 1943). Some years

later, publishing his book on cosmic rays he fairly noted at the end of the chapter devoted

to the mesotron (Rossi, 1964, p.124):

To appreciate the contributions of the European scientists, one must consider the

severe handicaps under which they worked in the war years. The Italians, for

example, did most of their experiments while hiding in a cellar, where they had

smuggled their equipment when Germans descended on Rome in 1943.

In the meanwhile in England, Williams and Roberts were able to photograph the mesotron

decay in a cloud chamber, confirming that in its decay a mesotron gives rise to an electron.

In figure 2.19 you can see the picture they published in Nature (Williams and Roberts,

1940) with a similar picture obtained by the fresh diploma’ed physicist Robert Thompson

(1948) at the MIT in 1948. The instability of the mesotron and its very short half-life

44We decided that the location of the Città Universitaria, so near to the Scalo San Lorenzo, was too

dangerous and that it was necessary to save at least the electronic material which would have allowed us to

continue the research, perhaps outside Rome. Thus, after having contacted the preside of the Liceo Virgilio,

around the middle of July, all equipment was mounted on a cart and pulled by hand it was moved on foot

from the institute Guglielmo Marconi to the Liceo Virgilio. A classroom on the ground floor was chosen as

new location for the experiment, being the summer vacation already begun.
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Figure 2.19: Mesotron decay. Left panel: The dense track AF is that of the mesotron, and the faint

track FG leaving its end, near the bottom of the chamber, is that of the fast electron, photograph

by Williams and Roberts (1940). Right panel: The meson enters the cloud chamber from above. It

traverses an aluminium plate, where it loses most of his energy. The meson, which leaves the plate

as a slow and therefore heavily ionizing particle, comes to rest in the gas. The track of an electron

originates from the end of the µ-meson track. Photograph byThompson (1948).

precluded the possibility that it could be a primary component of the cosmic radiation.

Furthermore, the evidence that mesotrons originated from interactions in the atmosphere

and that electrons were generated from their radioactive decay explained the presence of

electrons in the local radiation solving the question of “penetrating electrons”. As already

mentioned above, the discovery of the meson (the new name given to the mesotron) was

welcomed by the scientific community although there were some doubts if it was or not the

Yukawa’s particle. The first objection was that its mass was, though only slightly, lower

than expected, but other experiments brought to light further inconsistencies. In 1940 two

Japanese physicists, Sin-itiro Tomonaga and Gentaro Araki45 under the assumption that the

45In some publication as first name of Araki is reported Toshima, see for example (Piccioni, 1983), in others

Gentaro, for example in (Hayakawa, 1983). Actually, Gentaro Araki (1902-1980) and Toshima Araki (1897-

1978) are two different persons. Although both were affiliated to Kyoto University and of the same generation

they don’t have any family relation to each other, as the surname Araki is relatively popular in Japan. Gentaro

Araki worked on theoretical particle physics and related mathematics. His son, Fujihiro Araki, became a very

eminent mathematician and was awarded with the Henri Poincare prize in 2003. While Toshima Araki was
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penetrating component of cosmic rays was composed of Yukawa’s particles, suggested that,

in the presence of atomic nuclei, positive and negative mesons should have shown different

behaviors. More precisely, while the positive mesons, after having lost their energy via

ionization, are rejected by the nuclear coulomb force, the negative ones are attracted to the

nuclei. As a consequence the positive mesons remain for a while in the material and then

spontaneously decay, while the negative ones are captured (Tomonaga and Araki, 1940).

These studies were well known in Japan where, as reported by Satio Hayakawa (1983) in

his historical review on the development of the meson physics in Japan, a lot of researchers

groups worked on this topic at different important universities such as Kyoto, Osaka, and

Nagoya and frequent meetings were organized to discuss the results of both national and

international community.

On the other hand, in the western countries the studies of the Japanese researchers

remained unknown due to the fact that they were published in Japanese journals in Japanese.

The only exception was the paper of Tomonaga and Araki, that was published on Physical

Review in 1940. Conversi and Piccioni, in extremis before the censorship of the fascist régime,

had read the paper of the Japanese colleagues and after having estimated the half-life of the

mesotron, as already discussed, they planned a second experiment to test the Tomonaga

and Araki’s theory. Without any change of the experimental arrangement they obtained

that only a fraction η=0.49 ±0.07 of the mesons decayed and, taking in account further

possible errors, they predicted a value η ≺ 0.56 ±0.08 well in agreement with the theory

that 55% of the mesons carried positive charge (Conversi and Piccioni, 1944b, 1946a). To

further confirm their result, maybe also thanks in part to a en passant suggestion made by a

colleague, Ettore Pancini, the two Italians decided to use a magnetic lens in order to separate

particle with different charges(positive or negative). This lens was conceived by Rossi from

an idea of Luigi Puccianti (Rossi, 1930b, 1931) and consists of two iron blocks placed side

by side, magnetized with opposite polarities. Passing through such a lens the particles beam

can diverge or converge depending on the charge sign. The experiment was started in the

classrooms of the Liceo Virgilio and was continued after June 1944 in the laboratories of

the physics institute which miraculously survived the bombings. The work was initiated

only by Conversi and Piccioni, because Pancini was fighting with the Partisans of the Italian

Resistenza. Only at the end of the war did he joined his two friends in Rome (Piccioni,

1983). Then the group of the three experimental physicists asked professor Gian Carlo Wick,

an astronomer. As a teacher, he raised a number of good scientists, and wrote many Japanese articles and

books, but few English papers.(Private communication).
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theoretical physics chair, and his collaborator Bruno Ferretti about what kind of emission

they should expect from the decay of negative mesons. “After refusing to answer for some

time, eventually they ventured the notion that photons of energy comparable to the muon

mass might be emitted.” (Piccioni, 1983). With this information in mind the group decided

to carry out a fourth series of measurements and, at the insistence of Piccioni, it was decided

to substitute the absorbing iron block with graphite46 that, possessing a smaller Z, would not

absorb the photons originating from the mesons disintegration while continuing to stop the

mesons. The theory didn’t foresee any dependence from the nature of the absorber. Conversi,

Pancini and Piccioni found out that now the frequency of negatively charged mesons decay

was equal to 27 decays in 100 hours (η=0.27 ±0.035 decay hr−1) instead of the 3 decays per

100 hours from the measurements with iron absorber. This result was in sharp disagreement

with the Tomonaga and Araki’s theory (Conversi et al., 1945, 1946, 1947). The carrier particle

of the strong nuclear force should in fact interact with all type of nuclei and no difference

in its behavior should be observed in dependence on the absorbing material. Conversi and

collaborators therefore conclude: “We are forced to doubt their [Tomonaga and Araki’s]

estimation” (Conversi et al., 1947). From the results of the very accurate Italian experiment

it was proved that the meson couldn’t be the Yukawa’s particle. Then what kind of particle

was the meson? And wath was the Yukawa’s particle? The answer to these question came,

again, only thanks to the development and use of a new instrument.

In this case it wasn’t actually a new instrument but the adaptation of an already known

technology to new scientific needs. Since the beginning of the 20th century, photographic

plates were used to reveal and register radiations, as Röntgen or Becquerel did, for example.

Photographic plates however were less appropriate to study radiation or particle of high

energy because this kind of particle left tracks that were almost invisible. On the other hand,

this technology was extremely efficient at revealing particles, such as protons, with energy

of the order of MeV and was, therefore, not completely abandoned. Particularly, in England

Patrick Blackett started a research program supported by the Ministry of Supply, aimed at the

study of new emulsions which would be able to record nuclear events. In the collaboration

were such notable physicists as Cecil Powell (Bristol), Otto Frisch (Cambridge), George

Rochester (Manchester), and Donald Perkins (London) as well as two industrial chemists

Mr. Waller of the Ilford Ltd. and Mr. Berriman of the Kodak Ltd. company. The presence

of the two industrialists turned out to be decisively. In 1946, Waller was able to manufacture

46Due to the impossibility of found a carbon plate they used cylindrical graphite rods.
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the so called nuclear emulsions which appeared six times more sensible (Powell et al., 1946):

These were the first emulsions able to record the tracks of mesons. Although it

was obvious that these new emulsions would be greatly superior to what had been

available before, no one had the slightest idea of what would be found when they

were exposed to the cosmic radiation (Perkins, 2005).

The use of the nuclear emulsions became widespread due to the fact that it was inexpensive

and gave excellent results. The physicists learned how to recognize the characteristics of the

particles (mass and energy) from their tracks. The role played by the observers, mainly

women, who spent hours at the microscope patiently measuring the track’s density was very

important, indeed. The first results came from the plates exposed by Cecil Powell and

Occhialini on the Pic du Midi of the Pyrenees, the track of a meson was detected in two of

these photographs and it was discovered that decaying this was responsible for the production

of a second meson47. In one case the second meson totally stopped within the plate boundary

allowing the calculation of its range, 600 µ. In the second photograph the secondary meson

continued its flight outside the plate borders, moreover following accurate extrapolation its

range was also estimated as 600 µ (Lattes, 1983).

Since winter 1946 Cesare Mansueto Giulio Lattes, a young Brazilian physicist, had joined

Powell and Occhialini at Bristol. He suggested to expose the photographic plates at Chacal-

taya mountain (5270m) in the Bolivian Andes, 20 km away from La Paz. When the plates

were developed in Bristol thirty double mesons were found. Lattes had the duty of inferring

the mass ratio between primary and secondary mesons. “The result convinced us that we

were dealing with a fundamental process. We identified the heavier meson with the Yukawa

particle and its secondary with Anderson’s mesotron” (Lattes, 1983). In figure 2.20 quoted

from Lattes et al. (1947), one can see the track of a meson π and that of the decay’s result,

a meson µ. From the flight directions was deduced that, in order to conserve the momentum

the existence of a neutral particle had to be hypothesized. Already in 194248 the Japanese

physicists Shoichi Sakata and Takeshi Inoue, aiming to solve the problem of the less inter-

acting negative mesons, had suggested the existence of another unstable particle capable of

strongly interacting with the nuclei. They further suggested that the mesons should be the

decay product of this new particle (Sakata and Inoue, 1942). The experiments of the Bristol

47Such tracks were called double meson (Lattes, 1983).
48An English version of the paper appeared four years later on Physical Review and is reported in this work

bibliography as (Sakata and Inoue, 1946).
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Figure 2.20: Emulsion plate with the registration of the decay of a meson π in a µ meson and a

neutrino, the latter cannot leave any ionization track. (Lattes et al., 1947).

group confirmed this hypothesis. Meanwhile, at the conference held at the Shelter Island in

June 1947, Robert Marshak and Hans Bethe (Marshak and Bethe, 1947), and Victor Weis-

skopf (Weisskopf, 1947) presented their theories that foresee the existence of two different

mesons. Interesting to this regards is the comment of Perkins (2005):

[...] unaware not only that it had already been proposed by Sakata and Inoue in

1946, but also that it had been discovered experimentally by the Bristol physicist.

Fifty years ago, communication were not very satisfactory!

In 1950, one year after Yukawa’s Nobel award for “his prediction of the existence of

mesons on the basis of theoretical work on nuclear forces”, Cecil Powell too was awarded

with the Nobel prize “for his development of the photographic method of studying nuclear

processes and his discoveries regarding mesons made with this method”. He was only one of

the members of a wide group of people who contributed to these discoveries and it’s worth

noting, for example, that for the second time the Italian Giuseppe Occhialini, wasn’t awarded

with the Nobel prize that he rightly deserved for his crucial contribution in both cases: the

pion discovery and the development of the counter controlled chambers49.

With the help of nuclear emulsions, events were also photographed due to the capture

of a negative π meson which interacting with a nucleus, produce a disintegration visible in

49It’s said that a joke was circulating through the scientific community: If you want to win the Nobel prize

you have to do same research with Beppo (Occhialini).
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Figure 2.21: Participant at the Shelter Island conference in June 1947 in (Marshak, 1983).

the photographic plate as a ‘star ’. These kind of tracks were registered by Marietta Blau

and Herta Wambacher for the first time in Wien (Blau and Wambacher, 1937a,b). We can’t

end this fascinating historical overview without a few more key facts. It must be said that,

in 1949, positive and negative π were generated by the Berkley synchrotron (Lattes, 1983),

and in 1950 the neutral pion π0 was seen still at the accelerators in Berkley (Steinberger

et al., 1950). In the same year the Bristol group recognized in the emulsion photographic

plates exposed to high-energy cosmic rays tracks of the decay of the π0 and they were able

to calculate its mass as well as its mean lifetime (Carlson et al., 1950). I think one can agree

with the Marshak’s reflection (Marshak, 1983):

[...] is fairly typical of what transpired during the five-year period 1947-1952 in

the history of particle physics: Cosmic-ray experimentation would uncover some

new qualitative features at high energies [...], theorists would articulate these

results into a set of model options, and the accelerator physicists would help to

pin down whether or not one of these models could give a quantitative fit to the

experimental facts.

Indeed with the rise of accelerators particle physics became an autonomous field of research

and some of the cosmic rays physicists began to work at the accelerators. Nevertheless, cosmic

ray research continued to be an important field and to play a key role as natural research
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laboratory.
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Chapter 3

From the first discovery of the EAS

to the UHECR

I was not born with innate knowledge, said the Master. Fond of history, I am eager in

pursuit the experience accumulated in it.

Confucius 7.20

When the energetic particles of the primary cosmic radiation enter the earth’s atmo-

sphere a series of nuclear and gamma-ray interactions occurs. As a result, Extensive Air

Showers (EASs) of secondary particles are generated and reach the earth’s surface. In this

chapter we present, from an historical perspective and focusing on the science communities

involved, the research on EASs. We start from the first pioneer studies and conclude with

current research on Ultra High Energy Cosmic Rays (UHECRs)1.

3.1 About the Extensive Air Showers (EAS)

In the previous chapter we saw how, at the end of the thirties, the existence of a

cosmic rays secondary component arising from the interaction of the primary component

with the traversed medium was established. Before we focus on the history of research on

air showers, let me introduce the main features of EASs2. In fact, the comprehension of the

EAS phenomenology and production mechanisms, largely based on the physics of nuclear

interactions, is essential to understand the nature and the origin of cosmic radiation. Since

1This chapter is based on a review paper of Kampert and Watson (2012).
2A very clear and comprehensive article about air showers is one by John Linsley published on Scientific

American in 1978 (Linsley, 1978).
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their discovery, EASs have been used to measure the direction, energy and composition of

primary cosmic rays.

If we consider that even today, in spite of the enormous technological and theoretical

progress in the development of innovative instrumentation and in the physics understanding

of the interactions, the determination of the EAS features is still rather complicated, one can’t

help but appreciate the creative and original work of the ‘pioneers’ of cosmic ray physics and

their titanic efforts to uncover the mysteries of cosmic radiation.

In figure 3.1 the flux of cosmic rays is shown as a function of the energy in a logarithmic

scale. The flux of cosmic rays, namely the number of primary particles reaching the earth per

unity of time and surface, strongly depends on the particle energy, ranging from one particle

per m2/s to one particle per km2/year. The arrival of the most energetic ones is an even rarer

event. The flux of UHECRs is, at energies above 5 × 1019 eV, of 1 particle/km2/century3.

As it can be seen in figure 3.1 the flux decreases with energy according to a power law

dN/dE ∝ E−2.7. At energies around ∼ 1015 eV, i. e. at the so called knee, the spectral index

of the power law changes and the spectrum is described by dN/dE ∝ E−3.1. The origin of

the knee is still a matter of investigations. It could be due to the leakage of cosmic rays

from the galaxy or to the limit in accelerating these particles by galactic sources. At energies

around ∼ 1017 eV a second knee is observed in the spectrum that shows a further steepening.

The origin of this feature is unknown. The spectrum flattens back to dN/dE ∝ E−2.7 at

the so called ankle, that is at E ∼ 4 × 1018 eV. It is around this region that the transition

from galactic to extragalactic cosmic rays occurs. Particles above the ankle constitute the

ultra-high energy component of the cosmic radiation. A cut-off is observed in the spectrum

at energies above 5 × 1019 eV. This is the energy of the Greisen-Zatsepin-Kuzmin (GZK)

cut-off (Greisen, 1966) (Zatsepin and Kuzmin, 1966), that we will discuss in section 3.6.

Because of the low flux, direct measurements of cosmic rays with energy above 1014 eV

are virtually impossible, since for such experiments one would require the use of satellites

with detectors of unfeasibly large surface area. It is from the extended showers’ features that

we can reconstruct the properties of the primaries.

3.1.1 Showers characteristics

When a primary cosmic ray enters the earth’s atmosphere, it interacts with the atoms

and a cascade of secondary particles is produced. Depending on the nature of the initiating

3The cosmic ray component with energy above 5×1019eV is often defined as Extreme Energy Cosmic Rays

(EECR)
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Figure 3.1: Spectrum of all particle cosmic rays (Bietenholz, 2013) adapted from the original plot

prepared by Simon Swordy for (Cronin et al., 1997). In the vertical axis the number (log) of particles

striking down the earth per unit of time, of surface and solid angle is reported; on the x-axis the

energy (log) of the incoming particles is reported. At energies above 5 × 1019 eV the flux is of 1

particle/km2/century, while at the highest energies ever measured, around ∼ 1020 eV, the flux is of 1

particle/km2/millennium.

particle the shower may evolve differently. Three components are found in EASs (as can be

seen from the sketch in figure 3.2).

The prevailing one is the electromagnetic ‘soft’ component, mainly composed of photons

and electrons, and generated by pair production and Bremsstrahlung of energetic electrons

and annihilation of electrons and positrons resulting from pions and muons decay. The second

component is the meson component, the most penetrating and therefore called ‘hard’ com-

ponent, formed by the resulting products of pion decay, mostly muons. The third component

is the nucleonic or hadronic component resulting from the disintegration of primary nuclei.

More specifically, neutral pions have a half life ∼ 10−17s, and decay mostly into photons:

π0 → γ + γ (3.1)
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Figure 3.2: A schematical representation of the development of an air shower, taken from Letessier-

Selvon and Stanev (2011).

Although the following decays also take place:

π0 → γ + e+ + e−

π0 → e+ + e− + e+ + e−
(3.2)

The muon component is a consequence of the decays of charged pions and kaons:

π± → µ± + ν

K± → µ± + ν

K± → π± + π0

(3.3)

As already mentioned in the previous section 2.4, the physics of the electronic cascade was

developed by Bhabha and Heitler (1937) and, independently, by Carlson and Oppenheimer

(1937). Although it was developed under the simplified hypothesis of pure electromagnetic

showers these models give a rather good description of the main features of the showers.

According to Heitler’s model, electrons and positrons, alongside photons produce two-body

splitting via one-photon Bremsstrahlung or electron-positron pair production. Splitting oc-

curs after a fixed distance related to the radiation length is traversed. After n splittings 2n

particles populate the shower. One of the key feature of an EAS is, therefore, the longitudinal

evolution of the shower size. For a given EAS, the number of contained particles increases

rapidly, reaches a maximum and then fades away. The numbers of particle at the shower
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maximum is proportional to the energy of the primary particle Nmax = E0/Ec, where Ec

is the critical energy of electrons in air (Sokolsky, 2003). At the critical energy the average

collisional energy losses begin to exceed radiative losses and the multiplication of particles

ceases. Another key parameter is the depth in the atmosphere at which the electromagnetic

shower reaches the maximum particle content Xmax expressed in g/cm2. We observe that in

EAS physics the concept of ‘slant depth’ measured in g/cm2 is widely used. The slant depth

gives the amount of materials traversed by the shower at a given point of its development. In

fact, at any point along the path, the number of interactions is proportional to the density

times the path length. By adding all of these interactions along the particle’s path we can

obtain the total absorption4.

From the values of the shower maximum it’s in principle possible to identify the nature of

the primary. In fact due to the different interaction lengths in air of proton and heavy nuclei

(e.g. iron), 70 g/cm2 and 15 g/cm2 respectively, the depth in the atmosphere of the first

impact is greater for proton than for heavy nuclei. Consequently, the position of the shower

maximum Xmax depends significantly on the atomic mass of the primary. These differences

are of the order of 15% and can fluctuate largely. In general, it’s very difficult with this

method to establish the nature of the cosmic particle that originated the shower. In figure

3.3 the results of Montecarlo simulation of showers initiated by protons or iron-nuclei and

their comparison with the experimental data for a single shower are shown. Fluctuations in

the Xmax of proton showers are clearly seen.

A good phenomenological description of the of longitudinal shower profiles is given by the

Gaisser-Hillas function (Gaisser and Hillas, 1977):

N(X) = Nmax

(
X −X0

Xmax −X0

)(Xmax−X0)/λ

exp

(
−X −Xmax

λ

)
(3.4)

where X0 is the point of first interaction, and λ a fit parameter in the range of 55-65 g/cm−2.

However the direct detection of the longitudinal evolution of an EAS is not always possible,

and therefore another key EAS parameter, the lateral distribution function, is used to estimate

the shower properties. The lateral distribution function gives the density of particles at a

given distance of the shower axis on a plane perpendicular to it.

This function is independent of the atmospheric depth at which the observations are

made, because the particle detected at the observation level mainly originate from a cascade

4The slant depth is indicated with X. Its value is calculated by integrating the density of the material,

normally air, from the point of first interaction at the top of the atmosphere, along the trajectory of the

shower, to the final point considered, e.g, the maximum.
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Figure 3.3: Montecarlo simulations of showers originated by proton (left panel), and iron (right

panel). The number of charged particles of the shower as a function of the slant depth is shown. Both

simulation results are compared with experimental data from fluorescence detectors of the Pierre

Auger Observatory. Courtesy of the Pierre Auger Collaboration https://web.ikp.kit.edu/auger/

public/zusammensetzung.html

initiated very close, i.e., at few kilometres from the ground (Kampert and Watson, 2012). The

region of the higher particle density is defined as the shower core. According to Hillas (1970)

and Marsden et al. (1971), fluctuations in the shower particle density at great distance from

the core are quite small, and therefore from the lateral distribution, measuring the particle

content of the core, it’s possible to estimate the energy of the primary particle.

The hadronic component of the shower is confined within a meter wide area about the

axis, since the transverse momentum of the nuclei is small. Therefore, the secondary nuclei

and pions are not spread out and they give rise to single core showers. Furthermore the

high relativistic pions produced, whose life-time is increased by time dilatation, decay at long

timescales and interact with atoms in the air generating still more pions. Only when their

energy decreases to a few GeV does decay start to dominate and muons are produced (Hillas,

1972).

The relation between the number of electrons and muons in a shower, Ne vs. Nµ, can

provide information on the nature of the cosmic rays. For example, EASs with very low muon

content are originated by gamma-rays (Kampert and Watson, 2012).

Another parameter that is key to understanding the nature of the primary particle is the

elongation rate Del, defined as Del = dXmax/dlnE. A modified expression of the elongation
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rate can be written to take in account the real EAS configuration and furthermore, in the

hypothesis of a mixed component, the elongation rate values can supply information about

the composition variations as a function of the energy (Sokolsky, 2003, p.27 and p.145).

Studies of EAS arrival direction are also carried out with the goal of understanding the

sky distribution of primary cosmic rays. Arrival direction distributions are indeed needed to

understand possible anisotropies of cosmic rays and to localise their possible sources.

It has to be stressed that the use of computer simulations using the Montecarlo tech-

nique and theoretical models for the nuclear interactions are today indispensable in acquiring

knowledge about the showers developments and to compare them with the experimental re-

sults. Here it is worth citing the simulation software CORSIKA (COsmic Ray SImulation

for KAscade) which was developed principally by Capdevielle and Grieder in parallel with

the construction of the KASKADE (KArlsruhe Shower Core and Array DEtector) cosmic ray

project in Karlsruhe (Germany) (Capdevielle et al., 1990). Its versatility in simulating EAS

initiated by photons, protons, nuclei, and other kind of particles jointly with its accessibility

to the community have made of it, according to (Kampert and Watson, 2012), “a de facto

standard [instrument] in the field”.

3.2 The discovery of the Extensive Air Showers

In 1938, another milestone in the study of cosmic rays was reached: “les grandes gerbes

de l’atmosphére” were discovered by Pierre Auger. We have already discussed in section 2.4

how, starting from Skobeltsyn’s picture of multiple tracks (Skobeltsyn, 1929), the existence

of a secondary component of cosmic rays was deduced. The same component that produced

the tracks in cloud chambers. Auger was aware of Skobeltsyn’s result, since he had personally

examined the tracks of charged particles together with Skobeltsyn, when, between 1929 and

1931, the Russian scientist was visiting the Curie laboratories in Paris. They soon realized

that the tracks were due to very energetic β rays of secondary type generated by primary γ

rays (Auger and Skobeltsyn, 1929). After Skobeltsyn left France, however, the collaboration

between the two physicists ceased and each continued his own line of study.

In the Soviet Union, under Skobeltsyn’s supervision, two different approaches to the

research were being undertaken, to understand nuclear interactions caused by cosmic radia-

tion: observations at different layers of the atmosphere; and measurements on high mountains

(Bazilevskaya, 2014). Since 1934, on the peak of mount Elbrus (5 642 m a.s.l.), systematic

studies of cosmic rays were being performed. In the first of these experiments, carried out
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using cloud chambers, Nicolai Dobrotin, Ilya Frank, and Pavel Cherenkov5, reported the exis-

tence of a great amounts of low energy electrons. Their result however remained “un-noticed”

because neither the theories of the cascade evolution were developed nor was the existence

of secondary particles proved (Dobrotin et al., 1985).

In the same year Rossi, through his experiment on triple coincidences, had observed multi-

ple tracks that he named sciami (Rossi, 1934) and that he correctly interpreted as secondary

particles produced by interactions of primary rays with the chamber walls. Similarly, Regener

and Ehmert (1938) stated: “[...] dass die gemessenen weit geöffneten Schauer der weichen

Komponente zuzuschreiben6 sind7”.

On December 1937, Schmeiser and Bothe (1938) introduced the word Luftschauer since

“diese Schauer aus der Luft über den Zählrohren stammen8”. Also Kolhöhrster studied the

coincidence rate’s dependence as a function of the distance between the counters (Kampert

and Watson, 2012). So, what we today consider Auger’s milestone discovery was already ‘in

the air’.

However, according to Kampert and Watson (2012), it was thanks to the improvements

by Roland9 Maze (1938) in the construction of G-M tube and in the 5 µs resolving time of

his circuits, that EAS were observed.

As reported by John Linsley (1998), in 1994 when he visited the cosmic ray group in

 Lódź (Poland), G-M tubes were still built in the way invented by Maze10. The French group

lead by Auger and comprising, among others, Maze, Paul Ehrenfest and André Freon, had

made measurements initially on the roof of the physics institute in Paris and then on the Pic

du Midi (2 877 m a.s.l.) in the French Pyrenees, and eventually at the observatory of the

Jungfraujoch (3 471 m a.s.l.) on the Swiss Alps (Auger et al., 1938).

The surprising result they obtained was that counters at a distance of 300 meter from

each other registered signals in coincidence. Although Auger was not the first to perform

EAS measurements, his results were nevertheless groundbreaking. He in fact was able to

calculate the energy of the primary particle in a way that was model-independent from the

5Frank and Cherenkov were awarded with the Nobel prize in Physics in 1958, jointly with Tamm, for the

discovery and interpretation of the Cherenkov effect.
6Emphasis in the original paper.
7[...]The measured broad opened showers are to be ascribed to the soft component.
8These showers originate from the air above the counters.
9In the seminal paper on Comptes Rendus about the discovery of extensive shower as first name of Maze

is indicated Raymond see (Auger et al., 1938), an errata corrige can be found in the successive volume of the

journal (Comptes Rendus, 1938).
10Maze maintained a long collaboration with the Polish cosmic rays physicists.
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cascade theory. Measuring the particle density distribution at different distances from the

core, Auger counted the amount of particles of the shower estimating a shower size of N = 106

particle. Then, assuming that each particles carries an energy equal to the critical energy

in air, about 87 MeV (Hillas, 1972), and having introduced a factor of 10 that should take

in account the energy loss in radiation, he obtained a shower energy, and hence a primary

particle energy of ∼ 1015 eV, about five orders of magnitude greater than any particle energy

previously measured.

Immediately after their detection, studies on EASs intensified. In Manchester, for exam-

ple, Lovell and Wilson, probably encouraged by Auger who had visited Blackett’s laborato-

ries, observed parallel tracks in two cloud chambers placed at distances of 5.5 and 19 meters

(Lovell and Wilson, 1939). Many groups working at different Universities and Institutions

contributed to the understanding of EAS physics and started that line of research that will

evolve into the modern giant arrays.

3.3 Air Shower studies in the Soviet Union: how did it begin

One of the most active scientific communities investigating EASs was the Russian one,

that, as already said, had started research on Mount Elbrus in 1934. Towards the end of

the second world war a second research station was operated on the Pamir Mountains (3 860

m a.s.l.) in central Asia. Under the direction of Skobeltsyn, followed by Vladimir Veksler,

Nikolai Dobrotin, Georgy Zatsepin, Sergey Nikolsky, and Sergey Slavatinskiy, the Pamir site

remained active until the sixties. The station was composed of an array of G-M counters,

ionization and cloud chambers and was aimed at the study of the showers’ features and the

nuclear interactions producing the secondaries cascade. The concepts of leading particle,

i.e. the notion that in each shower there was a particle carrying most of the energy after

the interaction, and that of the energy scale, i.e., the lack of dependence of the secondaries

spectrum on the energy of the primary11, were developed by Zatsepin (1949) as a result of the

experiments carried out during the second half of the forties. These early research activities

on the Pamir Mountains led to the important understanding that hadrons are a component

of the cascade, which initiated the study on the physics of hadron interactions at very high

energies E > 1015eV (Dobrotin et al., 1985). It’s worth mentioning how the experiments at

Pamir changed the way in which cosmic ray research was performed. The amount of work to

be carried out was so large that the help of several people, mainly students, was now needed.

11In the energy range between 1010 and 1012 eV.
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Working on these experiments as students many future prominent Russian physicists were

educated. Emblematic in this sense is the rather famous picture of figure 3.4 showing Zatsepin

during the construction of detectors array on the Pamir mountains.

Figure 3.4: The preparation of the Pamir experiment with air shower detectors[...]. Zatsepin with a

cable on his neck (Dobrotin et al., 1985).

Studies of the shower’s hadronic component continued, since the late 1950s, under the

direction of Nikolsky in the new site on the Tien Shan Mountains, a modern and well equipped

scientific station with a plenty of scintillators and Cherenkov detectors. Also at the Bolivian

Chacaltaya cosmic ray station and, less successfully, in Japan, similar experiments were

undertaken with the aim to better understand the hadronic component.

Other significant contributions to EAS studies in Russia were made by the group of Georgy

Kulikov and Georgy Khristiansen, in Moskow at the Lebedev Istitute. They measured the

particle density at different distances from the axis, and observed a steepening in the size

spectrum for showers of N ∼ 8 × 105 particles. The corresponding steepening in the flux

was found at energies of ∼ 1015eV. This feature, known as the knee, was the first evidence of

the imprinting left by some astrophysical mechanism. Kuhlikov and Khristiansen suggested

that the knee was due to galactic cosmic rays leaking away from the Galaxy. According to

this, cosmic rays with energy above 1016eV should have extragalactic origin (Kulikov and

Khristiansen, 1959).

An important role in the development of a new research method was played by Aleksandr

Chudakov, who implemented the detection of the Cherenkov light emitted by high energy

electrons in the EAS. As we will see later in section 3.7, it was Blackett that first predicted
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the production of Cherenkov light by shower of electrons and muons, with threshold energies

of 20 MeV and 4 GeV respectively, while they propagate superluminally through the earth’s

atmosphere. He estimated that about 10−4 of the night sky light must be Cherenkov radiation

generated by EAS and stated that the Cherenkov light associated with EAS should produce

flashes of light. Such flashes correlated with EAS were actually observed by Galbraith and

Jelley (1953), and Nesterova and Chudakov (1955). After this discovery Chudakov built,

in the Pamir Mountains, an array of Cherenkov detectors consisting of phototubes with

and without steerable mirrors capable to register the polarized light signals, pioneering this

measurement method and contributing to a detailed knowledge of the Cherenkov radiation

associated with EASs. Arrays of Cherenkov detectors can in fact measure, among others

things, “the lateral distribution of Cherenkov light and the Cherenkov pulse shape at a given

distance from the shower core” (Sokolsky, 2003) besides the “flux of Cherenkov radiation in

the shower of N≈ 105−106” (Kampert and Watson, 2012). With the help of these information

the energy lost via ionization by the electrons can be calculated12 and therefore the energy

of the primary can be reconstructed. The position of the shower Xmax can also be deduced.

Chudakov studied, in this context, the air luminescence due to fluorescence in order to see if

this could be an obstacle to the detection of Cherenkov flashes. He proved that its intensity

would not surpass that of the Cherenkov light and moreover he stated the isotropic nature of

fluorescence light and revealed the importance of air fluorescence for EASs study. Chudakov

was the first who reported this methodological possibility according to the proceedings of the

1962 Interamerican Symposium in La Paz, that reported his talks about this method whose

first idea himself dated back to the years 1955-57 (Lidvansky, 2006).

3.4 Extensive Air Showers at the MIT

Bruno Rossi arrived at Cambridge as a faculty member of the Massachusetts Institute of

Technology (MIT) in February 1946 after having left the Los Alamos Laboratories. Together

with Rossi, four young physicists, Herbert Bridge, Matthew Sand, Robert Thompson, and

Robert Williams joined Cambridge as PhD students. Under the leadership of Rossi they

formed the cosmic ray group at the Laboratory of Nuclear Science and Engineering, starting

with two major research lines: the study of high-energy interactions with the counter con-

trolled multiplate chambers (Clark, 1998) 13; and the study of EASs. Williams, following the

12The measures were calorimetric.
13The counter controlled multi-plate chambers were previously developed by Rossi. In 1940 using this

method, Rossi and collaborators were able to demonstrate the decay of mesons in flight (Rossi et al., 1940),(see
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suggestion of Rossi, measured the density function using four of the fast ionization chambers

that Rossi had developed in Los Alamos. Williams took data on Mount Evans at an altitude

of 3 500 m a.s.l., and thanks to the density sampling method, he estimated the flux of the

cosmic rays up to E ∼ 4 × 1016eV (Clark, 1985). A further result of Williams’ experiment

was the discovery that almost 80% of the EAS axis formed an angle smaller than 20◦ (from

the zenith). Assuming that all showers were vertical, he then developed a method for the

localization of the shower core, the point where the signal size is greatest. Modern analysis

still use this method of core location. Again under the suggestion of Rossi, George Clark, who

had joined MIT in 1950, and Pietro Bassi, from Padua University, carried out experiments

to determine the incoming directions of the showers, implementing fast timing measurements

in scintillation detectors. As reported by Clark (1985) three factors were decisive for the

success of the experiment. The work of Mario Ageno and collaborators (Ageno et al., 1949)

that made possible the construction of scintillators using a “solution of certain aromatic com-

pounds in cheap aromatic solvents”, the “rise time of the scintillation pulse in these liquids

less than 20 nanoseconds” as estimated by George Reynolds et al. (1950), and eventually the

availability of “efficient, fast, end-window photomultipliers”.

In order to correctly apply the method of fast timing Clark and Bassi had to estimate

the features of the particles disk, and in particularly its thickness14. These preliminary

measurements were carried out on the roof of the institute ad confirmed that the disk was

sufficiently thin and flat (∼ 1− 2 m).

Assuming that the particles in the shower were distributed in such a thin disk perpendic-

ular to the axis, and measuring the time delay between the arrival of the signals in different

detectors “on base lines perpendicular to each other” (Linsley, 1998), they were able to cal-

culate the arrival direction of the shower. Figure 3.5 shows two drawings excerpted from the

paper of Pietro Bassi et al. (1953), in which a schematic representation of the fast timing

method is shown.

After having tested the feasibility of the method, the group, formed by James Earl,

William Kraushaar, Frank Scherb, John Linsley, Rossi and Clark, was ready to conduct ex-

periments on EAS. The search for a sufficiently large area on which they could to deploy

fifteen detectors was not easy but a solution was eventually found thanks to the cooperation

section 2.5).
14Along the axis, particles of the shower form a disk-like structure, whose thickness is a few meters thick,

and which moves at the speed of light. The disk is bent since the particles far from the axis are delayed with

respect to the ones closer.
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Figure 3.5: Schematic representation of a shower arriving at the detectors (left panel). Graphical

representation of the data registered in two detectors perpendicular to each other (right panel) (Bassi

et al., 1953).

of Harvard University and in particular of Professor Donald Menzel, director of the Harvard

College Observatory, that allowed the use of an area around the Astronomical Station of the

Harvard University, the Agassiz Station15. The construction was initiated on 1954. Minoru

Oda, visiting Cambridge from Osaka University, and Pietro Bassi, still in Cambridge, partici-

pated in this early phase. The detectors were located along four concentric rings, the external

ones had a diameter of 500 m circa. Measurement were taken from 1955 to 1957, although

after a fire started by lightning during a storm in summer 1955, that destroyed part of the

detectors, the highly flammable liquid scintillators were replaced with plastic scintillators,

built by the group itself16. In this new configuration new measurements were carried out

since July 1956. The principal results summarized in the seminal paper published in 1961

(Clark et al., 1961) were: 1) The extension of primary energy to 1018eV; 2) The equation

for the integral energy spectrum in the range 3 × 1015eV< E < 1018eV; 3) The isotropic

distribution of the arriving directions; 4) The lateral distribution function.

After these early years, EAS research at MIT evolved into two different projects. On

one hand in 1958 the site of the experiment was moved from the Agassiz station to the

Chacaltaya plateau near La Paz (Bolivia) at a higher altitude (4 200 m a.s.l.). The plan

was to search for EAS initiated by high-energy γ rays. The results of the experiments at

Mt. Chacaltaya showed that the characteristics of the showers changed with the altitude

and, in particular, it was possible to determine the depth at which showers of 107 particles

15For this reason the array was named Agassiz Array.
16The group established a fabric for the construction of the 42-inch diameter disks. The fabric was dismissed

in 1962 after having furnished plastic scintillators to the hitherto principal experiments around the world

(Clark, 1985).
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reached their maximum. The search of anisotropy was an unsuccessful goal of the experiment.

The Bolivian Air Shower Joint Experiment (BASJE) project resulted from a collaboration,

warmly advocated by Minoru Oda, between MIT, the Institute of Nuclear Study (INS) of

Tokyo, and the La Paz University. The second project, evolved from the studies at Agassiz,

was the construction of the first giant array by John Linsley and Livio Scarsi at Volcano

Ranch (New Mexico). The goal was the search for UHECRs as we will report later in this

chapter. It’s perhaps worth noting that thanks to Oda’s visiting period at MIT, an EAS

facility was constructed in Japan at the newly established Institute of Nuclear Study (INS)

of Tokio.

3.5 The Institute of Nuclear Study: Japan involvement in

EAS studies

After the second world war, living conditions in Japan were very hard. After having

surrendered, the country remained under American occupation for seven years, “[g]etting

foods was everyone’s preoccupation” (Brown and Nambu, 1998). Many buildings of the

Japanese research institute were heavily damaged and there were no funds for expensive ex-

periments17. However the desire to restart experimental research was strong and, as reported

in his reminiscence by Yataro Sekido (1985), different universities re-organized and became

active in cosmic ray research. Among these, Kobe University under the leadership of Osamu

Minakawa, the Nakagawa’s group that moved to Rikkyo University, and Sekido’s group that

moved from Nishina’s group in Tokyo to the University of Nagoya. Very important for the

future of Japanese cosmic ray research was the call of Yuzuru Watase at the Osaka University

and at the new formed Osaka City University. We wish to underline here how Watase, firmly

convinced of the importance of theoretical supports for the experimentalists, arranged a

strong collaboration between experimentalists and theorists and organized visiting programs

for theoretical physicists, “thus, for some time Y. Nambu, S. Hayakawa, Y. Yamaguchi, K.

Nishijima and T. Nakano gathered at Osaka City University and the experimentalists enjoyed

the luxury of every-day contact with these theorists[...]” (Oda, 1985). In 1949 the City of

Osaka approved the request of Watase to build a high altitude laboratory on Mt. Norikura.

In the same year Mitsuo Taketani succeeded in obtaining funds of one million yen from the

Asahi Press for research in cosmic rays. Funds were granted to Watase (Osaka), Minakawa

17According to Brown and Nambu (1998), this was probably the reason why theoretical physics flourished

in Japan.

72



(Kobe), Miyazaki (Tokyo), and Sekido (Nagoya), and contributed to the construction of

Watase’s laboratory, the so called “Asahi hut”. After four years the Special Committee

for Nuclear Physics of the Science Council of Japan, chaired by Sin-Itiro Tomonaga, es-

tablished the “Norikura Cosmic Ray Observatory” that was built near the already existing

laboratory. This enlarged and well equipped station for cosmic ray studies was de facto

an “inter-institutional” research station, of which in 1953 the University of Tokyo assumed

leadership. The first director of the observatory was Morizo Hirata.

In 1955, the Committee for Nuclear Physics of the Science Council of Japan approved the

foundation of the aforementioned Institute of Nuclear Study (INS) and Tomonaga played an

important role in this decision. The institute was formally attached to Tokyo University18,

but it was thought that it would be primarily used for inter-university collaborations. It was

supposed to host facilities for the cosmic ray research and in particular an air shower array,

and the possibility to fly balloons with emulsion equipments. As we already said, Minoru

Oda, back to Japan from the United States, became one of the leading figures in the early

years of the INS. Together with Koichi Suga, Miura, Matano, Tanaka, and Goro Tanahashi

he built in Tokyo, at sea level, showers arrays of increasing complexity.

The final configuration consisted of “14 scintillators of 1 m2 area each, 5 smaller scintil-

lators for fast timing, 4 scintillators of 2 m2 each, installed in a tunnel of 15 m underground,

setting a threshold of 4.5 GeV for muon detection” (Kampert and Watson, 2012). Neon-

hodoscope of 5 040 tubes had its construction enriched by the participation of Fukui and

Miyamoto of Osaka University. According to Oda (1985), Fukui and Miyamoto invented the

so called ‘spark chamber’, a technique successively largely used in high energy physics. The

Japanese group was the first that, thanks to the capability of the detectors to count muons,

understood the importance of the Nµ vs. Ne ratio for the individuation of the primary mass.

They suggested that showers with very low muon content, were being produced by high en-

ergy photons, a line of research that paved the way for the participation of Japan in the

BASJE project. Another result of this experiment helped to elucidate the importance of

the first interaction depth for the fluctuations of the shower. The evolution of the Japanese

research on EASs was the construction of AGASA giant array in Akeno, whose scientific

contributions to the field will be discussed later.

According to Kampert and Watson (2012), the idea of using the fluorescence technique

has to be ascribed to Oda and Suga, although the idea was also considered in the Soviet

18Its first director was Seishi Kikuchi who, for this reason, moved to Tokyo from Osaka. He additionally

became director of the Mt. Norikura Observatory.
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Union (see section 3.3) and in the United States (see section 3.6).

3.6 Cornell University and Greisen’s contribution to EAS study

Kenneth Greisen is one of the main figures in cosmic ray physics. Author of many impor-

tant reviews (Rossi and Greisen, 1941), (Greisen, 1956), (Greisen, 1960), that have become

‘must-read’ for the community of cosmic ray physicists, and of seminal papers (Greisen, 1966),

he contributed to both experimental and theoretical progresses. Greisen started his involve-

ment in cosmic ray physics when he met Rossi19 at Cornell, and became his first student there.

Greisen participated in experiments on the mesotron life-time that Rossi and collaborators

were carrying out. After a parenthesis at the Los Alamos Laboratories, Greisen returned to

Cornell where he obtained the professorship in 1950 and where he began the construction of

an array of scintillators. One of the principal results of these studies was the determination

of the parametrization of the Lateral Distribution Function (LDF) of muons and electrons

that well fitted the experimental data. The method for the individuation of the shower core,

developed by Williams at MIT (see section 3.4), had a dependence of the signal intensity on

the core distance. Jun Nishimura and Koichi Kamata had found a function that described

the latter dependence in the case of electromagnetic showers. The Greisen’s parametrization

led to a more general lateral distribution function, known as the Nishimura-Kamata-Greisen

(NKG) function, by means of which the fitting of data from different detector types became

possible (Kampert and Watson, 2012), (Sokolsky, 2003), (Linsley, 1998). The Cornell group

moreover discovered that, in the energy range they investigated, that is E ≈ 1016eV, the

probability of production of kaons is negligible when compared to pion production. The dis-

covery was later confirmed by experiments at Haverah Park and Moskow State University.

Greisen’s group decisively contributed to a deeper understanding of the primary energy flux:

thanks to the data sampled with the scintillators array, Greisen and colleagues were the first

to observe the now well known power-law distribution of the cosmic ray spectrum (Trimble,

2011).

After these successful works based on scintillator detector arrays, Greisen focused on

another detection technique, the fluorescence technique, (see section 3.3 and 3.5). There

is indeed an aura of mystery around the primary authorship of the method. Certainly the

dissemination role played by visiting periods in foreign universities by various physicists,

or the participation to international meetings can explain the sparkling atmosphere from

19Rossi had in 1940 just moved to Ithaca from Chicago.
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which the fluorescence method for measuring the cosmic rays emerged. Examples are the

visit of Oda to MIT and of Tahanashi to Cornell, the participation at the La Paz Inter-

american Conference, or the work at the Los Alamos Laboratories. According to Watson and

Kampert, the first scientific paper on the fluorescence technique was a report of the Japanese

INS dated 1958 (Kampert and Watson, 2012). As mentioned in section 3.3, we note that

Chudakov reported how already in 1955-1957 this idea was proposed in Russia. We also

suggest the reading of a review article by John Linsley (1998).

Figure 3.6: First sketch of fluorescence telescope from the proceeding of the Norikura meeting of

the INS held in summer 1957 as reprinted by Kampert and Watson (2012) (left panel). Geometrical

view of the fluorescence method used by the Fly’s Eye detectors drawn from Alan Bunner’s doctoral

thesis (Bunner, 1967) (right panel).

When an EAS propagates through the earth’s atmosphere, fluorescent light is isotropi-

cally produced due to the de-excitation of nitrogen and oxygen molecules previously excited

by secondary cosmic rays. A faint, near ultraviolet (300-400 nm), isotropically distributed

radiation with a continuum spectrum characterized by several emission lines can be observed

and measured. The EAS appears then as a UV track propagating at the speed of light. From

the direction and intensity of the track, the arrival direction and the energy of the primary

cosmic rays can be reconstructed.

The first and important result obtained by Greisen was the so called track-length integral

defined as it follows:

(1− F )E0
∼= α

∫ ∞
0
N(t)dt (3.5)

where F represent the small fraction of initial energy E0 carried by neutrinos and muons,

N is the shower size at depth t, and α is the energy lost per unit of path length. The detection
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method based on this integral is the core aspect of the fluorescence technique and has been

used in many successful experiments.

The pioneering era of the fluorescence experiments occurred in the mid sixties. In 1965,

at the 9th ICRC conference held in London, Greisen was invited to make a review of the

“Highlights in air shower study” (Greisen, 1965), and, presenting the fluorescence technique,

after having weighed the pros and cons, he goes on to mention how experiments were being

conducted at Cornell, where detectors with sets of Fresnel lenses were being developed, with

the participation of the INS in the persons of Seinosuke Ozaki (Osaka) and Goro Tahanashi

(Tokyo). In the same invited paper is reported the work of Alan Bunner who, in the context

of his seminal doctoral thesis 20, measured the spectrum of the fluorescence light produced

in air (Bunner, 1967).

Following this early phase, arrays of fluorescence detectors were eventually built at Ithaca

as well as on Mt. Dodaira in Japan, when Tahanashi returned to Tokyo. Both sites were not

well suited for fluorescence telescopes due to the amount of cloudy days and the pollution

of the air nevertheless, the Japanese array produced satisfiable results (Hara et al., 1970).

In spring 1966 Greisen spent a sabbatical period at the University of Utah and realized

that the clear nights of the area made this region a perfect environment for experiments

and observatories using the fluorescence technique he had in mind. A few years later Jack

Keuffel and George Cassidy, of the University of Utah, submitted in 1973 a proposal to the

National Science Foundation for the construction of what they first called the “Utah-Eye”

and which later came to be known as “Fly’s Eye”. The project was funded in 1974. The site

selected for the construction was a hilltop in the desert region near Dugway Proving Grounds

(Utah), a U.S. Army test facility, and the direction of the project was assigned first to Haven

Bergeson, and then to George Cassidy. A total of 67 units formed the detectors array, and

each camera unit consisted of 1.6 m and 1.5 m diameter front aluminized spherical section

mirrors, Winston light collectors, PMTs, and data acquisition electronics. Four of these

units were brought to Volcano Ranch21 for tests measurements. The first shower observed

by the Fly’s Eye had an energy of about 2.5× 1016eV (Bergeson et al., 1977) confirming the

success of the method for the detection of the UHECRs. Nevertheless, at Cornell the work

on fluorescence had been already ended in 1972.

As mentioned above, Greisen contributed also to theoretical enhancements of cosmic ray

physics. His most relevant contribution is the discovery of the so called GZK-effect. In 1965,

20The thesis of Bunner was published in 1967
21Where the first large scintillators array was operative since the sixties by John Linsley.
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immediately after the detection of the Cosmic Microwave Background by Penzias and Wilson

(1965), Greisen and, independently, Vadim Kuzmin and Georgiy Zatsepin of the Lebedev

Institute in Moskow argued that ultra-high energy (4×1019eV) primary protons will interact

with the CMB through pions producing processes (Greisen, 1966) (Zatsepin and Kuzmin,

1966). In each interaction a proton loses about 20% of its energy and therefore only ultra

high energy protons generated at a distances of less than 50 Mpc can reach earth. The cosmic

rays flux should exhibit an “upper limit”, an “end” as the titles of the seminal papers state,

at the highest energies. These predictions, however, created a new problem: in 1963 John

Linsley and Livio Scarsi, at Volcano Ranch, had already discovered a shower with a primary

energy of E ≈ 4 × 1020eV. Moreover worldwide projects for large array construction aimed

at searching for UHECRs had already started.

During the last years of his long career Greisen dedicated himself to the search for cosmic

γ rays with the help of spark chambers on board balloons. This search was unfortunately

unsuccessful because it was not possible to identify secure sources.

3.7 From multiple showers to EAS: The activities in the United

Kingdom

Cosmic ray research began in the UK in the early thirties when Giuseppe Occhialini

joined Patrick Blackett at the Cambridge Cavendish Laboratories and together developed

the counter controlled cloud chamber. First observations of particle showers were made

with this new instrument. The decisive discovery of pion was made by the Bristol research

group under the leadership of Cecil Powell. But it was again Blackett, who had moved to

Manchester by this time, that boosted cosmic ray research suggesting that Cherenkov light

produced by EAS traversing the earth’s atmosphere could be observed as a result of cosmic

ray interactions. Unlike what was previously discussed in section 3.3, Blackett didn’t follow

this line of research since, according to his words, “[p]resumably such a small intensity of light

could not be detected by normal methods. It is however interesting to note that the light

would still exist under the opaque layer of very high clouds. Thus, the Cherenkov radiation

of cosmic rays sets a limit, even if an unrealisable one, to the darkness of the darkest night”

(Blackett, 1947) in (Lovell, 1975). Bill Galbraith and John Jelley became interested in the

idea that a UV flash associated with EAS could be revealed, and they, as well as Chudanov

(see section 3.3), detected such Cherenkov flashes in 1953 (Galbraith and Jelley, 1953). After
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having built a Cherenkov detector, the British physicists carried out measurements at the

Culham array, near Harwell. This array, developed in the fifties by Cranshaw and Galbraith

(1957a), initially consisted of 91 G-M counters distributed in a triangular shape above an

area of 0.5 km2 and was later equipped with Cherenkov light detectors. Nevertheless the two

researchers preferred to carry out further experiments on the Pic du Midi where the chance

of clear nights was higher. In fact, through their experiments, they were able to confirm the

Cherenkov nature of the measured light since it was, as expected, polarized. On the other

hand several experiments were carried out at Culham as witnessed by the series of papers

published by Cranshaw and colleagues on the Philosophical Magazine of London. In particu-

lar they studied the shower time variation (Cranshaw and Galbraith, 1957b), the distribution

of the charged particles and the electron-photon component, as well as the shower front char-

acteristics (Cranshaw et al., 1957), (Porter et al., 1957), (Porter et al., 1958), (Bradley and

Porter, 1960). They also performed studies on the cosmic ray spectrum and on the ratio

between soft and penetrating components with particular regard to the µ-meson component

(Cranshaw et al., 1958b), (Cranshaw et al., 1958a), (de Beer et al., 1962).

Of particular interest is the report number VII (Porter et al., 1958) in which a new mea-

surement apparatus was introduced: the water Cherenkov detector. Just like in air, particles

superluminally moving in water produce Cherenkov light. The first prototype of a water

Cherenkov detector was built in the center of the Culham array. Figure 3.7 shows the orig-

inal draft of the new detector and a ‘real’ Cherenkov tank deployed at the Pierre Auger

Observatory. For the construction of the water vessel, Darvic, a white plastic material was

Figure 3.7: Original draft of the new detector as plotted by Porter with the annotation of the new

material name (Porter et al., 1958) (left), and one of the 1,660 water surface detectors of the PAO

(right). https://www.auger.org/images/augerpix/12.jpg
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chosen that provided high reflecting power and had a very peculiar feature. This material

was indeed “[...] manufactured in UK for use in sandwich boxes and therefore containing an

inhibitor of bacterial growth”22. The activities of the Culham array ceased in the sixties,

but a new larger project, favored mostly by Blackett, was established. It was a cooperative

project among the Universities of Durham, Leeds, London and Nottingham. The area se-

lected for the construction was at Haverah Park, near Harrogate where, due to the irregularity

of the ground it wasn’t possible to arrange the detectors on a regular grid as in Culham. The

Haverah Park array was one of the first giant arrays for the detection of the very energetic

cosmic rays and remained active from 1964 to 1987 contributing greatly to the growth of the

cosmic rays physics in the energy range between 1016−1020eV. We will discuss Haverah Park

in greater detail in the next section dedicated to the first giant arrays and to the modern

arrays still in use.

3.8 Giant arrays for the detection of UHECR

The pioneering experiments described above, brought the attention of the scientific com-

munity towards the necessity of deploying detectors over large areas to detect the most en-

ergetic cosmic rays. This effort, which arose from the collaboration, among universities and

many research institutions, constitutes the actual phase of research on cosmic radiation. Since

the first days of cosmic ray research at the highest energies, many mysteries about the nature

of the rays have been revealed and, perhaps as a result, the complexity of the experiments

has largely increased. The wide range of cosmic rays energies, which extends for 11 orders

of magnitude (109eV-1020eV), demanded different detection methods and revealed that the

nature of the radiation strongly depends on the energy. It has also been made evident that

the origin of primaries is certainly different for particles with different energy. If, on one

hand, the nature and physics of the less energetic at E ≤ 1015eV particles23, is more or less

unveiled, including their arrival rates related to the sun cycles, on the other hand, the high

or ultra-high energy range is still an object of intense and debated research. It’s true that

the physics of EAS helped in answering key questions, but the complexity of the showers

and the probabilistic nature of their evolution, due to the probabilistic nature of particles

interactions, makes the studies of EAS a challenge for the researchers. Problems to be solved

22After 20 years of utilization when the Haverah park site was dismantled the scientists were able to drink

the water of the detectors that was still good!
23We have not treated this aspect of the research in this work.
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or questions to be answered were:

1. Physics of nuclear interactions at the highest energies.

2. Methods to count the particles.

3. The estimate of the energy from the shower size.

4. Development of semi-empirical formulas for EAS parametrization to be tested against

observational results.

5. Development of electronic circuits to record the data.

6. Development of Montecarlo methods for shower simulation.

In what follows we will give only an overview of the more recent, and sometime still

operating, detection arrays, describing their principal characteristics and summarizing their

main results, without going into details about any particular experiments. The table 3.1 give

a summary of the projects developed for the study of UHECRs.

3.8.1 Volcano Ranch

The first of the arrays, the proverbial ‘pioneer’, used in the search of cosmic rays at the

highest energy is the Volcano Ranch Array. John Linsley, of MIT, under Rossi supervision

and with the help of Livio Scarsi, who had arrived from Italy just in time to record the

Sputnik shock (Santangelo and Madonia, 2014), developed and constructed in the desert of

New Mexico an array of 19 plastic scintillators of 3.3 m2 distributed over an area of 8 km2.

Using the same technology as in Cambridge, measurements at Volcano Ranch were taken

from 1959 until 1978. The importance of this array lies in its pioneering aspects and in

the discovery of UHECR. In February 1962, in fact, a shower with primary energy equal to

1020 eV was registered, and, in the words of Linsley, “[t]he existence of cosmic-ray particles

having such a great energy is of importance to astrophysics[...]” (Linsley, 1963). It is worth

noting that this measurement preceded the discovery of the CMB and the prediction of the

GZK effect. This event was later confirmed and actually its energy was recalculated to be

1.4× 1020eV (Nagano and Watson, 2000). Thanks to the results obtained at Volcano Ranch

the observed spectrum of cosmic rays extended to energies of 1020 eV and evidences for its

flattening in the range of 1018 eV were given. Linsley and Scarsi’s discovery of the existence of

UHE particles changed the perception of UHE physics and extended the spectrum of cosmic

rays to previously unexplored energies. Their discoveries opened the way to the key question
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Table 3.1: Giant ground arrays for the study of UHECR

Name Site Date Detectors type Results

Volcano

Ranch

New Mex-

ico

1959-1978 plastic scintillators detection of a 1020eV event, no

GZK cutoff

SUGAR Australia 1968-1979 muon detectors arrive directions in the south

hem., no GZK cutoff

Yakutsk Soviet

Union

1967-

today

scintillators, air Cherenkov de-

tectors, muon detectors

knee at E ≈ 1015eV, mixed

composition, GZK cutoff

Akeno Japan 1975-1985 scintillators, muon detectors

AGASA Japan 1985-2004 scintillators, muon detectors,

water Cherenkov detectors

no GZK cutoff, anisotropy, 8

events E ≥ 1020eV

Haverah

Park

U. K. 1962-1987 water Cherenkov detectors 5 · 1019eV event, mixed compo-

sition, fluctuation of Xmax

Fly’s Eye Utah 1982-1992 fluorescence light detectors 2.8 · 1020eV event, proton com-

position

HiRes Utah 1997-2006 fluorescence light detectors GZK cutoff, ankle, lighter com-

position from 1017eV region,

no anisotropy

Telescope

Array

Utah 2007-

today

scintillators, fluorescence tele-

scope

proton composition, GZK cut-

off, anisotropy at 57 · 1018eV

Pierre

Auger Ob-

servatory

Argentina 2000-

today

water-Cherenkov detectors,

fluorescence telescope

anisotropy, iron composition,

GZK cutoff

of how are these particles accelerated to the extreme energies they have. This question is still

open.

3.8.2 Sydney University Giant Air-shower Recorder

The Sydney University Giant Air-shower Recorder (SUGAR) consisted of 54 stations

over an area of 60 km2 in the Pilliga State Forest near Narribri, right at the sea level. It was

built using an innovative method developed by Murray Winn (McCusker and Winn, 1963)

that avoided long cables connections and the development of coincidence circuits. Each

station was autonomous and a radio signal was used to trigger the detectors. Data were

registered on magnetic tapes that were sent weekly to Sydney to be analyzed off-line. The

array operated between 1968 and 1979 and remained, the entire time, the only one deployed

in the southern hemisphere. In spite of their relevance, the measurements lacked precision.
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The reason was ascribed to the large spacing between the detectors (typically 1.6 km), so

that also in the case of showers of large energy only few detectors were hit. Another possible

source of errors for the reconstruction of the energy was the fact that there were only muon

detectors (buried few meters underground), and methods to trace back the energy of the

primary from the muon lateral distribution were then poorly known. Nevertheless, SUGAR

data provided information of the arrival direction in the southern hemisphere, unique before

the construction of the Pierre Auger Observatory. SUGAR also reported the absence of the

GZK cutoff in the spectrum, although with low precision.

3.8.3 Yakutsk Station

The Yakutsk Station is located at about 450 km south of the Arctic Circle and it is

therefore the most northern array for the study of cosmic rays. It was conceived by Dimitry

Krasilnikov in 1959 and its construction was completed in different steps over time. In 1967

under the direction of Krasilnikov and Ivan Sleptsov, 13 prototype stations were completed

and in 1970 the first data were obtained. In 1971, under the supervision of Nikolay Efimov,

the first stage of the array was completed with 43 stations over an area of 18 km2. In

this phase instrumentation was extended including Cherenkov light detectors, composed of a

system of 35 photomultipliers tubes, and muon detectors. George Khristiansen and Sergey

Nikolsky of Moskow State University and Moskow Lebedev Istitute respectively, were also

deeply involved in this construction phase. In the early nineties the array reached its largest

extension. Later the array was reduced to allow detailed measures of the shower features at

energies around ∼ 1019 eV.

The most significant results of the Yakutsk array are, besides the track-integral method

developed in order to estimate the energy of the primary particle in a calorimetric way, the

confirmation of the ankle feature below E ≈ 1019eV, and the cutoff in the tail of the spectrum

although the latter result was found with low statistical significance. In regards to the mass

composition, the conclusion of the researchers at Yakutsk was that at “E ≥ 3× 1018 eV the

cosmic rays are mainly composed of light nuclei with a pronounced fraction of protons and

helium” (Yakutsk EAS Array, 2017).

3.8.4 Akeno and Akeno Giant Air Shower Array

In Japan, as we have already seen in section 3.5, the tradition of cosmic rays investigation

traces back to the end of the fifties. In 197, a new array, the Akeno array, was built by a
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collaboration of several Japanese Universities in order to study of shower of energy 1014 −

1018 eV: “[the] target is to observe the different components simultaneously for each shower

[...], aiming at minimizing option in the interpretation of data“. So Hara in 1979 speaking

on behalf of the Akeno group at the 16th ICRC held in Kyoto (Hara et al., 1979). To realize

these goals muon and electron detectors, as well as low energy detectors and Cherenkov

light detectors, were spread over an area of 1 km2. This array was the initial nucleus of

the Akeno Giant Air Shower Array (AGASA). The latter was, until the construction of the

Pierre Auger Observatory, the largest worldwide array covering an area of 100 km2 with 111

surface detectors and 27 muon detectors installed underground. The connection among the

detectors was realized via optical fibers and a central computer controlling and operating the

instruments. The most relevant results obtained during the almost fifteen years of operation

were: the detection of 8 events with energies above 1020 eV, including that of the third of

December 1993 with E ∼ 2.13 × 1020 eV (Hayashida et al., 1994), and that of the tenth of

May 2001 carrying an energy of E ∼ 2.46 × 1020 eV; The evidence of the “Extension of the

Cosmic-Ray Energy Spectrum beyond the predicted GZK Cutoff” (Takeda et al., 1998); An

anisotropy in the energy range of 1017 − 1018 eV towards the direction of the galactic center

(Hayashida et al., 1999).

3.8.5 Haverah Park

The array of Haverah Park, warmly supported by Blackett, was started in 1964 and

J. G. Wilson, initially supported by Tennant, led the project until 1976. In the prototype

phase, in which Harold Allan took part, the water Cherenkov detectors of Porter’s type were

tested in the Silwood Park near London, and Arnold Wolfendale developed the neon flash

tubes detection system. The final geometrical distribution of the array was not regular due

to the irregularity of the ground and foresaw, in the central part, four water Cherenkov

detectors surrounded at a distance of 2 kilometers by six “sub-arrays”. In order to study

the less energetic events, detectors with spacing of 50 and 150 m were deployed around the

central four-detectors. A total amount of 200 water Cherenkov tanks was distributed on a

surface of 12 km2. A liquid scintillator with lead shielding was added for the detection of

muons. Successively, in the early seventies, photomultipliers of 5 inches were used to observe

the atmospheric Cherenkov light.

The problem of determining the energy of the primary particle from the EAS measurement

was solved in 1969 by Hillas with a method based on density sampling to obtain the lateral
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distribution function, which brought Hillas to conclude that the best parameter to be used at

Haverah Park was ρ(600)24 (Hillas, 1970). Among the results obtained during the operational

period of the Haverah Park array the detection of an EAS with E ≥ 5 × 1019 eV (Andrews

et al., 1968), that is above the GZK limit, is worth particular mention. Another relevant

result was obtained by Watson and Wilson (1974) who, with the help of the time-rise method,

observed differences in the EAS such as large fluctuations of the shower development and in

particular the variation with the energy of the shower maximum depth Xmax (Walker and

Watson, 1981, 1982) for the first time. Measurements of the lateral distribution function led

to the conclusions that in the energy range between 2 × 1017 eV and 1018 eV cosmic rays

have a mixed composition with a proton fraction of 34 ± 2%25.

3.8.6 Fly’s Eye and HiRes

When the fluorescence method for EAS detection was implemented in the Fly’s Eye

Array in Utah its first result was the observation of an event of 2.5 × 1018 eV (see section

3.6). To solve the problem of the shower tracing, a second array of fluorescence telescope,

the Fly’s Eye II (FE II) was designed. FE II was built at a distance of 3.4 km from FE I in

order to have a stereoscopic view of the showers and, hence, to reconstruct the longitudinal

evolution. The shower’s profile was traced back by observing the intensity of the fluorescence

light. The first 8 (of a total of 36) unity of Fly’s Eye II started to take measurements on 1986.

Unfortunately, in 1991 the ”Oh my God” event of (3.2± 0.9)× 1020 eV was only observed by

Fly’s Eye I (Bird et al., 1995), but, although with lower resolution, it was possible to draw

the profile of the event. This is reported in figure 3.8 drawn from the original paper of Bird

et al. (1995). Thanks to the fluorescence method a direct measurement of the Xmax was

possible and hence hypotheses about the composition of the radiation could be made.

The evolution of the Fly’s Eyes I and II led to the HiRes (High Resolution array), whose

sensitivity was ten times that of Fly’s Eye due to the reduction of photomultipliers aperture

and the increase of the mirrors diameters (Nagano and Watson, 2000). HiRes was the result

of a collaboration between the University of Utah, the University of Adelaide, Columbia

University, the University of Illinois, and the University of New Mexico. Like its predecessor it

was a stereo array with two stations at a distance of 12.6 km still at the Dugway hilltops, where

during clear moonless nights, showers falling on an area of 3 000 km2 could be stereoscopically

observed. HiRes I operated in monocular mode between 1997 until 2006. The second site

24It’s the density of measured particles at 600 m from the shower axis.
25This value is valid in the limits of the hadronic interaction model chosen.
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Figure 3.8: The reconstruction of the shower profile generated by a primary particle of energy

(3.2± 0.9)× 1020eV detected at Dungaw (Utah) by the Fly’s Eye array telescopes from (Bird et al.,

1995).

HiRes II started measurements in 1999. Data were collected separately and analyzed in both

monocular or stereo mode. Two important features of the spectrum were clearly observed

by HiRes: the ankle and the GZK cutoff (Sokolsky and Thomson, 2007). A further result,

provided by combining data of HiRes, Fly’s Eye and HiRes-MIA prototype26 was a change in

composition from a heavier to a lighter one in the energy range between 1017 eV and 1019 eV.

In the end the HiRes auto-correlation method aimed at searching for anisotropies at different

scales was unable to find anything. Only an event with energy 3.7×1019 eV was found in the

same sky region where AGASA had seen its famous triplet of events (Hayashida et al., 1999),

but new data were needed to confirm these facts and according to Sokolsky and Thomson

(2007) the Telescope Array (TA) in Utah was just the array to provide such data.

3.8.7 The Telescope Array

The Telescope Array (TA) is a hybrid array which combines fluorescence observations

with particle detection on ground level. TA came about as a result of the collaboration

26HiRes-MIA prototype is the first hybrid experiment that combined the air-fluorescence and ground-array

methods.
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between the Utah and Tokyo Universities, which joined their expertise in the fluorescence and

scintillators techniques. Korea, Russia, and Belgium have joined the collaboration. As well as

for the Pierre Auger Observatory, TA main goal is the study of UHECRs and specifically at

energies greater than 1018 eV. Its construction in the Utah desert, 250 km south of Salt Lake

City, near the city of Delta, began in 2003. Over an area of ≈ 730 km2 are displaced on a

square grid, 507 scintillators with an area of 3 m2 and placed 1.2 km apart. The fluorescence

component of the observatory consists of three telescope stations located at the vertices of

an equilateral triangle, each of 30 km away from one another. In each station are hosted 12

or 14 (for a total of 38) telescopes that can observe the showers along three different planes,

an enhancement of the HiRes stereoscopic technique27. TA measurements have confirmed

the existence of the ankle at 4.6 ± 0.3 × 1018 eV and the break at 54 ± 6 × 1018 eV.

The corresponding values of the slopes below the ankle, between ankle and break, and above

the break are −3.34, −2.67, and −4.6 respectively. The GZK cutoff was estimated with a

significance of 5.5σ. As to the nature of the cosmic radiation the value of the Xmax were

compatible with a light composition, namely protons, in the entire energy range observed as

shown in the picture 3.9. Concerning the arriving direction of the cosmic rays, the events

Figure 3.9: Comparison between Montecarlo simulations with different primary particles, and TA

data for the mean value of Xmax. From (Abbasi et al., 2018)

27http://www.telescopearray.org/.
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registered from the TA were isotropic distributed except at energy E ≥ 57× 1018 eV where

a distribution of events in correlation with the nearby AGN and with the LLS (Large Scale

Structure) was found (Tinyakov, 2014). More recently TA has observed a ‘hot spot’ of events

whose nature has still to be identified (Abbasi et al., 2014). For recent results of the project

see (Abbasi et al., 2018), (Abbasi et al., 2016), (Abbasi et al., 2015)

3.8.8 Pierre Auger Observatory(PAO)

The Pierre Auger Observatory is, chronologically speaking, not the most recent array

constructed but we decided to leave its description in this very last part of the chapter to

underline its importance in the research of the cosmic rays physics. James (Jim) Watson

Cronin and Alan Andrew Watson in 1992 suggested the idea of a “giant” array for the de-

tection of UHECRs. Their idea was to have two similar observatories to cover the northern

and the southern part of the sky. In order to realize this ambitious project they founded

an international consortium between Universities and Institutions from Argentina, Australia,

Brazil, Croatia, the Czech Republic, France, Germany, Italy, Mexico, Netherlands, Poland,

Portugal, Rumania, Slovenia, Spain, the United Kingdom, and the United States of America.

The northern site wasn’t funded by the US and therefore never developed (at least until now).

In Paris, 1995, it was decided that the area for the construction of the southern observatory

would be, the large plain Pampa Amarilla near the town of Malargüe in the province Men-

doza, in Argentina. Although initially it was planned to only have ground-based Cherenkov

detectors, the observatory was enlarged with the inclusion of fluorescence telescopes, pioneer-

ing the hybrid method for the study of UHECR. In its final configuration the observatory

consists of 1 660 water-Cherenkov tanks spread over a surface of ≈ 3 000 km2 at a distance of

1.5 km from each other, constituting the Surface Detector, and in 27 fluorescence telescopes

grouped in 4 different places, the Fluorescence Detector28. The first scientific data were

taken in 2004, while in 2008 the entire site was operating at full capacity. According to the

PAO homepage about 85 refereed journal articles have been published by the Pierre Auger

collaboration from 2004 to date. This is a rather impressive collection of results and shows

the richness of UHECRs research. Among the most important results there is the hint of a

clear steepening in the spectrum for E ≥ 4 × 1019 eV (Aab et al., 2015), the measurement

of Xmax, and composition studies (Aab et al., 2016). Auger’s data are compatible with a

light composition in the energy range around 1018.3 eV, while up to the energy of 1019.6 eV

28A more detailed description of the observatory detectors is found in the homepage of the project https:

//www.auger.org/index.php/observatory/auger-hybrid-detector.
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the composition appears to become heavier (Aab et al., 2014), (Aab et al., 2017). Of course

composition studies consider the extrapolation of interaction physics at the highest energy,

which has not yet been really tested. In regards to the anisotropy of the arrival directions

of the UHECR, the new results of the Pierre Auger Observatory have revealed a Large-scale

Anisotropy for energies above 8.×1018 eV and further indication of anisotropy through com-

parison to the flux pattern of extragalactic gamma-ray sources (Aab et al., 2018). This is the

result of extensive studies about arrival direction distribution (Abreu et al., 2012),(Abraham

et al., 2007).

3.9 Summary of the Part I of the thesis

In the first part of the thesis, we have reconstructed and discussed, from an historical

perspective, the history of cosmic ray research. In the first chapter we focused on the pioneer

years, from the early attempts to the discovery of cosmic rays, and to the developments that

enlightened the nature and features of cosmic radiation, and the discovery of new particles.

These efforts brought in the mid fifties the birth of accelerator physics. In the second chapter

I focused on the research on the EASs and on the groups and communities which participated

to this effort over the last eighty years.

From our reconstruction several conclusions can be drawn:

• The early years of cosmic ray research are largely characterized by the enthusiastic

work of single scientists, like Hess, Millikan, Rossi, just to cite a few. These efforts

which aimed at “explaining natural phenomena” show how “scientists are creative”29.

It is also interesting to notice how the size of the research groups grew with time and

complexity of the research effort. The experiments of single scientists evolved first into

collective efforts of groups and then in experiments conducted by large collaborations,

which developed large observatories.

• The research on cosmic rays has been characterized by combining observations and the-

ory, predictions and experiments. In other words we have seen how “scientific knowl-

edge relies heavily, but not entirely, on observation, experimental evidence, rational

arguments, and skepticism”. In addition interpretations and models were continuously

29How we well see in the second part of this thesis and in particular in section 4.3, these correspond to

the fourth and tenth of the 14 objectives/statements about NOS listed by McComas et al. (1998) which have

obtained a general consensus among relevant education organizations and that operative define NOS. We also

refer to the list as the McComas and collaborators’ list.
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falsified and revised until a solid result was achieved: “scientific knowledge while durable

has a tentative character” 30.

• Different research groups in different countries participated to the research on EASs.

This effort assumed different characteristics based on the social and cultural conditions,

in which the single scientists and the groups developed their activities. Our work

shows that “people of all cultures contribute to science” and that “scientific ideas, and

research, are affected by their social and historical milieu”31.

• A key element of cosmic rays research has been (and still is!) the continuous interaction

among scientists and groups. Groups and communities continuously exchanged infor-

mation in a rather open way through scientific conferences, publications and exchange

visits, showing how “new knowledge must be reported clearly and openly” 32. In ad-

dition, given the various, often competitive, efforts of different groups the replicability

and independent review of the science findings appears to be an essential element of

cosmic rays research33.

• The history of cosmic rays research is characterized by clear examples of the recipro-

cal influence of scientific results and technology. New science objectives imposed the

development of new techniques and technologies, which in turn paved the way to new

discoveries. In other words, from the history of cosmic rays research we clearly see how

“Science and technology impact each other”34.

In chapter 7 we will systematically link cosmic rays and NOS. The aspects of cosmic ray

research, in its historical, technological and cultural developments, will be observed through

the lens of NOS. However the conclusions above are key elements of our discourse on the

Nature of Science, which we will develop in the second part of this thesis.

30The two statements correspond respectively to the second and first of the 14 objectives/statements of

NOS.
31These are respectively the sixth and fourteenth statement of the 14 objectives/statements of NOS.
32Statement number 7 of the McComas and collaborators’ list.
33Statement number 10 of the McComas and collaborators’ list.
34Statement number 8 of the McComas and collaborators’ list.
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Part II

Nature of Science (NOS)
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Chapter 4

Teaching with NOS and teaching

through NOS

One who can learn something new while reviewing what he has learned, said the Master, is

fit to be a teacher

Confucius 2.11

The second part of the thesis focuses on the role of NOS in teaching oriented towards

the acquisition of scientific literacy as well as of specific competences. In this chapter we

therefore summarize the key aspect of NOS, and its relevance in education.

4.1 An attempt to define Nature of Science (NOS)

Being aware that the definition of Nature of Science (NOS) can assume different, and

often subtle, nuances but considering its relevance in the teaching of science subjects and

more generally in the didactic of the scientific disciplines, we intend to illustrate those NOS

definitions and characteristics that have found a large consensus in the scholar community.

To succeed in this attempt, it is certainly useful to trace back the origin of this definition,

and the pedagogical and epistemological motivations that lie at the base of NOS. According

to Norman Lederman and Margaret Niess, NOS fundamentally refers to the epistemology of

science. The authors clearly state that (Lederman and Niess, 1997):

Although philosophers of science, historians of science, and science educators are

quick to disagree on a specific definition for the nature of science, the phrase

typically has been used to refer to the epistemology of science, science as a way
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of knowing, or the values and beliefs inherent to the development of scientific

knowledge.

On the other hand Driver et al. (1996, p.3) explicitly broaden the concept of NOS to include

the idea of science as a social institution and its dynamics with respect to the broader culture:

Such understanding [of NOS] would include an appreciation of the purpose of

science, in seeking explanation of events in the natural world, and of the ways in

which science functions as a social institution and interacts with the wider culture,

as well as an understanding of the nature and status of scientific knowledge.

Ernst Kircher gives a very clear and comprehensive definition of NOS and qualifies it with

the word “Metastruktur1”, the “erkenntnis- und wissenschaftstheoretische, wissenschaftshis-

torische, sowie wissenschaftssoziologische2” aspects of the scientific disciplines (Kircher, 2009,

p.70).

The three “definitions” obviously share common aspects but as noted by Lederman (1992,

p.352):

When one considers the differences among the works of Popper (1959), Kuhn

(1962), Lakatos (1970), Feyerabend (1975), Laudan (1977), and Giere (1988) it

becomes quite clear that there is no singularly preferred or informed nature of

science and that the nature of science is a tentative, if not more so, than scientific

knowledge itself.

If a coherent definition is still a matter of debate, the consensus towards the impact of

NOS on the teaching of scientific subjects is very broad and its role in providing an extensive

understanding of science and its effect on wider spheres of culture and life is fully agreed

upon and certainly desired, as noted by Matthews (1998):

It has been hoped that science education would enhance society and have a bene-

ficial impact on the quality of culture and public life in virtue of students appreci-

ating something of the nature of science, internalizing something of the scientific

spirit, and developing a scientific frame of mind that might carry over into other

spheres of life.

1Metastructure.
2epistemological and [the aspects] relate to the theory, to the history, as well as to the sociology of science.
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Similarly Shamos presumes that science educators would agree that having a knowledge of

scientific methods and processes, which promote a more critical way of thinking, the citizens

could better manage their and society’s affairs(Shamos, 1995, p.80):

There are many science educators [...] who would argue that a society somehow

cultivated in the discipline of rational or critical thought[...] but knowing little

about science proper would be better equipped to guide its affairs than one in

which the individuals have good grasp of factual science but knowing little about

the methods and canons of science.

The importance of NOS in the learning and teaching of science dwells, according to McComas

et al. (1998), in the evidence that NOS knowledge enhances the understanding of science and

scientific contents, reawakens pupils’ interest in science, and provides a more informed decision

making.

Recently Baumert (2000, p.269) commenting about the results of the international TIMSS

study of the year 19953 suggests the inclusion in the school curricula of some epistemological

aspects of science, and claims that:

[...] epistemologische Überzeugungen ein wichtiges, bislang nicht ausreichend

gewürdigtes Element motivierten und verständnisvollen Lernens in der Schule

darstellen4.

The educational importance of NOS is also extensively presented in the work of Driver

and collaborators (Driver et al., 1996) and we will dedicate some attention to it in section

4.3 of this work.

4.2 From Dewey’s to modern NOS

The awareness of the importance of NOS for teaching and learning science has old roots

that trace back to the beginning of the 20th century. Already in 1907, in fact, the Central

Association of Science and Mathematics Teacher introduced in its periodic report what they

3TIMSS- Trends in International Mathematics and Science Study assesses the knowledge about mathemat-

ics and science of students around the world. It is regularly performed every four years since 1995. Germany

participated for the first time in 1995 and then in 2007 and 2011. The results of the first study were rather

disappointing for the German school system.
4[...] epistemological beliefs represent an important element for a motivated and intelligent learning that

so far isn’t sufficiently appreciated.
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defined “a strong argument for increased emphasis on the scientific method and the processes

of science” (McComas et al., 1998). Nevertheless, it was the American philosopher, educator

and public intellectual John Dewey who remarkably contributed to the development of a new

didactic methodology focused on the role of science. In his long life5 he was a witness of the

transformation of the United States of America from the frontier country of the pioneers to

one of the major industrialized countries in the world. With his works, inspired by progres-

sive education, democratic views and liberalism, he influenced the political, economical and

educational world of the United States. His first studies were devoted to philosophy. The

European idealism of Kant and Hegel was the basis of his first cultural formation. A signifi-

cant change in his views occurred in the two years (1882-1884) he spent at the John Hopkins

University in Baltimore. At John Hopkins, Dewey completed his scientific formation and

met key figures like the educator and philosopher George Morris, who was one of his teach-

ers, Stanley Hall, the founder of experimental psychology in the USA, and Charles Pierce, a

leading proponent and founder of “Pragmatism”, the philosophical tradition that would later

greatly influence Dewey’s works. From 1884 to 1894 Dewey had a faculty position at the

University of Michigan thanks to the help of Morris. In those years he also approached the

evolutionary position of Darwin’s theory. Then Dewey joined the newly-formed University

of Chicago. His long career ended as professor of both Columbia University and Columbia

University Teachers College of New York where he arrived in 1904. During his sabbatical

he traveled a lot and spent several years in Japan, at the University of Peking and in South

Africa. Certainly Dewey represented an extraordinary and very influential personality in the

USA and was deeply engaged in both social and political spheres.

Within the philosophical tradition of pragmatism, Dewey espoused an educational the-

ory in which Science plays a fundamental role. With his most known work “Democracy

and Education”, published in 1916, he promoted a new type of pedagogy arguing how the

comprehension of the scientific method is more significant than the scientific knowledge itself

because: “without initiation into the scientific spirit one is not in possession of the best tools

which humanity has so far devised for effectively directed reflection” (Dewey, 1916, p.189).

Dewey’s thought strongly influenced the philosophical and pedagogical frame of the educa-

tional reforms carried out in the United States of America at the beginnings of the 1900.

The new school curricula not only foresaw a conspicuous increase of the hours devoted to

scientific subjects, but they also aimed to qualitatively improve science lessons putting a clear

5Born in Burlington, Vermont, in 1859, he died in New York in 1952 at the age of 92 years.
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and stronger emphasis on the experimental aspects of the disciplines:

The method of experimental inquiry and testing which gives intellectual integrity,

sincerity and power in all fields, rather than those which are peculiar to his

speciality, are what the high school teachers should bear in mind. A new type of

mind is gradually developing under the influence of the scientific methods (Dewey,

1909).

Besides Dewey, also Bernard Jaffe and James B. Conant, divulging scientific knowledge,

explicitly underlined the importance of some aspects of science that we would today call

NOS. In 1935 Bernard Jaffe published a new and, in some ways, revolutionary school text

for chemistry with the title New World of Chemistry. In the introduction of the book he

affirmed that with the help of the history of chemistry is possible to illustrate the importance

of some aspect of the scientific enterprise such as:

1) The gathering of complete and accurate data; 2) The suspended judgment

while experiments are being tried to test a provisional theory; 3) The willingness

to abandon a theory in the face of new facts; 4) The intellectual integrity and

the courage to state the truth as one finds it; 5) The scientist’s humility and his

realisation of the fact that even our established laws may not be the final truth

(Jaffe, 1938).

In his Terry’s Lecture6 on the historical approach in science teaching of the 1946, Conant

suggests that “all students must understand the tactics and strategies of science” (McComas

et al., 1998). Such a debate about science and its teaching remained, until the end of the

fifties, confined to the USA7 and even there, the actual effect on didactic and curricula was

somehow limited (Wenning, 2006).

The case came up, once again in the United States of America, after the end of the second

World War with the birth of ‘Big Science’ and the post-war re-industrialization. These events

generated an increased need for scientists, engineers, and specialized technicians, triggering

6The Terry Lectures of Yale University were established in 1905 by a gift from Dwight H. Terry but the first

edition took place in 1923. They consist of four public lessons held usually within two weeks by distinguished

scholars on themes pertaining mainly to religion and its relationship to philosophy, and to science, how such

disciplines are divulged, and their influence in the human welfare. Among other lecturers we wish to recall

Hans Küng, Erich Fromm, Jacques Maritain, John Dewey himself, Gustav Jung, Herbert Spencer, Arthur

Compton and Robert Millikan. http://terrylecture.yale.edu/
7Similar coeval studies or publication in other countries are unknown to the author of the present work.
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a large request in the market for professionals with scientific degrees. However, it was the

Sputnik shock, the shocking evidence that the ‘space race’ against the Soviets had been lost,

that, among other things, accelerated the science education community’s rethinking of science

curricula and the way to teach scientific subjects at school. In the years that followed the

Sputnik challenge, the government spent huge resources, “several billion dollars [...] more in

current dollars than what was spent on developing the atom bomb [...]” (Shamos, 1995, p.83),

to fund school projects in science. A key example in this regard is the educational project of

the Physical Science Study Committee (PSSC) created in 1956 by Jerrold Zacharias, physics

professor at MIT, after having solicited his colleagues of the Science Advisory Committee and

the officers of the National Science Foundation about the importance of a deeper scientific

education, an inquire-based approach to win the ‘war’ against Soviet Union. Public funds

were used to develop new and advanced materials for secondary schools: more than 50 films,

textbooks, laboratory apparatus for students and teachers, and technical guides, a collection

of tools that between the 60s and 70s had a significant impact and very large circulation not

only in the United States of America but also in Europe8. Figure 4.1 represents the cover of

the third edition of the physics school-text by PSSC and a screenshot of the video dedicated

to the Coulomb’s force. Eric Rogers, then professor at Princeton, explains electrostatic in a

very clear and amusing manner9.

It is on the edge of these tumultuous developments, in the middle 60s, that the phrase Na-

ture of Science acquired its present meaning, and that NOS explicitly became for the National

Society for the Study of Education a major objective to be pursued in teaching (McComas

et al., 1998). In the 20 years that followed, that is until the 80s, many studies aimed at

assessing the pupils’ views about NOS flourished and a bit later similar studies were devoted

to understand the teachers’ views. For a complete review of these studies we recommend the

Abd-El-Khalick and Lederman’s paper “Improving science teachers’ conceptions of nature

of science: a critical review of the literature”. In this seminal review article, the authors

also examine the instruments used and the methods and approach of such studies (Abd-El-

Khalick and Lederman, 2000a). The development of sociology as a scientific discipline, and

of new theories for the analysis of data in social investigations stimulated and facilitated this

research stream. However this educational researchers fervor, was not adequately actuated

in teaching practice, as can be argued from the report A Nation at Risk: The imperative for

8www.compadre.org/portal/pssc last view on 2016.06.06.
9These tools were used by different generation of secondary school teachers, and as physics teacher I also

used some of these films in the Italian version sponsored by the ESSO Oil Company.
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Figure 4.1: Examples of PSSC projects: The cover of the third edition of the physics

school text (left) https://www.amazon.com/PHYSICS-THIRD-Judson-Walter-Haber-Schaim/dp/

B00149R9UK, and Prof. Eric M. Rogers explaining the Coulomb’s force 1959 (right) in one of the project

films https://upload.wikimedia.org/wikipedia/commons/b/bc/Eric_M_Rogers_1959.jpg.

Educational Reform published in 1983 by the National Commission on Excellence in Educa-

tion (NCEE) in which attention was focused on the failure of the American science teachers

to educate citizen aware of an adequate scientific knowledge (Wenning, 2006).

In Europe, in the years of post-war reconstruction, there was no such ferment and in

the 50s only Theodor Litt’s philosophy and pedagogical considerations (Litt, 1955, 1963;

Wenke, 1960) turned attention towards the role of the scientific subjects in the educational

process (Wenke, 1959, 1952). One of the antinomies characterizing Litt’s work concerned

the scientific method. Namely if, on one hand, the scientific method aims at objectivity,

that is at alienating as much as possible the research subject (who is doing the research

act) from the research object, on the other hand the search of the truth, and the scientific

method used to reach this truth have enormous power to shape the humanity. The act of doing

research influences the subject of the research. Only a philosophical reconsideration of science,

i.e. the interest in its gnoseological and epistemological aspect can solve this antinomy.

Therefore, according to Litt and to his principal disciple Wolfgang Klafki, the teaching of

scientific subject and particularly the teaching of physics has to consider both “formal” and

the “material” forming aspects. Klafki clearly proposes “eine kategoriale Bildung”: a more

realistic instruction in physics has to treat the ethical-social aspects of this discipline too, and,
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in addition to the peculiar contents, the technical-economical consequences of such contents

has to be stressed. Also the history of the scientific enterprise has to find a place in school

curricula (Klafki, 1963). Wolfgang Klafki will have later a very strong influence in the German

school. He largely contributed to the theoretical debate on education and educational reforms

and gave his contribution to the development of new curricula, especially for the primary

school10. Although he didn’t establish his own school, many of his alumni became professors

in pedagogical and educational institutes all across Germany, playing an important role in

the didactic research.

At the end of the 80s, a renewed interest regarding the teaching of scientific subjects at

school arose in Europe, and, due to the scientific and technological advancements, a more

informed populace was needed if they were to pace with the changing world (Giere, 1991).

Indeed the Royal Society published, in 1985, a report titled “Public Understanding of Science”

(Royal Society, 1985a) and in its summary report “Science is for Everybody” it is clearly

underlined that:

Everybody needs some understanding of science, its accomplishments and its

limitations, whether or not they are themselves scientists or engineers. Improving

that understanding is not a luxury: it is a vital investments in the future well-

being of our society (Royal Society, 1985b).

Some year later the American Association for the Advancement of Science (AAAS) pub-

lished, as reported by many authors and among them Driver et al. (1996), McComas et al.

(1998), Shamos (1995), a document known as “Science for all Americans: Project 2061”, in

which, recovering Dewey’s lecture, they state that, considering the further development of

science and the technological advancement of our society, we cannot appreciate and use their

potential in full if we do not acquire a scientific habits of mind11 without which the hope for

a better world will vanish.

Also Morris Shamos, although very critical toward the idea of scientific literacy for all

Americans because he considered it nothing more than a modern myth, has a precise idea

about NOS:

Contrary to what most science educators contend, knowing science in the formal

academic sense may not be a necessary condition to attaining scientific literacy in

10He led the Marburger Grundschulprojekt that developed new teaching concepts and introduced a new

subject matter the Sachunterricht to bring near to the primary-school pupils scientific basic arguments.
11The scientific habits of mind was Dewey’s key idea, already exposed in the 1938 in his work “Logic: The

Theory of Inquiry”(Dewey, 1938).
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the social sense. However, knowing what science is about is prerequisite to such

literacy. [...] We will never get the mass of our population to understand science

in detail, but we may be able to instill some understanding of how the enterprise

works and how scientists practice their discipline (Shamos, 1995).

The scholars’ debate concerning scientific literacy and NOS is still alive. Research goals

are introducing NOS into science curricula while simultaneously improving teachers’ and

pupils’ views of NOS. In some research programs specific courses or summer-schools have

been implemented to achieve such knowledge, and often a key aspect of the program is

an assessment study with pre- and post-tests on the effectiveness of the intervention. For

examples we refer to the studies by Höttecke and Rieß (2007), Kurdziel and Libarkin (2002),

Schwartz and Lederman (2002), Abd-El-Khalick and Lederman (2000b), Fazio et al. (2012),

Moss (2001). The development of instruments for the assessment of the views on NOS

constitutes a recent and very active line of research. A detailed discussion about these data

collection instruments will appear in the next chapter (see section 5.3). In the following

section an overview of the principal research’s line is presented.

4.3 How and why teaching with and through NOS?

The debate and the consensus about introducing the teaching of NOS into the school

curricula, next to the science specific contents, has been growing more and more in the last

years. However, what kind of characteristic of the scientific enterprise have to be presented

to the pupils and why should they learn some content about NOS? The works of Driver

et al. (1996), McComas (1998), McComas and Olson (1998), Osborne et al. (2003), and

Alters (1997), have tried to answer these questions from different points of view. Particularly

relevant, from the teachers’ point of view, is the work of Driver et al. in which the authors

are asking: “why does understanding of the nature of science matter?”. They list five, now

well known, arguments in favor of teaching NOS, and teaching with, about and through NOS

(Driver et al., 1996):

the economic argument: we need a supply of qualified scientists to maintain and develop

the industrial processes on which national prosperity depends.

the utilitarian argument: everyone need to understand some science to manage the tech-

nological objects and processes they encounter in everyday life.
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the democratic argument: in a democracy, it is desirable that as many people as possible

can participate in decision-making, and many important issues involve science and

technology; everyone should understand science in order to be able to participate in

discussion, debate and decision-making about many fundamental topics.

the cultural argument: science is a major cultural achievement; everyone should be enabled

to appreciate it.

the moral argument: the practice of science embodies norms and commitments, which are

of wider value.

As another argument or perhaps a sub-argument of the democratic one, I will introduce

today another aspect: the discriminatory argument. The capacity of discerning the exact

values of the charts, or the truth of the news in this time characterized by huge quantity of

often uncontrolled information.

Kircher adds to such a list another argument, namely the “lernpsychologisches” argument,

because in his view “Naturwissenschaftliche Inhalte werden durch die Natur der Naturwis-

senschaft erfolgreicher gelernt12” (Kircher, 2009, p.42). The latter argument is further em-

phasized by different researchers, as one can read in the review of Driver et al. (1996). Driver

and co-workers, think that if facts of science are presented like “conjectures” the pupils will

understand that laws and theories do not “emerge” from experiments in a way that remain

obscure to them and they will not “adopt a passive (rote) learning style which is inefficient at

best [...]”. Shapiro, as in Driver et al. (1996, p.21) “suggests a model of the science curriculum

in which pupil and teacher are co-architects of learning”, namely she experienced that the

pupils who believed that “science learning is something they could contribute, were more suc-

cessful at learning science content”. Susan Carey and her team (Carey et al., 1989) observed

that if the pupils are stimulated to reflect the way knowledge is acquired they will more

deeply understand science and scientific enterprise. They will move from a “scientist” view

to a more “constructivist” one. The authors hope for an entire curriculum that “[...] provide

opportunities for students to reflect on the process of constructing scientific knowledge as

they learn about the theory and concept of science”.

The need for a better understanding of NOS and its importance to the fruitful teaching of

science has also been matter of debate in education policy and has entered documents issued

by public education organizations. In fact, McComas and Olson, comparing curriculum

12Scientific topics are more successful learned through the Nature of Science.
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standard documents reported by eight international education organizations13, found that

there is certainly overlap in the aspects of NOS mentioned in the documents worthy of being

taught in schools (McComas and Olson, 1998). McComas and collaborators have organized

the various definition of NOS preparing a list of objectives/statements. Table 4.1 shows the

list of the fourteen objectives about NOS that have obtained a general consensus.

Table 4.1: The 14 objectives of NOS (McComas et al., 1998).

1. Scientific knowledge while durable, has a tentative character

2. Scientific knowledge relies heavily, but not entirely, on observation, experimental evidence,

rational arguments, and skepticism

3. There is no one way to do science (therefore, there is no universal step-by-step scientific method)

4. Science is an attempt to explain natural phenomena

5. Laws and theories serve different roles in science, therefore students should note that theories

do not become laws even with additional evidence

6. People from all cultures contribute to science

7. New knowledge must be reported clearly and openly

8. Scientists require accurate record keeping, peer review and replicability

9. Observations are theory-laden

10. Scientists are creative

11. The history of science reveals both an evolutionary and revolutionary character

12. Science is part of social and cultural traditions

13. Science and technology impact each other

14. Scientific ideas are affected by their social and historical milieu

This list is, in my opinion, not only a good summary, but it can be assumed as the base of

an operative definition of NOS, a starting point for the community of educators (at different

levels) to introduce NOS in schools, offering some epistemological aspects of science to the

attention of the pupils. If we take a deeper look to the items in the list, we can clearly

13Benchmarks for Scientific Literacy, National Science Standards, The California State Standards, and

National Curricula in Australia, New Zealand, Canada, England and Wales.
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recognize the core aspects of science and scientific procedure.

For example, the realization of the first objective implies making the pupils aware that

scientific endeavor is not a search of the absolute truth: theories are only the currently most

probable explanation of the observed phenomena. In this way pupils could also learn the

impossibility of a merely inductive proof of the hypothesis without being compelled to study

Popper’s philosophy. Realizing that new knowledge is, due to its tentativeness, subjected

to the review of the scientific community, the pupils can understand why science (and not

only science!) must be clearly and openly reported and therefore come to better understand

the importance of scientific publications. Furthermore making young people aware that

science is not separated from societal and cultural tradition in which it is done, is essential

if one wishes to address problems at school (and in the society of citizens at large) such

as the ethic of science and scientists’ role in the society, or the choice of which research

programs have to be financially supported. Another important aspect worth of emphasizing,

in teaching science, is the empirical character of science. The role of experiments must be

clearly introduced, explained and argued, as certainly the controlled approach to test the

validity of a theory is a hallmark of any scientific research. Of course adapting the meaning

of ‘experiment’: in astronomy the role of the observation is more significant and in the

field of biology the development of the evolutionary theory of Darwin was based mostly on

observation and inference than on experiments. And in regards to the way scientific knowledge

is acquired, it is necessary to show how scientific results are rarely a result of a single person

acting alone, but are, instead, the fruit of collaborations, which nowadays are becoming

more and more international, in which the contribution of every scientist, with his personal

cultural background and creativity, is welcomed and relevant. The analysis of episodes and

examples from the history of science is of great help to underline the evolutionary character of

science, and is fundamental to show how science can also change over time through scientific

revolutions. This very notion is well discussed in the seminal work of Kuhn (1962), that

might be brought to the attention, if not of the pupils, at least of the students.

In McComas’s list, the 13th statement/objective about the relation between science and

technology provides a playground for discussion and raise many interesting questions like:

are the concept of science and technology properly perceived by pupils and students? Do

they really understand that, although different, there are strong relationships between these

two concepts? Once again a historical look might stress how at its beginning science had an

applied character and how slowly science and technology gained their own separated identity
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(Geymonat, 1975)14.

Nevertheless the complex relations between the two terms have to be investigated by the

pupils and with the pupils since technological improvements leads to new scientific knowledge

(the Galileo’s telescope, the microscope, the accelerators) and vice versa new technologies

follow from the advancement of fundamental science knowledge.

Finally it is worth noting that the objectives of Table 4.1 were used as the base for the

development of investigative instruments to assess pupils’ and teachers’ views on NOS. The

two questionnaires “PASE 8.0” or “VNOS” developed by McComas’s and Lederman’s teams

respectively (McComas and Cox-Petersen, 2001), (Lederman et al., 2002), are examples of

such tools. We will discuss this in greater detail later.

With the aim of defining the more relevant characteristics of science which are worthy

of being inserted in school curricula, Jonathan Osborne and his team (Osborne et al., 2003)

asked the experts’ community which “Ideas-about-Science” must be conveyed in the teaching.

They also have found that themes as Consensus and Stability, Scientific Method and Critical

Testing, Creativity, Analysis and Interpretation of Data or Cooperation and Collaboration

in the Development of Scientific Knowledge, share wide consensus in the community. Of

particular interest, it appears the theme “Historical Development of Scientific Knowledge”

could facilitate the acquiring of scientific knowledge and could “hook” the interest of the

pupils, if taught properly. Nevertheless others authors Khishfe and Abd-El-Khalick (2002)

are very skeptical of the historical approach to the teaching of science.

Brian Alters, as a member of the science philosophers community, thinks that, considering

the variety of views about the tenets of NOS, only the philosophers can “provide some insight

into establishing more accurate criteria for the NOS” (Alters, 1997).

One of the recently debated topics is whether it is better to teach the NOS explicitly

or implicitly. This is well discussed in the dissertation of Volker Hofheinz (2008), in which

he compares the potential for the acquisition of knowledge on NOS in the case of implicit

or explicit educational intervention in an open-lessons context in chemistry. On the same

topics, it is also worth mentioning that the article by Khishfe and Abd-El-Khalick (2002)

also contains references to other similar works.

Another way to implement the NOS in science curricula could be, as already mentioned,

14As observed by Ludovico Geymonat, technology, result of repeated observations and experimentation,

would not have developed without the impulse of a parallel scientific approach. This unity between abstract

and practical interests is found even in Thales, at the root of Greek philosophy. Later science developed

autonomously, when new social classes, free from primary necessities, developed. (Geymonat, 1975).
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the historical approach to scientific contents. Interestingly, the EU-project HIPST (HIstory

and Philosophy in Science Teaching) goes in this direction. The aim of the project is to build

a bridge between the academic world of philosophers and historians of science and the every-

day experience of science teachers at school. This project, presented by Dietmar Höttecke

in his editorial paper (Höttecke, 2012), is well discussed in the special issue of Science &

Education volume 21. Another interesting example is the project “Science Story Telling” of

the university of Flensburg (Germany) led by Prof. Dr. Heering in which stories based on

historical cases are developed for the educational purpose. A training program for teachers

in- and pre-service to improve their capacity of narration has also been developed in the

context of the project, as well as other supporting educational materials, such as question

and reflection hints, linked to the different episodes. For further information the author refers

to the web site of the project15.

15http://www.uni-flensburg.de/en/project-storytelling/.
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Chapter 5

NOS knowledge: A comparative

study of two “school systems”

Highest are those born wise, said Confucius, next come those who become wise by learning,

still next those who strive to learn, and last come those people who will not strive at all.

Confucius 16.9

In this chapter we discuss a central question of our work: whether the differences in

teaching in the two school systems of Italy and Germany impact the knowledge and prejudices

on NOS of pupils and students. We also present the methods and tools of the performed study.

5.1 Key question: Does the school system affect the pupils

precognition about NOS?

As discussed in the previous chapter, defining NOS is not easy since the term NOS contains

many and various aspects, and, like science itself, continuously evolves. Some authors regard

NOS as knowledge about science (Lederman, 1992), (Kurdziel and Libarkin, 2002), (Koska

and Krüger, 2012). In this sense it appears that NOS exhibits a close relationship with

philosophy of science. Indeed, looking at literature on projects and studies carried out to

improve NOS views of pupils and teachers, one finds how interventions based on history and

philosophy of science yield positive results. This is at least what emerges from studies like the

ones of Lederman (1992), Abd-El-Khalick and Lederman (2000b), Höttecke and Rieß (2007),

Heering (2004), Kasper and Mikelskis (2008), to cite only a few relevant examples.

Following the reading of an article of Bloom (1989), in which the results of a study

aimed at understanding how “[...] beliefs about creationism, evolution, scientific theory and
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science itself” of elementary pre-service teachers in Oregon (U.S.A.) can affect “[...] scientific

knowledge among young children”, I reflected that such a discussion would not occur, and in

any case not with such relevant profile, in Italy1 since the study of philosophy is compulsory

during the last three years in most high schools. The historical approach in the teaching

of the mainstream ideas of major thinkers -starting from ancient Greek philosophy- might

indeed help to develop critical and analytical skills of both pupils and teachers. One who has

indeed faced the problems of pre-Socratic philosophy, who has experienced and understood

the thought of Aristotle, Descartes, Galilei, and Kant should not start questioning some

widely accepted basic characteristics and prerogatives of the scientific enterprise and the

basic principle of how scientific knowledge is gained.

Comparing the curricula of the Italian and German high schools, two major differences in

the approach to the teaching philosophy and physics emerge. As we already said, in the Italian

Licei2, following the Gentile’s3 school system reform of the 1923, the teaching of philosophy

became mandatory, generally with two-three hours a week during the last three years of the

Liceo. Therefore, the teaching of philosophy plays or should play an important role in the

education of the Italian pupils. More complex appears the teaching of philosophy in Germany.

Here, the responsibility for the education system lies primarily with the states, the Länder,

and the federal government plays a minor role4. After the reform of the secondary studies,

in 1972, it became possible to introduce an alternative school subject for those pupils that,

for justified reasons, didn’t want to enroll in the courses on religion. This ersatz subject has

focused on the teaching of moral and ethical aspects without a precisely confessional directive

“[Ein Fach, dass] das Bedenken moralischer und ethischer, erkenntnistheoretischer

1The topic of evolutionary theory (in regards to the origin of life) was present in the Italian middle school

already at the end of the seventies as can be deduced from the ministerial decree about new programs, time

schedule and final exams, of the 9th February, 1979. In 2004 with the so called Moratti’s reform there was an

attempt to eliminate the topic evolution but it failed and in the reformed programs ‘evolution’ was present.

Besides, consulting different middle-school science textbooks I always found the topic ‘Darwin’s evolution’ or

‘origin of the life on earth’.
2With the latest Italian school reform of 2010 Riforma Gelmini there are three different type of secondary

schools: Licei, Istituti Tecnici, and Istituti professionali. They all have a duration of five years at the end

of which one obtains the Diploma di Maturità. Coming from any type of school one has the right to attend

university studies.
3Giovanni Gentile was an Italian philosopher and educator. From 1922 to 1924 he held the title of Minister

of Public Education of Mussolini’s government.
4In the new constitution of Germany of the year 1949, autonomy in matter education was given to the

Länder through the Kulturhoheit der Länder (Art.30 of the constitution).
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und ontologischer Fragestellungen mit dem Fach Religion durchaus gemeinsam

haben sollte, ohne jedoch die Zielrichtung konfessionell ausgerichteter Bildung

und notwendigen biblischen Hintergrundes zu teilen” (Fortmann, 1999)5

Philosophy seemed, in this context, the most appropriate discipline to replace the teaching

of religion. Although “in 15 von 16 Länder hat sich ein Fach etabliert, in dessen Zentrum die

Vermittlung von philosophisch-ethischen Gehalten steht”6, the final result has been that in

almost all Länder philosophy courses were established in the Oberstufe as alternative (and

rarely in addition) to religion courses. In the Länder where class for the teaching of philosophy

were already present, the teaching hours of philosophy were however reduced from three per

week, for a cycle of two or three years7, to only two hours per week two years long, and only

as optional courses. Furthermore, with the implementation of the G8 régime8 the condition

for the formation of philosophy courses/classes became more difficult. The maximum hourly

amount per week and the mechanism of the selection of elective courses for the Abitur, the

German high school diploma examination, led inevitably to a decrease in the supply-demand

of the Zweistündig, elective, courses of philosophy9. Consequently, it is now rare that high

schools offer a philosophy class in the Schuljahre 11 and 12, the last stages of the high school

education.

Also the teaching of physics is rather different in the Italian and German school systems.

In Germany, the hours of physics take place in the laboratory rooms and experiments play a

central role in the lesson arrangement. The absence of the school technician, that arranges

demo-experiments for pupils, implies a good know-how and substantial preparatory work

by the teachers. Indeed they should be able to look for and judge what experiments are

didactically more appropriate, and should have abilities and skills to properly manage the

laboratory activities during the physics lesson. Therefore, the teachers are generally able to

prepare activities that are easy to implement result and educationally effective. One has to

5http://www.zum.de/Faecher/D/SH/philosit.htm “[A topic] that, in common with the subject religion,

should have the reflections about moral, ethical, epistemological, and ontological questions, without sharing,

however, the goals of a confessional education or the necessity of a biblical background.”
6https://www.uni-koblenz-landau.de/de/koblenz/fb2/ik/institut/philosophie/personen/

lehrende/meyer/der-ethikunterricht-in-deutschland.pdf. “A school subject, whose principal goal

was the mediation of philosophical-ethical contents was established in 15 of 16 states”.
7It depends on the state and on the fact that in the last school year some subject were no longer mandatory.
8G8, in contrast to G9, stands for Gymnasium 8-Jahre, that is the duration of the school period was

reduced by one year (Avenarius et al., 2003).
9In 2009 it was still possible to attend an optional (2 hours per week) philosophy course in a high school

in Baden-Württenberg. The treated arguments were Plato, Descartes and Leibniz.
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say that during the period of Referendariat10, the future teachers are trained also in preparing

experiments, in very well-equipped school laboratories.

In Italy, on the other hand, laboratory activity is rare and prepared by a specialized tech-

nician who, at the demand of the teachers, prepares and conducts the scheduled experiments

in front of the class. Thus having a high level of experimental skill is not absolutely necessary

in order to be a good teacher.

These rather different approaches and teaching systems should reflect substantial differ-

ences between NOS views of the Italian and German pupils. Starting from this consideration

and sharing the opinion that adequate views about NOS play an important role in the acqui-

sition of scientific subjects, I have organized and conducted the present comparative study

to assess the views on NOS of a sample of pupils in Germany and in Italy.

I have seek in particular to point out whether the different approaches in the teaching of

physics and philosophy in the two countries, may affect the pupils’ preconceptions on NOS.

5.2 Design of the analysis

The main aim of the study is to highlight possible differences in knowledge, different

ideas and prejudices about science and its features and dynamics -in a nutshell, what we

have defined as NOS- comparing a sample of German and Italian students. The main target

of the study are then pupils, which attended and completed high school in Italy and in

Germany, as well as undergraduate students at the beginning of their courses, whose whose

beliefs should be still not influenced by the specific contents of their university studies. The

cities in which the research has been conducted and the data acquired are Palermo (Italy),

and, in Germany, Tübingen and Hildesheim.

Assuming that the students interested in natural sciences are the ones more interested in

the NOS aspects, we have initially chosen a sample of students of bachelor courses in physics,

informatics, nano-science and biology as well as pupils of two high schools, the Liceo Galilei

in Palermo and the Kepler Gymnasium in Tübingen, in which teaching of natural science is

a major subject. Both schools are attended by young people coming from the town or from

nearby neighborhoods. In both cases the pupils belong to middle class families and their

10A training period (24-18 months) following the teaching educational studies, it consists of three phases:

Hospitation (participation to the lessons as auditor), Ausbildungsunterricht (training teaching with a tutor),

and eigenständiger Unterricht (autonomous teaching). On top of that, the future teachers have to participate

in different seminars during which the way how to conduct experiments or prepare exercises is taught.
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cultural level is, on average, middle-high. This is in particular true for Tübingen, a small

university town.

In a second phase of our study we enlarged the sample, with students having already

an advanced education in science including: Graduate students of the Laurea specialistica11

in philosophy attending the course on “philosophy of science” at the University of Palermo;

PhD students in astronomy and astrophysics at the University of Tübingen, and at the

physics institutes of Hildesheim and Palermo Universities. The PhD students form a group

of advanced, specialized students with no specific background in philosophy or history of

science. Considering also the questionnaires filled by the training teachers at the University

of Palermo, we do have a total sample of N=376, composed by n(g)=148 (39%) ‘German

questionnaires’, and n(i)= 228 (61%) ‘Italian questionnaires’, as summarized in figure 5.1.

Figure 5.1: The pie chart shows the distribution of the sample nationalities.

Teachers and professors, responsible for the courses, were contacted personally and the

same, neutral, briefing concerning the aims and the motivation behind the research was given.

All the contacted teachers and professors were cooperative and indeed the questionnaires

were submitted in their classes. To the students and pupils, in order to not affect their NOS

preconception, only a partially, again neutral, briefing on the research aims was given. They

were told that they were going to take part in a comparative study concerning science and

NOS between samples in Italy and Germany.

The data were acquired using the open-ended questionnaire, known in the literature

11Laurea specialistica is equivalent to the German master diploma.
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as VNOS-C (see appendix A). The detailed description of the instrument, as well as the

motivation that lead to the choice of the instrument for this research, will be given in section

5.3. The questionnaire was provided with an attachment (see appendix B) containing a

personal code which, while still preserving absolute anonymity, simplified the management

of the filled questionnaires during the evaluation phase.

Data were collected between 2013 and 2016. The first sample among which the question-

naire was distributed, on May 2013, was composed of 22 participants of a formation course

for future mathematics and physics high-school teachers called ‘Tirocinio Formativo Attivo

(TFA)’12. In this sample we can find thirteen PhDs and 9 people holding a Master’s Degree.

As we will see later in detail, this group formed a test group and their questionnaires were

not included in the sample used in the main analysis. At the beginning of the winter term

2013/14 the questionnaires were distributed to students of the Physics I course of the bache-

lor study in physics at the University in Palermo, of which 33 were returned, and to students

visiting the lecture of Physics I of the studies in physics, informatics, nano-science and auf

Lehramt Physik13 at the Eberhard Karls University of Tübingen. Of these 44 questionnaires

were returned. Students of the Bachelor study in Biology at the University of Palermo filled

the questionnaires at the beginning of the summer semester during the first lesson of the

Physics course, for a total number of 51 questionnaires returned.

In spring 2014, before the end of the school year, questionnaires were submitted to the

pupils. We collected 42 questionnaires from the classes with physics as major, Vierstündiger

Kurs, at the Gymnasium in Tübingen, while 27 questionnaires were filled out by scholars

of quinta liceo14 of the secondary school in Palermo. During the fall semester 2014/15 the

questionnaire, in a new, online editable version was submitted to the freshmen of physics

in Tübingen (n=24), Hildesheim (n= 10) and Palermo (n=14), and to the PhD student

in Tübingen (n=9). In March 2015 the questionnaire, in its old pencil and paper format,

was distributed to the quinta liceo pupils of a liceo classico, Liceo Meli (n=16), of a liceo

scientifico, Liceo Galilei (n=52) and of the master degree in philosophy (n=7). On June

2015, questionnaires filled out by pupils, at the Gymnasium in Tübingen were collected.

Eventually, during the fall semester 2015/16 the PhD in Palermo (n=6) and in Hildesheim

12The ‘Tirocinio Formativo Attivo’ is a post-graduate course aiming at obtaining the qualification as high-

school teacher. These courses were introduced with Ministerial Decree (Ministero dell’Istruzione, Università

e Ricerca, MIUR) nr. 249 of the 10th September, 2010.
13The students who intend to become teachers.
14The quinta liceo correspond to the 13th or 12th (in the G9 or G8 régime respectively) class in Germany,

also the last school year.
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(n=2) filled the questionnaire (See table 5.2 for a summary).

5.3 Data collection instrument

Since the fifties, and especially in the United States, different instruments to evaluate the

knowledge on NOS by pupils, students and teachers, have been developed. Mostly used are

“paper and pencil” questionnaires of multiple-choice or forced-choice kind, based on Likert-

type scale. These are rather standard for a quantitative analysis approach. In Lederman

et al. (1998) we can find a summary of questionnaires developed between 1954 and 1996.

Less than the half of those satisfy the conditions of validity and reliability, as set by the

author of the review. Another critical review of studies aiming at evaluating interventions

for the improvement of the notion on NOS can be found in Abd-El-Khalick and Lederman

(2000a). Criticisms were raised on those instruments, and in particular the criticism by Le-

derman and his colleagues is doubtless the most founded and well argued. They affirm that

“[...] standardized instruments usually reflected their developers’ NOS views and biases. Be-

ing of the forced-choice category, the instruments ended up imposing the developers’ views

on respondents” (Lederman et al., 2002).

As stressed by Glenn Aikenhead and Alan Ryan, and by Norman Lederman and O’Malley,

problematic is also the assumption that claims that “[...] the respondent perceives and inter-

prets an instrument item in a manner similar to that of the instrument developers” (Lederman

et al., 2002, p.502). Aikenhead and Ryan claim that using forced-choice answers leads the

respondents to mark one of the alternatives, even if the question is not fully understood

(Aikenhead and Ryan, 1992). Lederman and O’Malley report the observations of discrepan-

cies between the answers given in the questionnaires by the respondents and the explanation

given by the same respondents in an oral interview (Lederman et al., 1998). Because of such

potentially critical flaws research oriented itself towards other open-ended instruments of in-

quiry, seeking to detect, not only if respondents have adequate knowledge on the aspects of

NOS, but also to understand why the respondents assume the position they assume concern-

ing the different aspects of NOS. For this kind of instruments qualitative analysis methods

are necessary.

An interesting example is the questionnaire “Views on Science-Technology-Society” (VOSTS),

developed and used by Aikenhead and Ryan (1992). Albeit a multiple-choice questionnaire

(114 items), it is, according to the authors, “fundamentally different from instruments devel-

oped in the past... VOSTS conveys students’ ideas, not numerical scores.”
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One of the prerogatives of the questionnaire is that, for any single item, the answer possi-

bilities were derived from answers given by students through an open-ended questionnaire

used in a foregoing pilot study. Another measure used by Aikenhead and Ryan for improving

the validity of the questionnaires, was the introduction of another three possible answers for

each items of the questionnaire. The possibilities are listed below, along with the authors’

comments:

• “I don’t understand” This choice is included in case there is a key word or phrase that

you just don’t understand

• “I don’t know enough about this subject to make a choice”

• “None of these choices fit my basic viewpoint” This choice can be used when none of

the other position come close to your own belief, or when you want to combine two or

more choices into one position.

For their study Rosalyn Driver et al. (1996) “decided to use an interview approach, based

around a series of probes, as the best means of enabling us to focus students on issues

and questions of interest, while allowing for clarification and in-depth probing of responses as

required” (Driver et al., 1996, p.66). These authors considered this approach as a compromise

between the standard paper-and-pencil (with open-ended responses or not) research method

and the on field research method based on the observation of pupils in the classrooms during

the natural science lessons. This kind of approach “...reflected our primary aim of eliciting

students’ ideas about the nature of science in their own terms” as stated by Driver and

colleagues (Driver et al., 1996, p.67).

“Clinical interviews” where already used by Susan Carey and colleagues in the study

concerning how 7th grade pupils acquire scientific knowledge (Carey et al., 1989).

Lederman and colleagues, chose a more qualitative study of NOS, developing an open-

ended questionnaire called “Views of Nature of Science” (VNOS). A first version of the

instrument was developed by Lederman and O’Malley (1990) and was followed by follow-up

interviews to avoid potential misunderstanding. Several other versions followed the first one.

In particular, the version developed by Fuad Abd-El-Khalick (1998) was examined by five

experts: “three science educators; a historian of science; and a scientist” (Abd-El-Khalick

and Lederman, 2000b). This review led to the VNOS-C final version (see table 5.1), presented

and illustrated in detail by Lederman et al. (2002).
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Table 5.1: Questionnaire about NOS view

1. What, in your view, is science? What makes science (or a scientific discipline such as physics, biology etc.)

different from other disciplines of inquiry (e.g. religion, philosophy)?

2. What is an experiment?

3. Does the development of scientific knowledge require experiments?

• If yes, explain why. Give an example, to defend your position.

• If no, explain why. Give an example, to defend your position.

4. After scientists have developed a scientific theory (e.g. atomic theory, evolution theory), does the theory ever

change?

• If you believe that scientific theories do not change, explain why. Defend your answer with examples.

• If you believe that scientific theories do change: (a) Explain why theories change? (b) Explain why bother

to learn scientific theories? Defend your answer with examples.

5. Is there a difference between a scientific theory and a scientific law? Illustrate your answer with an example.

6. Science textbooks often represent the atom as a central nucleus composed of protons (positively charged particles)

and neutrons (neutral particles) with electrons (negatively charged particles) orbiting that nucleus. How certain

are scientists about the structure of the atom? What specific evidence do you think scientists used to determine

what an atom looks like?

7. Science textbooks often define a species as a group of organisms that share similar characteristics and can

interbreed with one another to produce fertile offspring. How certain are scientists about their characterization

of what a species is? What specific evidence do you think scientists used to determine what a species is?

8. It is believed that about 65 million years ago the dinosaurs became extinct. Of the hypotheses formulated by

scientists to explain the extinction, two enjoy wide support. The first, formulated by one group of scientists,

suggests that a huge meteorite hit the earth 65 million years ago and led to a series of events that caused the

extinction. The second hypothesis, formulated by another group of scientists, suggests that massive and violent

volcanic eruptions were responsible for the extinction. How are these different conclusions possible if scientists

in both groups have access to and use the same set of data to derive their conclusions?

9. Some claim that science is infused with social and cultural values. That is, science reflects the social and political

values, philosophical assumption, and intellectual norms of the culture in which it is practiced. Others claim

that science is universal. That is, science transcends national and cultural boundaries and is not affected by

social, political, and philosophical values, and intellectual norms of the culture in which it is practiced.

• If you believe that science reflects social and cultural values, explain why. Defend your answer with

examples.

• If you believe that science is universal, explain why. Defend your answer with examples.

10. Scientists perform experiments/investigations when trying to find answer to the questions they put forth. Do

scientists use their creativity and imagination during their investigations?

• If yes, then at which stages of the investigations you believe scientists use their imagination and creativity:

planning and design, data collection, after data collection? Please explain why scientists use imagination

and creativity. Provide examples if appropriate.

• If you believe that scientists do not use imagination and creativity, please explain why. Provide examples

if appropriate.
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For testing the validity of the instrument the questionnaire was distributed among un-

dergraduate and graduate college students, pre-service elementary teachers, and pre-service

and in-service secondary science teachers (Abd-El-Khalick and Lederman, 2000a). Data were

analyzed with different and independent methods and the different participants’ NOS profiles

observed were compared with outcome from follow-up interviews. The absence of discrepancy

between the results of the different samples was seen as the confirmation of the high level of

validity of the instrument (Lederman et al., 2002).

Having passed such a stringent test phase, the instrument has been widely used in liter-

ature. Studies by Schwartz and Lederman (2002), Höttecke (2006) and Hofheinz (2008) are

illuminating examples. Within this framework, I have decided to use this instrument in my

study.

The decision to use a robust instrument, already tested and validated, has simplified the

preliminary phases of this research. However, the main motivation for using VNOS-C was that

it embodies the 14 arguments and aims which, as reported in section 4.3, were identified as

essential to the standard of scientific education by McComas et al. (1998). The 14 statements

are indeed an operative (and very practical) starting point for acquiring scientific literacy,

without going into a deep detailed epistemological discussion, and therefore we are convinced

that the above mentioned instrument is very appropriate for testing the students’ knowledge

about NOS.

Furthermore, the open-ended typology of the questionnaire, with no a priori right and

wrong answers, as specified by Lederman et al. (2002) and Driver et al. (1996), and confirmed

by Hofheinz (2008), offers the benefits of being more objective over multiple-choice question-

naires, in which the set of answers may be implicitly reflecting only the point of view of the

author.

Doubtless, using this kind of instrument makes the valuation of the results more complex, es-

pecially in the case of large samples. However, as underlined by Aikenhead, “the VNOS-form

C provide flexible techniques for gathering evidence in depth [...]” (Hofheinz, 2008, p.175).

As already said, the questionnaires were distributed among students and pupils in Italian

and German universities and schools. For this reason we translated the original version,

providing an Italian and a German version of the instrument. Because of the high level fidelity

kept to the original version while translating, we decided not to proceed to a preliminary

testing or a pilot study for verifying the reliability and the validity of the instrument. The

German version was proofed by native speakers for linguistic and grammatical revision. The
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review of the vocabulary by other individuals not involved in this research field led to the

optimal balance between comprehension and fidelity to the original version of the instrument.

Appendix A reports the English original version, as well as the translated Italian and German

versions. Concerning the time needed to fill out the questionnaire, Lederman and colleagues

reported that 40-60 minutes is a reasonable amount of time for answering all questions.

According to a suggestion by Hofheinz, we find it appropriate not to give a time schedule for

the compilation of the questionnaires. Nevertheless, for practical and organizational reason,

the questionnaire was compiled in two different modalities. The first way was the compilation

of the questionnaires in the classrooms with the presence of a teacher and the attention given

to the class timetable, while the other way was the ‘online’ modality, at home and without

any temporal limitation. Table 5.2 shows the detailed modality of the data acquiring process.

We don’t think that the modality and the time used for filling out the questionnaires have

influenced the results, but nevertheless, in order to have some proof of our assumption, we

calculated the mean number of words used to answer the question number 9, by the students

of Tübingen WS13/14 and those of Palermo WS13/14. The first ones, which filled out the

questionnaire at home, have used 37 words, on average, while the Italian students answered

the question during the lesson time using a mean of 48 words. It appears that even under

time constraints rather detailed answer were provided.

The decision to use an open-ended questionnaire implied analyzing data with a qualitative

design, using therefore methods of “content analysis” and of Strukturierung-technique. In

the next paragraph the debate between the principal research methods of social science will

be briefly presented. A detailed illustration of the “content analysis” (Inhaltsanalyse) will

then follow.

5.4 Social research: Qualitative vs. Quantitative

At the beginning of the 20th century new disciplines developed as psychology or social

science that, similar to exact sciences, looked for investigation methods which could assure

the formulation of generally valid theories, also in those fields where research objects are

society, individuals and their behavior, relationships and interactions (Flick, 2012). Through

standard forms of data collection as investigations and surveys, observations, interviews,

content analysis, or even proper experiments, one tries to confirm the validity of hypothesis

with the help of statistical, hence mathematical, models. This methodology implies a careful

choice of the sample, that has to be random and numerous enough to assure a significant
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Table 5.2: Summary of the VNOS-Questionnaire’s modality of compilation

Group Date #Participants Place Duration

TFA-Course May 2013 22 School 2h 15min

Uni-Tü (Phys.) WS 13/14 44 Home Free

Uni-Pa (Phys.) WS 13/14 33 Uni 2h

Kepler-Gym April 2014 42 School 90min

Liceo Galilei June 2014 27 School 1h

Uni-Pa (Bio.) SS 14 51 Uni 2h

Uni-Tü (Phys.) WS 14/15 24 Home Free

Uni-Pa (Phys.) WS 14/15 14 Home Free

Uni-Hildesheim (Phys.) WS 14/15 10 Uni 90min

Uni-Pa (Phylos.) WS 14/15 7 Uni 2h

Liceo Galilei March 2015 52 School 1-2h

Liceo Meli March 2015 16 School 60+20min

Kepler-Gym May 2015 17 School 90min

Uni-Tü (PhD) SS15 9 Home Free

Uni-Hildesheim (PhD) WS15/16 2 Home Free

Uni-Pa (PhD) WS15/16 6 Home Free

and correct statistical interpretation (Diekmann, 2012). These are the defining features of a

quantitative inquiring method. In the twenties, however, side by side to quantitative ones,

qualitative investigation methods were developed. These proceed in an inductive way. Start-

ing from the analysis of some particular cases (case study), or from biographical narrations

one aims to find a general theory. Examples of a qualitative research are the pioneering

studies “Polish Peasant in Europe and America” of Thomas and Znaniecki (1918-1920), and

“Völkerpsychologie” of Wundt (1900-1920). Qualitative vs. Quantitative methods were the

subject of debate, that became sometimes heated, as, for example, in the fifties during the

affirmation of the behaviorism. Towards the end of the seventies, one spoke about two dif-

ferent paradigms in social science (Kuckartz, 2014). Until the end of the sixties, however,

the quantitative approach based on raw experimental data and standardized procedures was

preferred, until when in the US voices rose against a pure quantitative analysis. The works

of Cicourel (1964) and of Glaser and Strauss (1967) represented, according to Uwe Flick,

the “Renaissance” of the empirical qualitative sociology (Flick, 2012, p.31). Although the

debate between quantitative and qualitative approaches is still alive, recently a trend toward

analysis designs for several investigation fields that use mixed approaching forms developed.
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According to Udo Kuckartz (2014), they form a “dritte methodologische Bewegung15”.

It is worth noting that disciplines of empirical sociological research have now at their

disposal established and robust computer programs that facilitate the management and the

analysis of the data: SPSS, ATLAS.ti MAXQDA e NUDIST/NVIVO among others. These

analysis frameworks support qualitative analysis under two respects: allowing time saving,

and improving the validity and reliability of the analysis. Time is gained “[...] bei der

Verwaltung, Handhabung und Darstellung von sowie der Suche in Daten und darauf bezoge-

nen Einheiten wie Kodes oder Memos jeweils in der Verknüpfung mit den Daten16 ”(Flick,

2012, p.455). Moreover the use of computer programs facilitates the communication between

the components of a research team and enable the traceability of the development of the

categories. The implementation of these tools however, as underlined by Flick (2012), don’t

affect the analysis because “[...] ist immer zu bedenken, dass nicht die Programme die Theorie

entwickeln17”.

In this study we have used the program MAXQDA. It was developed at the beginning

of the nineties by Udo Kuckartz, at the Freie Universität Berlin, as supporting computer

program for social science researches (Kuckartz, 1993). Already in its first concept it was

designed to mix the qualitative and the quantitative methods of the analysis (Mayring, 2010).

This aspect, namely the possibility of a mixed analysis of the data, its versatility and the

numerous facilities, such as the segments retrieval or the visual tools, have made this software

program the second one most used in the analysis studies.

5.4.1 Content Analysis (Qualitative Inhaltsanalyse)

The analysis method defined content analysis was first developed to analyze and com-

pare radio and newspapers contents, but it can be used for any form of communication from

language (oral and written) to music. A study based on content analysis is based on well

defined rules that allow a third person to reconstruct and control the analysis performed. A

valid content analysis has to be theory-laden, too. This means that it cannot be merely a

report about a content or about the way content is referred, but a theoretical hypothesis is a

prerequisite to guide and support the entire analysis (Mayring, 2010). These two character-

istics (reproducibility and theory-laden), according to Mayring, make the “Inhaltsanalyse”

15Third methodological movement.
16[...] during the management, handling and display of data as well as when searching in data and in related

units such as Codes and Memos that are respectively linked to the data.
17[...] it’s always worth considering that the theory isn’t developed by the program.
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an efficient analysis instrument since, maintaining the potential of a quantitative analysis, it

develops qualitatively oriented modalities(Mayring, 2010).

The starting point of the “Inhaltsanalyse” is a text. Mainly starting from the text contents

the analyzer seeks to draw conclusions, to outline theories and to answer research questions.

The ability to interpret a text forms the basis of the “Inhaltsanalyse”. Mayring identifies

three different basic modality for text interpretation: “Zusammenfassung, Explikation und

Strukturierung18”. The first one consists in the reduction of the material to its essentials,

omitting all those redundant and superfluous parts, obtaining so a simple and clear text that

still well represents the original one. Explicative analysis is needed if some dubious passages

are interpreted with the help of other statements or phrases found in the text itself. Aims of

Strukturierung are: to find in the available material those parts that show common aspects;

to filtrate the text in order to find out peculiar aspects; to evaluate the available data having

set some principles (Mayring, 2010, p.65).

Central and characterizing “Inhaltsanalyse” is the construction of categories. These are

the units of the analysis and should ensure its reliability. According to Krippendorf, “how

categories are defined....is an art. Little is written about it”, in (Mayring, 2010). For the

compilation of a categories system two different paths can be chosen: one can work in an

inductive manner or alternatively one can progress deductively. An inductive process is

typical of a zusammenfassende analysis. The synoptic reduction of the text coincides often

with the construction of the categories. The categories are then directly extrapolated from

the text. On the contrary, to build categories one can adopt a deductive method starting

from definitions, statements, or concepts theoretically founded. As well as the three forms of

analysis, illustrated by Mayring, the formulation of the categories system should not rigidly

follow one of the two paths, but they may be followed independently or they may be used in

a complementary way since they do not exclude each other. The choice must be principally

guided by the sampled data, and mostly by the research aim (Mayring, 2010, p.65). As

reported in more detail in section 5.5.1, the system of categories used in the present work for

the assessment of the questionnaires, was first theoretically deducted from available literature

but successively inductively revised on the basis of the answers to the questionnaire. Thus

the analysis has followed the general procedure indicated by Mayring and represented in the

flow-chart19 of figure 5.2

18Synopsis, explication and structuring.
19First step: identification of the analysis unity. Second step: determination of the structuring dimension

(guided by theory). Third step: identification of the characteristics (guided by theory). Construction of the
category system. Fourth step: formulation of definitions, anchor examples, coding rules for each category.
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Figure 5.2: Flow-chart of an Inhaltsanalyse of the ‘structuring’ type (Mayring, 2010, p.93)

The use of a categories system allows intercode-reliability, a criterion to test the reliability

of the analysis. This consists of bringing the texts to the attention of several codifiers, once

the general criteria have been defined. For the present work a different, but similar, reliability

criterion was chosen: the Intra-Coder-Reliability, according to which the level of reliability

is measured through the consistency between results of successive material codified by the

same author (codifier) (Kuckartz, 2010, p.61).

As pointed out in the previous section 5.4 the use of computers and the development

of dedicated programs, have allowed us to integrate qualitative with quantitative analysis

Fifth step: runs the material: mark the places of discovery. Sixth step: runs the material: editing and

extraction of the references. Seventh step: revision, if necessary review of the category system and of the

category definition. Eighth step: processing of the results.
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facilitating a statistical treatment of the data and a more immediate presentation of the

results. In the following section we will describe the modalities of the data analysis at the

core of this work and in particular we will present the criteria and the choices that have

guided the development of the categories system of this study.

5.5 Analysis of the data

Qualitatively texts analysis obviously implies looking into the text, working on it, and

interpreting it with the goal to build the categories system which plays a central role in

the Inhaltsanalyse. Although informatics support for the texts analysis exists, nevertheless

neither the development of the categories system nor the codification of the material, can be

performed automatically: it’s an intellectual process, in the sense that the analyzer has to

use his intellect and actively intervene. There aren’t ‘recipes’ that explain how to determine

the categories. The final list is often the result of subsequent rethinking and unavoidably

reflects the theoretical beliefs and cognition of the individual who edits it. According to Udo

(Kuckartz, 2010, p.58) within a qualitative Inhaltsanalyse:

“Kategorie bedeutet [...] nichts anders als einen Begriff, ein Label, das vom Bear-

beiter der Texte definiert wird, d.h. ein Wort, mehrere Wörter oder eine Kurzsatz,

die nicht notwendigerweise auch im Text vorkommen müssen20”.

As already said, categories can be selected deductively or one can follow an inductive

sight, developing in the initial phase some tentative categories for the data analysis.

The next step is the text’s coding (encryption). It consists on a careful re-examination of

the sampled material, in the light of the selected categories, to find out the “codes”, segments

-parts, words or passes- that can be assumed as “Indikator” of a defined category. The coding

task is, besides the specification of the categories, the core of the study “hier geht es [...] um

die theoretische Durchdringung und Bewertung der Daten21”.

In accordance with what was just said, we will try, in the following section, to illustrate

the way and the line of thinking we adopted to build the system of categories used in our

data evaluation.

20Category means[...] nothing more than a term, a label that will be defined by the text editor, i.e. a word,

some words or a short sentence, that doesn’t necessarily appear in the text.
21Here it’s about [...] the theoretical permeation and evaluation of the data.
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5.5.1 Development of the Codesystem

Initially we chose an inductive approach for the development of the categories system,

based on the answers to the questionnaire given by the participants of the TFA group22 there-

fore considered as a test group. Then, according to Mayring (2010), we analyzed the 20% of

all the sample. Nevertheless, due to the amount of information included in the questionnaires,

difficult to manage, we decided to change strategies and follow the deductive method23. A

theoretical grounded tentative categories system was built with the help of systems used in

similar studies (Hofheinz, 2008), or on the basis of statements found in the literature about

NOS (Abd-El-Khalick and Lederman, 2000b). We eventually retooled some concepts of the

mostly representative epistemological theories (Popper, 1959), (Kuhn, 1962). Furthermore

we decided to organize the categories in a hierarchic manner according to Kuckartz (2010)

and in doing so we adopted as superior-category, “Oberkategorien”(Kuckartz, 2010, p.199)

definitions or statements that characterize NOS aspects at the core of the questionnaire.

From these initial steps, the development of the definitive categories system, the one used

to analyze the questionnaires, occurred in different phases. The first tentative set of categories

was built up rearranging, in light of the requirements of the present study, the categories used

in the already cited studies of Hofheinz (2008, p.283) and Abd-El-Khalick and Lederman

(2000b, p.1073). To these we did add a new superior-category that remarks the connections

between science and society. We were, in this first step theoretically guided by Kuckartz’s

assertion that questionnaires and guided interviews form the structure of categories systems.

In the works of Hofheinz and of Abd-El-Khalick and Lederman, the results were illustrated

classifying the sample in two groups: the first formed by individuals who ended up being well

informed and the second consisting of those who have a pretty näıve view about NOS. For

this reason we adopted initially the same partition of subcategories, but we soon noticed,

analyzing the 20% of the data, that some of the answers, although containing statements

that revealed ideas about NOS that were not properly elaborated, anyway were also not

erroneous. Therefore, it appeared necessary to insert a third level in which we could group

all answers and/or answer’s excerpts presenting common, general, not wrong but generic and

vague views. So every superior-category24 was, in the end, split up into a lot of different

subcategories i.e. specific affirmation featuring the category, that in turn were graded in:

22In the following when we name a group we mean the participants of that group.
23We acknowledge helpful suggestions by the staff of the Methodenbüro of Hildesheim University. Among

other things, they suggest us to use the program MAXQDA
24In the rest of the present work we will use just “category” while referring to a superior-category.

123



elaborate, general and näıve. We consider a statement of the answers elaborate when the

respondent shows correct and competent knowledge, whereas general marks any student’s

assertion that, though true, is not accurate or deep, we considered näıve those sentences that

correspond to superficial or even incorrect views on science and scientific process. The fourth

level of our analysis, No answer, enumerate the questions that weren’t answered along with

those answers that were incomprehensible. In other studies a category was created to record

all sentences that were impossible to classify, and the unanswered questions. In our study,

however, we introduced for each category the fourth level, namely the No-answer ones. With

this arrangement we were able to inquiry for what categories the respondents were unable to

formulate a sentence (or a sentence that was worth codifying).

The ten categories thus established, are listed below:

1. Tentative NOS

2. Empirical NOS

3. The scientific method

4. The experimental approach

5. Scientific theories

6. Theories and laws

7. The creative and imaginative nature of scientific knowledge

8. Inference and theoretical entities in science

9. The subjective or theory-laden nature of scientific knowledge

10. Universal aspect of the science

The entire categories system, also named “Code-Baum”, is reported in the table C.1 of

appendix C of the present work.

This first version of the Code-Baum was modified, according to step nr. 7 of the Mayring’s

flow-chart in figure 5.2, after having completed a run of material encrypt in which the “In-

dikatoren” (or subcategories or codes) of different categories were detected and selected. The

adjustments were supported by the data and for this reason one can speak of an inductive

step in our analysis. We suppressed, for example, those codes for which we didn’t find foot-

prints in the texts, while we added some thematic codes as synthesis of various passes and

reiterated linguistic expressions all concerning a single topic. Still, at this level of revision,

some categories were renamed and rearranged in the Code-Baum. These latter variations led

to a simplification and a speeding of the texts coding work (with the help of MAXQDA). We

report here only the list of the categories while the complete second version of the Code-Baum

can be seen in table C.2 in appendix C

1. What is Science
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2. Empirical NOS

3. The scientific method

4. The experimental approach

5. Tentative NOS

6. Theories and laws

7. Inference and theoretical entities in science

8. The subjective or theory-laden nature of scientific knowledge

9. Universal aspect of the science

10. The creative and imaginative nature of scientific knowledge

Substantially different appears the third version of the categories system which we used

in a more improved analysis of the sampled data. Driven by the need of further theoretical

statements justifying and supporting the choice of the subcategories and the correctness of

their rating in the three levels, considering also that an invalid design of the categories system

could have invalidated the results of the entire analysis, we drafted a new Code-Baum using,

among others, as theoretical support, an interesting summarizing table about NOS designed

by Höttecke and Rieß (2007).

The new categories system, has only eight categories and turned out to be more agile and

user-friendly than the previous two versions. The eight categories are:

1. Aim and characteristics of science

2. The experimental approach

3. Tentative NOS

4. Theories and laws

5. Inference and theoretical entities in science

6. The subjective or theory-laden nature of scientific knowledge

7. Dynamic of science

8. Creativity

The whole sample was then codified making use of this last improved version of the

Code-Baum, reported in table 5.3.

In the next chapter we will report the result of the analysis.
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Table 5.3: Codebaum

Elaborate General Näıve

Aim and characteristic

• The efforts to find laws that

describes Nature

• Consistency of the scientific

knowledge

• Mathematics is the language

of Science

• Is based on collecting and

comparing data in order to

draw hypothesis

• Experiments are a part of the

method specific of natural Sci-

ence

• Emancipation of the humanity

• Technological improvements

• Scientists discern between

models and reality

• Shows affinity with other dis-

ciplines of inquiry

• Observation and compre-

hension of the environment

(generic)

• The attempt to understand

Nature

• To produce profit

• To control, dominate and use

Nature

• Useful and beneficial aspect

• The search of the truth

• The existence of an “unique”

solution

• To use only proved theories

• Is solely based on observation

with the exclusion of other

personal, social and cultural

factors

• The application of hard math-

ematical rules

• Is not creative, is other than

art or philosophy

The experimental approach

• An experiment is a controlled

approach to test the validity of

a theory or hypothesis

• None experiment can ever

fully validate a theory as a fact

• Not all scientific knowledge re-

quires experiments

• Building stones of a coherent

knowledge’s structure

• Data need to be interpreted

• Knowledge is obtained by ex-

periments

• Experiments serve the empiri-

cal justification of knowledge

• Experiments are repeatable,

systematic/methodical, con-

trolled

• Scientists are rigorous, ratio-

nal and logical in their meth-

ods

• Through experiments are hy-

pothesis checked/ tested

• Relevance of experiments

in/for teaching

• Empiricism: Science is based

only on experiments, experi-

ence and observation

• Experiments have primacy

compared to theory

• Scientist use a scien-

tific/rigorous method

(without other explana-

tion)

• Experiments are just observa-

tions

• Experiments prove or disprove

ideas

continued on the next page
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Table 5.3: Codebaum(continued)

Elaborate General Näıve

Tentative NOS

• A theory represent only the

currently most plausible ex-

planation

• Theories have the role of guid-

ing research framework

• Theories are constantly being

adapted to the current state of

knowledge

• Theories change because are

always subjected to review by

scientific community

• Theories are models that ap-

proximate the reality

• New theory to solve internal

discrepancy

• Theories are suppositions not

proved

• New knowledge, new methods

• New information, technologi-

cal advances hence increased

accuracy

• Theories change because one

falsifying experiment

• New point of view

• Theories are imperfect

• A theory which has become

universal doesn’t change any-

more

• Because they are false

Theories and laws

• A law states, identifies or

describes relationships among

observable phenomena

• Through laws predictions can

be made

• Theories are inferred explana-

tion for observable phenomena

• Theories develop models

• A theory has a linking or a

framework aspect

• A theory is a complex struc-

ture that includes several laws

• Laws are universally valid

• Adequate examples

• Hierarchical view: a law is

a theory by all scientists ac-

cepted

• Theories are incomplete

• Laws will not change

• A law is proved a theory not

• There is no difference

continued on the next page
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Table 5.3: Codebaum(continued)

Elaborate General Näıve

Inference and theoretical entities in science

• Atoms cannot be directly ob-

served, only indirect evidence

is used

• A model constructed through

experiments and inferences

• Species is a human conven-

tion, an artificial convey to

communicate

• Species is a static term for

something unstable in the re-

ality

• Are not certain (without com-

ment or explanation)

• Well accredited by scientists

through observation

• The historically development

of atom’s model is reported

• Only (possible) specific evi-

dence are cited

• Are certain, they used micro-

scope

• Only one experiment is cited

• Are certain because of plau-

sible experiment and observa-

tion

• Are certain about characteri-

sation of Species

Subjective or theory-laden NOS

• Due to different educational

background, personal experi-

ences, and profile

• Both events brought observa-

tional data that cannot be

discriminated on the basis of

those data only

• Data selectively weighted due

to the commitments specific of

the discipline

• Different key aspects were set

• Due to different interpretation

of the data (Data need to be

interpreted)

• Both events brought the same

final consequences

• One can only hypothesize

from the evidence

• Due to lacks of evidence is not

possible to establish the truth

• Data partially collected to

support one’s own hypothesis

• Data freely interpreted

• To boost scientist’s own pres-

tige

continued on the next page
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Table 5.3: Codebaum(continued)

Elaborate General Näıve

Dynamic of science

• The culture influences the sci-

ence thinking and dynamics

• Science is a part of the culture

• Sometime Science/research

is still confined within the

boundaries of a country

• Science modifies, changes the

society

• Science is influenced by soci-

ety through the research fund-

ing

• The body of knowledge is uni-

versally valid and reliable

• In the past more influenced

than today

• Science is essentially au-

tonomous and independent

• Science is not influenced

• Science holds universal truths

Creativity

• Scientists need to be creative

to bring novel ideas, to invent

models

• Imagination permeates all

stage of investigation

• Creativity is used in all stages

with the exception of the data

collection

• To solve problems

• No creativity

• Creativity is limited to the

planning and design stage
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Chapter 6

Results of samples comparison

“In education, said the Master, there should be no distinction of classes”

Confucius 15.39

In this chapter we will report the results of the analysis. We will initially analyze the

entire sample without differentiating the German and Italian ones. The next step will be

the comparison between German and Italian views on NOS aimed to answer our research

question. Therefore, beside a more general, a detailed examination of the collected answers

about the different NOS aspects will be conduct. In the last part of the chapter we will report

the result concerning the group formed by the PhD students commenting the differences.

6.1 The whole sample

The results presented in this chapter were obtained using the data analysis framework

MAXqda, (see section 5.4). After a careful transcription of all collected questionnaires, we

proceeded with the coding phase for each selected group. Following this preparatory work and

thanks to MAXqda, we could identify, in the whole sample, how many segments were coded

in each document and correspondingly how many times each code was “called”. The total

number of coded segments is one of the results of the analysis. We have also measured how

many documents contain a specific code. These parameters enable us to conduct the mixed-

analysis of the MAXqda program and constitute the quantitative aspect of the analysis.

Due to the different languages of the documents it was difficult to find a second evaluator

who could analyze the entire sample so that the intercoder-reliability value could be estimated.

Nevertheless, a small sample of the German documents (roughly 1,5%) was evaluated also by
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a collaborator1. The coefficient of the intercoder-reliability CR was calculated using equation

6.1 of Hofheinz (2008, p.187):

CR =
nCÜ∑n
j=1Cj

(6.1)

Here n is the number of the coders, CÜ represents the number of common coded segments

and Cj are the total coded segment of each coder. For good agreement and good reliability of

the analysis it is suggested that this coefficient must be between 75% to 80% (Holsti, 1969).

The coefficient of reliability of the study, unfortunately based on a small overlapping

sample, was only about 66% after the final rearrangement of the Codebaum (see section

5.5.1). Although this value is located outside the nominal range for good reliability, we think

that in our case it is nevertheless an acceptable result if one considers the poor statistic of

the sample. A second evaluation is currently ongoing.
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Figure 6.1: Distribution of the number of coded segments, according to how many segments are

used in each document. The average value of coded segments per document is n̄ = 12.39.

First the distribution of the number of coded segments was evaluated. As one can see

in figure 6.1, the most probable number of segments is N=11, which is not surprising if

we consider that the questionnaire is composed of ten questions and that is probable that

1Prof. Dr. Ute Kraus, the supervisor of this thesis work, has contributed to this evaluation.
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one coded segment per answer is indeed found. The average value of coded segments per

document is n̄ = 12.39.

This distribution shows that, in spite of a number of cases in which questions were an-

swered with a single sentence, a considerable number of documents includes detailed answers

in which various aspect of the NOS were cited and therefore coded. Examples of short or less

short answers to the first question “What, in your view, is science? What makes science (or

a scientific discipline such as physics, biology etc.) different from other disciplines of inquiry

(e.g. religion, philosophy)?” are reported in the footnote2.

The mean number of coded segments for each group was calculated and is shown in table

6.1. The unanswered answered questions3 were not included in the estimate of the mean.

Figure 6.2 shows in a more pictorial way the average of coded segments per group.

Table 6.1: Average number of coded segments for the groups composing the whole sample.

Gali14 Gali15 Hild14 Kepi14 Kepi15 Master Meli PaBio Pa14 Pa15 Tü14 Tü15 PhD

n̄ 10.07 9.62 13.5 12.6 10.5 12.3 11.8 9.2 11.3 13.5 11.25 13.45 16.65

We observe that many statements of the analyzed sample ranked as näıve have been

included in the mean. Consequently the average number of coded segments cannot be con-

sidered a very precise indicator for comparing the different knowledge about NOS of the

groups. However it already suggests that a different level of NOS knowledge appears for

different groups, as figure 6.2 clearly shows. The largest mean value of coded segments per

document results from the group of the PhD students. This suggests that the latter group is

2Galilei14 “La scienza si basa su dati certi, le altre no.”; Kepler15 “Kunde der Natur.”; UniPa13/14

“Disciplina avente come fine il benessere collettivo dell’umanità e rispondente all’esigenza umana della

conoscenza. La sua analisi è prettamente quantitativa, unita ovviamente a uno studio qualitativo del fenomeno.

Si aggiunge la conoscenza delle relazioni tra i fenomeni e delle modalità in cui essi avvengono. Studio quindi a

grandi linee simile a quello filosofico, ma da cui differisce per la preminenza dell’analisi quantitativa e l’esigenza

dell’esperimento sistematico. Ogni disciplina vede la stessa realtà sotto differenti aspetti.”; UniTue13/14

“Naturwissenschaft bedeutet, die Natur aller Dinge zu ergründen. Es ist der Versuch, Regeln zu finden,

nach denen die Welt funktioniert (was nur annäherungsweise möglich ist). Diese Regeln sind auf Gültigkeit

zu überprüfen (Experiment) und wenn möglich zu einem größeren Zusammenhang zusammenzufügen. Die

Naturwissenschaft unterscheidet sich von anderen Forschungsgebiete wie Religion o. Philosophie darin, das

exakte Beobachtungen und empirische Daten erbracht werden können, welche Thesen stützen oder widerlegen

können.”
3The no answered question are taken in account as coded segments while the mixed-analysis is runned by

MAXqda.
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Figure 6.2: Average number of coded segments for each group. The green columns refer to the

questionnaires of the doctoral-students.

indeed relatively familiar with the arguments discussed. As discussed later this is confirmed

by results from the detailed analysis of the questionnaires. One could tentatively affirms that

PhD student are older, hence more mature, than pupils and are likely more aware of the facts

of science, having already completed or almost completed a long cycle of studies.

A first tentative comparison between the samples corresponding to German or Italian re-

spondents (pupils and students) is given in figure 6.3 where the mean value of coded segments

for each country is reported.

6.2 Comparison between the two samples

Before proceeding with a detailed analysis, at the level of the categories, we initially

compared the knowledge on NOS of the German and Italian samples, counting the number

of coded segments for each level4.

In figure 6.4 results for this comparison are shown. The percent values refer to the total

4We have defined four levels of NOS knowledge as elaborate, general, näıve and no answer as stated in the

section 5.5.1.
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Figure 6.3: Average number of coded segments in the German and Italian samples. As before the

code “No answer” has not been taken in account.

number of the coded segments for the two samples (Italy and Germany) respectively.

For both samples the larger fraction is that of the general level of knowledge. For the

German sample, about 40.7% of all coded segments fall in this level in comparison to the

33.1% of the Italian sample. Similarly about 27.5% of the Italian sample consists of näıve

segments, in comparison to the smaller 20.5% of the näıve segments of the overall German

sample. On the contrary the fraction of the coded segment labeled as elaborate is around

33.6% for the German sample in comparison to the 27.6% of the Italian sample. Surprisingly

for the Italian sample almost the 12% of the total coded segments refers to non answered

questions, much larger than the 4.9% relative to the German sample. This is a puzzling

result that we tried to interpret as we analyzed the single categories. The coherent pattern

observed strongly suggests that the German students and pupils appear to be more informed

about NOS than the Italian ones. We will come back on this point in our conclusions.

Proceeding with our analysis, we have obtained the frequency of knowledge levels for

each of the categories selected in section 5.5.1. Results are shown in Table 6.2 per country.

Recalling that the eight categories are related to different aspects of the NOS, we were able in

this way to determine how the knowledge about single aspects of NOS is distributed within

the four levels: elaborate, general, näıve, and no answer.
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Figure 6.4: A comparison between the level of knowledge on NOS of the whole German (left columns)

and Italian samples (right columns). The percent values refer to the total number of the coded

segments in the two samples from Italy and Germany respectively.

In what follows we enter a detailed analysis of the results per category.

6.2.1 Aim and characteristics of science

What, in your view, is science? What makes science (or a scientific discipline

such as physics, biology etc.) different from other disciplines of inquiry (e.g.

religion, philosophy)?

In this category all segments or sentences were coded, in which the respondents express

what in their opinion defines and characterizes science, what is the main goal of a scientific

work, and how scientists proceed in doing research. This category is specifically encoded in

the first question of the questionnaire, but also in answers to other questions we have found

clear references to the aims and characteristics of science.

The pattern of the specific results per level, well agrees with what’s already observed in

the general distribution discussed above. The German sample contains indeed more general

segments than the Italian one (28.9% against 26.6%) and correspondingly less näıve segments
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Table 6.2: Percentage (%) of coded segments (in respect to the total number of coded segments) per

country, category and knowledge level of both samples.

Category Germany Italy

Elaborate General Näıve No ans Elaborate General Näıve No ans

Aim and characteristics 51.2 28.9 19.9 0.0 43.8 26.6 28.7 0.9

Experimental approach 25.4 53.0 21.0 0.5 15.7 49.6 33.1 1.7

Tentative NOS 37.8 55.7 6.5 0.0 34.0 51.7 10.1 4.2

Theories and laws 32.9 29.1 32.9 5.2 30.0 19.1 42.7 8.2

Inference and theoretical 29.7 34.6 19.1 16.6 18.0 30.7 19.8 31.5

Subjective or theory-laden 14.6 62.9 19.1 3.4 22.1 44.6 11.3 22.1

Dynamics of science 54.4 17.0 22.2 6.4 41.6 11.7 31.6 15.2

Creativity 36.6 38.0 19.0 6.3 29.8 17.8 39.4 13.0

(19.9% vs. 28.7%). It is interesting to observe that the number of elaborate segments is

relatively high and for the German sample exceeding 50% (51.2% vs. 43.8%).

Aim and characteristics of science

Germany

51.2%

28.9%

19.9%

0.0%

(a) Germany Italy

43.8%

26.6%

28.7%

0.9%

(b) Italy

Figure 6.5: German (left) and the Italian (right) views about the aims and characteristics of science.

Color code: Green corresponds to the elaborate level, blue to general, red to näıve, and yellow to No

Answer. The same color code will be used in all the following pie-charts.

The principal aspect of science highlighted in many of the answers is its tight relation to

Nature5. This aspect was expressed often in an elaborate way like “[l]a scienza, a differenza

delle altre discipline teoretiche, possiamo dire che è una disciplina che si basa sull’osservazione

5In German language the word for science is Wissenschaft. This word has a very general meaning, that is

why we used the word Naturwissenschaft in order to correctly translate “Science”.
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dei fenomeni e cerca di descrivere i vari passaggi che regolano la natura6” and “Naturwis-

senschaften beschreiben die Welt in greifbaren Zahlen, Daten und Fakten. Sie ermöglichen

Voraussagen über Naturgesetze und verkörpern belegbare Wissenschaften7”. Similar con-

cepts were expressed in a more simple and näıve way when the respondents say that science

is “die Wissenschaft der Natur8” or “lo studio dei fenomeni naturali che ci circondano9”.

Science is also seen as the human need to “herausfinden was die Welt/ im Innersten zusam-

menhält10” and “diventa perciò l’attività di costante ricerca del sapere11”. It is “una delle

basi della conoscenza umana ed ha sempre tenuto un posto di rilievo nella storia12”. Science

is often related to the progress of the mankind, an aspect that was more frequently cited by

the Italian students. A few enlightening examples are “Il fine della scienza non è un’utilità

fine a se stessa ma ad un progresso continuo e positivo dell’umanità13” and “[s]cienza è pro-

gresso, evoluzione, civiltà. La scienza, in tutti i suoi vasti campi, è lo strumento che ognuno

di noi possiede per emanciparsi dall’ignoranza e dal terrore14”. The importance of Science

for the progress of medicine and technology was also stressed.

Almost all students and pupils are aware that scientists proceed deductively developing hy-

potheses, and trying to find experimental proofs, that those hypotheses could confirm. Many

of the respondents are also aware of the importance of mathematics: “Mathe is lediglich ihr

Werkzeug15”, “[sie] wird mit der Sprache der Mathematik ausgedrückt16” and that this lan-

guage “die Kommunikation zwischen Naturwissenschaftlern zweier verschiedener Herkünften

erleichtert17”. On the other hand, however, the logical way of proceeding, the use of mathe-

matics, and the reproducibility of scientific results have been magnified leading to statements

like, science is “die Möglichkeit von eindeutigen für alle nachvollziehbaren Antworten18” or

6“It could be said that science, contrary to other theoretical disciplines, is a discipline founded on obser-

vation of phenomena and which seeks to describe the various passages that regulate nature”.
7“Science describes the world in concrete numbers, data, and facts. It allows for predictions about the laws

of the nature, and embodies provable sciences”.
8“[It is] the science of the nature”.
9“The study of natural phenomena around us”.

10Johann Wolfgang von Goethe Faust: Eine Tragödie Chapter 4, vv. 382-383.
11“[science] becomes therefore the activity to constantly search for knowledge”.
12“One of the basis of human knowledge and it has always held a significant position in history”.
13“The ultimate goal of science isn’t an end in itself utility, but its goal is a positive and durable advancement

of the mankind”.
14“Science is progress, evolution, civilization. Science in its many vast fields, is the instrument that each

person owns to emancipate himself from ignorance and terror”.
15“Mathematics is simply its instrument [the instrument of science]”.
16“It is expressed by the language of the mathematics”.
17“ It facilitates the communication between scientists of different origins”.
18“The possibility of unambiguous answers [that results] for everybody comprehensible”.
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that “la scienza è un sapere esatto ed è proprio questa certezza delle verità che esprime

che la rende diversa da altre discipline investigative19”. One of the respondents concluded

that “La scienza è una conseguenza ragionevole di ciò che è misterioso. La scienza è diversa

perché implica il sapere di TUTTO20 21”. Another key aspect, namely that the scientists

use models, was cited in one of the more exhaustive answer of the sample: “NW versucht

die Natur (also alles) zu beschreiben und durch ein in Regeln gefasstes Modell zu erklären

und damit auch Vorhersagen über Geschehnisse als Folgen ihrer Ursachen zu treffen. Als

Natur (das Universum) wird hierbei alles messbare aufgefasst, wodurch es möglich ist, durch

ein Modell erschlossene Vorhersagen durch Experimente mit hinreichender Genauigkeit zu

überprüfen22”.

6.2.2 The experimental approach

• What is an experiment?

• Does the development of scientific knowledge require experiments?

The experimental approach is one of the fundamentals of science and therefore it is

essential that the pupils clearly understand what an experiment is, what it means to conduct

an experiment, how powerful it is but also where and what are the limits of the experimental

approach. These are indeed the topics of the second and third question of the study. Un-

doubtedly, since Galileo Galilei published his Il Saggiatore, experiments play a major role

in science and this key aspect appears in all documents of our sample. It is therefore quite

generally understood. However, we found differences in the depth of knowledge about the role

of experiments in science. In figure 6.6 we report the distribution of the segments concerning

this category for the three knowledge levels. More than the three-quarter of the answers of

the German sample include general or elaborate segments about experiments and their role

versus the scarce two-third of the Italian sample.

19“Science is an exact knowledge, and it’s just this certainty that makes it different from other investigative

disciplines”.
20“The science is a reasonable consequence to what is mysterious. Science is different because implies to

have ALL knowledge.
21Capital letters in the original.
22“Science seeks to describe nature (i.e. everything) and to explain it by means of a model that is provided

with rules, and thereby predictions about the events as consequence of a cause can be made. Here nature (the

universe) is regarded as everything that is measurable, whereby it is possible, by means of experiments, to

examine with sufficient accuracy the predictions made by a model”.
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Figure 6.6: German (left) and the Italian (right) ideas about the experimental approach to science.

Moreover, although the amount of general segments is more or less comparable for the

German and Italian sample (53.0% vs. 49.6%), a consistent difference appears if we con-

sider the elaborate level (25.5% vs. 15.7%). A closer look into the sample could explain the

difference. The statement that experiments are needed to test scientific hypotheses and to

proceed in the progress of scientific knowledge is a most cited aspect, although statements are

structured at different levels. Among many statements we can read that “Ein Experiment ist

nicht23 der Versuch, eine Hypothese zu belegen oder gar endgültig zu beweisen (was unmöglich

ist). Dies würde dem essentiell Prinzip des kritischen Hinterfragens zu widerlaufen24” and

that “il metodo scientifico si basa, s̀ı, sulla verifica sperimentale, ma anche sullo sviluppo dei

modelli teorici25”. It has been also stated that “[l]’esperimento è la prova dell’ipotesi ed è

la parte fondamentale di tutte le discipline scientifiche; senza gli esperimenti non si possono

affermare le leggi26” or similarly “Ja, denn ohne Experimenten, die eine Erkenntnis belegen,

wäre es nur eine unbewiesene Vermutung und damit keine naturwissenschaftliche Erkenntnis

mehr27”. These sentences reflect very different points of view. The latter, for example, states

the general view that science is mainly empirical, that experiments are the key for scientific

23Underlined in the original.
24“An experiment is not the effort to prove a hypothesis or, even less, to verify it definitively (which is

impossible). It would result in contradicting with the essential principle of critical questioning”.
25“It’s true that the scientific method is based on experimental testing, but it is also founded on the

development of theoretical models”.
26“The experiment is the proof of the hypothesis and it is the essential part of scientific disciplines; without

experiments it is impossible to affirm any theory.”
27“Yes, because without experiments that support the findings, they would simply be unproved suppositions

and therefore [they cannot more be regarded as] scientific knowledge”.
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developments, and that there is only one right path to follow. The first sentence, on the other

hand, contains the elaborate view that the experiments must be independent of theories and

cannot ultimately provide a theory.

It’s interesting to observe that the Italian students have answered often using vague words,

like “Un esperimento è quando si va in laboratorio e si prova ciò che si è pensato28” or

clichés “La scienza è una disciplina che si fonda su un metodo oggettivo e razionale29”, or

“un esperimento è un metodo di verifica prettamente scientifico30”. On the contrary the

German pupils and students in general properly affirm that experiments are designed to ver-

ify parameters or that the boundary conditions must be well known to correctly interpret

the results: “Experimente sind kontrollierte Versuche mit unbekanntem Ausgang/Ergebnis,

um z.B. Zusammenhänge zu entschlüsseln31” or “ein Experiment ist die Durchführung eines

Versuches (z.B. die Messung einer Größe) unter bestimmten Voraussetzungen und Bedingun-

gen32”. They also stress the importance of the reproducibility of an experiment as cross-

check for the validity of the findings: “Man versucht, durch einen konstruierten Sachverhalt

Beobachtungen zu machen um Gesetzmäßigkeiten daraus herleiten zu können. Bei gleicher

Ausgangslage sollte auch später das Ergebnis gleich sein. Durch verändern einzelner Kom-

ponenten in einem Experiment kann deren Wirkung analysiert werden33”. Some of them are

also aware that, in some case, one has to deal with models of the reality “Ein Experiment

ist ein Versuch durch modellhafte Nachbauten bestimmte ‘Phänomene’ nachzustellen. Man

versucht diese so naturnah wie möglich zu bauen [...]34”. The awareness that experiments

are not strictly required to make progress in scientific knowledge is so expressed as such by

two of the students: “Nein, denn Beobachtungen können auch ohne Experimenten gemacht

werden, so wie das Verhalten von Tieren in den freien Wildbahn beobachtet wird35” and

28“An experiment is when one goes to the laboratory and proves something he was thinking about”.
29“Science is a discipline based on an objective and rational method”.
30“An experiment is a verification method specific to the science”.
31“Experiments are controlled attempts with unknown outcomes/results, aimed e.g., at deciphering rela-

tionships”.
32“An experiment is the implementation of an attempt (e.g., the measurement of a variable) under prede-

termined requirements and conditions”.
33“One tries, through constructed circumstances, to make observations aimed, if possible, at deriving some

laws. Under the same initial conditions one has to expect, also later, the same results. By means of the

variation of singular components in an experiment is possible to analyze their impacts”.
34“An experiment is an attempt to reconstruct ‘phenomena’ through model replicas. They try to build

them as naturally as possible [...]”.
35“No, since observations can also be made without experiments, just as the behavior of animals in the wild

is observed”.
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“Nein, man sehe die Astronomie an. Dort werden viele Entdeckungen gemacht, die anstatt

von Experimenten, Theorien stützen oder eher fraglich darstellen36”. However here the role

of the experiment is taken by the observations. These statements are probably the result of

the familiarity with active work the German pupils acquired during the physics lessons in the

school laboratories, but further investigation are needed in order to verify this hypothesis. We

suppose, indeed, that in the answers to the German questionnaire is reflected the awareness

that experiments are not just what one learns in books, or articles, but a real personal and

didactic experience, a hands-on experience.

Another interesting aspect emerging from our analysis is that several students stress the

didactic relevance of experiments. It is classified as general because it represents only a specific

aspect and it doesn’t exhaustively explain the role of experiments, nevertheless sentences like

the following can enlighten this aspect: “Vielleicht nicht mehr so notwendig wie früher aber

Schülern zeigt man heute noch Experimente um ihnen Sachen näher zu bringen und leichter

beschreiben zu können. Sie lernen so die grundlegendsten Sachen der Naturwissenschaft37”

or “S̀ı, perché attraverso gli esperimenti tutto rimane più impresso nella mente38”.

6.2.3 Tentative NOS

After scientists have developed a scientific theory (e.g. atomic theory, evolution

theory), does the theory ever change?

The tentativeness of science, asked in the fourth question, is a concept apparently well

known among the young generations, namely the percentage of the elaborate and general

codes about this argument are very high for both samples (37.8% + 55.7% for the German

sample and 34% + 51.7% for the Italian one) (see fig. 6.7).

The most cited reasons for this aspect of the scientific endeavor are the progress of the

methods of investigations and the technological improvements that allow the development of

new theories and knowledge. The most cited examples are the change from the geocentric to

the heliocentric system in cosmology, and the atomic theories. As for other categories, dif-

ferent ways to express the same idea can be found in the questionnaires. To state, as defined

in the sub-category, that “theories are constantly adapted to the current stage of knowl-

36“No, look at the astronomy. There many discoveries are made which [can] support theories or rather

question them”.
37“Perhaps no more necessary as before, but nowadays experiments are shown to the pupils with the goal

to bring matters close to them”.
38“Yes, because through the experiments everything remains more embedded in the mind”.
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Figure 6.7: German (left) and the Italian (right) views about the tentative NOS.

edge”, one can naively say “[l]e teorie scientifiche cambiano perché la scienza è in continua

evoluzione39” and “[t]heorien können sich basierend auf neuen Erkenntnissen ändern40”. But,

in a more elaborate way, one could state that “dopo la formulazione di una teoria, questa

non può essere cambiata radicalmente, può essere aggiornata e modificata alla luce di nuove

scoperte. Si pensi alla leggi sulla gravità, quelle di Keplero spiegano solo qualitativamente

la gravitazione dei pianeti... alla luce delle scoperte di Newton si potè dare una relazione

quantitativa della gravità... che venne aggiornata alla luce delle teorie della relatività di

Einstein... come si può notare tutte queste leggi pur essendo una l’evoluzione dell’altra sono

tutte e tre valide41” or with other elaborate words “[s]ie [theories] können sich ändern, da

es immer Faktoren geben kann, die bei einer Theorie unberücksichtigt oder (z.B. aufgrund

mangelnde Erforschungsmöglichkeiten) unerkannt bleiben. Nachträgliche Berücksichtigung

solcher Faktoren führt zu einer aktualisierten Theorie42”.

It’s worth mentioning here that among the group of philosophy students or among the PhD

students43, we have often found reference to Kuhn’s theory of scientific revolutions (Kuhn,

39“Scientific theories change because science is constantly evolving”.
40“Theories can, according to new knowledge, change”.
41“After its formulation a theory cannot be radically changed, it can be updated and modified in the light

of new discoveries. Consider the laws on gravity, those of Kepler only qualitatively explain the gravitation of

the planets ... [but] in the light of Newton’s discoveries we could ascribe a quantitative relation to gravity...

which has been further updated in light of Einstein’s theory of relativity... one might notice that these laws,

even though they are the evolution of the the one before, are all three valid”.
42“They [theories] can change, for it will always be factors, that within a theory remain unconsidered or

(due to lacking research possibility) undetected. Retroactive consideration of such elements lead to a new

updated theory”.
43The sample of the PhD student wasn’t take in account in this first phase of the analysis. We will separately
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1962): a rather elaborated citation, indeed. We will report just one exemplary coded segment:

“Le teorie scientifiche cambiano perché alcuni dati (fatti) non sono spiegabili all’interno di

una teoria (le aberrazioni) e allora degli scienziati esperti cercano di giustificarli formulando

nuove ipotesi e dando quindi avvio a un nuovo processo di ricerca, il quale potrebbe portare

al cambiamento del paradigma vigente44”.

The majority of the näıve views about the tentativeness of the scientific research are due

to the rooted idea that a theory is imperfect or not confirmed until one proving experiment is

conducted. Only few segments naively affirm that theories are certain and will never change.

6.2.4 Theories and laws

Is there a difference between a scientific theory and a scientific law? Illustrate

your answer with an example.

The aim of the fifth question of the questionnaire was to investigate how (and if) the re-

spondents can distinguish between theories and laws. The question, however, appeared to us

not very compelling because it was asking nothing else than a definition of the two words.

We however decided to not alter the questionnaire. This decision proved to be correct since

we definitely collected more information on the NOS topic “scientific theory”. Yet many of

the arguments exemplified in the answers to this specific question were already present in

the answers of the previous one on the tentativeness of science. A theory was, in fact often

defined through the description of its features, hence its tentativeness was often cited. On

the other hand, what we thought should be taken for granted, namely the difference between

laws and theories, appears not self-evident from the answers. Looking at the pie-chart in

figure 6.8 one can see that an abundant third of the German sample hasn’t properly define

laws and theories, and this fraction reached more than 50% for the Italian sample.

We observed in both samples a common pattern: theories and laws play different roles in

science and a hierarchical order exists. Laws are, in the opinion of many of the respondents,

more general and certain than theories. The latter are indeed seen as temporary statements

that need to be proven by experiments and only after they are experimentally validated they

can be accepted by the scientific community as laws. We did not investigate whether the

sequence in which the questions were presented could impact these results. In other words,

discuss their documents.
44“Scientific theories change because some data (facts) cannot be explained within a theory (aberrations)

and then some expert scientists try to justify them formulating new hypotheses and thus starting new research

procedure, which could evolve into a change of the prevailing paradigm”.
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Figure 6.8: German (left) and the Italian (right) views about theories and laws.

if the question about the tentative aspect of the scientific endeavor had not been the first

one, would this hierarchical view still have been present? As above mentioned, we decided to

proceed in the collection of the data always with the same instrument, namely the VOST-C

questionnaire, and therefore we didn’t explore this possibility furthermore.

6.2.5 Inference and theoretical entities in science

• Science textbooks often represent the atom as a central nucleus composed of

protons (positively charged particles) and neutrons (neutral particles) with

electrons (negatively charged particles) orbiting that nucleus. How certain

are scientists about the structure of the atom? What specific evidence do

you think scientists used to determine what an atom looks like?

• Science textbooks often define a species as a group of organisms that share

similar characteristics and can interbreed with one another to produce fertile

offspring. How certain are scientists about their characterization of what a

species is? What specific evidence do you think scientists used to determine

what a species is?

In this section and under this category we summarize and analyze answers to questions

number six and seven of the questionnaire, in which two specific themes, atom and biological

species, were treated. After having summarized what the school texts report about the atomic

structure and the definition of biological species, in both questions it was asked how certain
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could the researchers be of the correctness of these definitions. The distribution of the coded

segments is presented in figure 6.9.

Inference and theoretical entities in science
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Figure 6.9: Ranking of German (left) and the Italian (right) answers to the question about the

certainty of scientific models and definition.

Rather surprising, one third of the respondents of the Italian sample gave no answer at

all, nor even one which could have been näıve. Why? This fact is even more alarming if one

considers that both subjects are part of the physics and natural-science mandatory curricula.

We do not have an explanation to this puzzling result we can only presume that who didn’t

study these topics decided to skip the question. Table 6.3 might give some insights on the

segment distribution for the different groups but does not provide a conclusive answer.

Table 6.3: Percentage of respondent who didn’t answered the questions 6 or 7.

Gali14 Gali15 Hild14 Kepi14 Kepi15 Master Meli PaBio Pa14 Pa15 Tü14 Tü15

No Ans (%) 44 46 10 12 53 28 50 59 52 21 36 8

As we can see, the 59% of the biology students of Palermo University, 50% of the Ital-

ian (Meli), and 53% of the German (Kepi 15) pupils left at least one of the two questions

unanswered. Similarly 52% of the physics students in Palermo have not answered at least

one question. Observing the big discrepancy of the values corresponding to the comparable

groups Kepler Gymnasium 14 and 1545 one might think, as above mentioned, that different

teachers might have handled arguments at a different level of detail, if they have handled

them at all! On the contrary between the two groups of the Italian pupils attending the

45Where the numbers 14 and 15 mean school years 2013/14 and 2014/15.
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Liceo Galilei in the school years 2013/14 and 2014/15, we didn’t find any difference. In any

case, due to the anonymity of the study we cannot check our suppositions any further. We

can only conclude that this aspect of NOS, namely that science proceeds inferentially, mod-

eling the real world and setting key steps with the help of theoretical affirmation, which later

might facilitate further research, requires more attention. An historical treatment of some

specific themes could be followed in order to achieve the correct reception of this aspect of

the science.

Regarding the level of the answers, we observe that the German sample once more ap-

pears more informed although a considerable and comparable percentage (19.1% vs. 19.8%)

provided näıve answers. Another common statement embodied in these näıve answers is

that scientist are doubtless certain about biological specie and atomic structure, because

“[...] sono state fatte molte prove sperimentali per appurarne la validità46” or because of

“[...] Messung und Beobachtung einer Art47”. In some cases it is properly argued: “Sie

haben vermutlich lange experimentiert bis sie zu diesem Entschluss gekommen sind. Da sie

durch viele Experimente vermutlich immer wieder ähnliche sogar exakt dieselben Hypothe-

sen bzgl. des Aufbaus eines Atomkerns aufstellten, haben sie diesen Aufbau irgendwann für

allgemeingültig erklärt48”, or that: “Quest’ultimo [Darwin] grazie ai milioni di dati raccolti,

è riuscito a dimostrare una teoria già formulata in quel periodo ma mai appurata. Grazie

ai suoi dati, quindi, gli scienziati hanno abbastanza ‘prove’ per definire una specie49”. The

idea, codified in the segments aforementioned, is that sureness is established through the

large amount of collected data and repeated experiments.

We nevertheless found in our sample statements that testify an elaborate point of view

with percentages of about 29.7% and 18.0% respectively for the German and Italian samples.

In the sample we can read statements like: “Sicher können sie sich nicht sein, da sie mit den

Experimenten nicht direkt den Aufbau angeschaut haben, sondern nur auf Grund von Streu-

ungseigenschaften und ähnlichen Eigenschaften Rückschlüsse auf den Aufbau geschlossen

haben. ([O]bwohl dieser Aufbau auch wieder relativiert wurde, da in der QM Elektronen

46“Many experimental tests were conducted in order to verify its validity”.
47“[...] measurements and observation of a biological species”.
48“They probably have experimented for a long time until they came to this resolution. Since they have

hypothesized, by means of many experiments, over and over similar or even exactly the same atomic structure,

at some point they have declared this structure as generally accepted”.
49“The last one [Darwin] thanks to the millions of sampled data, was able to demonstrate a theory, that was

already formulated in that period but never verified. Tanks to his data, therefore, the scientists have enough

‘proofs’ to define a biological species”.
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nicht mehr als Teilchen angesehen werden, sondern sie sind quantenverteilt, d.h. sie haben

eine bestimmte Wahrscheinlichkeit sich an einem bestimmten Ort zu befinden und durch

die Messung selbst werden sie beeinflusst)50”, or “La specie è un’entità tassonomica la cui

certezza non può essere assoluta poiché si basa su generalizzazioni che possono venire smen-

tite da nuovi dati osservativi. Esistono tratti comuni che permettono di circoscrivere specifici

cluster, ma la delimitazione reciproca di queste famiglie, benché basata su dati di etologia

comparata e linee di discendenza evolutive, mantiene caratteri di arbitrarietà relativi ai criteri

adoperati per stabilire linee di demarcazione nette tra specie diverse51”. These enabled us to

conclude that these respondents have understood that scientific knowledge is often inferred

from the experiments, and that scientists have to develop models in order to explain observed

data. For these respondents, definitions facilitate research and communications between re-

searchers but certainly cannot constrain Nature to obey predefined claim. Obviously science

and technology progress and hence “Man weiß heutzutage durch Analyse und Vergleich von

DNA-Sequenzen, dass sich Sequenzen immer mehr übereinstimmen, die auf gemeinsame Vor-

fahren hinweisen52” but surely none can yet affirm that “esista un microscopio molto potente

che ci abbia permesso di conoscere l’atomo53”.

Concluding this section we wish to point out that, concerning the question on the atomic

structure, the key experiment of Rutherford was cited in several documents but only rarely

correctly described. Even though the different atom models were nominated they were not

properly described.

50“They cannot be sure, because with the help of the experiments they haven’t directly seen the structure of

the atom, instead on the basis of the scattering characteristic or similar properties they have inferred conclusion

about the atomic structure. (Nevertheless, this structure was modified, because within QM, electrons aren’t

seen as particles but they can be quantum-dispersed, i.e., they have a certain probability to be in a certain

position and they will be influenced by the measurement)”.
51“The biological species is a taxonomic entity whose certainty cannot be absolute because it is based on

generalizations that could be denied by new observational data. There exist some common features that

allow for the circumscription of specific clusters, but the reciprocal delimitation between these families, al-

though based on comparative ethological data and on evolutionary heritable traits, maintains some arbitrary

characters due to the criteria used in the establishment of sharp demarcation lines between different species”.
52“We know nowadays, by means of analysis and comparison of DNA-sequences, that sequences advising of

common ancestors match more and more”.
53“A very powerful microscope exists that allowed us to see the atom”.
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6.2.6 Subjective or theory-laden NOS

It is believed that about 65 million years ago the dinosaurs became extinct. Of

the hypotheses formulated by scientists to explain the extinction, two enjoy wide

support. The first, formulated by one group of scientists, suggests that a huge

meteorite hit the earth 65 million years ago and led to a series of events that

caused the extinction. The second hypothesis, formulated by another group of

scientists, suggests that massive and violent volcanic eruptions were responsible

for the extinction. How are these different conclusions possible if scientists

in both groups have access to and use the same set of data to derive their

conclusions?

Under this category, solicited by the question number eight, the perception of students

and pupils about the way in which researchers work and how scientific knowledge is generated

was collected using the example of the dinosaurs extinction. In the interesting mind-map in

Abd-El-Khalick and Lederman (2000b, p.1064) in which “An overview of the interrelatedness

and embeddedness (sic) of aspects of NOS [...] within a broader conception of science and

the generation and validation of scientific knowledge” is reported, one can choose and follow

different ‘paths’. About the Subjective or theory-laden NOS we have inferred from the map

that “Scientists have varying backgrounds that include training and education, and also

prior experiences and expectations. These backgrounds form mind sets which might lead

to bias, in any case this mind sets influence the interpretation of observation of natural

phenomena and pertain to science as being of subjective/theory-laden nature, in terms of

how scientists conduct investigations, what questions they pursue, and how they interpret

evidence”, and that “scientists have commitments related to theories that cannot be directly

tested (e.g., the extinction of the dinosaurs)”. This mind-map was our theoretical rationale for

the construction of the sub-categories of the codebaum related to this aspect of the scientific

endeavor. It reflects therefore the author’s expectation of elaborate answers.

In effect similar views were found in our sample and, as for other categories, they were

reported with different level of awareness. For both samples, the general level was most

frequently codified with 52.9% of the coded segments versus the 18.7% of elaborate segments

and 14.8% are coded as näıve. Data are summarized in the pie-charts of figure 6.10.

Many respondents answered, for example: “die Daten werden verschieden interpretiert

und daraus wurden die Theorien abgeleitet. Somit entstanden verschiedene Theorien54”, or

54“Data were differently interpreted and out of them different theories were inferred. Thus different theories
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Subjective or theory-laden NOS
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Figure 6.10: German (left) and the Italian (right) views about subjective or theory-laden NOS.

in other words “Vielleicht muss man Daten (von vor so lange Zeit) auch noch ein Stückweit

interpretieren. Je nach dem welchen Gedankengang man dabei verfolgt, kommen so doch

unterschiedliche Ergebnisse heraus55”, and in another language “anche se i dati sono gli

stessi, diversi sono i modi di interpretarli e diversi sono gli strumenti usati per arrivare a un

risultato56”. A favorite answer was also that in light of the same final outcome, cataclysmic

change of the terrestrial atmosphere, it is not possible to distinguish the original cause and as

a consequence two different theories may claim to be valid. Some answers, although similar,

can be considered more elaborate because, besides stating that two explanations are possible,

indicated what the different groups could have taken into consideration when formulating

their hypothesis: “Die einen Wissenschaftler haben eben ihr Augenmerk auf den riesigen

Krater gerichtet, dessen Beschaffenheit und Alter das Aussterben der Dinosaurier erklären

könnte57”, and “[p]enso che abbiano semplicemente analizzato i dati in maniera differente.

Probabilmente per la prima teoria ci si è concentrati più sull’aspetto astronomico e fisico,

mentre per la seconda teoria saranno stati presi più in considerazione gli aspetti geologici58”.

originated”.
55“Perhaps one must, in a sense, interpret data (from a long time ago). In dependent of the thought

processes one has followed in doing so, different results emerge”.
56“Although the data are the same, the ways to interpret them and the tools used are different [and therefore]

one gets different result”.
57“Some of the scientists indeed turned their attention to the huge crater whose nature and age might

explain the extinction of the dinosaurs”.
58“I think that they simply analyzed data differently. Probably for the first theory they focused more

on the astronomical and physical aspects, while for the second theory geological aspects were taken into

consideration”.
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Other elaborate sentences outline the fact that researchers usually work in teams and hence

the results or the hypotheses formulated are collective: “Aus einem vorgegeben Datensatz

können immer eine Vielzahl von Theorien formuliert werden, und selbst wenn es möglich ist

eine Wahrscheinlichkeit anzugeben, mit der diese wahr sind, wird die schlussendliche Auswahl

von den Methoden der Gruppen abhängen59” and that, how in the path above described, they

cannot detach themselves from their educational and cultural background: “[p]ur avendo la

stessa serie di dati, gli scienziati, cos̀ı come in questo caso, possono giungere a diverse conclu-

sioni a seconda della loro diversa interpretazione derivante da formazioni culturali differenti60”

because it is “impossibile, o quasi, lasciare da parte il proprio background culturale e sociale

nel proprio lavoro61”.

In almost all näıve comment, the lack of evidences was cited as a reason for the existence of

two different theories: “Das Datenmaterial reicht wahrscheinlich nicht aus um eine Theorie zu

beweisen oder auszuschließen62” and likewise “[l]e prove, i dati dai quali si potrebbe avanzare

una teoria sull’estinzione sono veramente pochi e quindi tutt’oggi non si può avanzare una

teoria certa63”.

This eighth question of the questionnaire remained unanswered by the 22% of the Italian

respondents (s. figure 6.10). It seems that, within the Italian sample, some correlation exists

between the categories Subjective or theory-laden NOS and Inference and theoretical entities

in science, in fact in the Italian sample, the 32% of the respondents who didn’t answered one

of the two previous questions had left this section empty as well.

6.2.7 Dynamics of science

Some claim that science is infused with social and cultural values. That is, science

reflects the social and political values, philosophical assumption, and intellectual

norms of the culture in which it is practiced. Others claim that science is uni-

versal. That is, science transcends national and cultural boundaries and is not

affected by social, political, and philosophical values, and intellectual norms of the

59“From a given data set numerous theories can be drafted, and even if it is possible to measure their validity

through the indication of a probability, the ultimately choice depends on the group research methods”.
60“Although they possess the same data set, the scientists can, as in this case, arrive at different conclusions

depending on their different interpretations derived from diverse cultural backgrounds”.
61“Impossible, or almost impossible, to set aside one’s own cultural and social background while working”.
62“The data are probably not enough in order to confirm or reject a theory”.
63“The proofs, the data from which a theory of the extinction might be drawn, are very few and therefore

until today it’s not possible to set forth a assured theory”.
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culture in which it is practiced.

• If you believe that science reflects social and cultural values, explain why.

Defend your answer with examples.

• If you believe that science is universal, explain why. Defend your answer

with examples.

Under dynamics of science we have collected, according to the scheme of Höttecke and

Rieß (2007, p.12), statements on the relation between science and society. Participants’

pronouncements were solicited especially by the next-to-last question and resulted as in the

pie-chart of figure 6.11. More than half of the coded segments of the German samples and

Dynamics of science

Germany

54.4%

17.0%

22.2%

6.4%

(a) Germany Italy

41.6%

11.7%

31.6%

15.2%

(b) Italy

Figure 6.11: German (left) and the Italian (right) views about the dynamics of science.

about 42% of those of the Italian sample have been coded in the highest level. In them,

indeed, we find awareness of the fact that science is culture, that scientists are women and

men acting in a given historical period, or part of a cultural mainstream which influences

their thoughts. In addition, search for research funding is strictly embedded in the social and

political environment.

It is observed how cultural traditions influence the lone researcher: “Sehr christliche Men-

schen werden beispielweise die Theorie des Urknalls kaum ohne Widerspruch wahrnehmen64”,

“Dati culturali e filosofici costituiscono lo sfondo deontologico e metodologico imprescindibile

della scienza, sebbene non siano scienza essi stessi. Possono condizionare in modo anche

strettamente soggettivo il singolo ricercatore65”. This influence has effects well beyond the

64“Very religious Christians for example would not accept the Big-Bang theory without any resistance”.
65“Cultural and philosophical data form the deontological and methodological unavoidable background of

152



horizon of the single scientist. Exemplary is the role played, in the past and still today,

by religion. In particular in the collected questionnaires it is underlined how often religious

concepts and education have hindered scientific progress: “Ich glaube, dass auch Naturwis-

senschaftler durch kulturelle Einflusse tangiert werden. Denn oftmals sind Religionen und

andere Einflusse für Naturwissenschaftler ein Hindernis, siehe z.B. Galilei66”, and, referring

to modern situations, “Credo che la scienza spesso sia influenzata o ostacolata dai valori

sociali, culturali e dalle tradizioni. Un esempio dei giorni d’oggi sono gli studi sulle cellule

staminali67”.

It is also stated that, in particular historical moments, some line of research may have

been ideologically encouraged as well as financially supported: “Ad esempio, durante la

prima e la seconda guerra mondiale, la ricerca era maggiormente rivolta a nuove tecnologie

belliche, mentre oggi è rivolta più verso l’ambito biologico68”; “Ihre Auslegung wird jedoch

von gesellschaftlichen und kulturellen Werten beeinflusst. So wurde z.B. Darwins Evolu-

tionstheorie, die ja grundsätzlich richtig ist, von den Nazis verzerrt und auf den Menschen

angewandt.69”; “[r]isulta evidente che il contesto socio-culturale influenzi, almeno alcune dis-

cipline scientifiche. Per es. le teorie razziste di de Gobineau70 risultano perfettamente inserite

in un contesto ultranazionalista come quello degli anni a cavallo tra il XIX e XX secolo71”.

In summary one could say: “[...] dass Naturwissenschaft von der Kultur beeinflusst wird,

allein dadurch, welche Themengebiete als interessant und forschungswürdig angesehen wer-

den. Deshalb wurde auch im Mittelalter weniger geforscht, in Zeiten des Krieges wurde die

Waffentechnologie weiterentwickelt, im 3. Reich wurde die Forschung in Deutschland auf

Grund der Politik eingeschränkt und behindert [...]72”.

science, although they themselves are not science. They can influence, in a very personal way indeed, any

researcher”.
66“I think that the scientists too are affected by cultural influence. In fact religion and other influence are

often an obstacle for the scientists, look for example at Galilei”.
67“I believe that often science is influenced or hindered by social and cultural values as well as by the

traditions. An example of today are the studies about the stem cells”.
68“For example, during the first and second world war, the research was oriented towards new war tech-

nologies, while today the field of biology gets more attention”.
69“Its interpretation is however influenced by social and cultural values. Thus, Darwin’s evolutionary theory,

which is basically correct, was distorted by the Nazis and applied at the mankind”.
70Joseph Arthur Comte de Gobineau 1816-1882 is the author of the Essai sur l’inégalité des races humaines

that was during the Nazi regime embraced in support of anti-Semitic arguments.
71“It seems evident that the socio-cultural context influences at least some scientific disciplines. For example,

de Gobineau’s racial theories are perfectly inserted in an ultra-nationalistic context like the one between the

XIX and XX century”.
72“[...] that science is influenced by the culture, even only considering, what topics are seen as interesting and

153



About the financial supports we read that: “Besonders heute in der globalisierten Welt

gibt die Wirtschaft vor, in welcher Richtung geforscht wird (Energiesparen, medizinische

Präparat u.s.w.). Beispielweise wird die Energieforschung in Deutschland teilweise von den

großen Konzernen gezielt unterdrückt und zurückgehalten (aufkaufen von Patenten, die dann

in irgendeiner Schublade verschwinden) um den Gewinn des bereits bestehenden Patents

zu maximieren (ähnlich bei medizinischen Medikamenten). Die Naturwissenschaft ist somit

weder frei von wirtschaftlichen Beweggründen des jeweiligen Landes, noch von kulturellen

Unterschieden73”. As an extreme consequence of these interference is cited the danger of

data manipulation: “Desweiteren gibt es viel zu viele Unternehmer und Konzerne die ‘Wis-

senschaftler’ dafür bezahlen, dass sie gefälligst das nachweisen sollen was der Firma/dem

Staat passt. (Nach Fukushima wurden die Strahlungsgrenzwerte einfach heraufgesetzt was

von ‘Wissenschaftler’ untermauert wurden)74” or more explicit “Lobbyarbeit etc. Wer etwas

unbedingt beweisen will, kann auch einen Versuch bauen, der das gewünschte Ergebnis liefert,

z.B. Zigaretten. Getestet an Mäusen, ist nicht tödlich, somit gesundheitlich unbedenklich75”.

It is worth mentioning that one of the students has used a concrete example, related to

recent facts in Tübingen, to illustrate the influence of society on scientific endeavor: “Als

aktuelles Beispiel für den gesellschaftlichen Einfluss auf die Naturwissenschaft ist der Protest

von Teilen der Bevölkerung gegen die Tierversuche an der Universität Tübingen geeignet.

Die Bevölkerung, v.a. in einer Universitätsstadt mit vielen Studenten ist sehr ökologisch und

sozial angehaucht, folglich werden Tierversuche aus ethischen Gründen nicht gebilligt76”, as

worth to be investigated. Therefore, less research was done in the Middle Ages, in war-times arms technology

was developed, and when the third Reich was in power research in Germany was restricted and hindered by

politics [...]”.
73“Especially today in the globalized world, economy tends to indicate in which direction must be researched

(energy saving, medical compounds, and so on). For instance in Germany research on energy is, in some extent,

selective subdued and retained from the big companies (buying out patents, that will later disappear in some

drawer) in order to maximize the profits of already existing patents (the same with medical drugs). Therewith

science is neither free from economic motivations of the respective countries nor from cultural differences”.
74“Furthermore there are so many traders and affiliated groups, who pay ‘scientists’ so that they compla-

cently prove what is convenient for the company/country. (After Fukushima the limit values of the radiation

were simply increased and the ‘scientists’ underpinned it)”.
75“Lobbyists etc... who want to absolutely prove something could also implement an experiment that will

bring the desired result,like in the case of cigarettes which were shown to be not deadly for mice and were

subsequently deemed harmless for the health”.
76“The protest by part of the population of an university city like Tübingen against animal experimentation

is an appropriate modern-day example of social influence on science. The community, especially in an university

city with a lot of students, is very ecological and ‘social-freak’, hence experimentation on animal are, for ethical
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figure 6.12 testifies.

Figure 6.12: Demonstration agaist animal experiments in the historic centre of Tübingen on the

29th October 2016. Schwäbisches Tagblatt 31.10.2016.

The relation between science and society was generally mentioned only along one direction:

how social and political values or philosophical and religious assumptions affect the scientific

practice. It was rarely mentioned how our society, our world-view, our everyday lives, have

been modified by scientific results. One of such rare affirmations states: “Da die Ergebnisse

der NW. oft Auswirkungen auf der Gesellschaft haben (Technologie!)77”, there was one who

considered, among other things, the progress made in medical research: “Quando pensiamo

alle innovazioni scientifiche non dobbiamo solo soffermarci sulla ricerca medica ma anche sui

milioni di ricerche e di innovazioni per l’ambito militare o commerciale78”.

We also expected and indeed found some elaborate answers like the following: “Die

NW. kann zwar universelle und kulturunabhängige Aussagen treffen79”, and “[c]redo che

la scienza, nei limiti del possibile, sia universale, ma che il suo sviluppo dipenda necessari-

amente dall’ambiente culturale in cui cresce80”. This statement from a Master’s student of

reason, not approved”.
77“Because the results of the science have often effects on the society (Technology!)”.
78“When we think about the scientific innovations we don’t have to dwell only on the medical research, but

also on the numerous studies and innovations in military and commercial sphere”.
79“Science can indeed make universal statements as well as statements that depend on the culture”.
80“I believe that science, to a certain extent, is universal but also that its development depends necessarily

on the cultural environment in which it grows”.
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philosophy, which shows intriguingly deep understanding, is to be particularly appreciated:

“La scienza è insieme universale, nel suo anelito ad essere quella forma di sapere che coin-

volge la spiegazione dell’intera realtà, e insieme irrimediabilmente particolare, in quanto non

può che sorgere all’interno di un certo contesto storico e socio-culturale, che ne influenza la

natura, i propositi, i metodi. Queste due istanze, all’apparenza inconciliabili, vanno invece

armoniosamente concepite pur nella reciproca irriducibilità, attraverso una riflessione critica

della scienza su se stessa, che non veda in ciò un limite critico ma una possibilità fruttuosa81”.

On the contrary, the majority of the näıve answers underlined only the fact that the

results of scientific progress are universally valid, with amusing examples, “Eine heilige Kuh

in Indien wird ebenfalls von der Erde angezogen wie eine Milchkuh in Deutschland82”, but

also alarming: “Galileo Galilei, benché fosse cristiano, affermò che la terra non fosse piatta e

lo dimostrò, ma la Chiesa fino ad allora sosteneva il contrario e lo condannò83”.

6.2.8 Creativity

Scientists perform experiments/investigations when trying to find answer to the

questions they put forth. Do scientists use their creativity and imagination during

their investigations?

How much creative can scientific work be? Does Science allow creativity? These questions

are related to our last category corresponding to the last question of the questionnaire. The

answers of the two different samples were rather different as figure 6.13 shows. In fact 36.6%

of the German sample provided elaborate answers vs. the 29.8% of the Italian ones. The

percentage of the general statements shows a large difference between both samples, 38.0%

of the German vs. 17.8% of the Italian sample. Very different are also the percentages of

näıve answers 19.0% versus 39.4% for the German and Italian sample respectively. In the

end the no answered questions are, percentage-wise, 6.3% (Germany) and 13.0% (Italy).

The overwhelming majority of the German participants are of the opinion that scientific

81“Science is at the same time universal, in its longing to be the one form of knowledge that involves

the explanation of everything, and also irreparably particular, since it can only arise within a particular

historical and socio-cultural context, that influences its nature, intentions and methods. These two desires,

though seeming irreconcilable, should instead be harmoniously conceived even though they are reciprocally

irreducible, through a critical reflection of science on itself, which does not see in this a critical limit but a

fruitful possibility.”.
82“An holy cow in India feels the same amount of gravity as a milk cow in Germany”.
83“Galileo Galilei, although christian (very religious), claimed that the Earth wasn’t flat and proved it, but

the Church that until then sheld the contrary to be true condemned him”.
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Figure 6.13: The importance of creativity and imagination in scientific work in Germans’ (left) and

the Italians’ (right) views.

endeavor needs creativity, although many think that it isn’t needed in all phases of the

research. In particular, data collection does not require fantasy or imagination. Different is

the opinion of the respondents of the Italian sample. They appear rather sharply divided

between those who believe that fantasy is necessary and useful and those who firmly deny

the need of using creativity or imagination in scientific activities. We read:“La scienza va

guidata dalla razionalità e dalle prove concrete, non deve dare spazio all’immaginazione ed

alla fantasia84” and that “[n]on occorre l’immaginazione perché la scienza si basa su dati

concreti85”. Furthermore, for a couple of students, fantasy in science is comparable to hocus-

pocus, theurgy hence “[g]li scienziati non conducono gli esperimenti e le indagini attraverso

l’immaginazione, la scienza non è magia86 87”.

The elaborate code “Scientists need to be creative to bring novel ideas, to invent models”

was ‘called’ for sentences like “[g]li scienziati usano moltissimo la fantasia, se per fantasia

intendiamo la capacità di pensare fuori dagli schemi88”, “[...] si viene sbaragliati dalle verità

inverosimili per la mente umana, in inglese si dice ‘think outside the box’89”; “[u]m z.B. eine

Näherungsvorschrift zu finden, die gut zu den erfassten Daten passt, bedarf es oft einer guten

84“Science has to be guided by rationality and by concrete proofs. There is no place for imagination and

fantasy”.
85“The imagination isn’t needed because science is based on concrete facts”.
86Underlined and capitalized in the original.
87“Scientists don’t carry out experiments and investigations through imagination, science isn’t magic”.
88“The scientists use fantasy very much, if one understands under fantasy the capacity of thinking beyond

[traditional] patterns”.
89“[...] one is rout by improbable truth for the human mind, in English one would say ‘to think outside the

box’ ”.
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Idee, oder eines Gedanken, der ‘um die Ecke geht’90”, and “[a]ber sie müssen neue Ideen

entwickeln und dabei über den Tellerrand hinaus blicken91”.

Very interesting are the examples reported in the documents. The top of the most creative

scientists list is occupied by Albert Einstein followed by Schrödinger (and his cat), but also

Leonardo’s idea of flying, Galilei and his Gedankenexperimenten, Millikan’s oil drops, and

Hawking’s black holes are present in this list.

6.3 The PhD students’ views on NOS

In a second part of our study we submitted the same questionnaire to samples of doctoral

students92 in Germany and in Italy. This group however consisted of only 17 participants

(see tab. 5.2 and s. 5.3). Because of the small amount of documents and because the sample

was an international one, we treated them as an unique group without distinction of the

attended universities. We investigated the views on NOS of doctoral students because we

were driven by the question whether a more informed sample has a different perception of the

scientific endeavor. The read and the analysis of this sample although based on a relatively

small statistics was nevertheless very instructive.

Aim and characteristics of science

Ph.D Students

92.5%

7.5%

0.0%0.0%

Figure 6.14: The aim and characteristics of science in the views of doctoral-students.

The first chart of figure 6.14, related to the category aim and characteristics of

science, doesn’t need further comments. Indeed 92.5% of the answer were elaborate and the

90“In order to find an approximation rule that well fit the collected data, one needs often a good idea, or a

thought, that goes ‘around the corner’ ”.
91“But they must develop new ideas and thereby look beyond the edge of the plate”.
92In what follows we will use the words doctoral or PhD students synonymously.
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remaining 7.5% was ranked as general. For doctoral students “ ‘Science’ [...] the English for

the Latin ‘Knowledge’[...] is the conventional apparatus of models and theories to understand

Nature and the Universe, and to be able to communicate this understanding to others with

precise terms93” and more generally there is one student who thinks “[...] that both Biology

and Physics as well as Philosophy and other humanistic disciplines can be considered as

‘sciences’, because all of them seek knowledge, even though through different ‘tools’ ”. These

students are aware of the fact that “[n]atural sciences do not seek to find the truth, but

merely a model which is sufficient to explain the effects we can observe in nature. These

models are subject to a theory which should satisfy three requirements:

a) testability: repeated measurements should deliver comparable results,

b) falsifiability: assumptions must have consequences which can easily be proven wrong if

they were,

c) simplicity: theory should deal with a minimum number of assumptions that are absolutely

necessary to maintain the claim.”

Figure 6.15 shows that 58.0% and 38.0% of the doctoral students have respectively elab-

orate and general knowledge about the experimental approach of research, while only

two segments (corresponding to the 4.0%) were coded as näıve. The role of experiments

has been precisely stated: “Theoretische Vorhersagen müssen stets durch Experimente ver-

ifizierbar sein, oder experimentelle Ergebnisse erklären94”, and the role of mathematics too

“[...] strutture matematiche e logiche sono di per sé un avanzamento della conoscenza sci-

entifica, per il fatto che su queste strutture si poggiano modelli già sviluppati o ancora da

sviluppare, e perché consentono di adottare un linguaggio sintetico e stabilire connessioni

tra diverse discipline scientifiche95”, with the consciousness that “[m]odels and theories are

based on mathematical descriptions of our Universe. However, mathematics reflects our cur-

rent knowledge, and it can hardly account for phenomena which we are not prepared to

imagine”.

Like the pupils and other students, the PhD students converge to the ‘definition’ that

“An experiment is a controlled environment to test the descriptions (models) made or to find

one”, or in German “[e]in Experiment ist eine reproduzierbare Anordnung, zur Untersuchung

93Capital letters in the original.
94“Theoretical prediction must be verifiable via experiments, or have to clarify the experimental results”.
95“[...] mathematical and logical structures are in and of themselves an advancement of the scientific

knowledge, because on these structure are grounded models, (already developed or new one) and because

[structures] allow the use of a synthetic language and they also allow to establish connections between different

scientific disciplines”.
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Figure 6.15: The meaning of experiments in scientific work in in the views of doctoral-students.

des Zusammenhangs bestimmter Größen voneinander96”. Experiments have to be control-

lable “[...] can account for sources of errors”, “[...] are conducted under controlled conditions

in order to prevent external factors to influence the outcome of a measurement”, and repro-

ducible “una delle più importanti caratteristiche di un esperimento [...] è la riproducibilità97”,

”an experiment is a sequence of controllable and in principle reproducible operations [...]”.

Nevertheless the PhD students affirm also that “[m]an braucht Experimente nicht in jedem

Stadium der Modellbildung98”, “[o]f course in other disciplines of research, e.g. in mathe-

matics, [something] can be proven to be mathematically correct without an experiment, only

depending on its self-consistency” and of course “[n]ever experiments can prove or verify a

scientific theory! Experiments just can reject the theories!” One student is of the opinion

that “[...] developing knowledge is closely connected to being enthusiastic about something

and experiments support such enthusiasm. At school, pupils are much more fascinated and

interested if they can experience themselves, rather than just rely on the theory they are

told”. As can be seen in figure 6.15 in this category about the ‘experimental approach’

there is a 4% of näıve views consisting in the affirmations that “[a]n experiment is the testing

of ideas” and that “[...] se la teoria della relatività non fosse stata confermata dalle evidenze

sperimentali, essa sarebbe soltanto un esercizio mentale e del tutto inutile99”.

96“An experiment is a reproducible arrangement aimed at the investigation of the interrelationship between

some parameters”.
97“One of the fundamental characteristics of an experiment [...] is its reproducibility”.
98“Experiments are not needed in each phase of model generation”.
99“If the theory of the relativity wouldn’t be confirmed by experimental evidences, it would only have been

a futile, mental exercise”.
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About the tentativeness of NOS, the third category of the analysis, results are shown

in figure 6.16, it can be seen that 76.7% of the answers were coded as elaborate, 20.0% of the

statements shown general views, and only one affirmation (3.3%) was näıve.

Tentative NOS

Ph.D Students

76.7%

20.0%

3.3%
0.0%

Figure 6.16: The tentativeness of science in the views of doctoral-students.

More than three quarters of the selected segments contain statements that theories have

the role of guiding research framework because “[s]cientific theories should be considered as

the best tool one has to describe and interpret a given phenomenon until a more refined

explanation is found. In this sense, a scientific theory is always a preliminary explanation,

something to start from”. In fact we read in one of the documents that “[h]istory has shown

that scientific theories can change. Either scientific knowledge advances so that theories can

be further developed (like current efforts to further develop string theory) or experiments are

conducted which prove theories to be wrong (like the Plum Pudding Model of the atom which

was discarded in favor of the Rutherford Model after detection of the atomic nucleus)”. The

näıve affirmation that a “tested/settled theory will most likely never change” was find in a

single case, corresponding to the 3.3%.

About the difference between theories and laws, the fourth category of the analysis,

as can be seen from the pie-chart in figure 6.17, a small amount of coded segments contain

the näıve idea that between theories and laws exist a hierarchical link by affirming that

“[q]uando la teoria passa sotto il vaglio della verifica sperimentale acquisisce il valore di legge

scientifica100” and that “[i]n this sense a theory may become a ‘law’ if all experiments confirm

100“Only when a theory goes under the scrutiny of experimental testing acquires the value of a scientific

law”.
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Theories and laws

Ph.D Students

70.6%

14.7%

14.7%

0.0%

Figure 6.17: The relationship between scientific theories and laws in the views of doctoral-students.

it and cannot refute it...” It remains unknown if the participants have correctly interpreted

the question since at one point we find the response: “I do not understand the question,

perhaps it’s just semantics?”. However, those who correctly interpreted the question answered

that “A scientific law is a statement (often expressed in terms of a mathematical equation)

that describes a given phenomenon and it is drawn by repeated experimental observations. A

scientific theory may try to explain it and frame it into a more general contest.” The difference

between the distribution within the three levels of the answers given by PhD students and

the others participants is clearly evident here (see for comparison fig. 6.8).

Inference and theoretical entities in science

Ph.D Students

73.3%

26.7%

0.0%0.0%

Figure 6.18: The difference between inferences and theoretical entities of research in in the views of

doctoral-students.
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More relevant is the difference between the ranking of the PhD students’ opinions about

inference and theoretical entities in science and the views of the others respondents

(73.3% vs. 29.7% or 18.0% elaborate, 26.7% vs. 34.6% or 30.7% general, 0.0% vs. 19.1% or

19.8% näıve , and 0.0% vs. 16.6% or 31.5% No Answer). In fact confronting figure 6.18 it

can be seen how none of the graduate students left the corresponding questions unanswered

or has given a näıve answer. The whole group of doctoral students, while showing awareness

about the atomic models and their historically development, and about the difficult and use-

fulness of a definition for biological species, clearly argues how scientific progress proceeds in

an inferential manner too. The answers express that with the help of models and definitions,

always developed within a theory, scientists try to give the best description of what exist in

nature, be it an invisible atom or an evolving specie.

Subjective or theory-laden NOS

Ph.D Students

52.4%

47.6%

0.0%0.0%

Figure 6.19: The subjective or theory-laden procedure of scientific work in the views of doctoral-

students.

To test the views on the subjective or theory-laden aspect of NOS the question

about the extinction of the dinosaurs was posed. All the graduate students answered ap-

propriately that scientific endeavor, although based on data, may provide different ‘truth’.

Many factors play a role in building different theories about one or more, specifically this,

event. The cultural background of the researcher is one of the factors: “Even if the scientists

try to conclude only on the basis of the observed data every human knows the concept of

‘believe’. If this believe is not dogmatic but based on all the experiences the person made

in his/her life, its should not be a problem for science and it can even enhance the scientific
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progress”. Another factor is the commitments of the group: “Both groups apply different

models to explain the data sets. This is not uncommon for scientific investigations”. Third

the consistency of the data with several hypotheses: “[...] within error bars different inter-

pretations are equally valid.[...] if evidences are found to support different hypothesis, we can

not simply ignore them”. The resulting pie-chart relate to this aspect is reproduced in figure

6.19.

As can be seen in figure 6.20, the mutual relationship among science and culture is clear

Dynamics of science

Ph.D Students

94.7%

2.6%

2.6%
0.0%

Figure 6.20: The dynamics of science and its relationship with the society and culture in the views

of doctoral-students.

to the PhD students, 94.7% of them has indeed answered with elaborate affirmations. I’ll

comment this result through the words of the students who have mentioned many aspect of

the Dynamics of science.

“Science is universal because it can address to anybody and often (especially nowadays) can

help people to connect and even go beyond national boundaries [...] it is funny to see national

backgrounds and heritage in international scientific environments”.

“[...] Kepler in his Harmonice Mundi searching for harmonic geometrical congruence in the

music of the spheres (a medieval concept). Nowadays many scientists try to find the one and

only GUT... seems to me a bit a monotheistic dogma present in many modern day religions

and judeo-christian societies (the atheists within) with their one and only god”.

“Also, today there are still many countries in which education is not accessible for most

people, particularly not women. Such intellectual norms reduce the possibilities of scientific

development in the respective countries. And political isolation, as for example in North
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Korea, makes scientific work across boundaries difficult (or even prevents it)”.

“Wenn es jedoch um die theoretische Interpretation geht, so spielen die philosophischen und

eventuell auch anderen Werte schon eine sehr große Rolle. Bsp.: Einstein fügte in die all-

gemeine Relativitätstheorie eine Konstante ein, um ein statisches Universum zu erhalten,

obwohl seine Theorie der Inbegriff für ein dynamisches Universum ist. Dieser Widerspruch

im Weltbild Einsteins löste sich erst durch weitere Beschäftigung mit der Theorie auf101”.

“La ricerca scientifica ha un costo ed è (purtroppo o per fortuna) finanziata da enti privati

o pubblici che vogliono un tornaconto. Diventa quindi una ovvia conseguenza una selettività

sulle ricerche scientifiche, sul fatto che essa sia giusta o sbagliata se ne potrebbe parlare per

ore102”.

“Science does not have an independent soul from the scientists that are humans, who are

conservative! And it is not even bad! Therefore normal science is a very conservative ac-

tivity. The scientists in a paradigm really don’t want (try) to change this paradigm or find

something against that. They are just improving this current paradigm and somehow they

even try to keep it. Kuhn shows how is usually the reaction of scientific society, at the time

of changing a paradigm (scientific revolution). In such a time we can clearly see that there

are several factors, from politic [...] to culture, which can play important role in science”.

From these words a deep and clear comprehension of the dynamics between science and

society emerges.

The last analysis category creativity and the results reported in figure 6.21 have con-

firmed that PhD students are much better informed than the pupils/students of the other

samples: elaborate and general answers account for almost the totality of the coded segments.

The relatively large amount (28%) of the general answers is due to the disputable assumption

if, during the data collection’s phase too, creativity is used. Indeed some posed the prob-

lem “that [...] we have many automatic data acquisition systems” and the majority shares

opinion that “[o]nly data taking should be objective and should not need any creativity or

imagination”. Eventually, I’d like to cite one student that emphasized the need for fantasy

and creativity in science public outreach “[s]pesso un po’ di fantasia serve anche per divulgare

101“But when it regards the theoretical interpretation, philosophical credo and possibly other values play a

very important role. For example: Einstein introduced in his general relativity theory a constant in order to

obtain a stable universe, although his theory was the embodiment of a dynamic universe. This contradiction

in Einstein’s worldview was solved only through further engagement (commitment) with the theory”.
102“Scientific research has a cost and it is (fortunately or unfortunately) financed by private or public bodies

that want a profit. It therefore becomes an obvious consequence a selectivity on scientific research fields.

Whether this is right or wrong, [is something that] we could talk about for hours”.
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Figure 6.21: The importance of creativity and imagination in scientific work in the views of doctoral-

students.

la scienza [...]103”.

6.4 Conclusions of the analysis

When I posed myself the question whether differences on the knowledge of NOS between

Italian and German students and pupils were to be observed, I was convinced that these

difference should exist due to the differences in the high school curricula for the Gymnasium

and Liceo of the two countries. I was also expecting that given the rather central role of

philosophy and history in the studies at Liceo the Italian sample could have been more

informed on NOS than the German one. This is not the case. Following the results emerged

from our study we can certainly conclude that significant differences in the knowledge about

science and NOS between the German and Italian pupils and student are indeed observed.

From a comparison of the two samples according to the country (shown in figures 6.3 and

6.4), clearly emerges that the German sample of young people possesses on the average more

elaborate ideas about NOS. This is a consistent trend observed in the distribution with

respect to the four levels of elaborate, general, näıve and no answer for most if not all coded

categories. We observe however that differences for the aforementioned levels are always

around or less than 10%. These differences are most likely related to the different curricula.

It is however surprising to observe that 11.9% of all coded segments of the Italian sample,

and the 4.9% of the German sample are no answer coded segments.

103“Often a little bit of fantasy is needed in order to spread science”.
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Figure 6.22: A comparison between the level of knowledge on NOS of the German (left), Italian

(center) and PhD student’s (right) samples. The values of percentage refer to the total number of the

coded segments for each group. The PhD student’s results are significantly different from those of the

other two samples

Much more evident are the differences between the samples of the pupils and students and

that of the PhD students. As shown in figure 6.22 the percentage of the answered segments

coded in the questionnaire returned by the PhD’s sample104 largely differs from those of the

other two samples. This clearly indicates that the PhD students are much more familiar

with science and its cultural and historical aspects. We are indeed reassured in observing

that a higher scientific literacy is reached at the end of an university-level degree in scientific

disciplines. We can therefore conclude that differences in the school systems may influence

pupils’ ideas on science and scientific endeavor, but that specific scientific studies and oriented

education have a more effective influence on the acquisition of a correct knowledge about NOS,

and eventually of a deeper scientific literacy.

If we now consider a more detailed comparison between the German and Italian samples

104We would like to remember here that although the questionnaire was submitted to PhD students attending

the Hildesheim, Tübingen, and Palermo University, this sample is a more international one do to the fact that

in those University there were foreign students.
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based on the categories of NOS discussed, we can reach the following conclusions. Concerning

the aims and characteristic of science, and the tentativeness of science, both the German and

Italian samples show a similar distribution among the four level considered (see figures 6.5

and 6.7). For these two categories the percentage of no answers segments is also very small or

small. We can therefore conclude that when dealing with more general aspects of science the

Italian and German pupils and students reveal similar knowledge and are generally informed.

Concerning the category theories and laws whose segments distribution is summarized in

figure 6.8, although the German sample appears more informed, we observe a common trend

in the four level. Answers were almost equally distributed in the three levels elaborate, general,

and näıve in the case of the German sample while less general and more näıve answers were

given in the Italian sample. In both distributions the percentage of no answer questions

rises significantly. This shows that when more complex aspects, like the difference between

laws and theories, are asked, the students and pupils appear to be less informed. Concerning

the experimental approach of the scientific disciplines we note a difference of about 10% in

favor of the German answers, in the elaborate and näıve levels. The detailed analysis of

the answer has shown how the German sample appears more aware of what characterizes a

scientific experiment and what are the specific features of an experiment. The answers of

the Italian sample, on the contrary, appeared more vague and abstract. This difference can

be explained considering the different way in which physics didactic laboratories are used in

the two countries. Having the lesson in the lab, doing real hands-on experiments, with the

active participation of the teacher, as normally done in Germany but not in Italy, implies the

acquisition of a good knowledge of the role of the experiments, of the laboratory instruments

and materials105.

A more marked difference between the two samples of the two countries is observed for the

remaining four categories of our study, namely Inference and theoretical entities in science,

Subjective or theory-laden NOS, Dynamic of science, Creativity. First we wish to stress

a common pattern in all four categories: a significant percentage of pupils and students

did not provide an answer to the corresponding questions106. This is somehow alarming

since it rather clearly suggests a deficit of scientific literacy. Regarding the Inference and

theoretical entities in science category we could conclude that the German sample appears

clearly more informed (see fig. 6.9) since the difference between the two samples of the

105It must be stressed here that the questionnaire were distributed only among pupils of liceo and Gymnasium

(general upper studies) and not among pupils of the istituti tecnici and Realschule (vocational upper studies).
106In the Italian sample the percentage of No answer is very high (13.0% - 31.5%).
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sum of elaborate and general answers is 15.6% . Furthermore, in spite of the almost equal

percentage of the statements ranked as näıve in both samples, the extremely high percentage

of unanswered questions in the Italian sample is a negative result: it shows that the concept

that scientific endeavor proceeds through inferences and theoretical models is, in the best

case, unclear or, even worse, unknown for almost one third of the respondents. The next

category studied, the Subjective or theory-laden NOS is the only one in which the sum of the

percentages of elaborate and general coded segments is very similar for the two samples. A

direct comparison of the elaborate and näıve statements is in favour of the Italian sample (see

fig. 6.10). Nevertheless, the distribution shows that this aspect too is unclear to the 22.1% of

Italians that didn’t answered the question about the extinction of dinosaurs, while almost the

63% of the Germans possesses generally correct ideas about the Subjective or theory-laden

nature of the scientific research.

Concerning the Dynamics of science the result of our analysis once more confirms the

better level of knowledge of this specific NOS aspect for the German sample (see fig. 6.11). We

find interesting that a common pattern of answers was found in both samples: the statement

that science is universal because the results of the scientific experiment, the physical laws

or the value of physical constants are valid nowadays like in the past, and everywhere on

the Earth surface. We ranked this segment as näıve because we don’t think that such (per

se right) statement could be brought as support of the universality of science. There were

probably in such type of answers a misunderstanding of the question and of the use of the

word universal in the text. Again in this category 15.2% of the Italian sample and 6.4% of

the German sample provided no answer. As what regards the last studied aspect of NOS, the

fact that science does not exclude Creativity we found, as it can be seen in figure 6.13, a rather

large difference in the percentages of the sum of elaborate and general coded segments (27%)

between the German and the Italian sample. Also in this category the German students

and pupils appear to have a better perception of the role of creativity in science. Since it’s

generally believed that the Italian people are very imaginative and fanciful we expected that

the Italian students should have appreciated the existence of creative scientists. Apparently

for the Italian pupils only artists, writers and poets use fantasy and creativity in what they

do!
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Part III

Nature of Science and Cosmic Rays
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Chapter 7

A NOS guided approach to the

physics and history of Cosmic Rays

[...] The Master said, “What a large population!” Ran You said “What should be done to

such large population?” The Master said “Enrich them!” Ran You said, “What should be

done when they are enriched?” The Master said, “Educate them!”

Confucius 13.9

In the last part of this thesis we present how it’s possible to highlight the key aspects

of the NOS following the fil rouge of cosmic ray history. Along this line we will present the

technological, social and historical dynamics, which has characterized and still characterizes

cosmic ray research, in the context of a NOS-based teaching approach. To succeed in our

goal, as a general guideline, we use the 14 statements of McComas, Almazroa, and Clough

(McComas et al., 1998), that, as already discussed, can be taken as an operational definition

of the NOS. Starting from the objectives, listed by McComas and colleagues, we will highlight

those topical moments or events in the history of cosmic ray research in which many of the

NOS aspects are clearly exemplified. At the end of each sub-section we suggest topics that

could be further expounded, discussed and deepened by pupils, or students, especially those

who will specialize in physics or science teaching.

7.1 Science is an attempt to explain natural phenomena (Ob-

jective 4)

Science is an attempt to explain natural phenomena. These words can certainly be

used -as it was the case in some of the questionnaires- to define science and its aims. They
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might appear obvious or self-evident, not worth of being highlighted in science teaching. But,

on the contrary, it is worth to underline the complexity of this attempt, especially since the

scientific endeavor, the desire to unlock the mysteries of natural phenomena, is often extreme

and doesn’t occur without risks. An example related to the cosmic ray physics, can be found

in the Jahrbuch des Österreichischen Aeroclubs 1912 in which Hess describes the flight which

took place on the 7th of August, 1912.

“An der Fahrt nahmen teil: Herr Hauptmann W. Hoffory als Führer, Herr E. Wolf

als meteorologischer Beobachter und meine Wenigkeit. Um 6 Uhr 12 Minuten

früh wurden wir vom Fahrwart, Herrn Mitscherlich, hochgelassen. Die Platzfrage

gestaltete sich recht schwierig, denn für drei Personen, drei große Sauerstoffzylin-

der, Sitzbank, Instrumentenkorb und Handgepäck schien der an sich bequeme Bal-

lonkorb doch etwas zu eng. Meine drei Strahlungsapparate wurden wie gewöhnlich

am Korbrande an kleinen, mit Stellschrauben versehenen Konsolen montiert. An

Ballast nahmen wir 52 Sack mit (etwa 800 kg). Ein Teil der Säcke war so gehängt,

dass ihre Entleerung durch Abschneiden eines Bindfadens bewirkt werden konnte,

was in größeren Höhen zur Vermeidung jeder körperlichen Anstrengung wichtig

ist. Nach Abgabe von zehn Sack Ballast waren wir in 1 500 m Höhe. Kurz vorher

begann ich mit meinen Beobachtungen. Um 8:30 Uhr waren 3 000 m erreicht

- nach Verbrauch von 20 Sack Ballast. Als ich bis 3 500 m genügend Messun-

gen gemacht hatte, trieben wir den Ballon wieder rascher aufwärts. Um 9:15

wurden 4 000 m erreicht; Da ich mich etwas müde zu fühlen begann, griff ich

schon zum Sauerstoffinhalationsapparat, um mich für die immerhin anstrengen-

den Ablesungen munter zu erhalten. Die Kälte war auch schon merklich. In 4 200

m massen wir 8 1/2 Grad unter Null, was umso fühlbarer war, als die Sonne durch

einen dünnen Wolkenschleier, der in enormer Höhe schwebte, nur sehr geschwächt

durchschimmerte. In 4 800 m begann auch Herr Wolf mit der Sauerstoffatmung,

die sowohl bei ihm wie bei mir sehr belebend wirkte und die hohe Pulsfrequenz

herabminderte. Um 10:45 hatten wir 5 350 m erreicht. Trotz Sauerstoff fühlte ich

mich so schwach, dass ich nur noch mit Anstrengung an zwei Apparaten die Able-

sungen ausführen konnte, die dritte Ablesung misslang. So entschloss ich mich,

obwohl wir noch zwölf Sack Ballast hatten, herunterzugehen, und bat Hauptmann

Hoffory, Ventil zu ziehen.”

It wasn’t an enjoyable balloon trip but Hess had, at the end of the challenging flight, decisive
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proof of the existence of the cosmic radiation. More tragic was the expedition of the Institut

für Höhenstralungsforschung in Berlin-Dahlem under the direction of Werner Kolhöster. On

the 13th of May, 1934, Sunday, at eight o’clock the balloon Bartsch was launched from

Bitterfeld, with the goal of reaching the earth’s stratosphere at an altitude of 10 000 m.

The engineer Dr. Schrenck, whose task was to steer the balloon, and Viktor Masuch, a

Kolhöster’s student, who had to carry out the measurements were both on board the balloon

that morning. Soon after the landing, Masuch should have telegraphed Berlin, but on that

Sunday no message was delivered. The next day Kolhöster got the news that the balloon

was found in Sebezh (Soviet Union). Only the body of the student was found in the gondola,

while the captain’s body was recovered about 15 km away from the landing site. Thanks to

the fact the Russian returned the recovered scientific material to Kolhöster it was possible to

deduce the causes of the accident, a sad series of unfortunate events1.

Besides the historical reconstruction of cosmic ray research facts and events, that could

be an explicit way to teach this NOS aspect, we think that an interdisciplinary deepening,

aimed at understanding if and how the approach to the explanation of natural phenomena

has changed with time, could be undertaken. Other school subject, such as chemistry or

philosophy, appear to us well suited to realizing an interesting, interdisciplinary, NOS oriented

lesson unity. But taking advantage of curricular topics like radioactivity or α, β, und γ

radiation, that are certainly linked to the cosmic radiation, it’s possible to underline how

scientists seek to unveil natural phenomena. Topics that could be further explored are: 1.)

How has the scientific approach to explain natural phenomena changed in the evolution of

science? 2.) “Extreme” science: examples of challenging experimental search.

7.2 Science and technology impact each other (Objective 13)

The history of cosmic ray research is full of examples enlightening this statement. Even the

discovery itself was possible thanks to the new type of electroscope that Wulf developed in

1909 (see sections 2.1 and 2.2). It was the German company Günther & Tegetmeyer (G&T)

from Braunschweiger-Berlin, that specialized in the construction of electroscopes capable of

performing as requested by the scientists. Hess, indeed requested that the company manu-

facture a very robust electroscope with improved tightness that he took on board during his

successful flight on August 1912. Following Hess’s suggestions a new version of the electrom-

1A narration of the episode is reported in the Kolhöster’s biography written by his wife Editha Minke-

Kolhörster (1977).
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eter less sensible to pressure and temperature variations was later manufactured. Kolhörster

on his turn asked for a lighter instrument with better pressure stability and, just like the

others, his requests were also satisfied after several difficult technical problems were solved.

Using this new improved instrument Kolhörster succeeded in confirming Hess’s results (see

section 2.2). The collaboration between the G&T company and Kolhörster continued and

the G&T instruments were largely used by many researchers and not only in Germany. The

Swiss August Piccard, for example, measured the ionization in the stratosphere (at ∼ 15 km)

with an instrument manufactured by G&T (Fricke and Schlegel, 2012). Figure 7.1 shows the

members of the G&T company in 1907.

Figure 7.1: The staff of the Günther & Tegetmeyer company in 1907. Oscar Günther and Otto

Tegetmeyer are sitting behind the table. Some products of the firm are also shown in the picture.

Courtesy of Fricke and Schlegel (2012)

A double improvement in the technique for measuring ionizing radiation was reached with

Millikan’s sounding balloon. The early years of cosmic ray research were indeed characterized

by ascending balloons2 that reached high altitudes in the earth’s atmosphere. This approach

implied manned flights and therefore great risks. The innovative use of un-manned sounding

balloons was therefore very welcomed. From the Air Force Base of Kelly Field (Texas), in

2Experiments on airplanes were undertaken only later and mostly in the U.S.A.
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the spring of 1922, Millikan launched four such sounding balloons, each consisting of two

balloons of 95 cm in diameter when inflated. One of the two balloons was to be used to

safety recollect of the measuring devices after the other one had been burst. Attached to

the balloon was a self-recording electrometer which was able to register on photographic

plates values of temperature and pressure, and quartz fibers deflection. The electrometer

was manufactured in the Norman Bridge Physics Laboratory and had a weight of only 190 g

(Millikan and Bowen, 1926). Manned flights, however, continued as revealed by the activity

of August Piccard. The realization of aluminum pressurized cabins allowed manned flight up

to the stratosphere layers.

As already said in section 2.3 a significant progress had been reached with the use of the

G-M counter. Particularly effective was the technique based on the use in coincidence of

two or more counters. This is shown by a series ground-breaking experiments: Bothe and

Kolhörster’s experiment (see section 2.3) in which the first evidence of the corpuscular nature

of the radiation was stated (Bothe and Kolhörster, 1929); Rossi’s experiment for the study of

the absorption rate of the radiation (see section 2.4), summarized in the Rossi’s absorption

curve reported in figure 2.14 (Rossi, 1933); Auger’s and collaborators’ work that established

the existence of EAS (Auger et al., 1938)(see section 3.2).

Recognized with the Nobel price was another instrument designed and constructed by

Blackett and Occhialini, who joined their expertise to develop the counter-controlled cloud

chamber, in which the gas expansion was triggered only when a coincidence signals was

registered in the counters. It’s worth noting how successful the international collaboration

between two ‘schools’ was. The Italian one, that firstly developed the coincidence technique,

and the English school, whose tradition in the use of cloud chambers dates back to the

early years of the XX century when Wilson designed a first version of the new detection

instrument3 and eventually in 1912 (Wilson, 1912) published “exquisite” (Blackett, 1960)

particle tracks photographs that Blackett judged as “[...] the technically best photographs

ever made” (Blackett, 1960) in (Longair, 2014).

The discovery of the pion π, to which we devote a specific case study in section 7.12, is

another beautiful example of a scientific discovery directly related to a new technology, the

nuclear emulsions of the Ilford Ltd. Company. The awareness of the importance of the new

technology is clearly exposed in the words of Perkins, already quoted in section 2.5, that is

probably worth repeating here:

3Wilson was inspired by the natural phenomenon of colored rings surrounding the figure in a foggy envi-

ronments, known also as Brocken spectra.
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[...] Although it was obvious that these new emulsions would be greatly superior

to what had been available before, no one had the slightest idea of what would

be found when they were exposed to the cosmic radiation (Perkins, 2005).

Many other examples might be mentioned but for the sake of being concise we summarize

them in a list in table 7.1, with no claim of completeness. We would like, however, to

Table 7.1: The most important discoveries of cosmic ray physics have been often a consequence of

new inventions and techniques. The table summarizes several such discoveries, reporting the author,

the discovery year, the name and construction year of the instrument used, and, if different from the

discoverer’s name, the name of the instrument inventor.

Discovery Year and Author Instrument name and year

Increase of ionizing radiation 1911 Wulf Quartz-fiber electroscope 1909

Existence of cosmic radiation 1912 Hess Wulf’s type electroscope 1909

Measurements of ionizing power in the

atmosphere

1922 Millikan & Bowen Sounding balloon, self-recording elec-

troscope 1920-21

Evidences of CR corpuscular nature 1929 Bothe & Kolhörster Geiger-Müller counter 1928

High penetrating power of CR 1931 Rossi Threefold coincidence G-M tubes, elec-

tronic circuit in parallel 1930

Measurements into the stratosphere,

latitude effect at high altitude

1932 Regener & Pfotzer,

and Piccard

Ballonelektrometer and greenhouse

gondola 1928; pressurized aluminium

cabin and catenary belts 1931

Positron 1932 Anderson Wilson’s cloud chamber 1911 in mag-

netic field

East-West effect 1933 Rossi G-M telescope 1931

Maximum of the secondary radiation

(Pfotzer’s Maximum)

1935 Regener & Pfotzer Threefold coincidence G-M tubes 1930

and greenhouse gondola 1928

Showers of secondaries 1933 Blackett & Occhialini Counter-controlled cloud chamber

1932

Meson µ 1945 Conversi, Pancini &

Piccioni

Magnetic lens (Rossi & Puccianti

1931) and G-M counters in coincidence

Pion π 1947 Lattes, Occhialini &

Powell

Nuclear emulsions (Waller, Ilford Ltd.,

1946)

Characteristics of EAS Pierre Auger Observatory;

Telescope Array

Water Cherenkov detectors;

Cherenkov telescope (1937)
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mention one more example, that shows how researchers have taken advantage of natural

detectors such as the earth’s atmosphere, or the ice in Antarctica to derive, based on effects

such as air fluorescence or Cherenkov, new and more powerful experiments or observatories.

In sections 3.6 and 3.8.6 we have already reported that detectors for the fluorescence light

were developed and that, thanks to this new technique, the ground array project HiRes was

implemented. We have also seen that similarly, thanks to the brilliant solutions adopted in

the construction water-Cherenkov detectors (see section 3.7), it was possible to realize first

the Haverah Park Ground Array (see section 3.8.5), and then the Pierre Auger Observatory

(see section 3.8.8).

The interaction between science and technology, illustrated in this section, is probably

indispensable nowadays when advancements in the knowledge about cosmic rays, and in

particular the UHECRs, need big experiments and projects that could not been even thought

without a cooperation between fundamental and applied science.

From a didactic point of view it’s relevant to illustrate how the necessity of technological

supports for science advancements has evolved from the time of Galileo, who designed and

built his own instruments, to Rutherford’s or Millikan’s skills in designing instruments that

still needed a well equipped workshop and probably also a doctoral student for their real-

ization, and to the joint work of manufacturing companies and scientific laboratories, until

the actual state-of-the-art in which it is difficult to distinguish if it is science that provides

technological advancements or vice-versa. Topics for an interdisciplinary deepening could

be: 1) the evolution of the electroscope as an essential instrument for cosmic ray research at

the beginning of last century; 2) The experiment by Bothe and Kolhörster and the nature of

cosmic radiation; 3) The invention of the cloud chamber; 4) The project of the Pierre Auger

Observatory.

7.3 Scientific knowledge while durable, has a tentative char-

acter (Objective 1)

This statement is evident in the history of cosmic ray research. The tentativeness of the

scientific endeavor is in fact clearly seen at the beginning of cosmic ray research and in

two different moments. In section 2.3 we discussed the vivid experimental debate aimed at

establishing whether the rays had an electromagnetic or a corpuscular nature. A trace of

this uncertainty is in the name itself. It was initially called ionizing radiation, and then the
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German name Höhenstrahlung and the adjective durchdringende were used. It is well known

that the actual name cosmic rays was given in 1925 by Millikan, who was the strongest

supporter of the electromagnetic nature of cosmic radiation. As already said (see section 2.3),

he had obtained a surprisingly good agreement between the energy bands corresponding to

the absorption coefficients measured in water and the nuclear binding energy radiated during

the formation of helium, oxygen and silicon from hydrogen nuclei. Millikan’s hypothesis was

very appealing because it could explain not only the nature but also the origin of the radiation.

The Bothe and Kolhörster’s experiment of 1929 however cast doubts on Millikan’s hypothesis

and a second interpretation in favor of the corpuscular nature of the radiation arose. The

controversy was very animated probably due to the strong personality of the leaders of the

two hypotheses in the USA: Millikan and Compton. The dispute become public as the title

page of the New York Times of the 31st of December, 1932, shown in figure 7.2, testifies.

The scientific controversy ended only in 1937 when the latitude effect, i.e. the influence of

Figure 7.2: The New York Times of the 31st December 1932 reports the heated debate be-

tween Millikan and Compton. Available in public domain. https://www.nytimes.com/1932/12/

31/archives/millikan-retorts-hotly-to-compton-in-cosmic-ray-clash-debate-of.html

the earth magnetic field on the cosmic radiation, explainable only under the assumption of

its particles composition, was detected (Compton, 1936).

Another puzzling issue concerned the very penetrating radiation, the one able to reach

the earth’s surface maintaining an appreciable intensity, the so called hard component, that

is formed by secondaries originating from the interactions between the primary radiation and
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the earth’s atmosphere. It wasn’t easy to reconstruct the scenario suggested by the experi-

mental data. First, the nature of the radiation had to be deduced from ionizing intensity or

absorption measurements, and secondly these had to be interpreted in light of the current

theories about the interaction between radiation and matter (assuming that the cosmic rays

were photons), or between particles and matter (assuming that the cosmic rays were parti-

cles). Third, the phenomenology depended on the instruments or experimental arrangements

used, in which different types of particles were revealed both for the primary and secondary

component. Eventually, the discovery of the presence in the cosmic radiation of new and

totally unknown particles required totally new physics in order to develop a “self-consistent

picture of all cosmic rays” (Rossi, 1964). It is then not surprising that in the effort to un-

derstand cosmic ray, statements were made that successively turned out to be wrong. In the

already cited book Cosmic Rays, Bruno Rossi provides a selection of statements about cosmic

rays that physicists made over time (Rossi, 1964, p.169) underlining which were proven to be

correct and which one, on the other hand, were revealed to be wrong.

The updating of the Rossi’s list will be a very appropriate exercise for the pupils in the

context of the first NOS objective. That the physicists themselves are aware of this aspect

of their scientific endeavors is shown by Neher’s words (Neher, 1985):

The history of cosmic ray is a history of failures, difficulties as well as successes.

This is true of all fields of research but seems to be especially true in the case of

cosmic ray. This arise partly from the difficulty of detecting the radiation in the

first place but also from the wholly unexpected nature of the many phenomena

encountered. Almost everyone in the game made mistakes. These involved errors

not only in the taking of the data because of unknown influences at work but also

in the interpretation of even good data.

Clues for an interdisciplinary deepening could be: 1) The debate on the nature of cosmic

rays: gamma rays or particles? 2) Composition of cosmic rays: what particles are they?

7.4 New knowledge must be reported clearly and openly (Ob-

jective 7)

As well as science, scientific communication has evolved with time. The long history of

cosmic ray research enables us to trace these development. The first evident change is in

the language used by the community to communicate scientific results. At the beginning
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of the XX century the most representative scientific magazines were German, and among

others Zeitschrift für Physik, Physikalische Zeitschrift, Die Naturwissenschaften where, as

the bibliography of our work confirms, the first papers on cosmic ray were published. There

were of course exceptions. The works of the Italian meteorologist Domenico Pacini were

published on the Italian journal Nuovo Cimento and were written in Italian. As already

said in sections 2.1 and 2.2, Pacini indeed realized, and proved, through measurements of

the cosmic radiation in water, that the ionizing radiation couldn’t be originated on earth

soil and therefore it had to come from the upper layers of the atmosphere. Nevertheless

Pacini’s important conclusions weren’t cited by Hess who preferred to site the works of

Wulf, Kolhörster, and Gockel. According to De Angelis et al. (2011), beside the fact that his

technique couldn’t exclude the atmospheric origin of the cosmic rays, many factors caused the

the contribution of the Italian physicist to the discovery of the cosmic radiation to fade into

obscurity. Reasons were the “language barriers combined with nationalism and [...] effects of

World War I”, and “[...] the fact that he was not belonging to Academy” (De Angelis et al.,

2011).

The first World War not only slowed down research activities in Europe, but, according

to De Maria et al. (1991), contributed to the switch from the use of German in scientific

communications to English. After the defeat of Germany, the German scientific community

suffered a kind of ostracism. Germany was indeed excluded from international scientific or-

ganizations, like the International Research Council, the German journals lost their prestige,

and the use of the German language for scientific publications was boycotted. Moreover, in

the early twenties the research on the physics of cosmic ray moved its barycenter towards the

United States, mostly because Millikan’s interest in the topic. The above cited paper of De

Maria and colleagues De Maria et al. (1991) explores the role played by the famous American

physicist during those early years of research in the U.S.A. The authors’ analysis about Mil-

likan and collaborators’ singular way to refer their results is also of particular interest to us.

It can also be argued from table 2.1 that Millikan’s scientific papers with detailed descriptions

of experiments and data interpretations were first published only in 1926. Before that the

European scientific community could only count on brief, poorly detailed notes. Furthermore,

the fact that the works of the European physicists were not taken in consideration or, even

worse, quoted inappropriately, created fervid debate that reached its peak when in 1925 the

American press, reporting Millikan’s contribution at the National Academy of Science meet-

ing (Millikan, 1926), ascribed to Millikan the paternity of the discovery of the “Millikans’s

182



Rays” (Davis, 1925). Although perhaps extreme, due to the historical context, nevertheless,

this case could be considered an example of what happens when scientific publications, which

are meant to be a channel for the spread of new knowledge, forget that role and become

focused on proclaiming the prestige of a single person or a single research group.

If the publications on specialized journals are the principal way in which new discoveries,

theories and knowledge are communicated, the role of public congresses and meetings is also

fundamental in divulging progresses in science as well as in technology. Cosmic ray physics

obtained a rather visible role in international congresses for the first time in 1931 when

from the 11th to the 18th of October in Rome the first meeting of the Fondazione Voltawas

held. It was sponsored by the Italian Royal Academy and funded by the Società Italiana di

Elettricità Edison. Theme of the congress was nuclear physics organized in two major topics:

nuclear physics strictly speaking, and the physics of the penetrating radiation. The scientific

organization was entrusted to Enrico Fermi. In figure 7.3 a group picture of the participants is

reported from the Proceedings of the “Convegno di Fisica Nucleare” (Rossi, 1985). Rossi was

invited by Fermi to give the introductory speech and in his memoirs Rossi remembers how,

with youthful enthusiasm, he presented the results of his own experiments, which confirmed

those of Bothe and Kolhörster, and that proved, although not yet definitively, the corpuscular

nature of the cosmic rays. Rossi’s talk provoked very different reactions, especially among

two of the participants: Millikan and Compton. The first, Millikan, was upset by the “brash

behavior on the part of a mere youngster”, and and he consequently, “for a number of

years thereafter, chose to ignore my [Rossi’s] works altogether” (Rossi, 1985). On the other

hand Compton’s interest for the physics of cosmic rays was prompted by Rossi’s speech.

The seminal role of that first conference is well summarized in the conclusive comment by

Rossi: “So this conference marked the beginning of the great debate on the nature of cosmic

rays, which was to continue for several years” (Rossi, 1985). The community had to wait

until 1947 for the establishment of a conference specifically devoted to the physics of cosmic

rays: the International Cosmic Ray Conference (ICRC). Since that first ICRC conference

in Cracow, the community of cosmic ray physicists meets every two years to refer about

the theoretical and experimental advancements in the field. With time the profile of the

conferences has changed, although its purposes is still the same: to unveil the mystery of

the cosmic ray, to understand their nature, and to find their sources. A report on the first

ICRC is due to the Polish physicist Marian Miesowicz (1985)4, who, with a touch of pride,

4Marian Miesowicz was the founder of the Cracow School of High Energy Physics.
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Figure 7.3: The participants to the Conference on Nuclear Physics held in Rome From the 11th to

the 18th of October 1931 (Rossi, 1985). Among the other it’s possible to recognize Guglielmo Marconi

(in the center) Millikan, Compton, Fermi, Bohr, Bothe, and Mme Curie

appropriately underlines the importance of the historical moment in the cosmic ray research

in which the conference took place, namely the birth of a new branch of physics, ‘particle

physics’. He recalls two lectures “Evidence for the Existence of Mesons of Different Mass”5

by Blackett, and “Estimation et mesures des masses de mésons”6 by Leprince-Ringuet that

presented the new particles to the scientific community. Still from Miesowicz’s recollections

we learn that “[a]bout 20 prominent physicists [...] arrived in Cracow and 16 lectures were

given”. The ICRC conferences have been growing since then. In 2015 in The Hague (The

Netherlands) the 34th ICRC, now named also Astroparticle Physics Conference, was held, the

proceedings of the conference include 1 096 contributions, divided in 15 section (excluded the

invited, rapporteur, and highlight talks)! Among the ICRC conferences is worth mentioning

the third conference held in Bagnéres de Bigorre in France that according to James Cronin

(Cronin, 2011) “marked the boundary in time when the field of subatomic physics passed

from cosmic ray research to the accelerators”. In general, however, the ICRCs were, and still

are, a showcase of the cosmic ray research and it was these occasions in which new detections

methods, achievements of instrumental features, results of the instrumental tests, analysis of

experimental data, ground-breaking news, and review works are presented, contributing in

5The pion π.
6Among others the mass of K-mesons was reported.
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this manner to the clear and open report of new knowledge. An approach based on objective

7 could be the best one to explain, to the young generations, what peer reviews are, which

path a scientific paper follows to reach the publication, and the importance of specialized

journals. Arguments that could be proposed to the students or pupils for further deepening

are: 1) How scientific communication changed after the first World War? 2) History and

evolution of the ICRC conferences.

7.5 People from all cultures contribute to science (Objective

6)

In actuality, the statement embodied by the 6th objective appears to have become more

relevant than ever before. Although we have seen that in the past some national rivalries

emerged, if we look at the advancements of the scientific knowledge, we can nevertheless

affirm, without doubt, that people of different languages and cultures contributed to this

progress. In the first and second chapters of the present work we have already tried to

highlight those moments in which international collaboration favored new discoveries. Some

examples: in 1930 Rossi visited the Physikalisch-Technischen Reichsanstalt in Berlin and

confirmed Bothe and Kolhörster’s results; in 1929-1931 the Russian Skobeltsyn is in France

and with Auger suggests for the first time that the penetrating component of cosmic rays

might be of secondary origin, and as a consequence of his stay back in the Soviet Union he

supports (during the forties) research on Extensive Air Showers; From 1931 to 1934 Giuseppe

Occhialini works at the Cavendish laboratory and in collaboration with Patrick Blackett

invents the counter-controlled cloud chamber and contributes to the interpretation of the

tracks of the cosmic ray showers; 1936 Compton publishes the graph of the isocosmic lines

obtained by his own observation and “by other observers among whom Clay, Hoerlin, Millikan

and Neher, Prins and their collaborators may be especially mentioned7” (Compton, 1936).

We wish to point out that, though the negative results obtained during their own expedition,

the first who suggested the latitude effects were Bothe and Kolhörster; In 1937 the elementary

particle of intermediate mass had been discovered and researchers groups in the United States

(Street and Stevenson), in France (Leprince-Ringuet and Crussard) and in Japan (Nishina,

Takeuchi, and Ichimiya) sought to obtain the right mass value for it; in 1940 the Italian

Conversi and Piccioni read the paper of the some Japanese colleagues in which different

7In Compton’s original paper the reference of the articles are cited in footnote.
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behaviors of positive and negative mesons are suggested and they successively carry out the

experiment that proved that the meson wasn’t the Yukawa’s particle; In 1947 a research

group formed by two British, Powell and Muirhead, the Italian Occhialini, and the Brazilian

Lattes discovered the particle predicted by the Japanese theoretician Yukawa; In 1954 Minoru

Oda, from the Osaka University and Piero Bassi from Padua University participate to the

construction phase of the Agassiz array after having developed together with the colleagues

of MIT the fast timing method for the localization of the shower core; In 1962 during the

Interamerican Symposium in Las Paz, Chudakov reports his studies about the fluorescence

technique, a new efficient method for the detection of the EAS. This method was firstly

implemented in Japan and in the United States as consequence of the collaboration of the

Cornell University and the Japanese INS institute but only a big international collaboration

succeeded in the construction of the HiRes Observatory (see sections 3.6, 3.8.6).

The most important and ambitious current projects are due to the joint efforts of very large

international collaborations. It is here sufficient to mention the Pierre Auger Observatory,

to which 83 institutions from 17 different countries participate. Every group contributes

according to its capacities in terms of expertise or funds. Future projects, as the EUSO

(Extreme Universe Space Observatory), from an idea of Linsley dated back to 1980, due to the

high cost of a space mission, need the participation and coordination of major international

agencies.

An inter-disciplinar project aimed at comprehension that people from all cultures con-

tribute to science which is worth being proposed to students or pupils is: 1) The structure of

large international collaborations: is scientific research an international challenge?

7.6 Scientific knowledge relies heavily, but not entirely, on

observation, experimental evidence, rational arguments,

and skepticism (Objective 2)

This statement too appears obvious when one speaks about physics, about experimental

physics in particular, and in general about science. Nevertheless nowadays some pseudo-

scientific theories are perceived as true only through their mediatic visibility or through some

political speculation. Aiming at achieving this objective remains therefore central in school

education.

Observations are fundamental in the achievement of scientific knowledge, but these are
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often accompanied by experimental cross-checks that result, usually from rigorous reflections,

and ingenious and creative intuitions. Let’s consider the steps that led to the discovery of

the cosmic rays. Already at the end of the eighteenth century Coulomb had observed that a

charged electroscope, although well insulated, tended to discharge over time. In 1835 Faraday

confirmed this phenomenon and in 1879 Crooks stated that this phenomenon occurred the

more slowly the rarer the air was. As only possible explanation, at that time, remained the

fact that the air could spontaneously ionize. When in 1896 Becquerel discovered natural ra-

dioactivity it was believed that these radiations could be the air’s ionizing agents. Therefore,

before Hess’s discovery in 1912, several experimentalists had carried out measurements under

different conditions in order to understand the actual origin of ionizing radiation. Among

others Elster and Geitel (1901) who after the first experiments performed in their laboratory

in Wolfenbüttel, measured the electrical conductivity at high altitude in Germany (Brocken)

and in Switzerland (Zermatt); Wilson (1901) who instead carried out measurements “[...]

in the Caledonian Railway tunnel near Peblees (at night after the traffic had ceased)[...]”;

Bergwitz (1910) and Gockel (1910) who on board an hot air balloons searched for the in-

crease of the ionizing radiation intensity, or Eve (1911) and Pacini (1912) who measured the

penetrating power of the radiation in water, and, to close this list, Wulf (1910) who, visiting

the tour Eiffel in Paris, brought the electrometer on its top. Obviously not only the history

preceding the discovery is full of such examples, but also after 1912 the research continued

and the cosmic rays weren’t studied within laboratory walls, but the whole earth was the

ideal laboratory where experiments were successfully carried out. Let’s think at the latitude

effect, whose proof needed missions all over the world, or at the EAS that are observed in

the atmosphere and that represented, before the advent of the big accelerators, the only

opportunity to study the physics of elementary particles. However, as this second objec-

tive of McComas and colleagues’ list suggests, the observational data have to be rationally

interpreted according to the current theories and it should be expected that they can also

lead to wrong interpretations as the Millikan’s “birth cry” hypothesis for the origin of cosmic

radiation.

To favor the achievement of this NOS aspect, and the fact that scientists are creative8,

by the pupils, one could imagine a didactic unity titled Variety of the experimental ways

and researchers’ creativity giving to each working group the task to analyze experiments

conducted in the different locations: on board balloons, underground, on the mountains

8Objective number 11 of McComas’s list.
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peak, in glaciers, in the deserts, in deep water, at different latitudes, and in laboratories with

all kind of shielding materials.

7.7 Scientists require accurate record keeping, peer review

and replicability (Objective 8)

To understand that data and experimental evidence are the basis on which scientific knowl-

edge relies, it should be highlighted that an essential step is the representation and presen-

tation to the community of the collected data. There are several ways and to do this and

what one might choose may often depend on the public, the target they have to reach, or

the technical facilities available for the representation. We could look at the hand-drawn

graphs from hundreds of years ago and those obtained nowadays with computer programs, as

example. Moreover, besides the availability of technological facilities different presentation

media can be chosen by the researchers: Hess and Kolhörster, as shown in figure 7.4, chose

to report the results of the balloon flights, on a table and as a graph respectively. Though

Figure 7.4: Data registration of Hess’s (Hess, 1912) (links) and Kolhörster’s (Kolhörster, 1914)(right)

measurements.

on the one hand, the increase in elevation of the ionizing intensity is immediately evident

from Kolhörster’s graph, nevertheless Hess’s table contains a lot of information essential for

further investigations and which contributes to the replicability of the results. In the history

of cosmic ray the reproducibility of the measurements and their comparability was essential

to establish, for example, the paternity of the discovery as can be inferred from the papers of

Hess (1926), of Kolhörster (1926), and of Bergwitz et al. (1928). Comparability of results is

still very important today. An example of current research is given by studies of UHECRs.
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Different projects have produced data from which the composition, e.g., the nature of the

radiation can be inferred. However, as figure 7.5 shows, the results obtained are not coher-

ent. In fact, due to the probabilistic nature of the evolution of a shower (see section 3.8),

it’s impossible to repeat an event with identical conditions and therefore only average values

can be obtained and compared. Figure 7.5 shows not only a comparison between different

experimental mean values of Xmax (points), but it also reports the results of showers simu-

lation (lines) obtained with different models in the hypothesis of proton (red) or iron (blue)

primaries. As can be seen in the figure 7.5 nothing conclusive can be inferred about the

composition of the ultra high energy cosmic radiation. The origin and the possible sources of

Figure 7.5: Comparison of Xmax values for different experiments including data from HiRes and the

Auger Observatory data. While HiRes favors a proton composition at the higher energies, data from

Auger are more in favor of a iron dominated composition. Data do not agree with predictions from

computer simulations obtained with different codes. (Unger, 2009)

cosmic rays is another topic that still gives rise to an unsolved and hot debate. To bring order

to all the different information and results about a topic the role of review articles is crucially

important, which is due especially to the bibliographic references that they usually contain.

The paper of Venya Berezinsky (2014) in which exhaustive information and a throughout

results comparison of the principal projects such as PAO, HiRes, and TA are reported, is an

example of an excellently reviewed scientific article. In general however journal special issues,

like that the Astroparticle Physics published on the occasion of the centenary of cosmic ray
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discovery, are a very useful source for the scientific community and probably also for laymen.

The statement that scientists require accurate record keeping, peer review and replicability

has an essential didactic relevance. From this NOS aspect pupils should come to understand

that several hypotheses may ”have a right to exist”, or that peer-reviews could avoid charlatan

false “truths”, might improve their critical abilities, and its important educational goal.

A more specific didactic goal can be reached through the awareness of this eighth state-

ment, namely the importance of a clear representation of the data. Therefore, attention

should always be given on the visualization of the data, the functional dependence between

two physical quantities has to be underlined, and the correct choice of the axis unity and the

correct description of the variable reported on the Cartesian axes, must all be skills practiced

by the pupils, just to mention some examples. Aspects that could be further developed on

the reproducibility of the results are: 1) A comparison between the presentation of cosmic ray

data by HESS, Kohlörster and Millikan; 2) The debated composition of Ultra High Energy

Cosmic Rays.

7.8 Observations are theory-laden (Objective 9)

This statement is intended to bring to light the fact that there is a delicate interplay

between experiments and theory in physics research, and we could certainly affirm that this

is the case in cosmic ray physics as it can be seen at least in two different moments of its long

history. The case of the so called GZK-effect well illustrates how experimental observation

are guided by theory. As we quickly presented in section 3.6, Kenneth Greisen, “the G of

the GZK effect” (Trimble, 2011) was one of the most complete cosmic ray scientists, who

was involved in both experimental and theoretical studies. Also Zatsepin had a wide and

deep knowledge of the air showers, their composition and characteristics. Probably for this

reason they promptly reacted to the publication of Penzias and Wilson (1965) and after

having performed their calculations, came to the conclusion that there should be an “end”

, a “limit” in the cosmic ray spectrum at energies around 1019eV. It is worth noting that

in the paper by Greisen (1966) as well as in that of Zatsepin and Kuzmin (1966), the ultra

high energy event registered at the Volcano Ranch by Linsley (1963) was thought to be

“surprising” or “with a probable error in the estimation of the energy”. However the physics

of the UHECRs was studied under another light after the observation at Volcano Ranch.

As pointed out by Kampert and Watson (2012), the large showers array like Haverah Park,

SUGAR and the Yakutsk, developed in order to reach a deeper understanding of UHECRs,
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changed their goal and searched for a steepening of the cosmic ray spectrum at high energies.

The verification of the GZK effect was one of the motivations for the construction of the HiRes

observatory. As cited in section 3.8.6, HiRes’s results showed a cutoff in the spectrum in good

agreement with the GZK effect. Nevertheless, the contrasting results of Hires and AGASA

or SUGAR about the existence of the GZK effect constituted one of the key motivation for

the construction of the Pierre Auger Observatory. As it can also be seen in table 3.1, recent

results seem to confirm the existence of the GZK effect but, still after fifty years since its

prediction, uncertainties remain about the energy values of the cutoff, and especially about

its nature.

The case of the prediction and discovery of positron is another example we wish to cite

as proof that observations are theory-laden, or better as a proof that theoretical and experi-

mental physics support each other. As discussed in section 2.4, particles tracks began to be

visualized with the help of cloud chambers. One of the most famous results obtained with

a cloud chamber immersed in a strong magnetic field is that of Carl Anderson who, on the

2nd of August, 1932, registered the passage of a positron. Was the discovery of the first

anti-matter particle theory-laden? Had Dirac’s quantum field theory led to the observation

of the positron? According to Hans Bethe, cited by Norwood Hanson (1963), the discovery

of the positron was first a theoretical discovery. Bethe justifies his statement with the fact

that some positron tracks were seen before 1932 but that they were not identified as positive

electrons9. Bethe suggests that, due to the lack of supporting theory it was impossible to

correctly explain those tracks. In literature they were indeed called spurious or dirt effects,

and were described as curving the wrong way, coming up from the floor, falling back into the

source, or moving backwards. On the other hand Anderson himself in his recollections says

(Anderson, 1985):

It has often been stated in the literature that the discovery of the positron was

a consequence of its theoretical prediction by Paul A.M. Dirac, but this is not

true. The discovery of the positron was wholly accidental. Despite the fact that

Dirac’s relativistic theory of the electron was an excellent theory of the positron,

and despite the fact that the existence of this theory was well known to nearly all

physicists, including myself, it played no part whatsoever in the discovery of the

9Hanson reports that physicist like, Skobeltsyn, Orban, Rochester, Terroux, Meitner, and the Joliot-Curies

had certainly registered the passage of positive electrons. Nevertheless, the author himself reports some notes

of Skobeltsyn, according to which the aforementioned researchers didn’t possess the instrumental equipments

(cloud chambers) to observe the tracks.
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positron.

In a certain sense both interpretations are correct. According to Laurie Brown and Lil-

lian Hoddeson in fact, “the prediction of the positron [...] began not as a triumph but as an

embarrassment” (Brown and Hoddeson, 1983), because the negative-energy state of Dirac’s

theory meant, according to Einstein’s relativity, negative masses. In Dirac’s words, reported

by the two authors, “I was reconciled to the fact that the negative-energy states could not

be excluded from the mathematical theory, and so I thought, let us try and find a physi-

cal explanation for them”. Successively the particles with negative masses were theoretical

interpreted as unoccupied states of negative-energy. Eventually, only when the tracks of

Anderson’s cloud chamber were undoubtedly interpreted as positive electrons, the holes of

Dirac’s theory found their “physical explanation” through the proof of the existence of a

new particle, the first discovered anti-matter particles, the positron. More details about the

“interplay between theory and experiments within physical science” (Hanson, 1963) in the

case of the positron discovery might be found in the two already cited books The birth of

particle physics by Brown and Hoddeson (1983)10, and The concept of the positron of Hanson

(1963) both particularly appreciable for the numerous bibliographic references and original

documents reported.

7.9 There is not an universal step-by-step scientific method.

Scientists are creative (Objectives 3 and 10)

We decided to link this two objectives in a single section because, in our opinion, the way

how experiments are designed and performed is, among other factors, linked to the scientist’s

personality. On many occasions in this thesis we discussed the variety of the experimental

arrangements used to research cosmic rays. Two are perhaps the main modalities: on the

one hand, and especially at the beginning of cosmic ray research, ionization measurements at

high altitude were thought to be key to unveil the nature of the radiation; on the other hand

measurements of absorption, i.e. of the intensity variation by different shielding materials,

were used to investigate the characteristics of the radiation. It is also known that there

are only two primary methods used to detect cosmic rays: Direct and indirect. In the first

case the primary particles composing the radiation are registered, but this is possible and

10The book is a collection of articles based on the lectures and the round-table discussions of the International

Symposium on the History of Particle Physics, held at Fermilab in May 1980.
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meaningful only for the lower part of the energy spectrum. The flux of the more energetic

particles is in fact so small and the particle arrive so rarely that it’s impossible to perform

direct measurements. Therefore (see section 3.1), studies of secondaries shower cascades are

nowadays the main tool for unveiling the properties of very high and ultra-high energy cosmic

rays. If initially the instruments used were simple electrometers (principally of the Wulf’s

type), which became progressively more sophisticated, adapted for measurements at high

altitude, where pressure and temperature change, or for the deepening in lake and see waters

(see section 7.2 in this chapter.) One of the most creative arrangement was the Regener’s

gondola supporting the electrometer, that was covered by a cellophane sheet. This original

arrangement prevented, by means of the greenhouse effect, possible malfunctions caused by

low temperatures in the stratosphere.

Absorption measurements, instead, were aimed principally at the understanding of the

composition of the radiation. However, we can’t forget that absorption measurements in the

deeps of the Muir and Arrowhead lakes convinced Millikan, in 1925, of the existence of the

cosmic radiation.

As confirmation that creativity is an essential factor in scientific research and that unex-

pected occasions can be used to do science, we might cite Clay’s journeys from and to Java

(see section 2.3), or Wilson’s holiday with his brother at Peblee (see section 7.2). Clay in

fact, while traveling from Bandoeg to Europe to bring one of his two electrometers to the

salt mine in Stassfurt (Germany) for calibration measurements, instead of simply leaving the

instrument in its packaging decided to bring it on the boat-deck and to carry out ionizing

measurements. In doing so he was the first to note a dependence of the radiation intensity

on latitude. Wilson, for his part, took his instrument with him on holidays and took ad-

vantage of being in the vicinity of the Caledonian railways tunnel to carry out underground

measurements.

The aforementioned examples are related to specific episodes in the history of cosmic ray

physics and they clearly show that a variety of different experiments aiming at the same final

goal could be implemented.

Aspects that could be further deepened with pupils or students we suggest: 1) Different

methods in early years cosmic ray research; 2) From shower studies to accelerators: different

approaches to particle physics research.
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7.10 The history of science reveals both an evolutionary and

revolutionary character (Objective 11)

Thomas Kuhn’s book on the structure of scientific revolutions (Kuhn, 1962), is certainly

a must-read to understand and illustrate this aspect of the scientific process. However,

examples of both characters, evolutionary and revolutionary, are found in the history of

cosmic ray research. In fact, while data about the ionizing radiation were accumulated in

the first years of the new century, from 1901 till 1912, and while the precision of ionizing and

absorption measurements increased, according to the evolutionary aspect of advancement of

science, Bothe and Kolhörster’s experiment of 1929 represented a revolution in the scientific

knowledge of that time: it was unexpected that the cosmic radiation would have a corpuscular

nature, and the high penetrating power discovered by the two German physicists.

Later on, when it became clear that the primary particles initiate showers of secondaries,

the evolutionary aspect of the research appears again and information were accumulated from

the meticulous studies of the tracks obtained in cloud chambers. A revolutionary character

has the discovery of EAS by Pierre Auger and collaborators in 1938 by means of which it

was concluded that the particle initiating EAS possess an energy of 1015eV and even much

more, as we have come to know today. However, before Auger’s discovery the detection of

particles shower and the increasing precision that achieved the knowledge of the particles

features, unveiled the existence of a completely unknown world of elementary particles. We

can probably with Kuhn say that those discoveries represented a change in the paradigma of

nuclear physics, and new branch physics, the elementary particle physics was created, and a

totally new vision of atomic and nuclear processes arose.

After 1938, further experiments were performed with the aim of understanding the nature

and origin of cosmic ray through the study of the showers. As we have seen in the second

chapter of this thesis, new ideas and technological improvements contributed greatly to the

advancement of cosmic ray physics. We might say that by 1963 the community of cosmic ray

physicists was in a phase of normal science, but Linsley and Scarsi’s detection of a shower

initiated by a particle of 1018eV represented a breakthrough.

The awareness that science advances slowly in an evolutionary way and that there are

times where these advancements yield new and unexpected results was present in the cosmic

ray physicists’ community and it is well reported by the words of two main characters in the

history of development of cosmic ray physics, Robert Millikan and Patrick Blackett. Millikan

says (Millikan and Cameron, 1928c):
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This procedure will have the further advantage of presenting a very beautiful

illustration of the slow, step-by-step process by which most advances in science are

made, each experimenter building on the past, but pushing on, if he is fortunate,

a little beyond where his predecessors had gone.

On the other hand, Blackett, closing the third ICRC in Bagnères de Bigorre in 1953, wished

the community the following (Cronin, 2011):

So, when we meet again we may hope to have so improved our accuracy

that many of the controversies of this week will be quite settled. However if the

history of scientific discovery is any guide, the same increases of accuracy which

will serve to settle our present controversies will equally, surely, itself bring to

birth new controversies by leading to some new discovery.

Topic for further study is: Revolutionary steps in cosmic ray research

7.11 Science is part of social and cultural traditions. Scientific

ideas are affected by their social and historical milieu

(Objectives 12 and 14)

These two statements are treated jointly because of their close correlation. The first is

actually a central one. Knowledge about epistemology and history of science is required in

order to fully divulge this aspect among pupils, but this goes, probably, beyond the goals of

a teaching through and with NOS. On the other hand it could be restrictive to illustrate that

“science reflects the social and political values, the philosophical assumption, and intellectual

norms of the culture in which it is practiced” (Lederman et al., 2002) in only some specific

moments in the history of cosmic ray physics. Nevertheless, we have found in the analysis of

the early development of particle physics in Japan made by Takehiko Takabayasi (1983), clear

clues of the influence of cultural tradition in science endeavor. In fact, illustrating Yukawa’s

hypothesis about the existence of a new elementary particle, Takabayasi states that Yukawa,

suggesting the existence of a nuclear force field and of its mediating particle (Yukawa, 1935),

was free from the western “Scholastic tradition”, that on the contrary inhibited, for example

Wolfgang Pauli who “did not dare to publish his neutrino idea nor develop it” (Takabayasi,

1983). More easy to discuss is perhaps that local conditions could influence the actions of the

scientists. Local conditions could certainly be called those created during or after a conflict.
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Wartime indeed strongly influence science and scientific endeavor. We have already seen how

difficult was for Conversi, Pancini and Piccioni to carry out measurements in the days of

the bombing of Rome (see section 2.5), or how after the World War I, the German scientific

community suffered a sort of ostracism (see section 7.4). We have also discussed the hunger

crisis in Japan after the end of the second World War (see section 3.5). In the words of one

of the Japanese physicists who have lived those days, Yoichiro Nambu, appears clearly how

science is embedded in the social and historical events:

One wonders why the worst decades of the century for Japan were the most

creative ones for its theoretical physicists. Perhaps the troubled mind sought

escape from the horrors of war in the pure contemplation of theory. Perhaps the

war enhanced an isolation that served to prod originality. Certainly the traditional

style of feudal allegiance to professors and administrators broke down for a while.

Perhaps for once the physicists were free to follow their ideas. Or perhaps the

period is just too extraordinary to allow explanation (Brown and Nambu, 1998).

7.12 A case study: the pion

The discovery of the pion represents, in the history of cosmic ray, an emblematic case to

illustrate almost all the 14 objectives of the operational definition of NOS. Aspects of the

history of this discovery were already presented in the previous sections 2.4 and 2.5. We will

try here to retrace this history under the magnifying glass of the NOS. As we have seen it

took 12 years until many difficulties in the understanding of both the theoretical and exper-

imental results were clarified with the discovery of the existence of two different mesons: the

muon µ and the pion π.

Science is part of social and traditional culture

In 1935 Yukawa, stimulated by Dirac’s relativistic formulation of the quantum mechanics,

published an article in which he assumed that protons and neutrons could be considered

two different states of the nucleon and supposed that they might interact through a field,

just like the electromagnetic one, whose quantum should be, due to the short range of the

nuclear force, some “heavy quantum”11. As reported in section 7.11 Yukawa was guided by

11He calculated the mass of the particle using the known fact that the mass of the carrier particle should be

inversely proportional to the range of the nuclear force and obtained a value circa 200 time the electron mass.
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a different philosophy, and different traditions than his European colleagues12, and hence he

didn’t have any mental reservation in postulating the existence of a new particle.

Scientific knowledge while durable, has a tentative character

Yukawa further suggested that this field and the “heavy quantum” could explain also the β

decay. This latest assumption, however, turned out to be wrong.

Observations are theory-laden

Yukawa’s paper ends with the comment that probably the new particle, the “heavy quan-

tum”, due to the big amount of energy required, could have been revealed only in the cosmic

rays.

New knowledge must be reported clearly and openly

In the western laboratories, however, Yukawa’s paper remained unknown. As a matter of

fact, even when it was published in English, it appeared on a Japanese journal that wasn’t

circulated in neither Europe nor in the United States. Anderson, referring to this circum-

stance declared (Anderson, 1985) “I believe that a theoretical idea like Yukawa’s would have

appealed to the people carrying out the experiments, and would have provided them with a

belief that maybe after all there is some need for particle as strange as meson[...].”

New knowledge must be reported clearly and openly

Indeed only after two years from Yukawa hypothesis a particle with intermediate mass, the

mesotron13, was observed by Anderson and Neddermeyer, Street and Stevenson, and Nishina,

Takeuchi and Ichimiya (see section2.4). It is perhaps worth mentioning here two episodes

related to the publication of the mesotron “discoveries” and both cited by Hayakawa (1983).

The letter of the Japanese group was received by the redaction of the Physical Review on

the 28th of August 1937 (Nishina et al., 1937), but was sent back because considered too

long and, after a reduction, was published on the 1st of December. The letter of Street and

Stevenson, dated 6 October, 1937, was published on the 1st of November (Takeuchi, 1985).

It is also well known that the first people to publish the discovery were Anderson and

12The Europeans tried to understand nuclear force and nuclear structure with Heisenberg’s quantum theory,

investigating further unknown characteristics of known particles.
13This particle was also called yukon, cosmon and meson.
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Neddermeyer but, according to Brown14, Oppenheimer had discouraged them from the pub-

lication in the belief that Dirac’s theory of radiative processes wasn’t valid for energy greater

than 137 mc2.

Scientists require accurate record keeping, peer review and replicability

Brown has further stated that during a colloquium at MIT Anderson and Neddermeyer’s

results were referred by Oppenheimer to Street and Stevenson. The two groups decided

then to publish the discovery of the mesotron. So it happens that in the same volume of

Physical Review appeared: the article of Anderson and Neddermeyer titled “Note on the

Nature of Cosmic-Ray Particles” (Neddermeyer and Anderson, 1937) in which the authors

cited, in a note, the measurements carried out by their colleagues; then a report of Street

and Stevenson’s results within the proceeding of the Washington meeting of the American

Physical Society with the title “Penetrating Corpuscular Component of the Cosmic Radia-

tion” (Street and Stevenson, 1937b); and, eventually, in the last issue of the same volume,

a letter to the editors by Oppenheimer and Serber with a tentative theoretical explanation

of the meson existence. This letter carried the same title as Andrerson’s paper “Note on

the Nature of Cosmic-ray Particles” (Oppenheimer and Serber, 1937). Obviously after the

ascertainment of the existence of the meson, some previous tracks, were now interpreted as

due to the transit of mesons. The earliest one was that of Paul Kunze (1933) registered in

193315.

Scientific knowledge relies heavily, but not entirely, on observation, ex-

perimental evidence, rational arguments, and skepticism

Under the assumption that the meson should be responsible of the β decay, it had to be

unstable. The value of its mean lifetime was initially estimated by Yukawa to be of the order

of the microseconds, but in 1939 he and Soichi Sakata gave an improved value of the lifetime

of the meson to be of the order of 10−8 s (Yukawa and Sakata, 1939) and the estimation

of the meson mean lifetime became one of the most debated arguments among cosmic ray

physicists. Euler and Heisenberg (1938) as well as Blackett (1938) had interpreted the still

unraveled anomalous absorption of cosmic ray into the air in the light of meson instability

and tried to derive the mean life of the new particles. According to Rossi (1983) a “promising

approach” was to compare the decrease of the hard component intensity in air and in denser

14Hayakawa inserted in his recollection this story told by Brown.
15An amusing report of Kunze’s work is reported by Bagge (1985).
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materials at different altitudes. Together with Norman Hilberry and Barton Hoag, he suc-

ceeded in estimating the value of the mean lifetime of the meson with good accuracy. They

obtained a value of about 2 µs (Rossi et al., 1939). Similarly, Nielsen, Ryeson, Nordheim and

Morgan in the United States (Nielsen et al., 1940), Ageno, Bernardini, Cacciapuoti, Ferretti,

and Wick in Italy on the Matterhorn (Ageno et al., 1940), Neher and Stever at the Caltech

in California (Neher and Stever, 1940), and (Ehmert, 1940) in Germany had obtained values

of the meson mean life that have shown quite large different results due, according to Rossi

to “the low accuracy of the measurements”.

There is no universal step-by-step scientific method

In table 7.2 are reported the different values of the mean lifetime of the new particle obtained

from pure theoretical calculation, as well as through experimental measurements carried out

under different conditions. It is worth noting that in the case of indirect measurement some

assumptions, like the mass and momentum values, had to be made in order to derive the

mean lifetime values. Improved knowledge of the decay mechanism of mesons in cosmic rays

allowed later direct and more reliable measurements of the mean life. As it can be seen from

table 7.2, the τ values obtained through theoretical calculations were at least one order of

magnitude smaller (if not three as in the case of Nordheim’s calculation).

Science is an attempt to explain natural phenomena

To investigate the discrepancy between the calculated and measured values it was suggested

that the decay of the meson could be modified by the absorption mechanism in the matter it

traversed. In particular Sin-itiro Tomonaga and Gentaro Araki supposed that mesons with

different charge sign should behave differently. The positive one, repulsed from the atomic

nucleus should decay in fly, while the mesons with negative charge would experience the

Coulomb attractive force and hence will be absorbed before they have time to decay (Tomon-

aga and Araki, 1940).

New knowledge must be reported clearly and openly

Differently than other papers of the Japanese scientific community, the latter work of Tomon-

aga and Araki was published in Physical Review and therefore obtained some level of renown

in western countries. Also the Italian physicists, Conversi, Piccioni and Pancini, in Rome had

time (before the Mussolini’s régime proscription of foreign publications) to read the paper of
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Table 7.2: Results of different measurements of the mean lifetime of the meson obtained by the

different research groups.

Modality Year and Author meson mean lifetime τ (s)

Theoretical calculation

Yukawa, Sakata and Taketani (1938) 0.5 10−6

Yukawa et al. (1938) 1.3 10−7

Euler and Heisenberg (1938) 2.7 10−6

Blackett (1938) 1.7 10−6

Yukawa and Sakata (1939) 0.5 10−7

Nordheim (1939) 1.6 10−9

Bethe and Nordheim (1940) 1.6 10−9

Indirect measurements

Rossi, Hilberry and Hoag (1939) (2− 3) 10−6

Nielsen et al. (1940) 1.2 10−6

Ageno et al. (1940) (4− 5) 10−6

Neher and Stever (1940) 2.8 10−6

Ehmert (1940) (3.7 ± 1) 10−6

Rossi and Hall (1941) (2.4 ± 0.3) 10−6

Direct measurements

Rasetti (1941) (1.5 ± 0.3) 10−6

Auger, Maze and Chaminade(1941) (2.5 ± 1.2) 10−6

Rossi and Nerenson (1942) (2.3 ± 0.2) 10−6

Rossi and Nerenson (1943) (2.15 ± 0.07) 10−6

Conversi and Piccioni (1944) (2.30 ± 0.17) 10−6

Actual values of mesons mean life

τµ = 2.197034 10−6 τπ0 = (8.4± 0.6) 10−17 τπ+ = (2.6033± 0.0005) 10−8

their Japanese colleagues.

Scientists are creative

As told in detail in section 2.5 Conversi and Pacini were performing direct measurements

of the meson lifetime while Rome was being bombed and they decided to move the entire

experimental equipment to the Liceo Virgilio. There, after having estimated the meson mean

lifetime, they carried out further experiment aimed at the verification of Tomonaga and
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Araki’s theory.

Scientific knowledge while durable, has a tentative character

The results of the second experiment of Conversi and Piccioni were published on the Italian

journal Nuovo Cimento in 1944 (Conversi and Piccioni, 1944b) and only two years later on

Physical Review (Conversi and Piccioni, 1946a). A third experiment was undertaken, with

the participation of Pancini, that once again confirmed, according to Tomonaga and Araki,

the different behavior of negative and positive mesons through matter (Conversi et al., 1945).

Eventually a last attempt was made. Carbon was used as an absorption material that should

have permitted the passage of the decay photons through itself. Against all expectations, this

fourth experiment gave different results that contradicted Tomonaga and Araki’s hypothesis

(Conversi et al., 1947). The meson couldn’t be Yukawa’s particle!

Observation are theory-laden

Actually in Japan the incongruity between the cosmic ray phenomena and the theory of

nuclear forces developed by Yukawa was actually rather well-known. Several meeting and

works were dedicated to solving this problem. The idea of two different type of mesons was

mentioned in Yukawa’s laboratory diary as early as 1942, yet the absence of experimental

supports didn’t discourage the Japanese theoretician, and therefore a paper based on lectures

held at the theory meeting were published in the proceedings (Hayakawa, 1983).

New knowledge must be reported clearly and openly

In Japan the frequent meetings between theoretician and experimentalists played an impor-

tant role for the advancement of physics studies and research. Nevertheless, as already said,

often the work of the Japanese community remained unknown to the western scientists. The

two mesons hypothesis wasn’t an exception, at least until the end of the second World War

when a paper of Sakata and Takesi Inoue was published in English (Sakata and Inoue, 1946).

In Europe, after having established that the meson interacts only weakly with atomic nuclei,

Marshak and Bethe (1947) as well as Weisskopf (1947) developed a two-meson theory un-

aware of the work of Sakata and Inoue according to Perkins (2005).

Science and technology impact each other

The hypothesis of the existence of two different types of intermediate particles was confirmed
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thanks to the development of a new type of photographic emulsion (see section 2.5). Soon

after the end of the world war conflict, the Bristol group lead by Powell, that Occhialini

joined after having spent the war period in Brazil, exposed such emulsion on the Pic du

Midi in the Pyrenees and obtained encouraging results. Cesare Lattes, one of Occhialini’s

collaborators at São Paulo University who also joined the Bristol group, remembers how the

photographic prepared by the Ilford Company with borax, at his suggestion, and after the

exposure registered much more events than the normal (Lattes, 1983).

People from all cultures contribute to science

Then Lattes proposed and offered himself to bring the new type of photographic plate on

the Chacaltaya Mountain. After one month he brought the plate back in Bristol were they

were properly developed and processed16. 30 tracks of double mesons were found showing

the decay of the meson π in meson µ. The puzzle was at the end solved thanks to the work

in cooperation of English, Italian and Brazilian physicists.

Scientific knowledge while durable, has a tentative character

We wish to summarize, with the words of Oreste Piccioni (1983) the effort of many people in-

volved in the understanding the nature of the new elementary particles, and the characteristic

of the cosmic radiation in which they were found.

In summary, the cycle [...] first indicated the correctness of the Yukawa theory

by proving the decay of mesotrons, continued confirming the theory with the two

experiments on capture in iron, indicted the theory because of the non capture

in carbon, then confirmed the Bristol work in favor of the theory. The resul-

tant knowledge from this cycle was that the Yukawa meson was the mediator of

the nuclear force but not of the β decay. [...] the muon was recognized as an

heavy lepton, and its mass and decay properties made it a wonderful probe for

fundamental researches like parity violation [...].

The history of science reveals both an evolutionary and revolutionary

character

Then at the end of this story we can ask if the discovery of the mesons π and µ, the theory

of the nuclear force, and the birth of the particle physics were an evolution or a revolution.

16The painstaking work need to select tracks of events was largely made by women with the help of micro-

scope to magnify the picture Perkins (2005).
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We let Takeiko Takabayasi (1983) answer this question:

The history of particle physics, which began to be developed immediately follow-

ing that period17 had a somewhat different character. Although its difficulties

seemed to require a further revolution in fundamental concepts, each time this

was postponed, and the difficulties were overcome by some new subtle device re-

maining within the framework of quantum mechanics and relativity and revealing

a richer world of particle physics in the high energy regime.

17The first 30 year of the XX century that have seen scientific revolutions such as the relativity and the

quantum mechanics.
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Chapter 8

Summary and Outlook

As we wrote in the introduction to this thesis, the main aim of the work was to investigate

whether the various aspects of cosmic ray research, from its historical development to the role

of the communities involved, from the technical challenges to the science topics addressed, can

be used as a teaching path of and through NOS. We also wished to suggest an approach to the

teaching of physics that points out, not only the specific notions of the discipline (phenomena

and laws) and the paradigms of the scientific method, but highlights the complex and rich

human, historical and social route that has produced this knowledge.

The second main aim of our investigation was to verify the knowledge of the pupils

and students about various NOS aspects. We wanted to verify whether intrinsic differences

between the German and Italian samples could be observed, and if so, how these can be

explained in light of the different curricula and teaching culture in Italy and Germany.

8.1 Summary

As a result of our work described in the previous chapters we have:

• reconstructed in detail the intricate and complex history of cosmic ray research, from the

pioneer years to the research of today’s large collaborations, showing how this is a very

well suited topic for the study of and through NOS. Several key aspects of NOS emerged

from our reconstruction: the human curiosity and creativity of the scientists that drives

science endeavor; the role of the cultural and social background of the single scientist

and of the research communities; the ‘dialectics’ between innovative technology and

experimental techniques and new fascinating challenges and discoveries; the necessity

of wide and open communication; the role of theory in driving, on some occasions at
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least, the research effort.

• developed a fil rouge that winds itself through the history and science of cosmic rays

and links cosmic rays to NOS. More specifically we have singled out aspects of cosmic

ray research that can be used to enlighten and substantiate the 14 objectives that

constitute an operative definition of NOS. We also suggested didactic themes, which

can be developed using an interdisciplinary approach by pupils and teachers and through

which one can teach NOS and physics through NOS.

• presented and discussed the design, the execution and the analysis of a sample-based

investigation constructed around an open-ended questionnaire, which was designed fol-

lowing the existing literature, translated from English into Italian and German, and

carefully tested. The sample included mainly students and pupils from Italian Liceo

and German Gymnasium, and first year undergraduate students enrolled in physics,

nano-science and biology.

• presented in detail the analysis performed that was based on the MAXQDA software

program. We also carefully discussed the Code-Baum used in the analysis, which was

first theoretically deducted from the literature, but subsequently inductively revised on

the basis of the answers to the questionnaire.

• discussed the results of the proposed investigations, from which it can be clearly seen

that: 1) The German students and pupils appear to be more informed than the Italian

students and pupils on the aspects of NOS; This result emerges from the comparison of

all of the samples and from the analysis of specific categories; 2) A large fraction of the

sample fall into the no answer level in several categories, which suggests an alarming

lack of scientific literacy for the subtle aspects of NOS. These key findings are discussed

in the context of the respective school systems.

• discussed the results of the comparison between the whole German and Italian sample

of pupils and students with a specific sample of doctoral students in physics, largely

international. This analysis clearly shows a marked difference between the two samples:

the PhD students appear to be much more familiar with science and its cultural and

historical aspects, and are more aware of NOS. This reaffirms the role of specific studies

in the science disciplines as functional to the acquisition of scientific literacy.

206



8.2 Outlook

The work of this thesis paves the way to further developments:

• Following the result of our study the questionnaire, which ended up becoming rather

robust, could be further refined. As an example, it could be further investigated whether

or not the order of the questions or their formulation could have impacted the results.

• The samples could be extended to schools of different regions of Italy or German Länder

to verify the dependence on the regional level, which is particularly relevant for Germany

given the State-based educational system, but could also play a role between the South

and North of Italy characterized by different economic and social conditions.

• A comparison between this study and other existing studies in the field can, and perhaps

should be conducted in order to highlight differences and commonalities. However, we

must stress that, to the best of our knowledge, no comparisons of NOS knowledge

between the two countries are reported.

• The study could be extended to other type of schools, like vocational schools, e.g.,

Istituti tecnici and Realschule.

• It would be interesting to implement the didactic path presented in Chapter 7, with

a focused intervention on teaching with and about NOS through the fil rouge of cos-

mic rays. It would also be interesting to compare, using the methodological approach

presented in the thesis, the NOS knowledge of the pupils and students pre- and post-

intervention.
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Appendix A

Questionnaire VNOS-C

Questionnaire VNOS-C: English version

1. What, in your view, is science? What makes science (or a scientific discipline such as

physics, biology etc.) different from other disciplines of inquiry (e.g. religion, philoso-

phy)?

2. What is an experiment?

3. Does the development of scientific knowledge require experiments?

• If yes, explain why. Give an example, to defend your position.

• If no, explain why. Give an example, to defend your position.

4. After scientists have developed a scientific theory (e.g. atomic theory, evolution theory),

does the theory ever change?

• If you believe that scientific theories do not change, explain why. Defend your

answer with examples.

• If you believe that scientific theories do change: (a) Explain why theories change?

(b) Explain why bother to learn scientific theories? Defend your answer with

examples.

5. Is there a difference between a scientific theory and a scientific law? Illustrate your

answer with an example.

6. Science textbooks often represent the atom as a central nucleus composed of protons

(positively charged particles) and neutrons (neutral particles) with electrons (negatively

charged particles) orbiting that nucleus. How certain are scientists about the structure
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of the atom? What specific evidence do you think scientists used to determine what

an atom looks like?

7. Science textbooks often define a species as a group of organisms that share similar

characteristics and can interbreed with one another to produce fertile offspring. How

certain are scientists about their characterization of what a species is? What specific

evidence do you think scientists used to determine what a species is?

8. It is believed that about 65 million years ago the dinosaurs became extinct. Of the

hypotheses formulated by scientists to explain the extinction, two enjoy wide support.

The first, formulated by one group of scientists, suggests that a huge meteorite hit the

earth 65 million years ago and led to a series of events that caused the extinction. The

second hypothesis, formulated by another group of scientists, suggests that massive and

violent volcanic eruptions were responsible for the extinction. How are these different

conclusions possible if scientists in both groups have access to and use the same set

of data to derive their conclusions?

9. Some claim that science is infused with social and cultural values. That is, science

reflects the social and political values, philosophical assumption, and intellectual norms

of the culture in which it is practiced. Others claim that science is universal. That

is, science trascends national and cultural boundaries and is not affected by social,

political, and philosophical values, and intellectual norms of the culture in which it is

practiced.

• If you believe that science reflects social and cultural values, explain why. Defend

your answer with examples.

• If you believe that science is universal, explain why. Defend your answer with

examples.

10. Scientists perform experiments/investigations when trying to find answer to the ques-

tions they put forth. Do scientists use their creativity and imagination during their

investigations?

• If yes, then at which stages of the investigations you believe scientists use their

imagination and creativity: planning and design, data collection, after data col-

lection? Please explain why scientists use imagination and creativity. Provide

examples if appropriate.
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• If you believe that scientists do not use imagination and creativity, please explain

why. Provide examples if appropriate.
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Questionario sulla Natura della Scienza: Italian version

1. Che cosa è la scienza secondo il suo punto di vista? Che cosa rende la scienza (o una

disciplina scientifica quale la fisica, la biologia etc. etc.) diversa dalle altre discipline

investigative (quali per es. religione, filosofia)?

2. Che cosa è un esperimento?

3. Gli esperimenti sono indispensabili per lo sviluppo delle conoscenze scientifiche?

• Se s̀ı, spieghi il perché. Motivi la sua risposta con un esempio.

• Se no, spieghi il perché. Motivi la sua risposta con un esempio.

4. Dopo che gli scienziati formulano una teoria (per es. la teoria atomica, la teoria

dell’evoluzione), questa teoria cambia più?

• Se Lei crede che le teorie scientifiche non cambino, spieghi il perché. Motivi la sua

risposta con degli esempi.

• Se crede che le teorie scientifiche cambino: (a) spieghi dapprima perché cambiano

e (b) spieghi perché dobbiamo preoccuparci di apprenderle. Motivi la sua risposta

con degli esempi.

5. Esiste una differenza tra una teoria e una legge scientifica? Illustri la sua risposta con

un esempio.

6. I libri di testo di scienze spesso rappresentano l’atomo come un nucleo centrale composto

di protoni (particelle cariche positivamente) e neutroni (particelle neutre), e di elettroni

(particelle cariche negativamente) che ruotano attorno al nucleo. Quanto certi sono

gli scienziati della struttura dell’atomo? Quali prove specifiche, Lei pensa, che gli

scienziati abbiano usato per stabilire quale sia l’aspetto dell’atomo?

7. I libri di testo spesso descrivono una “Specie” come un gruppo di organismi che con-

dividono caratteristiche simili e che quando s’incrociano tra loro danno origine a una

discendenza fertile. Quanto certi sono gli scienziati della loro descrizione di “Specie”

Quali prove specifiche, pensa, che gli scienziati abbiano usato per stabilire cosa è una

“Specie”?

8. Si crede che i dinosauri si siano estinti circa 65 milioni di anni fa. Delle varie ipotesi

formulate per spiegare l’estinzione, due sono le più accreditate. La prima, formulata
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da un gruppo di scienziati, suggerisce che un gigantesco meteorite abbia urtato la terra

65 milioni di anni fa, scatenando una serie di eventi che hanno causato l’estinzione.

La seconda ipotesi, formulata da un altro gruppo di scienziati, suppone che intense e

violente eruzioni vulcaniche siano responsabili dell’estinzione. Com’è possibile che gli

scienziati siano giunti a queste diverse conclusioni, se entrambi i gruppi avevano a

loro disposizione, per lo studio, la stessa serie di dati?

9. Alcuni pensano che valori sociali e culturali impregnino la scienza. Cioè che la ricerca

scientifica rifletta i valori sociali e politici, le convinzioni filosofiche e le norme intellet-

tuali della cultura in cui viene esercitata. Altri pensano che la scienza sia universale.

Cioè che, la scienza superi i confini nazionali e culturali e non sia influenzata dai valori

sociali, politici e filosofici, né dalle norme intellettuali della cultura all’interno della

quale viene esercitata.

• Se Lei pensa che la scienza rispecchi i valori sociali e culturali, spieghi il perché.

Motivi la sua risposta con degli esempi.

• Se Lei crede che la scienza sia universale, spieghi il perché. Motivi la sua risposta

attraverso degli esempi.

10. Gli scienziati conducono degli esperimenti o delle indagini per provare a rispondere alle

domande che essi stessi pongono alla Natura. Durante queste indagini, gli scienziati

usano la loro creatività e la loro immaginazione?

• Se pensa di s̀ı, allora, secondo lei, in quale fase dell’indagine usano immaginazione

e creatività: nella pianificazione e progettazione? Nel momento della raccolta

dei dati ovvero dopo la raccolta dei dati? Spieghi perché gli scienziati usano la

fantasia. Se è il caso faccia degli esempi.

• Se pensa che gli scienziati non usino l’immaginazione, spieghi il perché. Se è il

caso faccia degli esempi.
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Fragebogen über die Natur der Naturwissenschaft: German version

1. Was ist, Ihrer Meinung nach, Naturwissenschaft? Was unterscheidet Naturwissenschaft

(oder ein naturwissenschaftliches Fachgebiet wie Physik, Biologie usw.) von anderen

Forschungsgebiete (wie z.B. Religion, Philosophie)?

2. Was ist ein Experiment?

3. Braucht man für die Entwicklung naturwissenschaftlicher Erkenntnisse notwendiger-

weise Experimente?

• Wenn ja, erklären Sie warum. Geben Sie ein Beispiel, um Ihre Meinung zu

begründen.

• Wenn nein, erklären Sie warum. Geben Sie ein Beispiel, um Ihre Meinung zu

begründen.

4. Nachdem eine wissenschaftliche Theorie entwickelt wurde (z.B. die Atomtheorie, die

Evolutionstheorie), kann sie sich jemals ändern?

• Wenn Sie glauben, dass sich naturwissenschaftliche Theorien nicht ändern können,

erklären Sie warum. Begründen Sie Ihre Antwort anhand von Beispielen.

• Wenn Sie glauben, dass sich naturwissenschaftliche Theorien ändern können: Erklären

Sie: (a) Warum sie sich ändern. (b) Wieso es sich lohnt sie zu lernen. Begründen

Sie Ihre Antwort anhand von Beispielen.

5. Gibt es einen Unterschied zwischen einer naturwissenschaftlichen Theorie und einem

naturwissenschaftlichen Gesetz? Erläutern Sie die Antwort durch ein Beispiel.

6. Oft stellen naturwissenschaftliche Lehrbücher das Atom dar als einen zentralen Kern ,

der aus Protonen (positiv geladenen Teilchen) und Neutronen (ungeladenen Teilchen)

besteht und von Elektronen (negativ geladenen Teilchen) umkreist wird. Wie können

sich die Naturwissenschaftler sicher sein, dass ein Atom so aufgebaut ist? Mit welchem

besonderen Beleg konnten die Naturwissenschaftler, Ihrer Meinung nach, den Aufbau

eines Atoms bestimmen?

7. Oft stellen naturwissenschaftliche Lehrbücher eine biologische Art als eine Gruppe von

Organismen dar, die gleiche Eigenschaften besitzen und sich untereinander fortpflanzen,

um wieder zeugungsfähige Nachkommen hervorzubringen. Wie sicher sind sich die
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Naturwissenschaftler über ihre Beschreibung von einer Art? Welchen besonderen Be-

weis haben, Ihrer Meinung nach, die Wissenschaftler benutzt, um festzustellen, was

eine Art ist?

8. Man nimmt an, dass die Dinosaurier vor etwa 65 Millionen Jahre ausgestorben sind.

Von allen Hypothesen zur Ursache finden nur zwei eine breite Zustimmung. Die erste

Hypothese behauptet, dass vor 65 Millionen Jahre ein riesiger Meteorit die Erde traf,

was eine Serie von Auswirkungen zur Folge hatte, die das Aussterben der Dinosaurier

verursachten. Die zweite Hypothese, die von einer anderen Gruppe von Wissenschaftler

formuliert wurde, schlägt vor, dass ein massiver und gewaltiger Vulkanausbruch für das

Aussterben verantwortlich war. Wie konnten die Wissenschaftler der konkurrierenden

Gruppen zu diesen zwei verschiedenen Ergebnissen kommen, wenn beide Forscher-

gruppen über das gleiche Datenmaterial verfügten und die gleichen Daten benutzt

haben, um ihre Schlüsse zu ziehen?

9. Manche Leute behaupten, dass die Naturwissenschaft von gesellschaftlichen und kul-

turellen Werten beeinflusst wird. Das heißt, dass die Naturwissenschaft die sozialen

und politischen Werte, die philosophischen Hypothesen und die intellektuellen Nor-

men der Kultur, in der sie betrieben wird, widerspiegelt. Andere denken, dass die

Naturwissenschaft allgemeingültig ist. Das heißt, dass die Naturwissenschaft über

Landes- und Kulturgrenzen hinausreichst und weder von gesellschaftlichen, politischen

und philosophischen Werte noch von den intellektuellen Normen der Kultur, in der sie

betrieben wird, beeinflusst wird.

• Wenn Sie glauben, dass die Naturwissenschaft die gesellschaftlichen und kulturellen

Werte widerspiegelt, erklären Sie wieso. Untermauern Sie Ihre Antwort mit Beispie-

len.

• Wenn Sie glauben, dass die Naturwissenschaft universell ist, erklären Sie wieso.

Untermauern Sie Ihre Antwort mit Beispielen.

10. Wissenschaftler führen Untersuchungen und Experimente durch wenn sie versuchen,

die Frage an die Natur, die sie selbst gestellt haben, zu beantworten. Benutzen die

Wissenschaftler dabei ihre Phantasie und Kreativität?

• Wenn ja, in welcher Phase der Untersuchungen verwenden, Ihrer Meinung nach,

die Wissenschaftler ihre Phantasie und Kreativität: Wenn sie das Experiment
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planen und entwerfen? Wenn sie Daten sammeln oder nachdem die Daten erfasst

wurden? Begründen Sie bitte, warum Wissenschaftler Phantasie und Kreativität

nutzen. Falls zutreffend nennen Sie Beispiele.

• Wenn Sie denken, dass die Wissenschaftler nicht ihre Phantasie und Kreativität

nutzen, begründen Sie, bitte, wieso. Falls zutreffend nennen Sie Beispiele.
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Appendix B

Statistical data sheet

This appendix contain the statistical data sheet in its three different version: englisch, italian

and german.

Informations for the statistical evaluation

Your personal code

The coding is necessary for possible correlations with other questionnaires.

• first letter of your birthplace:

• second letter of the name of your school:

• last letter of the name of your math’s teacher at the college:

• your month of birth (as a number, e.g. 03 for March):

Your personal code:

About the person

Please answer the questions or choose the correct answer.

• Female Male

• Date of birth: / /
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• Choosed curricular profile at school :

• Major field of study at school:

• Final school certificate:

• Have you completed your PhD? Yes No

- If not, on which semester are you registered?:

• Topic of your PhD’s thesis:

• Do you want in the future work as a teacher? Yes No
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Dati personali per l’analisi statistica.

• Donna Uomo

• Data di nascita: / /

• Tipo di studi secondari:

• Ha cominciato questo studio universitario subito dopo il Diploma? S̀ı No

- Se No, indichi il tipo di attività precedentemente svolta:

• Facoltà:

• Corso di laurea:

• Pensa di essere, in futuro, interessato all’insegnamento? S̀ı No

Il suo codice personale

Il codice personale consente di mantenere l’anonimità delle risposte e di correlare corretta-

mente questo questionario ad altri testi analoghi da lei eventualmente prodotti.

• Prima lettera del suo luogo di nascita:

• Seconda lettera del nome del liceo frequentato:

• Terza lettera del nome del suo insegnante di fisica al liceo:

• il suo mese di nascita (in cifre, per es. 03 per Marzo):

Codice personale:
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Angaben zur statistischen Auswertung

Ihr persönlicher Code

Die Codierung ist wichtig, um möglicherweise andere Fragebögen zuordnen zu können.

• erster Buchstabe Ihres Geburtsortes:

• zweiter Buchstabe des Namens Ihrer Schule:

• letzter Buchstabe des Namens Ihres Mathelehrers in der 5. Klasse:

• Ihr Geburtsmonat (als Zahl, z.B. 03 für März):

Persönlicher Code:

Zur Person

Bitte beantworten Sie die Fragen bzw. wählen Sie die zutreffende Antwort.

• Weiblich Männlich

• Geburtsdatum: / /

• Ausgewähltes schulisches Profil:

• Leistungskurse in der Schule:

• Art des Schulabschlusses:

• Haben Sie dieses Studium gleich nach dem Schulabschluss begonnen? Ja Nein

- Falls nein, nennen Sie Ihre vorherige Tätigkeit:

• Art des Studiums: Lehramtsstudium Fachstudium

• Hauptfächer des Studiums:

• Möchten Sie in Zukunft als Lehrer-in arbeiten? Ja Nein
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Appendix C

Early versions of the categories

system

Table C.1: Codebaum: first version

Elaborate General Näıve

Tentative NOS

• Always changes • Holds universal truth

• Is definitive, correct or

‘proven’ true

Empirical NOS

• Even though relies on obser-

vation, much based on beliefs,

assumptions

• Sometimes physics shows

affinity with philosophy

• Sometimes thougth exp. are

used

• Simplified representation of

complex processes for study

purposes

• Science is based only on ob-

servations no social or cultural

factors

• Presented with no kind of hu-

man interpretation

• Facts can be seen by someone

else to get right or wrong an-

swer

• Use concrete facts that have

been proved

• Science has an empirical

and/or useful aspect (no

other explanation)

continued on the next page
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Table C.1: Codebaum: first version (continued)

Elaborate General Näıve

The scientific method

• No existence of ‘the’ scientific

method

• Scientists use models

• Scientists use rational and rig-

orous methods

• Scientists follow the ‘scientific

method’

The experimental approach

• Controlled approach to test

the validity of a theory or hy-

pothesis

• No exp. can ever fully validate

a theory as fact

• Constantly refined in an at-

tempt to substantiate the im-

plications

• Not all scientific knwoledge re-

quire manipulative exp.

• By exp. is knowledge attained

• Didactical importance of ex-

periments

• Is necessary

• Doesn’t always involve manip-

ulation or intervention

• Just does observational stuff

• Prove a proposed theory

• See if a theory is wrong or

right

Scientific theories

• Theories have the role of guid-

ing research framework

• Theories have an explanatory

function

• Group of people acts out of the

context

• Because one falsifying experi-

ment

• New information, technologi-

cal advances hence increased

accuracy

• New and/or better theories

• Theories do changes (without

examples or inadequate ones)

• A theory which has become

universal doesn’t change any-

more

continued on the next page
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Table C.1: Codebaum: first version (continued)

Elaborate General Näıve

Theories and laws

• A law states, identifies or

describes relationships among

observable phenomena

• Theories are inferred explana-

tion for observable phenomena

• Adequate examples

• A theory is a complex struc-

ture that includes several laws

• Hierarchical view: a law is

a theory by all scientists ac-

cepted

• Theory is something to be

proved

• A law is something proved will

not change, is true

• Laws are absolute and/or cer-

tain

• Only the name of a theory or

law is cited

Inference and theoretical entities in science

• Atoms cannot be directly ob-

served, only indirect evidence

is used

• A model constructed through

experiments and inferences

• Species is a human conven-

tion, an artificial convey to

communicate

• Species is a static term for

something unstable in the re-

ality

• Well accredited by scientists

through observations

• The historically development

of atom’s model is reported

• Only one exp. is cited and is

correctly described

• Are certain, they used micro-

scopes

• They counted electrons, pro-

ton and neutrons

• Only one exp. is cited and it’s

not correctly cited

• Are certain because of plau-

sible experiment and observa-

tion

• Are certain about characteri-

sation of Species

Subjective or theory-laden NOS

• Due to different educational

background, personal experi-

ences, and profile

• Due to different interpretation

of the data

• Both events brought the same

final consequences

• Lacks of evidence

• Some used evidence to sup-

port a theory, other to support

anothe rone

continued on the next page
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Table C.1: Codebaum: first version (continued)

Elaborate General Näıve

Universal aspect of science

• Science is influenced

• Science is influenced but the

body of knowledge is valid and

reliable

• The scientist are influenced

but the ‘science’ isn’t

• In the past more influenced

than now (no possible to judge

present)

• Science should be free

• Science is not influenced

• ‘Facts’ of science are universal,

only in the past research was

influenced

The creative and imaginative nature of scientific knowledge

• To invent models, theories or

to bring novel ideas to explain

results

• Imagination permeates all

stage of investigation

• Creativity is used in all stages

with the exception of the data

collection

• No creativity

• Creativity is limited to the

planning and design stage

Table C.2: Codebaum: second version

Elaborate General Näıve

What is science?

• Always changes • The attempt to understand

the nature

• Holds universal truth

Empirical NOS

• Sometimes physics shows

affinity with philosophy

• Has an useful and beneficial

aspect

• By experiments is knowledge

attained

• Has an empirical aspect (with-

out any other explanation)

• Facts are presented with no

kind of human interpretation

• Use concrete facts that have

been proved

continued on the next page
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Table C.2: Codebaum: second version (continued)

Elaborate General Näıve

The scientific method

• No existence of ‘the’ scientific

method

• Scientists use models

• Scientists use rational and rig-

orous methods

• Scientists follow the ‘scientific

method’

The experimental approach

• Controlled approach to test

the validity of a theory or hy-

pothesis

• No exp. can ever fully validate

a theory as fact

• Not all scientific knwoledge re-

quire manipulative exp.

• Simplified representation of

complex processes for study

purpos

• Didactical importance of ex-

periments

• Sometimes thougth exp. are

used

• Is necessary

• Experiment just does observa-

tional stuff

• Prove a proposed theory

Tentative NOS

• Theories have the role of guid-

ing research framework

• Group of people acts out of the

context

• Because one falsifying experi-

ment

• New information, technologi-

cal advances hence increased

accuracy

• New and better theories

• Theories changes (without ex-

amples or inadequate ones)

• A theory which has become

universal doesn’t change any-

more

Theories and laws

• A law states, identifies or

describes relationships among

observable phenomena

• Theories are inferred explana-

tion for observable phenomena

• Adequate examples

• A theory is a complex struc-

ture that includes several laws

• Hierarchical view: a law is

a theory by all scientists ac-

cepted

• Theory is something to be

proved

• A law is something proved will

not change, is true

continued on the next page
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Table C.2: Codebaum: second version (continued)

Elaborate General Näıve

Inference and theoretical entities in science

• Atoms cannot be directly ob-

served, only indirect evidence

is used

• A model constructed through

experiments and inferences

• Species is a human conven-

tion, an artificial convey to

communicate

• Species is a static term for

something unstable in the re-

ality

• Well accredited by scientists

through observations

• The historically development

of atom’s model is reported

• Only one exp. is cited and is

correctly described

• Are very certain, they used

powerful microscopes

• Only one exp. is cited and it’s

not correctly cited

• Are certain because of experi-

ment and observation

• Are certain about their char-

acterisation of Species

Subjective or theory-laden NOS

• Data were differently weighted

• Due to different educational

background, personal experi-

ences, and profile

• Due to different interpretation

of the data

• Both events brought the same

final consequences

• Lacks of evidence

• Some used evidence to sup-

port a theory, other to support

anothe rone

Universal aspect of science

• Science is influenced

• Research is influenced, the

body of knowledge is valid and

reliable

• In the past more influenced

than now (no possible to judge

present)

• Science should be free

• Science is not influenced

• ‘Facts’ of science are universal,

only in the past research was

influenced

The creative and imaginative nature of scientific knowledge

• To invent models, theories or

to bring novel ideas to explain

results

• Imagination permeates all

stage of investigation

• Creativity is used in all stages

with the exception of the data

collection

• No creativity

• Creativity is limited to the

planning and design stage
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Fig 1.19 (right9 https://powerxeditor.aptaracorp.com/sciprisaps/RnPRequest/ViewRequest?Collection=
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