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Abstract: In studying the Mach-Zender interferometer and Young’s Double Slit 
experimental setups, we can observe the wave-particle duality of light using an attenuated 
laser beam. In the Mach-Zender setup, we demonstrate that the fringe visibility of the 
interference pattern changes as the analyzing polarizer angle changes which controls 
“which path” information. In addition, the fringe visibility increases at the acquisition 
time of the measurement increases.  

 
Background 
 
In performing a Mach Zender or Young’s Double Slit experiment, we can attenuate a laser beam 
down to 1 photon/m. To do this, we had to calculate how many photons per meter already exist 
in the system and then put the proper number of filters in the system to attenuate it down to 1 
photon/m. The calculation was done as the following for the Mach-Zender interferometer with a 
laser power of 93.8µW. 
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Therefore, we find that we need 10-6 attenuation to achieve a single photon system for the Mach-
Zender. The power of the Young’s Double Slit is only 0.5µW, so we need ~10-4 attenuation for 
that experiment. 
 
With an attenuated Mach-Zender system, we expect to observe the wave behavior of light with 
particles. Each arm of the interferometer is linearly polarized using a polarizing beam splitter. 
One arm of the interferometer is vertically polarized while the other arm is horizontally 
polarized. Therefore, we can put a polarizer in the system to analyze the polarization of the 
photon. As the polarizer angle changes, the analyzer blocks one of the paths and forces the 
photon to travel through the other arm of the interferometer. When the observer is aware of 
which path the photon takes, the interference fringes disappear from view. As quantum 
mechanics dictates, knowledge of the path that the photon travels causes the collapse of the wave 
function and no interference occurs. The particle behavior of light is shown when the acquisition 
time of the CCD decreases and the image becomes pixilated due to only a few photons hitting 
the sensor. 
 
In a single photon Young’s Double Slit experiment, we also observe the wave-particle duality of 
light. Similar to the Mach-Zender system, if we know which slit the photon travels through, we 
do not see the interference effects as the wave function collapses and a particle cannot interfere 
with itself. However, if single photons enter the Double Slit setup, the probability that they will 
be at a particular location on the screen corresponds with the interference fringes shown with a 
non-attenuated beam. The regions of high probability correspond to bright fringes, and the 
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regions of low probability correspond to dark fringes. In our lab, we demonstrate this by 
increasing the CCD exposure time and visually observing the change in the pattern on the screen. 
 
Single photon interference is a key part of the quantum information field of optics. 
Understanding single photon phenomena and sources are helpful in fields such as quantum 
computing, quantum teleportation, and quantum key distribution (also using knowledge of 
quantum entanglement). Classical physics cannot explain the physics occurring in this lab, so 
quantum physics is essential to making progress in these fields. 
 
Procedure 
 

1. Using a Mach-Zender Interferometer Setup (as shown in Figure 1), attenuate the beam 
down using ND filters equal to ~10-4. This allows the CCD camera to see the interference 
fringes without saturation. Take a picture for reference. 
 

 
Figure 1: Experimental Setup of the Mach-Zender interferometer setup used in the Lab. 
 

2. Add more ND filters to obtain ~10-6 attenuation. At this point, you should have a single 
photon system. In the camera software increase the gain to 255.  

3. Orient the polarizers such that there is maximum contrast on the camera. This position 
indicates that both paths are available to the photon, and the user is unaware of which 
path the photon travels. 

4. Turn the polarizer ten degrees and at each location, take a picture of the pattern on the 
screen. Observe how the visibility changes throughout the turns of the polarizer.  

5. Find the angle of maximum contrast again. Now change the acquisition time on the CCD 
and take images of the screen with different times. Observe the change in fringe 
visibility. Measure the fringe visibility using ImageJ software, and plot visibility vs. 
acquisition time. 

6. Using a Young’s Double Slit Setup (shown in Figure 2), attenuate the beam down using 
ND filters equal to ~10-4.  
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Figure 2: Setup of the Young’s Double Slit Experiment used in the Lab. 
 

7. Set the acquisition time to 0.001 sec, and then increase the time and observe how the 
pattern changes on the screen. Visually relate this information to the wave-particle 
duality of light. 

 
Results and Discussion 
 
The results gathered from these experiments agree with the theoretical predictions made. In 
Mach-Zender Interferometer experiment “which path” information successfully eliminated the 
interference fringes. This occurred when the analyzing polarizer is orientated parallel with the 
polarization in one arm of the interferometer. In our experiment this orientation corresponds to 
an analyzer angle between 191 and 201 degrees (Figure 3). This alignment tells us exactly which 
polarization and thus which path the light is passing through towards the camera. As we expect 
no interference fringes are visible since the quantum wave function collapses. As the analyzing 
polarizer is rotated away from this position “with path” information is slowly lost and fringes 
become more and more visible. The fringe visibility reaches a maximum when the analyzer is 
orientated exactly half way between the polarization orientations of each arm. In this position the 
polarizer allows equal amounts of both polarizations to reach the detector. In our experiment this 
orientation corresponds to an analyzer angle near 151 degrees (Figure 4). This result is consistent 
with our prediction since this angle is about 45 degrees less than the angle corresponding with no 
fringe visibility.  
 



 4 

  
Figure 3: These two pictures are images of the Mach-Zender interferometer CCD at polarizer angles of 
191 and 201 degrees, respectively. 

 

 
Figure 4: This is an image of high-contrast fringes shown at a polarizer angle of 151 degrees. 

 
Both the Mach-Zender Interferometer and Young’s Double Slit experiments also illustrate the 
wave-particle duality property of light. When the laser source is attenuated to 1 photon/m we can 
observe the wave and particle nature of light by varying the exposure time of the detector. For a 
short exposure time we see a dark image with pixelated discrete bright dots which correspond to 
single photon detections. The detections show the particle nature of light since, like a classical 
particle, it is detected at a single location by the camera. If we increase the exposure time we 
accumulate many single photon detections on the detector (Figures 5 and 6). These detections are 
arranged in a specific pattern which is consistent with interference fringes caused by two waves 
interfering. 
 



 5 

  
0.001 s      0.002 s 

  
0.005 s      0.01 s 

 
0.1 s 

Figure 5: These images show the interference fringes from the Mach-Zender interferometer experiment as 
the acquisition time on the CCD increases. 
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Figure 6: These images are taken from the Young’s Double Slit Experiment, and they show how the 
increased acquisition time gives rise to fringes. 

 
In the Young’s Double Slit experiment the fringe separation is dependent on the slit spacing of 
the filter. The images from the both experiments show some irregular dark spots which are likely 
caused by dust or imperfections either near the detector or on the filters used in the setup. There 
are series of circular rings seen in the images from the Mach-Zender Interferometer which are 
likely caused by diffraction in the setup. The high visibility of these rings makes it difficult to 
measure the visibility of the fringes in this setup. The visibility of the fringes could be measured 
if the fringes had high contrast then the diffraction pattern (see Figures 7 and 8). Visibility was 
calculated using ImageJ software and finding the maximum and minimum intensity values 
through a cross-section of the image. The cross-section line was drawn perpendicular of the 
fringes.  
 

 
Figure 7: Plot of Fringe Visbility vs. Acquisition Time (as found using Image J software) for Young’s 
Double Slit Experiment. The data is shown in Table 1 in the Appendix. 
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Figure 8: Plot of Fringe Visibility vs. Acquisition Time (as found in ImageJ) for the Mach-Zender 
Experiment. The data is shown in Table 2 in the Appendix. 
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Appendix 
 

Order of Attn 
Acquisition Time 

(s) Max Intensity Min Intensity 
Fringe 

Visibility 
4 0.001 216 142 0.2067 
4 0.01 231 103 0.3832 
4 0.1 244 88 0.4699 
4 0.002 213 124 0.2641 
4 0.005 223 110 0.3393 
4 0.05 241 105 0.3931 
4 0.5 249 67 0.5759 
2 0.1 226 81 0.4723 

Table 1: This table shows the data for Figure 7. 
 

Order of Attn Acquisition Time (s) Max Intensity Min Intensity 
Fringe 

Visibility 
6 0.001 241 189 0.1209 
6 0.002 223.1 146.2 0.2082 
6 0.005 222.3 141.2 0.2231 
6 0.01 226.7 134 0.2570 
6 0.1 243.8 130.9 0.3013 

Table 2: This table shows the data for Figure 8. 


