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Abstract

The following Master’s thesis is concerned with several aspects of the wave-particle duality of light.
It is loosely divided in three parts. In the first part we consider historical, theoretical and experimental
aspects of the duality problem. We explain how the notion of duality has developed through the last 400
years. We discuss theoretical underpinnings of the duality emodied by Maxwell’s electromagnetic theory,
quantization of electromagnetic modes, Fock’s states and coherent states. We critically review several
experiments which serve to demonstrate the corpuscular or undulatory behaviour of light and matter;
in particular we present how the photoelectric effect and the Compton effect can be explained using the
undulatory model, and we critically review Grangier, Roger and Aspect correlation experiment.

In the second part we describe two illustrative experiments on the duality of light conducted at
Quantum Optics Laboratory at University of Oslo. The results of the experiment allow us to discuss
how coincidence measurements can be used to exhibit the corpuscular behaviour of light, and how Mach-
Zender interferometry performed at very low intensity can be used to exhibit the undulatory behaviour at
the (assumed) single-photon level. In addition, in the second part we review elements of theories closely
associated with the experiment and the experimental setup: optical coherence, photocount and photon
statistics, beam splitter models and Gaussian beams. A proposition for extending the semiclassical model
is given, and shortcomings of the present beam splitter models are discussed.

In the third part of the thesis we consider first Afshar’s experiment and some of the critical response
that it has been met with. Then we discuss how the wave-particle duality is to be understood in the
standard interpretation of quantum mechanics, and how it could possibly be explained using either an
alternative model for light or an alternative interpretation of quantum mechanics, and what difficulties

such explanations present.



The thesis was written in BTEX using the graphical program IxyX. The figures not reproduced from
original sources were generated using Matlab or drawn using Dia.
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Introduction

I remember quite well my first exposure to quantum mechanics. It occured during the early high school years
through a Polish edition of the book The Large, the Small and the Human Mind written by Roger Penrose
[1]. In accordance with the title, Penrose dedicated the middle part of his rather short book to the issues
concerning the microscopic world. It was a fascinating reading but not a very easy one, despite the book
being labeled as popular science. If T could today advice my younger self, probably I would propose another,
more accessible introduction to the quantum branch of science. On the other hand... maybe I would not,
because getting thrown into intellectual deep water sometimes may act stimulating, and, after all, Penrose’s
book did not subdue my interest for physics.

One often hears that the quantum phenomena are against our common sense and stand in sharp contra-
diction to our day-to-day perception of the world. However, this opinion is usually uttered by professionals
in the field who have had enough time to grow accustomed to different aspects of quantum mechanics. Even
on me, after barely six years of studying physics, the paradoxes and the strange ontology of the microscopic
realm do not make as huge an impression as they once did. But when I was reading The Large, the Small
and the Human Mind, my reactions were very different indeed. The superposition principle as applied to
the quantum states, saying that an object may possess two mutually exclusive properties, struck me with
amazement. The wave-particle duality, illustrated in a standard way by the double-slit experiment, seemed
hard to grasp. And after reading the chapter about quantum entanglement and the EPR paradox I naively
assumed that the author had meant in fact something else and that I did not understand correctly what he
had been saying. It was simply too weird.

The wave-particle duality is one of the central concepts of quantum mechanics, but the discussion on
the nature of light is much older than the physical discipline initiated by Max Planck’s famous lecture in
December 1900. Let us briefly notice that the general notion of duality (or dualism) alone has also a long and
interesting history, and has always stood for crucial philosophical contrasts and problems. The relationship
between matter and mind is arguably the most famous of these, and René Descartes was the first philosopher
who considered it in depth. Descartes maintained that mind ought to be viewed as a non-physical substance.
This so-called Cartesian dualism initiated modern philosophy of mind which up to the present day ponders
the problem of the interactions between mind and body. Among other dualisms, there is the famous concept
due to Plato who postulated that our mundane world is accompanied by the world of eternal ideas; and
Immanuel Kant’s distinction between the empiricial knowledge and the noumena that are independent of the
senses [2].

The duality that will concern us here, the wave-particle duality, evolved from the dispute over the nature



of visible light that had started already in the times of Isaac Newton when the modern physics was being
born. However, it was quantum mechanics that radically changed the character of the debate by saying that
the structure of matter is exactly as ambiguous as that of light, and then by claiming that the way out of the
wave-or-particle stalemate is to take the dualistic stance — light and matter behave sometimes like particles,
and sometimes like waves, depending on (experimental) circumstances. Such a solution still causes unrest
among some physicists, but the general majority of the scientific society just take for granted the following

short definition of the wave-particle duality given by dictionaries:

“[t]he phenomenon where electromagnetic radiation and particles can exhibit either wave-like

or particle-like behaviour, but not both.” [3]

The famous double-slit experiment, different versions of which we will come back to in the course of the
thesis, serves as the canonical illustration of the wave-particle duality. Let us here present its simplified
description: A light beam emerges from a source, propagates through two very small slits and impinges on
a screen. We can reduce the intensity of the beam in such a way that according to a standard concept of
quantum mechanics there will be only one quantum of light (photon) present in the apparatus at any given
time. If we now place a detector behind each slit, we will see that they do not respond simultaneously, and
thus we will be led to the conclusion that the photons behave like tiny corpuscles moving through either the
first or the second slit. However, if we choose not to disturb the light with measurement before it reaches
the screen, an interference pattern will emerge on it. This pattern is most easily predicted and explained by
claiming that light is in fact an electromagnetic wave. The double-slit experiment can be also conducted with
electrons (or other material particles) instead of light, and the same conclusions would be reached. In the
words of Richard Feynman, this extraordinary phenomenon “is impossible, absolutely impossible, to explain
in any classical way, and (...) has in it the heart of quantum mechanics. In reality, it contains the only
mystery” [4]. Thus, claimed Feynman, the wave-particle duality problem is one of the central features of
quantum mechanics.

Even though the problem of the wave-particle duality is in principle as much about light as about mat-
ter, in practice an asymmetry sneaks in and a tendency to favour light often occurs. The main reason is a
technological one — it is easier to probe the properties of light and to make it exhibit undulatory or corpus-
cular behaviour, than to conduct experiments where matter behaves in a wavelike fashion. The double-slit
experiment with electrons remained a thought experiment through the large part of the 20th century, and it
was performed in a precise way in a laboratory as late as in 1989 [5]. On the other hand, the invention of
laser in the early 1960s [6] invited the scientists to explore the fundamental properties of light and paved the
way for a new branch of physical science: quantum optics.

The author has chosen to accept this asymmetry fully and dedicate the thesis to the wave-particle duality
of light. This is partly due to the fact that his experiments conducted at Quantum Optics Laboratory at
University of Oslo are concerned with light, and partly due to the fact that (in his opinion) the wave-particle
duality of light seems more interesting than the duality of matter. However, since a complete exclusion of the
duality of matter from the treatment would be inappropriate, it has been succinctly described in Appendix
C.

Two important remarks must be made at this point. In the whole thesis the word “light” will serve as a

synonym for “electromagnetic radiation” although in literature “light” means usually the visible part of the
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electromagnetic spectrum lying approximately between 400 and 800 nm. We will rather use the explicit term
“visible light” every time we want to refer to the latter. On the other hand we should notice that almost any
discussion of corpuscular properties of light is in practice restricted to the region lying around the visible
part of the spectrum and below it (in the sense of even shorter wavelengths), even though the idea of photon
should principially apply to the whole spectrum. We will follow this somewhat problematic practice in the
course of our thesis, but we will comment on it in Section 2.3.4.

Secondly, we want to keep apart the photonic hypothesis (saying that the electromagnetic field consists
of corpuscular entitites called photons) and the quantization hypothesis (saying that at the microscopic level
many properties of physical systems change discretely with energy being probably the most important one).
The concept of photon will be critically analyzed in the thesis, but the general quantization hypothesis will
never be challenged. The difference between these two will be also examined closer in Section 2.3.4.

After these remarks, we are now ready to present the goal of the thesis: to describe, examine and
critically analyze several aspects of the wave-particle duality of light. More specifically we intend

to:

e present the wave-particle duality from the historical, the theoretical and the experimental point of
view. Particularly, in the latter case, we aim at giving a critical review of some experiments commonly

associated with the corpuscular nature of light.

e describe different photodetection models in connection with experiments conducted by the author at
Quantum Optics Laboratory. These experiments will serve as an illustration of the wave-particle
duality of light, and their analysis will reveal that it is in fact easier to unambiguously demonstrate the

undulatory properties of light than the corpuscular properties.

e discuss whether and how the wave-particle duality could be possibly explained in the context of Afshar’s

experiment, an alternative model of light and an alternative interpretation of quantum mechanics.

There can be no doubt that the totality of the wave-particle duality problem is a very complex and rich
subject, in the sense that one may consider it from many different angles and initiate an in-depth discussion
of any single aspect of it. Unfortunately, there is no room for all that in a Master’s thesis, and this is why
the title of the work begins with “Elements of” — some elements were included, but then other elements had

to be left out. Particularly:

e We will avoid any considerations of quantum electrodynamics (QED). This may seem as a very large
omission, but we will see that a lot of interesting issues related to the wave-particle duality may be
consistently discussed outside the framework of QED. The author does not doubt that through careful
analysis of quantum electrodynamics many important insights would be gained, but entering the realm

of quantum field theories in addition to everything else would be simply too big a task.

e We will refrain from relating the wave-particle duality explicitly to the measurement problem of quan-
tum mechanics and to the collapse of the wave function, although this issue will be briefly touched upon
in Chapter 9.2 when discussing the standard interpretation of quantum mechanics. However, in our

discussion we will omit altogether decoherence phenomena, quantum nonlocality and Bell’s theorem.
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e In our discussion of nonclassical states of light in Chapters 4 and 5.1 we examine both antibunched light
and sub-Poissonian light, but the third main instance of nonclassical light, so-called squeezed states, is
left out.

We believe that despite any necessary omissions we will still manage to give a coherent — although definitely

not, exhausting — treatise on the subject of the wave-particle duality of light.

The thesis is loosely divided into three parts which correspond to our aforementioned intentions. The
first part describes the fundamental historical, theoretical and experimental ingredients of the wave-particle
duality of light. Chapter 1 is strictly historical, and follows in a non-mathematical fashion the development
of the wave-or-particle question from the 17th till the 20th century. The “real” physics does not begin
until Chapter 2, where we depict two standard, but very different physical models of light, the classical
electromagnetical one postulating light waves, and the quantum-mechanical one postulating photons (to be
understood either as light corpuscles or as quanta of radiative energy). These contradictory models represent
the theoretical essence of the wave-particle duality in the case of electromagnetic radiation. The first part
of the thesis ends with Chapter 3 where we inspect critically what the empirical side of physics has to say
on the dual nature of light and matter. We describe interferometry experiments suggesting that radiation
possesses a wave nature, and we review experiments which seem to ascribe corpuscular properties to light.

The second part of the thesis describes an experiment performed on laser light at Quantum Optics Labo-
ratory (QOL) at the University of Oslo. Utilizing two different experimental setups, one with single-photon
detectors measuring a split beam in coincidence, and another employing a Mach-Zender interferometer, we
try to give an experimental illustration of the duality of light, and we carefully discuss the results. All this
does not come before Chapter 7, with Chapters 4, 5 and 6 preparing grounds for the experiment. In Chapter
4 we review the theory of coherence, in Chapter 5 we present theoretical elements of photodetection and
beam-splitting processes together with a mathematical model for examining the shape of laser beam, and in
Chapter 6 we perform preliminary measurements which are necessary because all the laboratory equipment
we work with is new and its specifications have not yet been verified. In Chapter 5 we also deliberate on a
possible extension of the semiclassical model of photodetection, and we discuss shortcomings of the present
beam splitter models. The results of the main experiments and their analysis are finally presented in Chapter
7.

In the third and last part of the thesis we discuss whether and how the wave-particle duality could be
explained. In Chapter 8 we review the controversial, but highly innovative Afshar experiment which in re-
cent years has helped to revive the scientific interest in the wave-particle duality of light. We will see what
are the conclusions of the authors, on which basis they have been criticized and what meaning the results
of the experiment can have for the duality problem. In Chapter 9 we present two possibilites for a direct
explanation of the wave-particle duality. First of these is a new model for light which unites the corpuscular
and the undulatory aspect in a rather simple manner. The model is very speculative, but its consequences
are experimentally verifiable which makes it valuable from the scientific point of view. The second possibility
for explaining the duality is an alternative interpretation of quantum mechanics (“alternative” in the sense
of being opposed to the standard, or Copenhagen, interpretation, presentation of which will also be given).
We will see what exactly happens with the dual nature of light (and matter) in this interpretation, and we

will debate on more general grounds whether the interpretation should be considered seriously. In Chapter
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10 we conclude the thesis and present some outlooks, but also we share with the reader some of our general

thoughts concerning the wave-particle duality problem in the framework of physics as such.

The science of physics constantly evolves, sometimes gradually, sometimes in sudden leaps. We should
never ignore the possibility that some well-established part of physics can unexpectedly get expanded or
re-interpreted by new discoveries or theories. The scientific arrogance of this sort was severely punished at
least once, in the end of the 19th century, when a common belief spread among the contemporary physicists
that physics was quickly approaching its end. However, during the next 25 years the advent of the relativity
theories and quantum mechanics revolutionized our view of the world. Today the wave-particle duality
remains a small, but noteworthy part of the scientific puzzle. Whatever the outcome of the future research
might be, it is the author’s hope that the following work will help in a slightly better understanding of the
phenomenon by bringing together and consistently presenting some of its different aspects and subtleties

which usually are to be found in many different books, anthologies, articles and publications.
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1 The historical development of the wave-particle duality concept

Although the wave-particle duality is one of the conceptual cornerstones of quantum mechanics, the wave-
or-particle dillemma limited to light only is at least 250 years older than the quantum branch of physics.
The question of the nature of light has been an important scientific issue since the 17th century, the same
time when modern optics was born. One can easily discern three different stages in the evolution of this
problem, and to each of these stages we can attach names of several famous physicists who contributed to our
understanding of light. Their discussions and different explanations demonstrate how baffling the nature of
light has seemed from the beginning, and how rich is the current of thoughts and ideas that it has stimulated.
Only in the last century, thanks to the quantum theory, did the duality problem unexpectedly expand to
embrace matter as well.

The first modern scientific inquiries into the realm of optics date back to ca. 1650. Isaac Newton stated
that light was composed of particles emitted in all directions from a source, and it was this corpuscular view
that became dominant in the 1700s (Ch. 1.1). The second of the aforementioned stages started in the early
19th century when Thomas Young conducted his famous slit experiment which unambiguously proved that
light rays interfered just like water waves. Shortly afterwards Augustin-Jean Fresnel presented the wave theory
of light grounded firmly within a mathematical framework, and in the 1870s James Clerk Maxwell explained
light as propagation of electromagnetic waves (Ch. 1.2). However, in 1905 Albert Einstein, motivated by
Max Planck’s scheme of energy quantization, put forward an idea that that light itself propagated in space
and interacted with matter as discrete particles (light quanta). Twenty years later Louis de Broglie advanced
a hypothesis that all matter manifests a wavelike nature, even if under many experimental circumstances it
also behaves as if it were consisted of particles. Quantum mechanics employed this conceptual breakthrough
in order to united the wave and the particle views: Light and matter show both wavelike and particlelike
properties, although not at the same time (Ch. 1.3).

In the following sections we will examine the development of the wave-particle duality concept in more
detail, but still rather succinctly. We omit or relegate to later chapters the more detailed quantitative treat-
ments of the presented phenomena, because right now our goal is only to look upon the historical evolution
of the concept. Hence we can better appreciate the colossal amount of scientific research hidden behind and
beneath it.



1.1 The 1600s and the birth of modern optics

Given the extraordinary importance of light in everyday life, it should not seem peculiar that already the
ancient scholars studied its properties and tried to understand its essence. The first known scientific (or
quasi-scientific) theories on light developed in India between 7th and 5th century BC. The Indian theories
were heavily influenced by Hinduistic and Buddhistic mysticism, but the local schools of thought differed as
to their view upon the character of light — some assumed that light is a continuous element, some postulated
its atomicity or discreteness [7].

The European pioneer in the field of optics was the Greek mathematician Euclid who lived around 300
BC. In Optica he studied the properties of light employing rigid geometrical formalism. FEuclid’s most
important result was the formulation of the law of reflection (angle of incidence equals angle of reflection).
He pragmatically considered light as rays, i.e. something propagating through space in straight lines, without
giving any thought to whether light was continuous waves or discrete corpuscles [8].

At this point one could also mention the Greek atomists, like Democritus (ca. 460-370 BC) or Lucretius
(ca. 99-55 BC). In their view everything consisted of minute indivisible atoms. However, they did not examine
light in particular (they talked rather about “all matter”), and they based their beliefs on philosophical
considerations without making use either of mathematics or of experiments. Thus we can hardly call their
theories physical in the modern sense of the word [9].

The scientific legacy of the ancient Greeks was carried on by medieval Muslim scientists who did perform
real experiments. Bin Al-Hath (965-1040) dealt with i.a. rainbow, colours, camera obscura, eclipses and
shadows, but, more importantly in our context, he explained light rays as streams of small energy particles
which traveled with finite speed [10]. Another great Muslim scholar from that period, Ibn Seena (ca. 980-1037)
commonly known in English as Avicenna, shared al-Haytham’s opinion and proposed that “the perception of
light is due to the emission of some sort of particles by a luminous source” [11].

The wave-particle dichotomy did not become more apparent until the 1600s when the modern studies of
light began in Europe. Their starting point was the phenomenon of refraction which occurs when a light ray
propagates from one medium to another. Johannes Kepler (1571-1630), Willebrord Snell van Royen (1591-
1626), René Descartes (1596-1650) and Pierre Fermat (1601-1666) all tried to explain it quantitatively and
dress it up in an appropriate mathematical formula. Kepler failed and the other three succeeded, but they
approached the solution along different paths. Snell derived the formula empirically utilizing experimental
results, while Descartes and Fermat used theoretical considerations. Fermat’s justification of the refraction
law was much more elegant, since it followed directly from his principle of least time.

However, it was not Fermat but Descartes who, in order to deduce the proper relation, asked himself how
one could perceive light. The French scholar assumed that the propagation of light is similar to the movement
of a projectile, like a tennis ball. By decomposing the motion of a light ray into two parts, a parallel and
a normal one (relatively to the boundary between the two media, see Fig. 1), and assuming that only the
normal part is influenced when the light ray leaves the first medium and enters the second one (with another

density), Descartes arrived quite close to the correct formula which today we write as:
ni sinfy = no sin Oy,

where n; are the refractive indices of the media and 6; and 0, are, respectively, the angle of incidence and

the angle of refraction [12]. The result itself is not important here. What is of significance is the fact that



Figure 1: A drawing from Descartes' La dioptrique illustrating the phenomenon of a) light reflection and b) refraction.
Descartes used an analogy with a tennis ball in order to give a quantitative description of these phenomena. Using the
modern language of vector algebra we would say that he decomposed the velocity of the light ray into a normal and a
parallel component, but in his original treatise he relied solely on geometrical considerations. Note that in b) the refraction
angle in water, GBI, is larger than the incidence angle in air, ABH, while for a light ray it should be the other way around.
Descartes was aware of that. Later on in La dioptrique he examined the behaviour of real light rays (and not merely tennis
balls) and presented appropriate figures.

Descartes, by ascribing light some form — in this specific case the corpuscular form — tried to deduce a correct
physical relation. Efforts to fathom the nature of light were no longer only a philosophical issue. From now on
they would result in quantitative descriptions of the properties of light and of the light-matter interactions.

We have to stress, however, that Descartes did not really regard light as such as a stream of corpuscles.
The above analogy with tennis ball was used by him merely as an illustration and an intellectual shortcut,
even if it made Descartes succeed in the end. The philosopher held rather that light was a disturbance of
plenum, a continuous substance permeating the entire Universe. According to him this disturbance was of
a wavelike character; it transmitted through plenum in a form of a pressure wave propagating from light
sources to eyes [13].

The phenomenon of light diffraction, crucial as the argument for the wave nature of light, was discovered
in the second half of the 17th century by Francesco Maria Grimaldi (1618-1663). He described it in his work
Physico-mathesis de lumine, coloribus et iride (Physical science of light, colours and rainbow) published
in 1665. The experimentalist Grimaldi observed fringes which developed when a narrow beam of light
illuminated a screen after the beam had passed a sharp boundary of an obstacle (Fig. 2). These observations
proved unambiguously that sometimes light rays do not propagate in straight lines, but are (slightly) deflected
instead. Thus Grimaldi concluded that light had to be treated as a fluid possessing wave nature, since fluids
also showed such a diffractive behaviour. The Italian physicist assumed that different colours resulted from
different types of light undulations, and that therefore light was a phenomenon comparable to sound [14].

Unfortunately, Grimaldi’s discovery was not acknowledged with enthusiasm by his contemporaries. Many
claimed that the observed diffraction was due to some experimental errors, and nothing to be really concerned
about. Edmé Mariotte (1620-1684) wrote for instance:

“(...) when one conducts very precise experiments, one always confirms the hypothesis of
rectilinear propagation of light, without any diffraction. That I have checked in many accurate

observations together with very intelligent persons.” [15]
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Figure 2: Grimaldi's drawing from Physico-mathesis de lumine, coloribus et iride showing diffraction fringes.

Even though diffraction was not given proper attention in the 1600s, and 150 years had to pass before Thomas
Young conducted his epoch-making interference experiments (see Ch. 1.2), other scientists from that period
did not ignore the possibility that light could have a wave nature. Robert Hooke (1635-1703) and Christiaan
Huygens (1629-1695) can be considered the two main advocates of the wave view in the late 17th century.
Huygens formulated his wave theory of light in Traitbe de la lumiaere (Treatise on light) published in
1690. He proposed that light was emitted from its source as a series of waves propagating in a medium called
“luminiferous ether” which was nothing else than another name for Descartes’ plenum. The particles which
the light source consisted of in this view would move rapidly and would strike the surrounding (and much
smaller) ether particles, which again would agitate another layer of ether particles and so on, so the light

would propagate outwards from the light source in a wavelike fashion. Huygens wrote:

“And I do not believe that this movement can be better explained than by supposing that all
those of the luminous bodies which are liquid, such as flames, and apparently the sun and the
stars, are composed of particles which float in a much more subtle medium which agitates them
with great rapidity, and makes them strike against the particles of the ether which surrounds
them, and which are much smaller than they. (...) Now if one examines what this matter may
be in which the movement coming from the luminous body is propagated, which I call Ethereal
matter, one will see that it is not the same that serves for the propagation of Sound. (...) When
one takes a number of spheres of equal size, made of some very hard substance, and arranges them
in a straight line, so that they touch one another, one finds, on striking with a similar sphere
against the first of these spheres, that the motion passes as in an instant to the last of them. (...)
And it must be known that although the particles of the ether are not ranged thus in straight
lines, as in our row of spheres, but confusedly, so that one of them touches several others, this

does not hinder them from transmitting their movement and from spreading it always forward.”
[16]

Huygens topped his proposition with an important principle, later called after him and also after Augustin-
Jean Fresnel who over one hundred years later supplemented it mathematically (see Ch 1.2). The Huygens-
Fresnel principle says that each point of an advancing wave front can be regarded as a source of a new train

of waves, and that the totality of the advancing wave is in fact a sum of all these secondary wavelets. This



view would allow to explain diffraction easily, but in fact Huygens did not pay much attention to interference
phenomena and did not use them as the main argument for the wave nature of light.

It was the corpuscular view that was about to gain upper hand for the whole 18th century. The person
responsible, Isaac Newton (1643-1727), who was commited to several different branches of science and had
great achievements in each of them, summarized his results in optics in his second major book on physical
science, Opticks, published in 1704. However, the treatise New Theory of Light and Colours presented to the
world in 1672 already contained many important and ground-breaking conclusions regarding colours and the
method for extracting them from a sunbeam with the use of a prism.

With this treatise a strife between Newton and another Fellow of the Royal Society, namely Robert Hooke,
began. Newton maintained that light could be explained as a stream of tiny particles propagating in ether
in straight lines from an object to the human eye. Different types of these light particles corresponded to
different primary colours, and by mixing them one could attain other colours as well. Robert Hooke opposed
Newton’s opinion. Hooke was a supporter of the wave hypothesis, which he had employed in order to explain
colours of thin films observed personally under a microscope. Hooke challenged Newton to explain this
phenomenon using the corpuscular hypothesis.

The answer he got was a carefully thought-out compromise where Isaac Newton tried to unite the cor-
puscular and the wave aspects of the light theory. He still maintained that light was a stream of corpuscles,
but he proposed that these corpuscles in a natural way, like stones thrown into water, created ripples in the
ethereal medium permeating all space. The ether undulations could then be responsible for phenomena like

the colours of thin films, claimed Newton; phenomena where the corpuscular view alone was not sufficient.

“The hypothesis of light’s being a body, had I propounded it, has a much greater affinity
with the objector’s own [wave] hypothesis, than he seems to be aware of; the vibrations of the
aether being as useful and necessary in this as in his. For, assuming the rays of light to be small
bodies emitted every way from shining substances, those, when they impinge on any refracting
or reflecting superficies, must as necessarily excite vibrations in the aether, as stones do in water
when thrown into it. And, supposing these vibrations to be of several depths or thicknesses,
accordingly as they are excited by the said corpuscular rays of various sizes and velocities; of
what use they will be for explicating the manner of reflection or refraction; the production of
heat by the sun-beams; the emission of light from burning, putrifying, or other substances, whose
parts are vehemently agitated; the phaenomena of the transparent plates, and bubbles, and of
all natural bodies; the manner of vision, and the difference of colours; as also their harmony and
discord; I shall leave to their consideration, who may think it worth their endeavour to apply this

hypothesis to the solution of phaenomena.” [17]

He pointed out that light could not possibly be only a wave of some kind, because waves have a tendency
towards a spherical propagation, while light rays propagate through space in straight lines which clearly
suggests a corpuscular form. In his reply to Hooke, Newton also stressed that he only wanted to develop a
quantitative theory of colours and their refraction, and that he was not that much concerned about the more
fundamental question of the nature of light [18].

However, during the next few years Newton was drawn into a polemic regarding this very question. A

circle of his critics broadened. Hooke was joined by Huygens, Jesuits Franciscus Linus and Ignace Pardies,



and others. The opponents admittedly appreciated Newton’s theoretical and experimental efforts. They
claimed, however, that if one considered different colours to be different types of light particles (and not
different types of undulations), then it would be difficult to explain how this variety of light particles was
created in the first place. Newton replied reluctantly and unconvincingly, because he just did not understand
how someone could not agree with his “self-evident” theory [14].

Isaac Newton elaborated on his corpuscular view in Hypothesis of light presented to the secretary of the
Royal Society in December 1675. There he again put forward the conciliatory hypothesis where both the
corpuscular and the wave assumption were utilized. Light sources emit light particles, and the light particles
make ether vibrate. He stressed that light is neither ether nor its undulatory motion, but something else that
propagates from the luminous bodies [19].

The discussion about the nature of light reached a stalemate. The publication of Huygens’ Traitbe de la
lumiaere in 1690 did not make Newton change his mind. Admittedly they both agreed that ether is necessary
for the propagation of light. However, Huygens’ believed that light ¢s the movement (or oscillations) of the
ether particles, while Newton maintained that light corresponds to some other type of particles which only
travel through ether (possibly interacting with the ether substance as well).

Robert Hooke died in 1703. In November the same year Newton was elected a new president of the Royal
Society (after the former president, Lord Somers, had died). Newton ruled the English science with an iron
hand till his death in 1727, and used the distinguished position to ruthlessly fight his scientific opponents.
No one dared to contradict his corpuscular view on the nature of light any longer, and Newton himself made

this view very clear in his canonical work Opticks where in the very first definition he stated that

“Defin. I. By the Rays of Light I understand its least Parts, and those as well Successive in
the same Lines, as Contemporary in several Lines. For it is manifest that Light consists of Parts,
both Successive and Contemporary; because in the same place you may stop that which comes
one moment, and let pass that which comes presently after; and in the same time you may stop
it in any one place, and let it pass in any other. For that part of Light which is stopp’d cannot
be the same with that which is let pass. The least Light or part of Light, which may be stopp’d
alone without the rest of the Light, or propagated alone, or do or suffer any thing alone, which
the rest of the Light doth not or suffers not, I call a Ray of Light.” [20]

Thus the corpuscular view dominated the scientific stage for around 100 years. The research progress in optics
in the 18th century was small. Instead, analytical mechanics, thermodynamics, electricity and magnetism
were being developed. The theory of Huygens was forgotten and even Leonhard Euler (1707-1783), who
argued in Nova theoria lucis et colorum (1746) that diffraction could be explained more easily by the wave
hypothesis, did not refer to it. One had to wait 50 more years before another prominent English scientist set
out to change the optical paradigm. But even after the wave view had finally triumphed over the corpuscular
view in the 19th century, Newton’s ideas about the nature of light were still treated with a great deal of

respect.

“So great, however, was Newton’s fame among men of science that a number of writers on

optics, especially among the British, took care to inform their readers that Newton’s corpuscular



theory, while clearly incorrect, was nevertheless a very ingenious creation and had been fully able
to explain all of the facts about light known in Newton’s day. In other words, this theory was
not wholly relegated to the realms of the antique and the curious but was rather presented to the

reader with an apology and a discussion of the 17th-century situation in physics.” [21]

1.2 1800s and the triumph of the wave theory of light

The polymath Thomas Young (1773-1829), later called “the last man who knew everything”, contributed
to the scientific understanding of physics, physiology and Egyptology. When he was still a student, he
presented a treatise on the structure and accommodation of the eye, becoming the founder of physiological
optics. Then he got interested in the nature of light, and after a series of experiments he tried to revive the
almost forgotten wave theory of light.

In two lectures given to the Royal Society in 1800 and 1801 Young carefully reminded his colleagues of the
possibility that light might be perceived as a wave propagating in ether. He was well aware of the dominant
position of the corpuscular view supported by the late Newton’s enormous authority. Therefore he reminded
his listeners that Newton himself had not completely rejected the wave view, and then advanced following

postulates:

“1. That a luminiferous ether, rare and elastic in a high degree, pervades the whole universe.

2. That undulations are excited in this ether whenever a body becomes luminous. And,

3. That the sensation of different colours depends on the frequency of vibrations excited by
light in the retina.” [22]

Young presented a number of propositions describing these ether undulations qualitatively. In the last of
them he claimed that

“[w]hen two undulations from different origins coincide either perfectly or very nearly, in
direction, their joint effect is a combination of the motions belonging to each. (...) This last

Proposition may be considered as the general result of the whole investigation.” [22]

Thomas Young elaborated on the interference phenomena in his later treatises. He never based his reasoning
on pure theoretical assumptions, but performed actual interference experiments, both with water and light,
in order to emphasize the wave analogy. Thus very soon he could find a hard experimental proof for light

diffraction, and presented it to the Royal Society in November 1803.

“In making some experiments on the fringes of colours accompanying shadows, I have found

so simple and so demonstrative a proof of the general law of the interference of two portions of



light, which I have already endeavoured to establish (...) Exper. 1: I made a small hole in a
window-shutter, and covered it with a piece of thick paper, which I perforated with a fine needle.
For greater convenience of observation, I placed a small looking glass without the window-shutter,
in such a position as to reflect the sun’s light, in a direction nearly horizontal, upon the opposite
wall, and to cause the cone of diverging light to pass over a table, on which were several little
screens of card-paper. I brought into the sunbeam a slip of card, about one-thirtieth of an inch in
breadth, and observed its shadow either on the wall, or on other cards held at different distances.
Besides the fringes of colours on each side of the shadow, the shadow itself was divided by similar
parallel fringes, of smaller dimensions, differing in number, according to the distance at which
the shadow was observed, but leaving the middle of the shadow always white. Now these fringes
were the joint effect of the portions of light passing on each side of the slip of card and inflected,
or rather diffracted, into the shadow.” [23]

Young conducted several other experiments and gathered a solid amount of evidence that light interfered.
Thus his results strongly suggested that light had a wave nature. Unfortunately, many other scientists
mercilessly criticized Young’s methods and conclusions. The authority of Newton was still strong, and
his corpuscular view was too respected to allow one juvenile scientist to establish a completely new theory,
especially when this theory was qualitative rather than mathematical. Young got discouraged and abandoned
his optical research for some years.

On the other side of the English Channel, however, progress in optics was still being made by French
physicists. Etienne-Louis Malus (1775-1812) discovered polarization of light by reflection in 1809 and ex-
plained double refraction of light in crystals in 1810. Pierre-Simon Laplace (1749-1827) and Jean-Baptiste
Biot (1774-1862) worked out a mathematical theory describing propagation of light in crystals. Unfortu-
nately, all these scientists still employed the corpuscular view, and in order to explain the phenomenon of
polarization Malus assumed that the light corpuscles are not rotationally symmetrical, but somewhat elon-
gated. The angle between the direction of their propagation and their, say, major axes, were supposed to
correspond to a given polarization.

It was another French scientist, Augustin Fresnel (1788-1827), who not only approved of Young’s wave
theory, but got inspired by it and extended it considerably. Fresnel synthesized the wave ideas of Young as
well as Christiaan Huygens’ using a rigid mathematical apparatus, and showed how one could apply them in
order to explain quantitatively a large class of optical phenomena. The predictive powers of Fresnel’s work
were in fact so great that they gave rise to one of the best known anecdotes in the annals of the history of
science.

Fresnel submitted his work to a competition held by Académie des Sciences in 1819 where the best theory
on diffraction was to be awarded. At first the work was met with scepticism by the prominent members of the
commitee — Dominique Arago, Siméon Poisson, Laplace and Biot among the others — because Fresnel’s model
discarded the corpuscular view. Poisson, though, liked mathematics very much (even though he disagreed
with the physical interpretation) and pushed the original calculations of the author even further. In the
end he predicted that, according to Fresnel’s theory, the shadow of a circular disc was supposed to have a
small bright spot in its centre. No one had observed such a thing before, so it seemed that the model was
erroneous. Arago proposed to put it to a decisive experimental test. The commitee expected that no bright

spot would appear, and that the model could then be rejected on the grounds of its absence. Surprisingly,



Arago ended up with discovering the spot (from now on called Arago spot), so the accuracy of Fresnel’s
model was established and he could receive the main prize in the competition [24].

In the meantime Young and Fresnel corresponded with each other, and, of course, the English scientist
approved very much of the results of his French colleague. It seemed that the wave theory of optics could
overturn the corpuscular view after all. Paradoxically, the polarization of light presented the largest problem,
because in the beginning Young and Fresnel had assumed that the ether undulations were longitudinal, in
analogy with sound waves, so the polarizational degree of freedom was missing. However, soon an intellectual
step forward was made and Thomas Young proposed in 1817 to provide the undulations with a transverse
component. Four years later Fresnel proved that polarization could be explained only if there was no longi-
tudinal component at all, just the transverse one. It took some time before other physicists fully accepted
this revelation [14].

Thanks to the mathematical framework developed by Fresnel, the wave theory of light gained a broad
acceptance in the following years. New developments helped to establish it further. For instance, Christian
Doppler (1805-1853) utilized it to explain the effect (later called by his name) that caused shifts in the stellar
frequency spectra (though probably the same effect could be explained using the corpuscular view). However,
Doppler’s result had to pale into insignificance in comparison with a great breakthrough that was soon about
to happen: the discovery that not only electricity and magnetism are intimately connected, but also that the
realm of optics lies de facto inside the realm of electromagnetism.

We are not going to present even a short summary of the history of electromagnetism since such a
digression would not have anything to do with the development of the notion of wave-particle duality. Thus,
let us rudely ignore the achievements of Gilbert, Coulomb, Volta, Oersted, Ampére, Faraday and many
others, and proceed directly to Maxwell’s synthesis of the electromagnetic laws and its repercussions for the
understanding of the nature of light.

James Clerk Maxwell (1831-1879) created the classical theory of electromagnetism by incorporating the
results of several other physicists into a coherent mathematical framework. In order to achieve this consistency
he had to somewhat change the nomenclature used by his colleagues, and fill all gaps with a thorough
qualitative discussion of the electromagnetic phenomena. Possibly the most important conclusion of the
electromagnetic theory was that the electromagnetic phenomena propagated in an undulatory fashion through
ether. Thus Maxwell could predict, on purely theoretical grounds, the existence of electromagnetic waves'.
A Treatise on Electricity and Magnetism published by him in 1873 became a physical milestone — but it
did not happen immediately, because for some time the rival electrodynamic theory of Wilhelm Weber was
dominant, especially in Germany.

Maxwell understood that the electromagnetic theory could be used to explain the phenomenon of light;
moreover, he pondered if light could not in fact be some kind of electromagnetic propagation. Let us quote

an important fragment of the treatise:

“781. In several parts of this treatise an attempt has been made to explain electromagnetic
phenomena by means of mechanical action transmitted from one body to another by means of

a medium occupying the space between them. The undulatory theory of light also assumes the

10One should be reminded that Maxwell did not write down the equations called after him the way they are known to physicists
today. The Scotch scientist was using the quarterion notation instead of the vectorial one. It was Oliver Heaviside (1850-1925)
who put the equations in their modern form.



existence of a medium. We have now to shew that the properties of the electromagnetic medium
are identical with those of the luminiferous medium.

To fill all space with a new medium whenever any new phenomenon is to be explained is by
no means philosophical, but if the study of two different branches of science has independently
suggested the idea of a medium, and if the properties which must be attributed to the medium in
order to account for electromagnetic phenomena are of the same kind as those which we attribute
to the luminiferous medium in order to account for the phenomena of light, the evidence for the
physical existence of the medium will be considerably strengthened.

But the properties of bodies are capable of quantitative measurement. We therefore obtain the
numerical value of some property of the medium, such as the velocity with which a disturbance
is propagated through it, which can be calculated from electromagnetic experiments, and also
observed directly in the case of light. If it should be found that the velocity of propagation of
electromagnetic disturbances is the same as the velocity, and this not only in air, but in other
transparent media, we shall have strong reasons for believing that light is an electromagnetic
phenomenon, and the combination of the optical with the electrical evidence will produce a
conviction of the reality of the medium similar to that which we obtain, in the case of other kinds

of matter, from the combined evidence of the senses.” [25]

To recapitulate: From the two assertions, that the electromagnetic phenomena propagate through ether as
waves, and that light also propagates through ether as waves, Maxwell reached a rather obvious conclusion
that light is an electromagnetic phenomenon. But this reasoning was not only qualitative. On the contrary:
Maxwell noticed a remarkable correspondence between some electromagnetic quantities and the speed of

light. Using today’s physical symbols, we would say that he discovered that
€~ c

where € is the electric permittivity, u is the magnetic permeability and ¢ is the speed of light. However,

Maxwell expressed his conclusions quite carefully:

“It is manifest that the velocity of light and the ratio of the units are quantities of the same
order of magnitude. Neither of them can be said to be determined as yet with such a degree of
accuracy as to enable us to assert that the one is greater or less than the other. It is to be hoped
that, by further experiment, the relation between the magnitudes of the two quantities may be

more accurately determined.” [25]

The scientific community did not have to wait long for an experimental confirmation of the electromagnetic
waves postulated by Maxwell. Heinrich Hertz (1857-1894) demonstrated propagation of these waves in air in
the second half of the 1880s. In Hertz’s experiment one observed how electromagnetic undulations, excited
in the primary conductor using Ruhmkorff coil, were wirelessly transmitted to a secondary conductor placed
several meters away. Thereafter Hertz showed how these waves reflected from walls of a room (effectively

creating standing waves). In a similar fashion one could examine their refraction and interference.
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It seemed that the wave theory of light achieved its ultimate victory. In less than 100 years, thanks
to the efforts of physicists like Young, Fresnel, Maxwell and Hertz, the corpuscular theory of Newton had
been knocked down from the pedestal. Admittedly the falsification was indirect, since instead of finding
erroneous conclusions of the corpuscular view, the scientists had rather showed how the wave view could
be used to explain many natural phenomena in a strictly mathematical way. The wave theory of light
seemed completely consistent as well, and the conclusion was very elegant: Visible light is only one type of
electromagnetic undulations which propagates transversely and with different oscillation frequencies through
ether.

Two problems remained. Albert Abraham Michelson (1852-1931) and Edward Morley (1838-1923), using
a special kind of interferometer, tried to measure the speed of Earth relatively to ether — and failed completely.
Their results led to the astounding conclusion that ether, which scientists had taken for granted at least since
1600s, in fact did not exist. This discovery had colossal implications for classical mechanics, and inspired
Albert Einstein to propose his special theory of relativity in 1905. But for optics it did not really mean
that much. After all, one could just move on to the assumption that the electromagnetic waves propagate
in vacuum, and although such a statement was difficult to accept from the then-valid philosophical point of
view, it did not matter for the quantitative part of the theory.

The second problem was much more grave: The electromagnetic theory was not able to fully explain
either the black-body radiation or the photoelectric effect. However, no one suspected that a new paradigm
would be needed in order to resolve these discrepancies. On the contrary — the common belief in that time
was that theoretical physics was completed. “The grand underlying principles have been firmly established
(...) further truths of physics are to be looked for in the sixth place of decimals”, claimed Michelson in 1894
[26].

Only six years after this proud statement, the quantum mechanics was born. Our picture of light soon

had to be reshaped once again.

1.3 The early 1900s and the rise of quantum mechanics

The recovery of the corpuscular view is directly connected to the origin of quantum mechanics, with Max
Planck (1858-1947) traditionally considered to be its father. In 1890s Planck investigated the theoretical
frontier between the well-established classical mechanics and the relatively new sciences of electrodynamics
and termodynamics. Specifically, he wanted to show how the second law of thermodynamics could be de-
rived from some fundamental model for heat oscillators, a model firmly rooted in the principles of classical
mechanics and electrodynamics. However, his scheme met huge difficulties, largely because Planck opposed
atomistic view and did not want to accept the statistical interpretation of the second law given by Ludvig
Boltzmann (1844-1906). His attitude to Boltzmann’s theory gradually changed to become more positive, and
in the last years of the decade Planck started to work on another, related issue — the spectral distribution of
the black-body radiation.

The black-body spectral density (the radiation energy density per unit frequency) had been described by
an empirical law proposed by Wilhelm Wien (1864-1928) in 1886. Planck set out to find a rigorous theoretical

derivation of Wien’s law. In the meantime, very precise measurements on the black-body radiation, conducted
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in 1899 in Berlin by Otto Lummer and Ernst Pringsheim [27], showed that Wien’s formula was not completely
valid, because it broke down at low frequencies. Planck was not only able to improve the formula, but also,
using his superior insights gained previously from the study of the second law of thermodynamics, to show
how the formula followed from the first principles. However, in order to succeed, Planck had to introduce two
novel ideas. He postulated a new constant of nature, i (later called by his name); and he claimed that the
energy involved in the radiation process was divided into minute, but finite portions. Max Planck annouced
his final results? to the scientific community in a famous lecture given in Berlin on December 14, 1900. His
formula, later called Planck’s law (see Ch. 3.1), was in perfect accordance with the experimental results, and
the derivation seemed elegant and faultless [28].

The date of Planck’s lecture is today commonly recognized as the day the quantum mechanics was
born. However, it should be stressed that Planck himself considered the quantization of energy merely as a
mathematical trick, “a purely formal assumption” [29]. Most of his colleagues apparently shared this view;
in any case, they were not aware that a revolution in physics was just happening. Although Planck probably
understood that a possible physical interpretation of this “mathematical trick” was discrete absorption and
emission of light by matter, he believed the whole quantization scheme to be only a temporary feature of the
model, something to be removed by further improvements. But the foundations for the quantum mechanics
had already been laid, and the first big step towards the “new” corpuscular view of light had been made.

It was Albert Einstein (1879-1955) who first really appreciated the idea of Planck and extended it in order
to explain the photoelectric effect. The photoelectric effect was discovered by Hertz in 1887 and clarified
by Philipp von Lenard in 1902. The effect is a phenomenon where electrons are emitted from a material
illuminated by electromagnetic radiation with high enough frequency (see Ch. 3.3). From Maxwell’s theory
one would expect that the radiation intensity alone should decide if the electrons got emitted, but the
experimental reality showed that the radiation frequency was an even more important factor [30].

Einstein presented an innovative solution to the problem in 1905, but his convictions about the nature
of light related to the photoelectric effect mattered more than the formulas reproducing the experimental

results.

“In fact, it seems to me that the observations on “black-body radiation”, photoluminescence,
the production of cathode rays by ultraviolet light and other phenomena involving the emission
or conversion of light can be better understood on the assumption that the energy of light is
distributed discontinuously in space. According to the assumption considered here, when a light
ray starting from a point is propagated, the energy is not continuously distributed over an ever
increasing volume, but it consists of a finite number of energy quanta, localised in space, which

move without being divided and which can be absorbed or emitted only as a whole.” [31]

Thus Einstein went much further in his argumentation than Planck. He assumed that not only the absorption

2 Many popular accounts claim erroneously that Planck aimed to resolve the so-called “ultraviolet catastrophe”, i.e. the
paradox where classical physics predicted an infinite amount of energy emitted by a black body at high frequencies. This is
emphatically not true, because the “catastrophe” was first expressed through the Rayleigh-Jeans formula proposed as late as in
1905; and the term “ultraviolet catastrophe” was coined by Paul Ehrenfest only in 1911. In other words, the paradox did never

really had time to become a problem, because Planck’s law had solved it before it was explicitly formulated [28§].
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and emission of radiation occurs in a discrete fashion, but also that the propagation of light in space is of
a quantum character. Most other physicists were against such a radical hypothesis, not only because of its
far-reaching consequences and (at least partial) negation of the wave view, but also because the explanation
of the photoelectric effect turned out in the end to be possible by means of the classical electromagnetic
theory. This had been achieved by several persons: J. J. Thomson in 1910, Arnold Sommerfeld and Peter
Debye in 1911, and, most notably, by Owen Richardson in 1912 (see Ch. 3.3) [32].

During the next years Albert Einstein has become a highly respected scientist, largely due to his special
and general theory of relativity. However, many scientists still did not regard the corpuscular idea seriously,
because the wave view, being firmly grounded in Maxwell’s theory, was so much appealing as an explanation
of the physical reality of light. As always, in order to convince the skeptics, one needed an unambiguous
experiment. Such an experiment was conducted in 1922 by Arthur Compton (1892-1962) who examined
X-ray scattering. Compton noticed that the problematic experimental results could be easily explained if one
adapted the corpuscular view of the radiation. It was, however, not easy for him to embrace this idea, and
he employed it only as the last resort. First he had tried to explain his data by assuming large size of the
electron (i.e. larger than the measurements of Ernest Rutherford had indicated) and by aid of the Doppler
effect. In the end Compton had to admit that the corpuscular hypothesis offered the easiest explanation,
because it implied that the radiation and the electrons exchanged momentum like minute particles, just like
Compton’s experiments had suggested (see Ch 3.4).

Einstein’s corpuscular considerations backed up by Compton’s results propelled anew the interest in the
nature of light. On the one hand, the corpuscularity of light seemed at least partly confirmed; on the other
hand, the “old” interference phenomena were still taking place, and in order to explain them the wave view
seemed to be necessary. Physicists started to look for a way to avoid the apparent paradox. Fortunately, the
intellectual atmosphere of that period encouraged new and bold ideas — after all Niels Bohr (1885-1962) had
just proposed a new atomic model, and many scientists had understood that another revolution in physics,
based on quantum mechanical ideas, was imminent.

John Slater (1900-1976) advanced the notion of “virtual oscillators” which could be used to unite the
classical theory of electromagnetic field with the quantum theory of light. Bohr, Slater and Hendrik Kramers
extended this notion and created a new theory of radiation, so-called BKS theory [34]. However, it had one
large disadvantage: It implied that the energy and momentum exchange in microscopical physical processes
were of a statistical nature, so the energy and momentum conservation principle were no longer valid. Such
a suggestion sounded like a heresy to the scientific community, and was soon experimentally refuted [35].

It was Louis de Broglie (1892-1987) who in his doctoral thesis in 1924 put forward the extraordinary idea
which in some sense solved the problem of the dualistic nature of light by extending it to the rest of the
world, i.e. to all matter. De Broglie assumed that, just as light sometimes showed corpuscular and sometimes
undulatory behaviour, the atomic matter possessed in addition a wave nature (see Appendix C) [36]. Even
though the idea might have sounded like a bad joke in the beginning, the laboratory proofs confirming de
Broglie’s hypothesis had already existed, but the connection had not been noticed immediately. In 1921
Clinton Davisson and Charles Kunsman published the results of their experiments in which electron beams
were undergoing dispersion and reflection from crystals. The angular distribution of the reflected electrons
suggested in fact a possibility of their wave nature. The controversial proposal of de Broglie encouraged the
scientific community to examine the matter more closely, and in 1927 the hypothesis had been ultimately

confirmed. Davisson and Lester Germer, by firing electrons at a crystalline nickel target obtained a diffractive
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pattern which matched exactly the theoretical predictions of de Broglie [37]. Three years later, in 1930, Otto
Stern and Immanuel Estermann observed a similar diffraction of much larger helium atoms and hydrogen
molecules [38].

The wave-particle duality problem fully emerged. No one could deny that in the macroscopic world
matter has entirely corpuscular properties, but in the same breath no one could ignore the results of the
Davisson-Germer experiment neither; the experiment which had clearly demonstrated that on microscopic
level the matter — or at least its smallest constituents — showed an undulatory behaviour and was able to
interfere. One was thus unwillingly forced to admit that the matter, in a difficult to perceive sense, is both
particles and waves. This effectively eliminated the old wave-or-particle dillemma with regard to light: Since
the physical situation in the realm of light was completely analogous, i.e. some experiments and models
emphasized the corpuscular nature of light and other experiments and models the undulatory nature, one
could apply a similar conclusion here and claim that light is both particle and wave at the same time.

Niels Bohr tried to explain the highly philosophical problem of the wave-particle duality using so-called
complementarity. A whole school of thought has been built around this concept, and we relegate the discussion
of the principle to Chapter 9.2. Here suffice it to say that complementarity, instead of answering the central
question “Are matter and light particles or waves?”, effectively claimed that this question is meaningless
and presented an exhaustive justification for such a claim. On the quantitative side complementarity was
supported by the uncertainty principle advanced by Werner Heisenberg (1901-1976) in 1927 which implied
that it was fundamentally impossible to simultaneously measure the position and the momentum of a physical
object with an arbitrary high precision (see Appendix A).

After the discovery of the uncertainty principle, neither new experimental breakthroughs nor fully suc-
cessful theoretical models have considerably changed the shape of the wave-particle duality problem. Several
new physical ideas were proposed in order to resolve it, but they did not gain broad acceptance since they had
not been supported strongly enough by empirical data. Arguably the most noteworthy among them was the
Bohmian interpretation of quantum mechanics developed by David Bohm (1917-1992) in the early 1950s [39].
Bohm built on the ideas of Louis de Broglie and postulated that every material particle is accompanied by a
field which guides the motion of the particle. This field (called the pilot wave by de Broglie and the quantum
field by Bohm) evolves according to the Schrédinger equation of quantum mechanics and is responsible for
the undulatory behaviour of matter (see Ch. 9.3).

Another interesting (but 