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1  INTRODUCTION TO THE IDEAS OF QUANTUM PHYSICS AND THE 
ROLE OF THE PRINCIPLE OF LINEAR SUPERPOSITION 
We have chosen to point towards an introduction of theory through the treatment 
of crucial aspects, cardinal concepts and elements peculiar to quantum mechanics. 
These have as a reference the theory and the very foundation of quantum 
mechanics, rather than the problems and the circumstances arising from its origin. 
We could say that this is an approach to theoretical ideas, to those formal choices 
that determine the significance of entities, as in the case of the quantum state.  
Our contribution may be divided into two levels. 

• On the disciplinary level we have chosen to begin with the argument that 
appears to us to be the most important for forming the new ideas of 
quantum mechanics: the principle of superposition. 

• On the didactic level we have chosen a context that allows for the in-depth 
discussion of specific situations. We decided to use polarization as a 
quantum property of light and to explore this as a phenomenon on 
experimental and analytical levels through ideal simple experiments 
involving interactions of single photons with polaroids and birefringent 
materials (calcite crystals). The states of polarization of light are described 
in quantum terms by two-dimensional vector spaces (as it is possible for 
spin). This description offers a simplified way to understand their very 
vectorial nature that describes the properties of quantum states. 

The path outlined by this task addresses the problem of the recognition of a state 
associated with a physical property in order to see how one can identify and 
recognize incompatible properties. The approach, based on examination of the 
results of the interaction of photons with polaroids, recalls the law of Malus in its 
perspective of preparation, or rather the measuring of a certain property of a 
physical system. The principles of uncertainty and quantum indeterminism are 
shown by the behaviour of photons polarized linearly through interaction with a 
polaroid. We discuss how the state of polarization at 45° is associated with a vector 
that is the sum of the orthogonal states of which it is composed, and that it cannot 
be considered as their statistical blend. The interaction with birefringent crystals 
also allows for the analysis of the impossibility of attributing a precise path to 
single photons. The problem of quantum theories of measuring, of describing 
macro-objects and non-locality are treated in the same context, with examples in 
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the phenomenology of particle diffraction and analogies in the macroscopic world. 
The interaction of photons with birefringent crystals remains useful in the 
discussion of how alternative theories, which preserve the idea of a classical 
trajectory, impose through fact and without real interpretative assistance the non-
classical behavior of interacting photons. 

2  PRESENTATION OF EXPERIMENTAL IMPLEMENTATION 
The following presentation should provide teachers with a conceptual path with 
operative instruments that we propose for class work: simple experiments 
following a sequence that represents our proposal. Considerable effort has been 
made to perfect an iconographic representation of situations that stays 
conceptually significant. 
 To illustrate the principle of linear superposition and its conceptual 
consequences we will first consider simple experiments with linearly polarized 
photons and polaroid lenses. If we direct linearly polarized light on a polaroid, the 
resulting light beam is diminished according to Malus’ law:  Itrans = I inc cos2ϑ  
where Itrans is the intensity of the beam that emerges, I inc is that of the incident 
beam and ϑ is the angle between the direction of the polarization and the direction 
of transmission of the polaroid. The light emerging from the polaroid is polarized 
in this direction. In this way we may prepare polarized light in a preferred 
direction.  
 In quantum physics, the state of every system is described by a vector that 
belongs to an appropriate vector space (Hilbert space) over the complex field. If u 
and v are two vectors corresponding to two different possible states of a physical 
system S then, according to the principle of superposition, the state w = u + v is also a 

 + V), which corresponds to the linear superposition 

possible state of the system S. 

2.1  Experiments with polarized photons 
In the plane perpendicular to the direction of the beam, let us define as horizontal 
(H) and vertical (V) two arbitrary directions that are mutually orthogonal. Let H be 
the vector describing photons associated with horizontally polarized light, and V 
be the vector describing photons associated with vertically polarized light. 
According to the quantum mechanical scheme, photons polarized at 45° are 
associated with the vector (H
of the two vectors H and V. 
 In the experiments under consideration let us always assume that the intensity 
of the light beam is very low, to ensure that each photon interacts always and only 
with the polaroid. If we direct photons in the state V onto a polaroid with the 
preferred vertical direction, these will always pass undisturbed. In order to 
confirm the result of this interaction (measurement) such that it may be predicted 
with certainty, we may attribute to the photon a corresponding property that we 
will call Δ. If we direct photons in the state H onto a polaroid with the preferred 
horizontal direction these will always pass undisturbed. In this case we are 
therefore led to attribute to them a corresponding property we will indicate with *. 
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We may also confirm that if the polaroid has the preferred horizontal direction the 
photons V are all absorbed, while if the polaroid has the preferred vertical 
direction the photons H are all absorbed. These facts lead us to believe that the 
properties Δ and * are mutually exclusive. In general, we may give each photon that 
is polarized linearly in a certain direction a property of polarization that 
corresponds to that direction. For example, we give the property ◊ to photons 

ate V, property Δ according to the 
irection preferred by the polaroid, (s. Fig. 1.). 

 
laroid lenses. 

rties ◊ and Δ with the last two determining the different result of the 

perty * or Δ. For this reason the properties ◊ and * Δ are called 

horizontal (or vertical) direction they behave in a different manner: 50% pass 

polarized at 45° that are in the state H + V. 
 

Notion of incompatibility of properties (uncertainty)   To understand the 
significance of the quantum state (H + V), we will now analyze what happens if we 
direct photons polarized at 45° onto a polaroid oriented horizontally or vertically. 
Measuring the intensity of the radiation that has passed through the polaroid we 
find that it is half the incident intensity. In each case only half of the incident 
photons pass through the polaroid and exit with a different polarization: 
horizontal (state H, property *) or vertical (st
d
 

Figure 1  Analysis of the behaviour of light with property ◊ at po

This fact naturally leads us to formulate the following question: 
Is it possible to think of the photons polarized at 45° and thus in the state H + V (which is 
given the property ◊) as a group of photons that simultaneously have the properties ◊ and * 
or the prope
interaction? 
 From the point of view of quantum theory this corresponds to asking if the 
state H + V is equivalent to the statistic blend of the states H and V with equal 
weight. Well suited experiments and a thorough analysis bring us to conclude that 
we must reply with a no! to this question. A photon with the property ◊ cannot also 
have the pro
incompatible: 
 . 
This analysis illustrates the principle of uncertainty in quantum physics in simple 
terms, i.e., the fact that we may not simultaneously attribute to a system defined 
properties corresponding to incompatible observables. The principle of uncertainty 
immediately leads to quantum indeterminism. In fact, if we may only attribute the 
property ◊ to the photons in the state H + V, these must all be considered equal 
amongst each other. In this way, if they interact with a polaroid with the preferred 
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through the polaroid while 50% are absorbed. In this way we have quantum 
indeterminism: totally identical systems can evolve before our eyes. It was different! 
 

Notion of path   We may make a more detailed study of the principle of linear 
superposition and its consequences, including the concept of the trajectory, by 
considering a series of experiments in which the analysis of the state of 
polarization of the photon is carried out with calcite crystals. Here, it is important 
to work with a very low light intensity so that the apparatus may produce a single 
photon each time. From Fig. 2 the correlation is evident between the state of 
polarization of photons and the paths followed. If we allow photons polarized at 
45° (i.e. in the state H + V) to strike the crystal, the system evolves, by the linear 
nature of quantum laws, into the superposition of the two states considered in Fig. 
2, (s. Fig. 3). Let us place a screen in one of the two paths and a photon counter in 
the other, and we will see that the latter registers 50% of the total click in the case 
in which no screen is involved. This signifies that the photon does not “divide” in 
our experiment and, in particular, it does not follow either path. If we place a 
screen and a photon counter in both paths, we may confirm that no photon will be 
revealed. In this way photons may not be registered by counters if they follow 
paths different from those we have considered. 
 

 
Figure 2  Properties of polarized light in calcite crystal. 

 

 
Figure 3  Behaviour of light polarized at 45°. 

A crucial point is raised now: can we affirm that a single photon follows one of the 
two paths? Given the correlation between the path and the state of polarization of 
photons, this is equivalent to asking if the whole group of photons that emerge 
from the first crystal may be considered to be composed of 50% in the state V that 
follow the non-deflected path, and 50% in the state H that follow the deflected 
path. To respond to this question we may carry out an experiment with a crystal of 
“inverse” calcite. This is a specially prepared calcite crystal which is placed in the 
path of the photons to compensate for the deflections produced by the first crystal. 
When we emit photons with vertical and horizontal polarization into the 
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apparatus, these emerge following a non-deflected path with the same polarization 
as at the origin.  
 If we emit a group of photons polarized at 45° into the apparatus i.e. in the 
state H + V, all emerge with this polarization. When we place a polaroid with the 
preferred direction of 45° after the second calcite crystal, all of the photons pass 
through (Fig. 4). This result is most significant and allows us to reply “no!” to the 
previous question. In fact, if the group of photons that emerges from the first 
calcite crystal were composed of 50% in the state H and 50% in the state V, only 
half of these would pass through the polaroid with the preferred direction of 45° 
placed after the second calcite crystal (Fig. 4). In conclusion, in the state of 
superposition (H + V), the photon does not follow the deflected path; does not 
follow both paths; does not follow a different path. Hence, we may not attribute a 
defined trajectory to the photon! 
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Figure 4  Analysis of path taken by photons with different properties. 

The considerations of the property of photon polarization are completely 
analogous to those carried out when we discussed the experiment with polaroid 
lenses. The same conclusions may be reached, perhaps in a more traditional form, 
if we consider experiments in the diffraction of two slits with material waves.  
 We have already seen how the principle of superposition leads us to two of 
the most important conceptual and innovative aspects of quantum theory, the 
principle of uncertainty and quantum indeterminism. We have also proposed a 
way of explaining their significance to secondary school students. Two further 
consequences around which a lively debate still exists today, are the problems of 
the quantum theory of measurement and the description of macro-objects and non-
locality. We will briefly analyze these two aspects although we believe that it is not 
possible to deal with these at the secondary school level. However, it may be useful 
to underline, contrary to what is often asserted, that quantum physics may not be 
reduced to classical physics for macroscopic systems. 
 



98          Discussion Workshops 

2.2  The problem of theory of measurement and description of macro-objects 
 

Macro-objects   Let S be a macroscopic system, e.g. a rigid body, and let u and v be 
two states corresponding to this body situated in two different spatial regions R1 
and R2. According to the principle of linear superposition also the state w = u + v is 
a possible state for system S. The existence of such states constitutes a very serious 
problem for quantum theory at a macroscopic level. In fact, analogically it seems, 
in the case of the polarization of photons, if the system S is in the state w we may 
neither attribute to it the property of being in the region RR1 in space, nor in the 
region R2: the body does not have a defined position. This impossibility to 
attribute, in general, a position and a definite trajectory to a macro-object is in 
evident contrast with our perceptions and with our vision of the macroscopic 
world. If quantum theory gives a correct description of physical phenomena also at 
a macroscopic level, then states of the type considered will be produced in 
processes of measuring micro-systems. 
 

Schrödinger’s cat   The most famous example of a “gedanken”experiment is that of 
Schrödinger’s cat. This concerns the process of measuring an atomic system where 
the detector is a “complex killer mechanism” that if set off in correspondence with 
one of the measurement results kills the cat, while in correspondence with another 
result does not. For appropriate initial states of the atomic system, the final state of 
the composite system is a correlated state corresponding to the superposition GV + 
GM (GV = cat alive, GM = cat dead), which describes a cat that is neither alive nor 
dead. It is important to underline that processes of this type spontaneously occur 
in the universe, practically in every environment and at every minute of the day. A 
possible solution to the problem of the theory of quantum measurement is a 
unified theory [1] of micro- and macro- systems that leads to a rapid elimination of 
diverse macroscopic states of superposition and is such reduced to quantum 
mechanics for microsystems. 
 

Nonlocality   As a consequence of the principle of linear superposition, two distant 
systems that have reacted in the past are generally found to be linked. A simple 
example is given by two photons in the state of polarization 1H2H-1V2V. 
According to quantum theory, the photons described by this state do not have a 
polarization defined in any direction; yet the probability of finding the same result 
in a measurement of the polarization of two photons in any common direction is 
one. This situation is in direct contrast with the request for locality; in fact, if the 
two photons are distant and the results of the measurement are genuinely 
stochastic, how can a photon know the result of the measurement of another 
photon, in the absence of non-local effects? The analysis leads us to conclude, with 
Einstein, Podolsky and Rosen [2] that the result of the measurement on distant 
systems of observables that are 100% correlated, cannot be genuinely stochastic 
and therefore quantum theory must be considered incomplete. In 1964 Bell [3] 
proved that it is not possible to find a deterministic and local complement of 
quantum theory, which fundamentally results as non local. It is not yet possible to 
use the non-local characteristics of the theory to send signals at a velocity superior 
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to the velocity of light and this fact allows a “peaceful coexistence” of quantum 
physics with the theory of relativity, [4]. 

3  ALTERNATIVE THEORIES 
As we have already suggested, the principle of linear superposition imposes the 
abandoning of a classical vision of physical phenomena even when we consider 
alternative theories which, although they reproduce the statistical prediction of 
quantum theory, reintroduce classical concepts such as the principle of causality 
and trajectories. To analyze this fact we may again consider the experiments with 
polarized photons, polaroid lenses and calcite crystals. Naturally the first are the 
easiest. It would be natural to think, according to classical reasoning, that if 
photons with the attribute Δ (vertically polarized) are incident on a polaroid with 
the preferred vertical direction, they will emerge undisturbed. In this reality it does 
not occur. To understand this let us consider the two following experiments: 

1. A beam of photons polarized at 45° is directed onto a polaroid oriented at 
45°. All the photons pass through, in particular all those with the attribute 
Δ. 

2. A beam of photons polarized at 45° is directed onto a polaroid oriented 
vertically, followed by a polaroid oriented at 45°. Only 25% of photons 
pass through the last polaroid; in particular at least half of the photons are 
polarized at 45° but those with the property Δ do not pass. 

This fact clearly shows that the presence of polaroids with a vertical direction has 
influenced the behavior of these photons. These photons, although they carry the 
attribute Δ, are in some way conscious of being in the state of superposition H + V 
and do not behave in the characteristic way of the V photons with a relative 
property Δ. For this reason, the attribute Δ cannot be considered as a classical 
property of these photons. The fact that photons in the state H + V but with the 
attribute Δ do not behave in the characteristic way of photons in the state V may be 
proven also through experiments with calcite crystal. Let us consider the apparatus 
comprising the first calcite crystal and the “inverse calcite”, and let us suppose that 
we place a screen in the deflected path. If we direct the V photons into this model 
they all pass undisturbed: the presence of the screen on the deflected path does not 
influence the photons that follow the other path. 
 As we predicted, a group of photons in the state H + V i.e. polarized at 45° 
and composed of 50% of photons with the property ◊ and the attribute * and 
following the deflected path, and 50% of photons that have the property ◊ and the 
attribute * which follow the non-deflected path. In the experimental situation 
where we have two calcite crystals followed by a polaroid oriented at 45°, all the 
photons directed into the apparatus pass directly through the polaroid, in 
particular all the photons that have the property ◊ and the attribute Δ. If we now 
place a screen on the deflected path, we may confirm that only 25% of the photons 
pass through the polaroid, in this way at least half of the photons with the attribute 
Δ do not pass. These photons are thus influenced by the presence of the screen on 



100          Discussion Workshops 

the other path. The conclusions that may be derived are all analogous with the 
previous case. 
 In the previous section we mentioned the fact that it would be possible to 
study the principle of superposition and analyze its consequences through 
experiments in diffraction of wave material through a double slit. For material 
particles we may refer to the Bohm theory [5] which although it reproduces the 
statistic predictions of quantum mechanics, is deterministic and gives each particle 
a defined trajectory. It is nevertheless easy to demonstrate that according to this 
theory particles do not behave in a classical way either; in an experiment of 
diffraction with two slits, the trajectories of exiting particles from the slit are 
noticeably influenced if a screen is placed behind the other slit. 

4  CONCLUDING REMARKS 
We have studied simple situations on an operating level for the understanding of 
difficult concepts and we propose these according to the conceptual path, which 
we feel provides a guide for introducing these themes in class. Particular attention 
has been given to identifying an iconographic representation able to render the 
meaning with respect to the conceptual problem being dealt with.  
 We propose our study to teachers, so they may evaluate it in the light of their 
own experiences, and also in the operative context of the classroom with the 
appropriate modalities. We carried out a pilot experiment in a scientific high 
school class to perfect a unified modality containing the ideas brought to light. We 
would be happy to discuss with readers interested in working with this theme. 

NOTES 
[1] This implies a direct approach to quantum systems according to the Dirac 

model (RA.M. Dirac, 1 principi della meccanica quantistica, Torino, Boringlúeri, 
1959), with Sakuri’s elegant additions, (J.J. Sakurai, Meccanica quantistica 
moderna, Zanichelli, Bologna, 1996). 

[2] To improve what is available today to both the student and teacher, it would 
be very interesting to develop an accurate analysis of the proposals contained 
in secondary texts. 

[3] We are pleased to record two contributions which we believe are the most 
striking, one from the university world and the other from the scholastic 
world:  G. Toraldo di Francia; Teaching Formal Quantum Physics, Seminar on the 
teaching of physics in schools 2, GIREP, Gyldendal, 1975; S. Boffi, M. D'Anna, 
"Stato quantico e principio di sovrapposizione lineare", Nuova 
Secondaria-Scuola in atto (1994), p. 84. We feel it appropriate to add the 
following:  F. Gonella, "L'esperimento delle due fenditure nella comprensione 
della meccanica quantistica, La Fisica nella Scuola, XXVIII, 4 (1995); G.C. 
Ghirardi, R. Grassi, M. Michelini, A Fundamental Concept in Quantum Theory. 
the superposition principle, Thinking Physics for Teaching, New York, 1995. 

[4] The necessary formalism is that of vectors in Cartesian space. The physical 
prerequisites are the knowledge of the property of polarization (linear 
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property is enough) of light and its description in bodily terms through the 
photons. 

[5] Although presented as ideal experiments, all the experiments described are 
easily carried out in a simple laboratory with an observable light intensity. 
One requires a simple laboratory which uses new technology for a study at 
low intensity (single photons): ?photo-diodes? such as line sensors with a 
micro-elaborator allowing the realization of measures of a “single photon”, 
with a low cost (1-2 ML). 


