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Abstract 
 

In this laboratory we examine two fundamentally important experiments in quantum optics. 
Namely, Young’s double slit experiment and Mach-Zehnder interferometer with a quantum 
eraser. In both experiments we utilize neutral density (ND) filters to attenuate a laser beam of 
known wavelength to achieve single photon levels and an electron multiplying CCD camera 
(EM-CCD) to image in low light level. In the double slit experiment, we demonstrate that even 
when single photons are incident on the slits, they create an interference pattern when multiple 
images are accumulated and summed together. This suggests that each photon should go through 
both of the slits and interfere with itself on the CCD chip. In the second experiment we utilize a 
Mach-Zehnder interferometer at low photon levels. We introduce a polarizer, with its fast axis at 
45 degrees with respect to the horizontal, before the device. Then by introducing another linear 
polarizer after the device, which is known as a quantum eraser, enables to “erase” the “which-
path information” enabling us to achieve interference fringes in the accumulated EM-CCD 
images for certain polarizer angles. We also show that the visibility of the fringe pattern is a 
function of the polarizer angle and the maximum visibility occurs at ±45o. We finally 
disassemble the Mach-Zehnder interferometer and re-assemble it and try to align it by bringing 
the two light spots together at the immediate output of the beam splitter and also at a screen far 
away from the beam splitter. 
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Introduction and Theoretical Background: 
 

Wave theory of light that was majorly developed by great scientists and mathematicians like 
Huygens and Fresnel, was considered a rock-solid theory to describe phenomenon related to light 
propagation, interference and diffraction. Development of the electromagnetic theory by J. C. 
Maxwell made it even more elegant. But the observations made by Hertz showing the way that 
the photoelectrons are emitted from a metallic surface upon UV illumination couldn’t be 
described by the wave theory and the fact that the energy density of short wavelength light 
emitted from a blackbody didn’t agree with that predicted by the wave theory led scientists to 
suspect that their understanding of the electromagnetic waves is not complete. Inspired by Max 
Plank’s theory on energy quantization of the oscillation of atoms in a black body, Einstein 
explained the photoelectric effect by assuming that light is a particle, which he called photons. 
Thereafter the notion that light behaves like a wave and a particle was widely accepted. Later 
experiments, especially the ones that utilized the famous Young’s double slit, showed that single 
photons acted like waves and went through both slits and created an interference pattern on the 
screen as long as one didn’t observe each photon’s path. As soon as we introduce a measurement 
gaining the knowledge of which slit the photon went through (i.e. which path information), the 
interference pattern seen on the screen is destroyed.  

One would suspect that a single photon going through one of the slits would accumulate on the 
screen directly across from the slit it passed through. This is the classical prediction of particles 
in physics. However, as seen in figure 1, when both slits are open and which slit a photon passes 
through is unknown, an interference pattern is seen on the screen as more and more single 
photons are shot at the screen (single photon interference). This phenomena can be predicted by 
Heisenberg’s Uncertainty Principle that states that as the location of the photon becomes more 
certain, the momentum and energy of the photon becomes less certain. It is important. 
Interestingly, when one slit is covered and the photon knows which path it takes, no interference 
pattern is presented. This “which path” information that the photon somehow knows is quite 
important. 
 

  
Figure 1: Left: when quantum particles (electrons or photons) go through the double slit it creates an interfering 
pattern. This is true even when the particles come one at a time. Right:  But if classical particles go through a 
double slit, no interference occur. Also, when a detector is introduced to the setup on the left to detect the path of 
each individual particle, we would get a similar pattern, which is a result of collapse of the wave function.  



In 1982 Scully and Drül showed that when the knowledge of a photon’s path, in a properly setup 
experiment, is erased, it would result in interference fringes on a detector [1]. This can be 
demonstrated using a Mach-Zehnder interferometer as shown in the figure 2. One can use a beam 
splitter to split a laser beam in to two and use mirrors to redirect those beams to meet at a point. 
At this point a detector can be placed facing either mirrors and if the detector detects a photon, 
then one can identify its path without any uncertainty. But when we introduce a second beam 
splitter at the point the beams meet, it introduces an uncertainty on which path the photon 
traveled upon the detection of a photon. Thus the second beam splitter acts as an eraser of the 
which-path information. If the first beam splitter were a polarizing beam splitter (PBS) and a 
linear polarizer at 45 degrees was used the PBS, then the two paths would correspond to the two 
orthogonal polarization states. Hence, at one of the ports of the second beam splitter, both 
polarizations would combine. When introduced a polarizer, we could select only one polarization 
state when the polarizer angle is 0 or 90 degrees. In between, the polarizer would allow some 
part of both polarizations to pass through. At 45 degrees, equal amount of each beam would pass 
through. Moreover, this configuration would allow the light to maximally interfere, creating 
fringes with highest visibility. When one attenuates the laser beam down to single photon levels, 
the interference phenomena still occurs, confirming the wave nature of light. He or she needs to 
use an EM-CCD camera to accumulate many low light level images of the interference pattern in 
order to see the effect. The mind-boggling aspect of this experiment is that a single photon 
should travel in a specific path (because it has either horizontal or vertical polarization before 
entering the PBS), and in order to interfere at the detector, it should travel on both paths. The 
second polarizer acts as the quantum eraser in this case, erasing the which-path information. This 
is strong evidence on the fact that the which-path information governs whether the photons (or 
any other quantum particles) would behave like particles or waves [2]. 

  
 

Figure 2: Left panel shows when the light from a laser is split in to two paths using a beam splitter. Mirrors divert 
the beams so that they meet at a point. But a detector can tell which path the photons travelled. However, if we 
introduce a second beam splitter, as in the right panel, at the point the beams meet, then no detector can tell the 
path the photons took. The second BS acts as an “eraser” of the which-path information. 

We are using a coherent source for illuminating the MZ interferometer. But here we're splitting 
the two polarization components. So, when combining no interference occurs unless we 
introduce another polarizer (quantum eraser). Then, part of the H component and part of the V 
component passes through it and interfere. So, when finding the visibility of the fringe patter we 
can either use the equation  𝑉 =  2√𝐼1𝐼2/(𝐼1 + 𝐼2) or  𝑉 =  𝐼𝑚𝑖𝑛  −  𝐼𝑚𝑎𝑥  / 𝐼𝑚𝑖𝑛 +  𝐼𝑚𝑎𝑥 equally 
holds true. If we want to use the former equation, then we should find the intensity of each 
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component after passing through the polarizer (can be found using the Malus law). So, I1 and I2 
are a function of theta in our case. 

𝐼1 = 𝐼0𝐶𝑜𝑠2(𝜃) 

𝐼2 = 𝐼0𝑆𝑖𝑛2(𝜃) 

Hence, visibility V can be found as: 

𝑉 = 2√𝐼1𝐼2/(𝐼1 + 𝐼2) 

= 2√𝐶𝑜𝑠2(𝜃)𝑆𝑖𝑛2(𝜃)/(𝐶𝑜𝑠2(𝜃) + 𝑆𝑖𝑛2(𝜃)) 

= |𝑆𝑖𝑛(2𝜃)| 

 

Figure 3: Change of the visibility with quantum eraser angle 

 

Experimental Setup and Procedure 

Experiment 1: Young’s Double Slit 
In the first lab, we will try to demonstrate the wave nature of single photons. To achieve this, a 
single photon source like a type 1 BBO crystal that utilizes spontaneous parametric down 
conversion (SPDC) would be ideal, because it would produce photons that are separated in time 
(antibunched). But since we are not doing any secure quantum communication type experiments, 
we can achieve single photon levels with a much simpler setup using an attenuated laser beam 
[3]. It will be shown that the accumulation of many images, each registering only a few photons, 
gives the usual interference pattern one would see with a usual double slit experiment. Figure 4 
shows a schematic diagram of the setup and the actual lab setup used in this experiment. Notice 
that the ND filters were placed right before the EMCCD camera. This position was chosen so 
that we still register single photons coming from the slit and the effect from the background light 
is minimized. Laser was a 632.8 nm He-Ne laser and the EM CCD was iXon DV-887 camera by 
Andor technologies. 
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Figure 4: Top panel: Schematic of the lab setup. Bottom panel: Actual lab setup used. 1- spatial filter, 2- 
collimating lens, 3- aperture, 4- double slit (grating wheel), 5- ND filters, 6- EM-CCD camera 

  



To take the measurements: 
 

1. Measure the power of the laser after the double slits using a power meter in darkness to 
achieve an accurate reading. 

2. Place Neutral Density filters in the path of the laser, such that there is less than a single 
photon per meter, achieved using the reading from step 1. 

3. Setup the lab equipment: align the polarizer, turn on the camera and cooling, open the 
laser shutter, and start the software. 

4. Rotate the analyzing polarizer 10 degrees and take an image for all 360° in normal CCD 
mode (36 total photos) 

5. At the location of maximum fringe contrast, more attenuators are added so that a normal 
CCD will not pick up on the signal, and the EM-CCD mode is activated. 

6. Record images at increasing time accumulations.  
 

Experiment 2: The Quantum Eraser 

In this experiment we utilize a Mach-Zehnder interferometer, shown the schematic in figure 5 
and the actual setup in figure 6, to achieve the effect of the quantum eraser. If the polarizer A in 
the setup shown in the figure is set to 45 degrees we can obtain equal amount of light going 
along the paths 1 and 2 given that the polarizer B is set to 90 degrees and the polarizer C is set to 
0 degrees with respect to the vertical axis, which is perpendicular to the plane of the paper. After 
the two beams recombine at the non-polarizing beam splitter (NPBS) we can select each 
polarization component of the beam by rotating the polarizer D to either 0 degrees or 90 degrees. 
If the beam is spatially coherent and its coherent length is larger than the path deference of the 
two arms, one might observe interference fringes when the angle of the polarizer D is around 45 
degrees. This is because light from both arms can pass through the polarizer D at this angle.  

When the beam is attenuated down to single photon levels we can observe the same behavior 
using an EMCCD camera. That is, we won’t observe any interference pattern if the polarizer D is 
at either 0 or 90 degrees because then we know for sure “which path” did the photon take before 
hitting the CCD. By setting the polarizer D to 45-degree position we “erase” the knowledge of 
“which path” and this leads to an interfering patter to develop on the CCD when many images 
are accumulated. Hence the polarizer D is known as the “quantum eraser”. It is a mind-boggling 
thing that in order for interference to occur, each photon should go along both paths and interfere 
with itself on the CCD.  
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Figure 5: quantum eraser experiment with a Mach-Zehnder interferometer 

 

Figure 6: Mach-Zehnder interferometer in the lab 
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To take the measurements: 
 

1. Measure the power of the laser after the double arms using a power meter in darkness to 
achieve an accurate reading. 

2. Place Neutral Density filters in the path of the laser, such that there is less than a single 
photon per meter achieved, using the reading from step 1. 

3. Setup the lab equipment: align the polarizer, turn on the camera and cooling, open the 
laser shutter, and start the software. 

4. Record images in conventional CCD mode at varying integration times and magnitudes 
of attenuation.  

5. With a longer integration time, record an image. Increase the magnitude more to the limit 
of the EM-CCD and record another image. 

6. Record images at increasing accusation times. 
 

Experiment 3: Alignment of the Mach-Zehnder Interferometer 

This experiment deals with the alignment of an interferometer, an important skill for any optical 
engineering job. The TA misaligned the system by rotating the mirrors on both arms of the 
Mach-Zehnder and by rotating the beam splitter. After getting the beam splitter at a reasonable 
location, the students proceed to look at both the far and near field points of the laser. One mirror 
is used to correct near field, and the non-polarizing beam splitter was rotated for the far field 
alignment. This action of aligning at one, then looking at the other field and aligning there is 
repeated until the beams are collinear at both fields. This assures us that the laser beams are 
aligned and proper measurements can be taken. Finally, fringes were seen on a simple white 
paper, to ensure alignment. 

 
 

Figure 7: Fringes seen on the screen after aligning the MZ interferometer 



Result and Analysis  
 

Experiment 1: Single Photon Interference in Young’s Double Slit Interferometer 
 
The first experiment attempted was imaging young's double slit pattern using single photon 
interference. We measured the optical power of the laser at the camera to be 411 nW. Knowing 
that the laser is emitting light at a wavelength of 633 nm, we calculated that the photons were 
passing through the double slit at a rate of 4356 photons per meter. We attenuated the laser light 
with a number of filters so the photons were hitting the EM CCD at a rate of 0.36 photons/m. 
Using the Electron Multiplying CCD camera we took a single image with an exposure time of 10 
μm and Electron Multiplying setting of 255 and we also accumulated 50 images of 10 μm and  
Electron Multiplying setting of 255. The results of which can be seen below.  
 

  

  
Figure 8: Images and data from young's double slit experiment with single photon interference. The top left image 
shows the single image while the image in the top right shows an accumulation of 50 images. Here a clear 
interference pattern is discernable. The Graphs below correspond to the above image and are profiles of the same 
area in each image. The graph of the single frame is indistinguishable from noise, while the graph of the 50 
accumulations displays a clear interference pattern, which is expected as information regarding the photon’s path is 
unknown. 
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As can be seen in figure 8, because we do not know which slit the photon passes through, the 
photons interfere as a wave seen in the interference pattern shown in the right image. Yet 
because single photons are passing through the slits, we can see each location where the particles 
hit the screen which can be seen in the image and graph to the left. This experiment illustrates 
the wave - particle duality of photons. 
 

Experiment 2: Single-photon Interference in a Mach Zehnder Interferometer. Quantum 
Eraser 
 
In our second experiment we utilized a Mach Zehnder interferometer with a polarizing beam 
splitter separating the optical paths. The power of the beam was attenuated as it was in the 
previous experiment so that less than a photon per second was passing being imaged. A 
polarizer, the quantum eraser, is placed at the end of the interferometer and is as it rotates we 
observe the resulting visibility of the interference of single photons. Which can be seen in Figure  
below. The resulting fringes were analyzed in ImageJ software by fitting a rectangular region of 
interest inside the circle and averaging the values along the Y axis and taking the profile along 
the X axis of the image The fringe data was then processed and analyzed in python. Light was 
attenuated via filters place before the camera as to keep light passing though at a rate less than a 
photon per meter.  
 

The interferometer separated its paths via a polarizing prism, and when the interferometer 
recombines the paths, no fringes are visible as each path’s polarization is orthogonal to the other. 
However when the quantum eraser is inserted into the system, information regarding the path of 
the photons can be lost depending on the polarizer angle and path the photon takes, hence the 
name quantum eraser. As we rotate the polarizer we can see the visibility drop to zero every 90 
degrees and peak every 90 degrees, as shown below in figure 9. When the polarizer is rotated so 
that it only allows one path to pass through, thus telling which path the photons are coming from 
and the photons no longer display an interference pattern. However as the polarizer is rotated so 
that it will pass an equal number of photons from each path, the visibility of the fringes peaks. 
Now, the path of the photon is unknown and the photons wave properties are revealed. 
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Figure 9: interference pattern of the Mach Zehnder interferometer as the quantum eraser is adjusted from 0 degrees 
to 360 degrees. Visibility can be observed fluctuating as the quantum eraser rotates. Images have been inverted for 
clarity 
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Figure 10: the calculated experimental visibility along with the theoretical visibility calculated by the equation 𝑉 =

 2√𝐼1𝐼2/(𝐼1 + 𝐼2), where I1 and I2 are the irradiance of light from each path calculated after passing through the 
quantum eraser using maul’s law 

 

Experiment 3: interferometer alignment 
 

We disassembled the Mach-Zehnder interferometer by removing both mirrors, both beam 
splitters and the quantum eraser. We then tasked ourselves with reassembling and aligning the 
interferometer. This is an ability all scientists and engineers should come out of such a lab course 
knowing as it is a necessity if one wants to do any work in a quantum or nano optics lab. We 
aligned the interferometer by adjusting both mirrors so that the both paths recombined at a spot 
close to the interferometer. We then adjusted the second (non-polarized) beam splitter until the 
beam overlapped at two points, one near, and one far from the interferometer. We placed the 
quantum eraser back into the system and were able to observe fringes.  
 

Conclusion 
 

In this lab we illustrated the wave-particle duality in two experiments. We showed that 
knowledge of the path of the photon dictated its behavior and we gained useful lab experience. In 
the first experiment, we used Young’s double slit experiment with an EM CCD camera to show 
the wave-particle duality of photons. By attenuation the laser beam to the point where there was 
less than one photon per meter, we were able to observe individual photons being imaged by the 
EM CCD. Yet as we accumulated photons, we were able to observe an interference pattern, 
which coincides without understanding of light’s wave-particle duality as we did not know 
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which path, or through which slit, the photon traveled. In the second experiment we used a Mach 
Zehnder interferometer with a quantum eraser to show that by increasing our knowledge of 
which path the photon takes see a decrease in visibility (interference), a property of waves. Thus 
again coinciding with our understanding of the wave-particle duality of photon’s. 
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