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Abstract 

The purpose of these experiments was to demonstrate wave-particle duality of light. This was achieved 

through Young’s double slit experiment and through a single-photon interference experiment using a 

Mach-Zehnder interferometer setup. These experiments showed one photon can interfere with itself. 

An electron multiplying CCD camera can detect a beam attenuated to the single photon level and was 

used as our detector. Over a given exposure time we imaged an interference pattern under both 

experimental setups.  When one slit in Young’s double slit experiment was blocked we did not observe 

interference. In addition the fringe visibility in the Mach-Zehnder setup varied with the second polarizer 

angle, because at certain polarization angles the photons have “which way information” and will not 

interfere with themselves. The scenarios leading to interference patterns, and the  scenarios not leading 

to interference patters that were just mentions show that light sometimes acts like a wave, and 

sometimes acts as a particle. 

 

Theory and Background 

Light is composed of photons which strangely enough, can be represented as both particles and waves. 

Thomas Young’s double slit experiment, which was done sometime between 1801 and 1805 

demonstrated this wave-particle duality phenomenon [1]. His experiment utilized Huygens principle. 

Huygens principle says that every point of a wavefront may be considered the source of secondary 

wavelets that spread out in all directions with a speed equal to the speed of propagation of the waves 

[2]. This principle explains why the first wavefront splits into two wavefronts after the double slit in the 

below figure illustrating Young’s double slit experiment. 

 



 

Figure 1: Sketch of Young’s double slit experiment. A wavefront from a coherent light source hits a 
screen with two small slits which splits the wave into two separate wavefronts. On the observation 
screen to the right an intensity distribution alternating between dark and bright bands is formed due 
to the destructive and constructive interference of the two wavefronts. [3].  

Because young’s experiment yielded interference pattern light must be a wave. In addition if slit 1 is 

blocked while slit 2 is open, and then slit 2 becomes blocked while unblocking slit 1, there will be no 

interference pattern and therefore light is also a particle. In addition if only one photon went through 

the system it would be observed by the camera as hitting a certain pixel as a particle. However when 

more photons go through the system an interference patter forms showing the wave aspect. 

Experiment 

The first experiment we did was Young’s double slit experiment. A cooled electron multiplying CCD 

camera (EM-CCD) was used as the observation screen.  We used a helium neon laser (HE-NE) at a 632.8 

nm wavelength with an output power of 1 μW. We used neutral density filters to attenuate the beam to 

the single photon level. This means that the average output of the laser was about 1 photon per 

meter. We used slits that were 10 μm wide, and 90 μm apart.  



 

Figure 2: Apparatus of double slit experiment. The neutral density filters were used to attenuate the 
beam to a single photon level, while the spatial filter was used to “clean” the beam. The detector was 
the EM-CCD camera.  

Our second experiment was on single photon interference. We used a Mach-Zehnder interferometer. 

We used the same camera and laser as in Young’s double slit experiment, however before the neutral 

density filters were applied the laser output was 2.1 μW. We also attenuated the laser to the single 

photon level since we were trying to show single-photon interference. To get average of          

     , we used 4 orders of magnitude of neutral density filters.  

Below is a diagram of the Mach-Zehnder interferometer setup.  

 

Figure 3: Apparatus of Mach-Zehnder interferomater. The neutral density filters were used to 
attenuate the beam to a single photon level, while the spatial filter was used to “clean” the beam. The 
detector was the EM-CCD camera. The first polarizer was calibrated with the polarizing beam splitter 
such that the photons that went to one mirror were all vertically polarized, and an equal amount of 
horizontally polarized photons went to the other mirror.  

The Mach-Zehnder setup first attenuates the beam and then sends an equal number of vertically and 

horizontally polarized photons in two separate paths of equal distance. These two beams are then 

recombined a second non-polarizing beam splitter. The second polarizer can then be adjusted to change 

how visible the fringes are. This allows analysis of which way information.  



The modifiable polarizer at the end, near the EM-CCD, will allow analysis of which-way information. The 

dependence of visibility of the interference pattern informs the existence of a quantum eraser that 

destroys which-way information allowing the photon to interfere with itself. The moment a 

measurement is performed on a photon it stops acting like a wave and its wavefunction collapses. At 

certain angles of polarizer 2 all of a certain path is blocked allowing us to know that only one path 

(corresponding to one polarization) is transmitting the polarizer. This leads to no interference pattern. 

 

Procedure for Young’s Double Slit 

1. Align the double slit to the incoming beam, and align the camera to the interference pattern.   

2. Adjust camera software settings to get best possible image. Parameters that may be varied include 

exposure time, gain, and accumulations.   

Procedure for Single Photon Interference  

1. Align the Mach-Zehnder interferometer. First align the spatial filter to the incoming beam. Then 

align the beam splitter such that the two resulting beams hit the center of the two mirrors.  

2. Adjust the first polarizer such that each arm of the interferometer has equal power.  

3. Align the mirrors to recombine the beam at the second beam splitter.  

4. Adjust the second polarizer until interference fringes have good visibility.  

5. Attenuate laser light to an average of 1 photon per meter using the appropriate neutral density 

filters. 

6. Adjust camera software settings to get best possible image. Parameters that may be varied 

include exposure time, gain, and accumulations.   

7. Repeat step 6 for different angles for polarizer 2. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 4: Young’s double slit interference 
pattern, 0.1 Second exposure time, and 3 order 
of magnitude attenuation. 

 

Figure 6: Young’s double slit interference 
pattern. 0.1 Second exposure, 4.66 order of 
magnitude attenuation, and 20 accumulations 

 

 

 

Figure 5: Young’s double slit interference 
pattern. 0.1 Second exposure, and 4.66 order 
of magnitude attenuation. 

 

Figure 7: Young’s double slit interference 
pattern, 0.0005 second exposure, 20 
accumulations, 4.66 order of magnitude 
attenuation, 255 gain.  

 



The above figures are images of interference patters from Young’s double slit setup using different 

parameters on the EM-CCD camera. To get the best fringe visibility gain and accumulation were used.  

 

Figure 8: Young’s double slit interference patters. 0.0005 second exposure, 120 accumulations, 4.66 
order of attenuation and 255 gain. 

The above figure has the best visibility of fringes. This may be due to the large amount accumulations . 

The interference patters with the laser light attenuated to the single photon level demonstrates wave-

particle duality. 

The Mach-Zehnder interferometer setup for single photon interference allows us to analyze the effect of 

which way information on the fringe visibility by rotating the second polarizer. 

 

Figure 9: Mach Zehnder interference patters 
with polarizer 2 at 0 °.  

 

Figure 10: Mach Zehnder interference patters 
with polarizer 2 at 60 °. 



The above figures were taken with 1 second exposure, no accumulations, no gain and 5 orders of 

attenuation. They also exemplify the effect of the second polarizer angle on the fringe visibility. On the 

figure to the left there is almost no fringe visibility, while the figure on the right has very good fringe 

visibility. Below is the equation for fringe visibility. Imax and Imin the maximum and minimum intensities 

on a fringe. This relates to how dark the dark bands are and how bright the bright bands are

                   
         
         

 

 

Image J software was used to measure the Imax and Imin  values for different polarizer 2 angles ranging 

from 0 to 360 ° in 10 ° increments. Using Image J a plot profile across the fringe patter was taken giving a 

plot of intensity versus position on fringe, allowing me to find the Imax and Imin .  

 

Figure 11: Plot of Fringe visibility versus polarizer 2 angle. Note that at 0, 90, 180, and 270 ° the visibility is the lowest.  

It is clear from the above plot that at certain polarizer 2 angles, that are multiples of 90 °, which way 

information is present and the interference pattern starts to disappear.  

Conclusion 

The experiment confirms the phenomenon of wave-particle duality. The photons interfered with 

themselves resulting in an interference pattern in both experimental setups. The dependence of 

polarization angle with the Mach-Zehnder interferometer setup demonstrates the power of which way 

information. When the second polarizer only allowed one polarizer type (horizontal or vertical) the 

interference pattern was not present. If the photon knows its path then its wavefunction collapses. 
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