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Abstract 

This experiment purpose was to study the wave-particle duality of light and to 
discover that photons can interfere with themselves. This obtained with the use of a 
Mach-Zehnder interferometer and a Young double slit setup. The EMCCD camera used for 
both experiments can detect single photons as pixels thus demonstrating the particle 
nature of photons. The camera showed that when the Mach-Zehnder polarizers make 
“which-path” unknown, single photons would accumulate in the form of an interference 
pattern. Conversely, the Mach-Zehnder interferometer confirmed that when “which-path” 
is known via controlled crossed polarizations, the wave phenomenon of interference is 
destroyed. The double slit further confirmed interference phenomena. 

 
Background & Theory 

Throughout history there has been a major discrepancy as to whether classify light 
as a particle or as a wave. Isaac Newton developed a particle model to explain the 
reflection of light. This model for all purposes sufficed for a time in explaining the nature 
of light but it failed to explain other phenomena such as diffraction. It wasn’t until a 
century later that the debate would further develop with the findings of Young and 
Maxwell. 

It was in the 19th century where the nature of light will again be questioned. 
Thomas Young with his famous double slit experiment [1] discovered the wave nature of 
light (diffraction patterns) which rekindled the debate due to its stark contrast with the 
conclusion arrived by Newton that was highly valued by the scientific community. James 
Clark Maxwell later in 1861 further increased the proof for the wave nature of light with 
his famous derived equations for the electromagnetic propagation of radiation. These 
findings seemed to finally put the debate to rest but later when trying to derive a model 
for “black-body” radiation, Lord Raleigh and Sir James Jeans encountered a hurdle in that 
the wave model failed to account for short wavelengths or high energy models. So 
another model was needed to explain this phenomenon and the debate was opened again. 

20th century discoveries finally gave light to an answer in that light presented 
characteristics of a wave and a particle.  Max Planck in 1901 with experimental data 



suggested that to obtain a solution for the “black-body” radiation light needed to be in 
discrete quantities. Albert Einstein theorized that light needed to be in discrete quantities 
or quanta in order to explain the photoelectric effect [2]. Further experiments by De 
Broglie asserted the fact that light and all matter have properties of both waves and 
particles. These findings gave rise to the foundations of Quantum Mechanics, in which in 
only when light is considered to be a particle and a wave is when it can be accounted for 
all its phenomena. 

In our lab we used the Young’s Double Slit to observe the interference of light with 
itself at single photon intensities. Using this setup and the equipment provided we can 
observe the particle nature of light as detections in our camera and also we can observe 
the interference pattern that confirms the wave nature of light. Further with the Mach-
Zehnder we observe the “which-way” effects of information on light, meaning that the 
diffraction pattern is lost due to the introduction of this information that in a form acts 
like an ”eraser”. 

Experiment Setup 

In this lab we used two setups: The Young Double Slit Apparatus and the Mach-
Zehnder interferometer. We used a He-Ne laser of 633 nm of wavelength at 6 µW for the 
Mach-Zehnder setup and 1.6 µW. 

 

Figure 1: The Young’s Double Slit setup. Note the use of spatial filters at the front 
of the aperture in order to attenuate to the single-photon level. 

For the Double Slit setup, the laser light will pass through the spatial filters 
in which they will get to the single photon level. Then the interference pattern 
created by the setup will be recorded in our detector. Our detector Andor’s iXon 
DV887 EM-CCD camera cooled to -60°C. The neutral density filters are in place to 
reduce the background noise in our camera. The width of the slits is 10µm, and 
they are separated by 90µm. 



 

 

Figure 2: The Mach-Zehnder interferometer setup.  Spatial density filters 
attenuate to the single-photon level. Neutral density filters allow the reduction of 
background noise 

In our second setup, we used the same laser, the same kind of filters that 
help for the same purpose as the first setup. The beam splitter split the laser into 
vertical and horizontal polarizations. 

Procedure 

1. Setup and align the double slit setup. Align the double slit to the laser and then 
align the camera so that the interference pattern is in the camera’s aperture. 

2. Start to obtain images using the CCD camera. Try different number of 
acquisitions in order to understand how both the particle and the wave nature 
of light play a role in obtaining the desired image. You can also try different 
order of magnitude of attenuation using the filters to see how it affects the 
quality. 

3. Now align the Mach-Zehnder interferometer setup. Make sure you obtain the 
interference pattern in the aperture of the camera. 



4. First obtain image of the interference pattern created without rotation.  You 
can change the gain, number of accumulation and exposure time to see the 
role they take in the creation of the image. 

5. Now change the settings to a setup that can guarantee that you will obtain 
discernible data. Again, use gain, exposition time to change to obtain the ideal 
setup. 

6. Rotate polarizer B and capture a picture of the fringes incrementally. Observe 
how visibility fades in and out just as classical theory would predict similar to 
what Malus’ Law would predict. Take a picture each 10 degree rotation to see 
how moving the polarizer introduces a “which path” information is known 
which destroys the double slit interference pattern for single photons. 

Results & Analysis 

Our experiment performed was the double slit experiment. The goal of this test 
was to verify that single photons entering a double slit aperture would statistically 
accumulate to a double slit interference pattern. The 633nm laser was used from and the 
power measured before the double slit was 1.6µW. The power after the double slit was 
1µW. A photon level was attenuated to the single photon level. We used different 
attenuations to obtain different images. 

 



Figure 3: The Young’s Double Slit interference pattern. 0.1 sec acquisition time. 
1.6 µW of laser power.  No gain. The top pattern and graph are for an order magnitude of 
3. The bottom one is for an order magnitude of 4 in attenuation. Note how both the noise 
increases as the order of magnitude of attenuation increases. Also our sinusoidal pattern 
becomes a lot less discernible. 

 

 

 

Figure 4: Young’s double slit pattern. 0.1 sec acquisition  time. 1.6 µW of laser 
power. No gain. The top corresponds to a single accumulation. The middle one represents 
to a 20 accumulations and the bottom one corresponds to 100 accumulations. Note how 
the more accumulations, the more visible the interference pattern becomes. Also there is 
less noise and more signal. 

 



 

 

Figure 5: The Young’s Double Slit interference pattern.1.6 µW of laser power.  No 
gain. The top pattern and graph are for an acquisition time of 1 sec. The bottom one is for 
an acquisition time of 1 sec. Note an increase in acquisition makes the interference more 
noticeable. This because more time to acquire the picture means more photons able to 
interfere and more accumulations. 

The part of the lab was the Mach-Zehnder interferometer. In this setup our laser 
power was 6 µW of laser power. At first we did not rotated the polarizer, since we were 
just testing for the interference to be present in the aperture. We also tested to how 
factors such as order of magnitude of attenuation and acquisition time affect the image. 

 



Figure 6: Mach-Zehner interference pattern on a camera aperture. 0.1 sec 
acquisition time.6 µW of laser power.  No gain. The left pattern is for an order magnitude 
of 3 magnitude in attenuation by using filters. The right one is for an order magnitude of 5 
in attenuation. 

 

Figure 7: Mach-Zehner interference pattern on a camera aperture. 0.005 sec 
acquisition time.6 µW of laser power. 255 gain. 7 orders of magnitude of attenuation. The 
left pattern is for 20 accumulations. The right one is for 50 accumulations. 

 

Figure 8: Mach-Zehner interference pattern on a camera aperture. Single 
acquisition.  255 gain. 7 orders of magnitude of attenuation. The left pattern is for 0.005 
acquisition time. The right one is for 0.1 acquisition time. 

It is important to note how at 0 degrees in our rotating polarizer we don’t have any 
interference. This is because we know “which-path” information is transmitted so 
the interference pattern is destroyed, but as we approach 45 degrees, the strongly 
the interference pattern is presented. 



 

 

 

 



 

 



Figure 9:  Mach-Zehnder interference pattern as we rotate polarizer B in steps of 
10 degrees. 255 gain. 01. sec acquisition. 6 orders of magnitude of attenuation.  The 
increments of 10 are from left to right.  Important things to note are how at every 
increment of 90 degrees, the information about the interference pattern is lost. This is 
because we know “which way” the photons go. 

Conclusion 

The results of the experiments show that single photons do interfere. Photons act 
both like particles and waves. The introduction of “which way” information in the Mach-
Zehnder experiment resulted in destruction of information (fringes), however its absence 
resulted in the interference of single photons in the form of the fringes. The double slit 
experiment showed that single photons will accumulate in a distribution that follows the 
diffraction pattern expected of waves thus demonstrating the wave and the particle 
aspects of light. 
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