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We verify single photon interference and wave-particle duality by using Young’s double slit 

experiment and Mach-Zehnder interferometer. We achieve light at single photon level by attenuating He-

Ne laser using neutral filters. In addition, we also demonstrate which-way information theory in Mach-

Zehnder interferometer. 

1. Background and Theoretical Explanation 

1.1) Historical Background 

One of the oldest discussion topics in physics is the physical nature of light. The story could even 

be tracked back to Greek philosophers but at that time most of the subject is circulated around nothing but 

hypothesis. The first concrete proof which results in modeling light as wave was done by C. Huygens in 

seventeenth century. He demonstrated the diffraction and interference effect in light which at that time are 

regarded as characteristics of wave phenomena. This theory is strengthened by J.C. Maxwell with a set of 

equations, which are named after him, Maxwell Equations in nineteenth century. Maxwell found that light 

is in fact nothing but a wave of electric-magnetic field.  But 50 years after Maxwell’s discovery, physics 

society faced new challenges in electromagnetic theory in the experiment with blackbody radiation and 

photoelectric effect which could not be described by any physical theories at that time. In 1900, M. 

Planck succeeded in solving the problem with black body radiation, but in his work he has to introduce 

the concept about discreteness in energy of light which is in contrary to wave properties of light. No one 

including Planck himself agreed with this result completely. Nevertheless in 1905 A. Einstein proposed 

that we can also use same idea to solve the problem about photoelectric effect. But this idea is not 

accepted by most of the physicists at the time Einstein published it. It took eleven years for R. Millikan to 

perform a series of experiments to verify this and the result is Einstein was right. This conclusion started 

the discussion about true nature of light again since discreteness in energy is not a property of wave but 

particle nature. In 1922, the first experiment that shows the particle aspect of photon was performed and 

reported by A.H. Compton in his infamous Compton Scattering experiment. This result clearly 

demonstrated that the light, x-ray, that is scattered by electron is scattered in the same way as scattering of 

two particles Fig 1.  Up to that point, we now have both evidence of wave nature of light and particle 

nature of light but these two aspects are very different in nature. Namely, wave is a continuous distributed 

matter all over space while particle is a matter that is discretely localized in space. Physicists, at that time, 

believed that any matters must fall into either one category only. No one understand how light could 

exhibit both aspect at the same. The breakthrough of this difficulty was proposed by L. de Broglie in 

1923. In fact his work is intentionally proposed for the problem related to electron in atom, but as a 

consequence it also suggests a new point of view to physicists that is matter could exhibit either wave 

nature or particle nature or both wave nature and particle nature at the same time depending on the 

phenomena. Many experiments are done to verify this idea and the physicists found that all the 

experiments agreed with this theory. Shortly, the interference and diffraction effects in experiment with 

single photon are the same effect and produce the same pattern as the experiment with typical light 

source. But individual photon detection would happen only in the region that the intensity of light is not 



zero in typical light experiment counterpart. We never found any signal in the region which in the typical 

light experiment counter has zero intensity. Furthermore the probability in detection photon in each 

region is proportional to the intensity of the light at that region in the typical light experiment counterpart. 

Nevertheless, this duality also comes with many amusing behaviors. One of them is a conceptual problem 

about what really happens in reality. It turns out that matters will behave particle-like if we can, even only 

in principle, measure any one of its particle properties and it will not exhibit any wave properties at all. 

On the other hand if we can identify any wave properties in it, the matters will not behave like particles 

anymore. And surprisingly, if we cannot distinguish them, even in principle, they will behave both ways 

at the same time
1
. Physicists believe that this peculiar behavior is a result of collapse of wave function 

and call it as wave-particle duality. One class of this problem is known as which-way information 
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1.2) Theoretical Explanation 

We use Young’s double slits experiment and Mach-Zehnder interferometer to verify the 

interference from single photon and we will demonstrate wave-particle duality in Mach-Zehnder 

interferometer. To obtain the light at single photon level, we use neutral filter to attenuate the light from 

laser down to very low transmission. 

 1.2.1) Young’s double slits 

Young’s double slits experiment consists of light source, double slits plate and viewing screen as 

schematically shown in Fig 2 and the actual setting is shown in Fig 3. In term of wave theory the light 

source emits light which propagates to the right and passes through the slits and incident on the viewing 

screen. On the certain point on the viewing screen, the light which arrives this point from propagating 

through the top slit will have phase different from the light from the bottom slit due to path different. 

These two light interfere differently on the screen, some constructively interfere while the other may be 

destructively. This results in intensity distribution as showing in Fig 4. This distribution is given by 

                                                           
1
 This conclusion is not a strong statement. Even though, many systems behave this way but no one can explicitly 

theoretically prove it. 

Figure 1 : Simplified Compton scattering process 
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where    is the incident intensity 

   is wavelength of the incident light 

   is the slit separation 

   is the size of the slits (assumed to be equal) 

   is the angular position of the interesting point from the center of the slits  

If we put the viewing screen at distance   from the double slits and the at angular position   is 

corresponding to the point which is at distance   from the perpendicular line that passes through the 

middle of the screen and the slits as depicted in Fig 2. We can approximate          
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Or in the case of
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This intensity is plotted in Fig 3.  

1.2.2) Mach-Zehnder Interferometer 

To construct this interferometer, we use two beam splitters and two mirrors. To make it capable 

for demonstrating which-way information problem we have to use one polarizing beam splitter and one 

non-polarizing beam splitter. The diagram of this interferometer is shown in Fig 5. 



 

Figure 2 : Young's double slits experiment apparatus 

Figure 3 : Details in setup we use in Young's double slit experiment 
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Figure 3 : Diagram of Mach-Zehnder interferometer 

Figure 2 : Plot of intensity distribution from double slits. Assume a=1 mm, L=1 m and wavelength is 632.8 nm 



The first beam splitter, which has to be a polarizing beam splitter for which-way experiment, 

splits the incident light into to paths. They both reflected with mirrors and then combined with another 

beam splitter, which is non-polarizing beam splitter. The light from both ways, in general, travelled with a 

different distance before they are combined at the second beam splitter. Hence the phase shift due to path 

different results in interference pattern. This pattern is sketched in Fig. 6 and can be observed on the 

viewing screen. But misaligning will cause the shift in pattern from to center to somewhere else on the 

pattern or fringe de-shaping. In which-way information problem, we also put the polarizer in front of the 

viewing screen. This polarizer functions as an analyzer which picks the certain polarization photon only. 

With this analyzer we know certainly that which path the photon took to arrive at the second polarizer. 

Since the first beam splitter separated the photon into two paths of different polarizations which are 

orthogonal to each other. Suppose we set the polarizer to let only photon in from one path only to reach 

the screen, namely either 0 or 90 degrees. Therefore for every photon on the screen we know it for sure 

that which path they take. With this method we reveal a particle property, localization, of photon. And 

hence they will not exhibit wave properties, interference, anymore. On the other hand, if we out the 

polarizer to make an angle of 45 or 135 degrees to each path polarization, the transmitted photon could be 

either from both path. In this case for every detected photon, we cannot tell, even in principle, which path 

they took to reach the screen. Hence each photon will behave like both wave and particle at the same time 

and we can see the interference pattern on the screen. For the polarizer set at some angles in between, we 

now still cannot tell for sure which path but at least we can tell in term of probability of photon to pick 

each path. This case will still obtain the fringe but it will be dimmer. This result can be interpreted as for 

each photon it has some probability to behave fully particle-like or wave-particle like, and gives the 

interference pattern, and some probability to behave particle-like only, which gives nothing but 

background noise. State roughly, we partially know the path that individual photon would take. We note 

Figure 4 : The fringe pattern from Mach-Zehnder interferometer. The squares on 

the fringe represent the possible patterns appear on the screen from misaligning. 



here that this prediction is independent of number of photon in the system. Which-way information 

problem can apply to both multiphoton level and single photon level. 

1.2.3) Calculating attenuation needed for creating single photon light source 

Suppose we have light of output   at wavelength   and we want to create the single photon light 

source at average separation distance  . We first note that of average separation distance , it is equivalent 

to average separation time   
 

 
, where is the speed of light. This corresponds to having one photon every 

  
 

 
, hence the power of this situation is  
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Therefore the attenuation we need is given by 

            
              

       
 

   

  
 

 
   

   
 

( 5 ) 

1.2.4) For comparing fringes in which-way information problem, we use visibility defined by 

    
         
         

 

( 6 ) 

In the real experiment we expect to see noise in signal from various sources, we then use the technique in 

fourier analysis to pick only the strongest non-zero frequency component and use that component to find 

visibility.  

2. Setup, Experiment, and result 

 

2.1) Young’s double slit experiment 

 

Light source, He-Ne with wavelength 632.8 nm laser, is directed through a spatial filter consist of 

short focal length convex lens and pinhole. Align the laser to pass through the natural filters holder and 

the double slits of 90 micrometers slits separation and 10 micrometers slit width. Behind the slits we put 

CCD camera to capture the fringe image. The CCD camera can capture the intensity distribution that 

incidents the detecting region which consists of 512 x 512 detecting cells. We can choose the acquisition 

time and gain in measurement. The result will be reported as a captured picture and number of photons 

detected by each cell.  For safety propose, we also put natural filter of 2 order of magnitude attenuation in 

front of the CCD camera. The power of light beam before attenuation is 5 milliwatts. We first put natural 



filters of 4 order of magnitude attenuation in the filters holder and then observe the fringe pattern in 

multiphoton interference for 0.1 seconds without using gain. The observed pattern is shown in Fig 7 and 

Fig 8. 

 We then attenuate the light down to single photon. In this experiment we choose to have single 

photon with 1 meter separation between two adjacent photons, by using equation 5, we found 

            
              

       
 

   

  
 

 
   

   
 
                       

                   
        

( 7 ) 

that is the attenuation we need is 8 orders of magnitude. We then capture the pattern for 5 seconds with 

255 gains. The captured image is shown in Fig 9 and Fig 10. The plots, Fig 8 and 10 are plotted by 

averaging the counts in the vertical direction. 

By comparing two patterns above, we obviously see that at single photon level, we still obtain the 

interference pattern identical to the interference at multiphoton level. The plots of average intensity 

distribution also suggest the same way. Notice that the patterns we obtain are slightly different from the 
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Figure 7 : Interference pattern in 

multiphoton level. 
Figure 8 : Plot of average intensity in vertical direction from interference 

pattern in multiphoton level. 
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Figure 9 : Interference pattern in single 

photon level. 

Figure 10 : Plot of average intensity in vertical direction from interference 

pattern in single photon level. 



prediction, namely we have a pattern of high frequency riding on the expected pattern. According to Dr. 

Lukishova this comes from internal reflection within the glass plate we used to hold the slits. Also the 

tendency of overall intensity distribution that decreasing toward the left comes from the diffraction 

envelope. Nevertheless having patterns from both cases to be identical fully verify the wave-particle 

duality of photon. 

2.2) Mach-Zehnder interferometer and which-way information problem 

  We still use He-Ne laser with wavelength 632.8 nm as a light source in this experiment. We 

collimate it using lens and pinhole as the previous experiment. After the collimator we put polarizer at 

angle 45 degrees as required for testing which-way information problem, and filters holder behind the 

polarizer. The power of the light after the polarizer is 246 mW. We then align the laser and interferometer 

system. The polarizing beam splitter is put after the polarizer. It will split the beam in to two directions 

which make an angle of 90 degrees to each other, in this case one arm in vertically polarized and 

horizontally polarized in the other. The light beam in each direction will have polarization perpendicular 

to each other. On both directions, we put mirrors to reflect the beams by 90 degrees toward each other. At 

the cross point of two beams, we put non-polarizing beam splitter to join two beams together. And then 

put a polarizer behind the non-polarizing beam splitter. To align the beam, we put one iris at in entrance 

of the interferometer and put two irises behind the output of the interferometer with separation as far as 

possible. Fine adjust two mirrors until both beams can pass through the irises at the same time. Remove 

the iris, put viewing screen at the output of the interferometer, and the fringe should appear on the screen 

this assures that we obtain the fringe. Then we replace the viewing screen with CCD camera and put 

neutral filters of 2 orders of magnitude attenuation in front of the camera for safety propose. We first 

check the interference pattern in multiphoton level by, again, putting filters of 4 orders of magnitude 

attenuation in the filters holders and capture the image using CCD camera for 0.1 seconds acquisition 

time and 0 gains at various angles of output polarizer as follow 0, 5, 11, 22.5, 45, 90, and 135 degrees for 

verifying which-way information problem at multiphoton level. The captured image and intensity 

distribution from polarizer at 0, 11, 45 and 90 are shown in Fig 11-18. The change in visibility of the 

fringe is observed. The fringe disappears at 0 and 90 degrees as predicted and maximum visibility appears 

at 45 degrees as it should be. Also notice the background flat intensity distribution in 11 degrees case. 

Figure 11 : Image captured when the 

output polarizer is set at 0 degrees at 

multiphoton level. 

Figure 12 :  Intensity distribution along the horizontal line at the middle 

of the image when the output polarizer is set at 0 degrees at multiphoton 

level. 
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We then move to single photon interference case by first calculate the attenuation for one photon 

with one meter separation between two adjacent photons using equation 5 which gives 

 

            
              

       
 

   

  
 

 
   

   
 
                       

                     
         

( 8 ) 

then 10 orders of magnitude attenuation is what we need. We then increase the attenuation by putting 

more filters into the filters holder. Capture the image for one second and 255 gains for angles of output 

polarization between 135 and 315 degrees with 10 degrees increment. After that find the visibility of each 

case using equation 6 and plot them against the angles of the polarizer. The image and intensity 

distribution of the cases polarizer at 135, 185, 275, and 315 degrees are shown in Fig. 19-26, the red curve 

is the actual curve and the blue on is the strongest fourier component we use in finding visibility. And the 

plot of visibility against angles of output polarizer is shown in Fig 27. Finally we check the effect from 

different acquisition times on the fringe visibility. We then go back to the setting with 4 orders of 

magnitude attenuation and set the gain of the CCD camera at 0. We capture the images with acquisition 

times of 0.1, 1, 2, and 5 seconds. We then find the visibility and plot them against acquisition times. The 

images and intensity distribution are presented in Fig. 28-35, again the red curve is the actual curve and 

the blue on is the strongest fourier component we use in calculating visibility, and the plot is in Fig 36. 

The difference in pattern from single photon and multiple photon arises from re-aligning the 

interferometer. 

  

 

 

 

Figure 13 : Image captured when the 

output polarizer is set at 11 degrees at 

multiphoton level. 

Figure 14 : Intensity distribution along the horizontal line at the middle 

of the image when the output polarizer is set at 11 degrees at 

multiphoton level. 
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Figure 15 : Image captured when the 

output polarizer is set at 45 degrees at 

multiphoton level. 

Figure 16 : Intensity distribution along the horizontal line at the middle 

of the image when the output polarizer is set at 45 degrees at 

multiphoton level. 

Figure 17 : Image captured when the 

output polarizer is set at 90 degrees at 

multiphoton level. 

Figure 18 : Intensity distribution along the horizontal line at the middle 

of the image when the output polarizer is set at 90 degrees at 

multiphoton level. 

Figure 19 : Image captured when the 

output polarizer is set at 135 degrees at 

single photon level. 

Figure 20 : Intensity distribution along the vertical line at the middle 

of the image when the output polarizer is set at 135 degrees at single 

photon level. 
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Figure 21 : Image captured when the 

output polarizer is set at 185 degrees at 

single photon level. 

Figure 22 : Intensity distribution along the vertical line at the middle 

of the image when the output polarizer is set at 185 degrees at single 

photon level. 

Figure 23: Image captured when the 

output polarizer is set at 275 degrees at 

single photon level. 

Figure 24 : Intensity distribution along the vertical line at the middle of the 

image when the output polarizer is set at 275 degrees at single photon level. 

Figure 25 : Image captured when the 

output polarizer is set at 315 degrees at 

single photon level. 

Figure 26 : Intensity distribution along the vertical line at the middle of the 

image when the output polarizer is set at 315 degrees at single photon level. 
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    Figure 27 : Plot of Visibility against angle of output polarizer. The red dots are the calculated values and the blue 

curve is the fitting curve by picking the strongest fourier component of the data. 
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Figure 28 : Image captured with 0.1 

seconds acquisition time. 

Figure 29 : Intensity distribution along the vertical line at the middle of 

the image with 0.1 seconds acquisition time. 

Figure 30 : Image captured with 1 second 

acquisition time. 
Figure 31 : Intensity distribution along the vertical line at the middle of 

the image with 1 second acquisition time. 
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Figure 32 : Image captured with 2 seconds 

acquisition time. 

Figure 33 : Intensity distribution along the vertical line at the middle of 

the image with 2 seconds acquisition time. 

Figure 34 : Image captured with 5 seconds 

acquisition time 

Figure 35 : Intensity distribution along the vertical line at the middle of 

the image with 5 seconds acquisition time. 

Figure 36 : Plot of Visibility against acquisition time 
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 We obviously see that the pattern we achieve in single photon level, when we vary the angle of 

output polarizer, and multiphoton level, when we vary acquisition time, are identical as expected. The 

which-way information is again verified in single photon level. Notice the sinusoidal dependence of 

visibility in the plot of visibility vs. angle of output polarization, Fig 27 and one data point that is far off 

from the other which is probably a result of error in measurement. However having two minima and two 

maxima within 180 degrees range is in agreement with theoretical prediction. And we can conclude that, 

from the plot of visibility against acquisition time, Fig 36, the acquisition time has an effect on the 

visibility. This suggests that for having a good results longer acquisition time is preferred. 

3. Conclusion and Discussion 

As we have seen from both Young’s double slits and Mach-Zehnder interferometer, the 

interference pattern in multiphoton and single are identical. The which-way information problem has been 

identified in both multiphoton and single photon level in Mach-Zehnder interferometer. Apart from this, 

the dependence of visibility on acquisition time suggests that a longer acquisition time would give a better 

results. This could explain the abnormality in the plot of visibility against angles of the output polarizer, 

which there is one point that is not consistent with the others. Nevertheless many features of both 

experiments has been strongly verified. 
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