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ABSTRACT 
 
 We experimentally illustrate the wave-particle duality of light, one of the most 
fundamental aspects in the nature of light, which cannot be clearly understood under classical 
approaches. We explained our experimental results using modern ideas supported by quantum 
mechanical fundamentals such as ” which-way” information. 
 
 As in the early years, our experimental study is performed using Young’s double slit and 
Mach-Zehnder interferometers at a light wavelength of 633 nm, attenuated up to a single photon 
level.  
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1.- INTRODUCTION 
 

1.1.- Introduction 
 

There is no doubt that the nature of light is one of the most fascinating issues in the 
history of science. It is well known that light has been studied under different formalisms [1], 
historically the Greek philosophers started with ray optics, and then in 1690 Christian Huygens 
proposed a wave theory. This idea brought heated discussions along hundreds of years, in spite 
of that, the Newtonian corpuscle theory of light was generally accepted until 19th century when 
Thomas Young and Augustin-Jean Fresnel conducted interference experiments that allowed 
them to conclude the light wave nature. This was completely accepted after James Clerk Maxwell 
supported this idea with his equations, and the electromagnetic optics was considered as the 
correct optical theory.  

 
The previous formulations on the nature of light are classical theories. In fact the 

electromagnetic optics theory is widely used at this moment and many novel phenomena are 
being studied under this formalism. Besides those behaviors, there are others, whose nature falls 
into the quantum mechanical realm and therefore they cannot be explained classically. That was 
the situation in the early twenty-century when Quantum Theory was being formulated, and Max 
Planck, Sommerfeld, Bohr and others dealt with problems such as black body radiation and 
quantization rules. These facts brought a huge impact in the understanding of light nature, therein 
the wave-particle duality paradox, successfully solved by De Briglie. 

 
In this experiment we focus our attention on the wave-particle duality of light, and our 

tools to study such behaviors are the double slit Young interferometer and the Mach-Zehnder 
interferometer.  In fact, it is not unusual to use interferometry arrangements to study inherent 
characteristics and properties of light, such as coherence and polarization. This can be illustrated 
in the A. T Friberg et al article [2], which studied polarization states of light using the Young 
double slit experiment.  

 
We used the Young double slit interferometer to illustrate the wave particle duality. First 

we used our regular source of light and we obtained the expected interference fringes, which is 
the typical wave behavior, then after we attenuated near to single photon level we observed that 
the photons just hit the detector as particles apparently al random, but if the exposure time was 
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increased they produced an interference pattern similar to the one obtained without attenuation. 
This means the existence of an interference term and therefore we can say hat the ensemble of 
photons can be described by a wave function, therefore the light behave like a particle and wave. 
Then we used a Mach-Zehnder interferometer to prove the wave-particle duality by producing a 
wave-function collapse known as the knowledge of “which path” information.  
	  
1.2	  Ideas of Single Photon Interference	  
	  
It is well known that interference can be understood in the simplest way as a superposition of 
coherent waves, that is the main idea behind Young and Mach- Zehnder interferometer. If we use 
the Young interferometer shown in figure 1, where it is assumed that the source of light is 
symmetrically positioned between the slits, and each slit is acting as a new source described by 

 where E is the amplitude of the electric field, k is the propagation constant, and r is 
the position vector, then the total intensity in the screen will be given as follow: 
 

                                                                        (1)

 

 
Where r1-r2 can be easily determined from figure 1 equal to cy/s. 
 
 

 
 

Fig.1. Schematic of the typical Young’s double slit interferometer. 
 

It is clear that this experiment, which has been considered as one of the most beautiful 
experiments, proves the wave nature of light. However, in spite of that, something quite 
interesting happens if we attenuate the beam close to a single photon level and we try to know 
trough which slit the photon actually goes trough, such effect is called “which-path” information 
[3]. Before going into our “which-path” information discussion, it is convenient to point out how 
can the transmittance of the attenuators can be calculated in order to attenuate the light to a 
single photon level. 
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The filter transmittances needed to attenuate the beam to such level can be calculated 
determining the number of photons per second that we have from our source with certain power 
“P”. We know that the energy “E” of one single photon is given by “hc/λ”, then “P/E” gives the 
number of photons per second, Therefore we can calculate the transmittance by  “Ec/PL”, where 
L is the total length of the interferometer.  
 

The determination of which slit the photon goes through implies a measurement, that in 
the microscopic word implies a collapse of the wave function which describe such photon, then 
the photon will act like a particle. This can be experimentally done by measuring the photons 
polarization after the slits; such measurement implies the knowledge of which information. 
Therefore, in the same terms, one can destroy the wave behavior in a Mach-Zehnder 
interferometer, but in this case measuring the polarization in any of the arms. 
	  
	  

2.-‐	  EXPERIMENT	  
	  
2.1	  Experimental Setup	  
	  
 

As we have previously mentioned, our tools are a Young interferometer and a Mach-
Zehnder interferometer. We will use this section to show detailed about the experimental setups. 

 
The common elements in our experiment are the light source, the spatial filter and the 

detection instrumentation. As was illustrated in figure 1, we used a 5-mw He-Ne laser with a 
wavelength of 633 nm, then in order to spatially clean the beam and easily detect interference 
fringes we used a spatial filter and a collimator respectively. We used an Electron Multiplying 
CCD camera for a low light level to perform the fringes observation. In our experiment we used 
an Andor`s iXon DV887 EMCCD. This camera needs to be used under certain conditions such as 
-600C and in a dark room. 
 
                     

Fig. 2. Schematic of Young double slit experiment used in this laboratory 
 

 
Now we will start describing our experimental systems, first we will describe Young’s double 

slit interferometer, shown in figure 2.  
 

• As we already mentioned one of the common parts of the experiment is the spatial filter 
that allows improving the beam quality and the optimal spot size for our experiment, as a 
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first step it is necessary to ensure that all the optical elements are positioned at the same 
height, the alignment is very important in the fringe visibility. 

• The attenuation of the beam is fundamental for our research, here it is important to 
calculate the filter transmittance needed to achieve a single photon level for the length of 
our experiment, for our case the transmittance takes values of eight orders of magnitude. 
The precision plays an important role here, and it is convenient to position the attenuators 
parallel one to another. 

• Other important point is the position of the double slit, for practical reasons it is 
convenient to position them symmetrically and at the same height of the beam, for our 
case the used slits have the shape shown in figure 2. 

            
Fig. 3.-  Mach-Zehnder Interferometer used in this laboratory. 

 
The second part of our setup is a Mach-Zehnder interferometer, whose diagram is 

schematically shown in figure 3. The Mach-Zehnder interferometer requires special care for the 
alignment, in fact there are important issues related with the alignment of this interferometer. 
 

• First of all we experimentally sketched the position of different optical elements, this 
implies the determination of equal optical path lengths, which is a fundamental issue in 
the interferometry. 

• Once we determined the positions of each element, we started to work in the alignment. 
Here, we used a pinhole with a fixed height and we made sure to have the same beam 
direction and height near to each optical element as well as far from it. 

• Before continuing with the alignment process, it could be illustrative to mention the 
function of the optical elements: the polarizer A allows to obtain a 450 linearly polarized 
light before the polarized beam splitter, the idea is to have almost the same portion of 
light in each of the arms, the polarizers B and C are only used when we want to know 
which-path information, in order to see interference fringes, those must to be removed, 
the non-polarized beam splitter (NPBS) reflects and transmit 50% of the separated light. 
The situation with the polarizer D is the same as in polarizers B or C. 

• Once that we ensure that we had same optical path lengths, same heights and directions 
after and before each optical element, we used the two mirrors positioned just before the 
NPBS to improve the fringe visibility. 

 

2.2 Experimental Results 
 
     In order become familiar with the experiment, we decided to start with Young interferometer. 
Our first measurement was performed without attenuators; this allowed us to improve the 
interference fringes, as we will show later, it is hard to modify the attenuated fringes. This fact 
suggested us to study the contrast of the intensity, therein the need to used the free source 
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software called ImageJ [4], which allowed us to quantify such contrast, with this information it is 
possible to use the visibility expression given by: 
 

                                                                           
                                                 (2)

 

 
Our first measurements gave us the following interference filters, with its respective intensity 
pattern: 
 

 
 
      a)                                                            b) 

Fig 4.- a)Interference pattern obtained using Young’s double slit interferometer without 
attenuation. b) Intensity distribution for the interference pattern. 

 
 As can be seen from the previous figure, it is clear that our interference pattern does not 
follow the cosine square behavior modulated by a sinc square function, instead of having a 
maximum we have something else. These effects are produced by the two slits surface 
reflections.  
 

Once we obtained the desired interference pattern we decided to attenuate the source 
and started to understand how the behavior or the interference pattern is modified as we 
attenuated the beam and changed the exposure time. We started by attenuating to 4 orders of 
magnitudes and using an exposure time of 0.1 seconds, and obtained the pattern shown in figure 
5a). In figure 5b) we attenuated to 7 orders of magnitude with an exposure time of 5 seconds.  
Using the same exposure time we attenuated to 8 orders of magnitude, see figure 5c). Then we 
decided to increase the exposure time to 10 seconds, 5d). We decided to modify the position of 
the attenuators, and keep the exposure time constant; this is shown in figure 5e). Then we 
decided to decrease the exposure time to 5 seconds, obtaining the pattern in 5 f) and 5g). Finally 
we decreased the exposure time to 1 second; the pattern is shown in 5h). 

 
It is clear in figure 5 c) the corpuscular behavior of the light, but at the same time it is 

clear that each one of the detected photons hit the detector in the corresponding position to bright 
fringes, this fact illustrate the wave particle duality. This means that an ensemble of photons 
behaves as a wave. In the other hand when one single photon is detected just hit the detector 
without exhibiting a wave behavior, it acts as a particle.   
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Figure 5 Interference patterns obtained with double slit Young interferometer, using 
different exposure time and attenuated at different orders of magnitude, all of them with a 
gain of 255.  

 
In figure 6 we show the contrast of intensity for each of the interference pattern in the 

respective order, it is clear how the visibility is destroyed, as we perceive the particle behavior in 
the interference plots, in fact that was the expected behavior. 
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	   8	  

 

 
 

 
Figure 6.- Intensity distribution corresponding to interference pattern showed in figure 5. 

 
Then we decided to use the same procedure for the Mach-Zehnder interferometer. It is 

important to mention that in the process of alignment and detection of interference fringes, we 
proved the incredible sensibility of this interferometer, therein the reason to use this 
interferometer in diverse areas such as in metrology [5].  

 
 First we found the interference pattern without attenuation, where the imperfections and 
scratches in our optics can be noticed as a spot in one fringe.  
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Figure 7.- Interference pattern obtained with Mach Zehnder interferometer without attenuation. 

 
Then we attenuated the beam 7 orders of magnitude. But now in order to experimentally 

see how the knowledge of “which-way” information affects the experiment, we introduced a 
polarizer with a 1350 of rotation with an exposure time of 1 second, this is shown in figure 8a).  
The same situation is illustrated in 8b) but this time the rotated angle is 1550. Then we decided to 
achieve a situation of almost zero visibility; therefore we rotated the polarizer to 2550 and 2750. 

This is shown in figure 8c) and 8d) respectively. 
 



	   10	  

                            

 
 Figure 8 Interference patterns obtained with Mach-Zehnder interferometer, using 
different exposure time and attenuated at different orders of magnitude, all of them with a 
gain of 255. 

 The fringe visibility values for the previous interferograms cannot be determined exactly; 
therefore it is necessary to use a procedure which allows to have an idea of such value, therefore 
following the ideas used by Justin Winkler, I fitted the obtained intensity distribution like those 

shown in figure 10, to the following function A+B 

� 

Sin2(24 2π( )
512

+ c) , see figure 9, here we are 

assuming that we have approximately 24 fringes in a 512 pixel region, with this in mind we can 
estimate the values of Imax and Imin, and therefore we can calculate the fringe visibility as follow: 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

� 

V =
2 I1I2
I1 + I2

                                                                  (3) 
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For the two plots shown in figure 10, I obtained a visibility value of 42 % for the first and 2 % for 
the second plot shown in figure 10. 
	  
Intensity	  Distribution	  

	  	  	  	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	  9.-‐	  Theoretical	  fitting	  to	  experimental	  intensity	  distribution	  

	  
	  
 

                          

 
Figure 10 Intensity distribution corresponding to interference pattern showed in figure 8 a) 
and 8d). 

 
The corresponding intensity distribution for the greatest and the lowest visibility is shown in the 
above figure. 
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4 Conclusions 
 
We successfully proved the wave particle duality, which becomes understandable in these days; 
this due to the well-established studies done during the last century, but it is easy to figure out the 
controversies that such results arose in early years.  
Moreover we showed the role played by “which-path” information. In fact we successfully 
emulated such phenomenon using the Mach-Zehnder interferometer,  
There is no doubt about how interesting is the nature of light, and why even in these days is a 
topic to discuss. 
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