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Abstract	

The purpose of this experiment was to explore the effects of wave-particle duality that cause 

photons to act as both particles and waves in different situations. Both a recreation of Young's 

double slit experiment and a Mach-Zehnder Interferometer were used to measure the interference 

of photons. Interference was captured both in high photon and single photon situations. The 

different results showed the interference of many photons collectively as well as single photons 

and exemplified the existence of the wave-particle duality of photons.  
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1. Introduction: 

The exact nature of visible light is a mystery that has puzzled man for centuries. 

Greek scientists from the ancient Pythagorean discipline postulated that every visible 

object emits a steady stream of particles, while Aristotle concluded that light travels in a 

manner similar to waves in the ocean. Even though these ideas have undergone numerous 

modifications and a significant degree of evolution over the past 20 centuries, the essence 

of the dispute established by the Greek philosophers remains to this day. One point of 

view envisions light as wave-like in nature, producing energy that traverses through 

space in a manner similar to the ripples spreading across the surface of a still pond after 

being disturbed by a dropped rock. The opposing view holds that light is composed of a 
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steady stream of particles. During the past few centuries, the consensus of opinion has 

wavered with one view prevailing for a period of time, only to be overturned by evidence 

for the other. Only during the first decades of the twentieth century, enough compelling 

evidence were collected to provide a comprehensive answer, and to everyone's surprise, 

both theories turned out to be correct, at least in part. In this experiment we are going to 

prove this dual nature of light using the famous young’s double slit experiment and Mach 

Zehnder interferometer. 

 

2. Background and theory: 

With the advent of quantum mechanics, many new and extremely odd phenomena 

have been hypothesized and empirically tested. One of the strangest implications of 

quantum mechanics is the concept of wave-particle duality. Photons exhibit wave-particle 

duality, meaning that photons act in a manner consistent with waves or particles in 

different situations. In 1803, Thomas Young showed that light is composed of waves, by 

means of a double-slit experiment. Young's experiment is still considered to be the most 

convincing proof of the wave nature of light. After de Broglie hypothesized the puzzling 

wave-particle duality of light, Feynman put forward his view that when an object behaves 

like a wave, it should produce interference fringes in a Young's double slit experiment 

and when it behaves like a particle, it will produce no fringe in the same experiment [1]. 

Hence, Young's interference could be an excellent tool to understand the hypothesis of 

wave-particle duality.  

In this experiment, we show that, in an ordinary double slit experiment with 

single photons (see Fig. 1), since one does not have any information about which slit the 

photons are passing through, they behave like waves and produce interference fringes of 

visibility depending on the coherence property of the source. On the other hand, if one 

places a polarizer in front of each of the slits, so that the light coming from one of the 

slits becomes vertically polarized and the light coming from the other becomes 

horizontally polarized, then one has complete information about which photon is coming 

through which slit. In this situation the photons behave like particles and do not produce 
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any interference fringes [2]. In the laboratories the latter situation is easily obtained by 

using two polarizer in the two arms of a Mach-Zehnder interferometer (see Fig. 2). 

 

3. Experimental Setup:  

We do the experiments in two steps. First, with the Young’s double slit arrangement and 

second with the Mach-Zehnder interferometer. Light was supplied to both of these setups from a 

5 mW He-Ne laser of 633 nm wavelength. The laser was collimated and a non-polarizing beam 

splitter divided the laser to both setups. 

The double slit apparatus consisted simply of a double slit and attenuators (see figure 1). 

The double slit had a slit width of 10 microns and a slit separation of 90 microns. A stand was 

fixed in front of and behind the double slit that allowed us to place multiple attenuators along the 

laser path. The laser beam passed through the attenuators and the double slit, where the output of 

the slit could be observed using a screen. The light out of each slit diffracts and interferes with the 

light from the other slit, resulting in a multi-fringed interference pattern. A CCD camera was used 

to image the resulting interference pattern, particularly when the beam was highly attenuated. 

The Mach-Zehnder interferometer took the one beam from the He-Ne laser and split it 

into two beams using a polarizing beam splitter. The two beams were then recombined to observe 

interference effects. At the single photon level, the interferometer created two paths for the single 

photons to travel before being detected by the EM-CCD camera. The experimental setup of the 

 
Fig 1: Schematics of Young’s double slit interferometer Setup. Light is provided by a 5 mW He-Ne 

laser and collimated. The light passes through the double slit, where the resulting interference pattern 

may be observed on a screen or imaged with a EMCCD camera. Neutral density filter could be placed 

on stands located both before and after the double slit. They are placed after to reduce background 

noise level. 
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the double slits and Mach-Zehnder interferometer are shown in Figure 1 and 2. The polarizer 

inserted in front of the Mach-Zehnder interferometer was oriented at 45˚ in order to change the 

polarization of the He-Ne from a single vertical state to having components in both the horizontal 

and vertical directions. The beam was then split into two parts through the polarizing beam 

splitter and then recombined in the non-polarizing beam splitter before entering a 45˚ linear 

polarizer at the output of the Mach-Zehnder interferometer. 

 

 

Fig 2. Schematics of Mach-Zehnder interferometer. Light is provided by a 5 mW He-Ne laser and 

collimated.  Light is initially linearly polarized by the first polarizer. The incoming light is then split 

down two paths by a polarizing beam splitter and subsequently recombined into a single beam with a 

non-polarizing beam splitter. An analyzer polarizer is placed at the exit of this interferometer and the 

resulting interference pattern can be viewed on a screen or imaged with a CCD camera. 

 

 

4. Procedure and Result:  

A. Single photon interference with a double slit: 

● Alignment: To align the system, the Young's double slit interference experiment was 

performed with ordinary laser light. The spatial filter was properly adjusted to make sure 

the maximum intensity was coming out of it. Then the laser beam was aligned to fall 

properly on the double slit, until the sharpest fringes were captured by an EM-CCD 

camera. Figure 3 shows the interference pattern for 3 orders of attenuation of the power 

of laser. However, we do not observe usual maxima at the center of the fringes. This is 

because of the fact that the slits are craved in a lithographic plate and the light reflected 

from the two surfaces of the lithographic plate interferes to distort the usual double-slit 

pattern. 
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Fig 3. Interference pattern (color inverted) along with intensity cross section of fringes  

obtained in a Young's double-slit experiment performed with  laser light not attenuated to single 

photon level, i.e., attenuation of only 3 orders of magnitude of the input laser. 

 

● Attenuation to single photon level: The power of our laser light was attenuated 

to 1.26 microwatt with 10-4 order of filter attenuation. In order to attenuate to single 

photon level, we calculated the number of photons per meter where, 

N(photons/m) = N(photons/s)/c = Pλ/hc2    (1) 

P = power of laser, 

λ= wavelength, 

   h = Planck’s constant 

  c= speed of light 

Roughly, if the power is around 1 µW, then to have photons separated by 1m 

distance, we need filter with 10-7 transmittance. So, we added more filters to bring the 

light to single photon level.  

In fig 4 (left), we can see the bright spots which suggests the particle theory of 

single photon and interference fringes which suggest the wave theory of photon (fig 4 

right). They clearly show that, given sufficient exposure time the single photons can 

produce similar interference patterns produced by high intensity light. In fig 5 and 6, we 

can see that as accumulation is increased the fringe builds up and we can see more sharp 
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interference pattern and increased visibility of fringes with laser light attenuated to single 

photon level.  

  
Fig 4. Bright spots produced by single photons, of 7 orders attenuation captured in an EM-CCD 

camera for acquisition time of 0.1s and 255 camera gain (left). Building up of interference fringes 

with light of single photon level showing the cross section profile of interference pattern adjacent to it 

(right). Here, acquisition time was increased to 1s and camera gain of 255. 

 

 

 

 

 

Fig 5. Young’s double slit interference fringe pattern of attenuated laser light by 7 orders of 

magnitude of 1.26 µm laser and intensity cross section of interference pattern with visibility of 15%. 

Accumulation is 20 and acquisition time is 0.1 s 
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Fig 6.Young’s double slit interference fringe pattern of attenuated laser light by 7 orders of magnitude 

of 1.26 µm laser and intensity cross section of interference pattern with visibility of 40%. 

Accumulation is 100 and acquisition time is 0.1 s 

 

 

B. Single photon interference with Mach-Zehnder Interferometer: 

 ● System alignment: We started by making the beam parallel to the optical table.  

Then aligned spatial filter to beam followed by aligning the first beam splitter to 

steer two beams to the two mirrors. Then aligned polarizer in front of laser source (see 

figure 2) so that the power is equal to both mirrors. Next we aligned both mirrors to 

recombine in the second beam splitter. Finally adjusted polarizer close to camera so that 

interference is visible. 

● Observing interference pattern in different cases: As before, we first performed 

our experiment with relatively little attenuation. The interference fringes became faint as 

order of attenuation was increased (figure 7). Finally when we attenuated to 7 orders, 

around the single photon level, we had to increase the gain o 255 to observe interference 

pattern from the photons. We imaged the output of the interferometer using a few 

different analyzer polarizer alignments. Also in figure 8, we see as before, as the 

accumulation is increased the interference pattern becomes sharp and well defined. The 

visibility is calculated to be 67% for single photon interference pattern having 40º 
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polarizer angle in fig 10. Finally, we see the effect of which path information (figure 9), 

where the interference is lost for some polarizer angle in the process of gaining which 

path information. This shows the particle nature of light while the interference 

demonstrates the wave nature. Interference  fringes is lost completely  for angles 0º, 80º, 

180º  for which we have the “which way” information of the photons. 

 

 

           

        (a)     (b)    (c) 

Fig. 7 Interference patterns obtained by Mach-Zehnder interferometer when (a) attenuation of the 6 

µW laser is upto 3 orders of magnitude with camera gain 0, acquisition time 0.1s, (b) attenuation of 

the 6 µW laser is upto 5 orders of magnitude with camera gain 0, acquisition time 0.1s (c) attenuation 

of the 6 µW laser is upto 7 orders of magnitude with camera gain 255, acquisition time 0.1s. 

Polarization angle was 45º. 

 

 

         
         (a)     (b)    (c) 

Fig 8. (a) Intensity spots produced by single photons that is with 7 orders of attenuation of 

the 6µW laser light with camera gain 255, exposure 0.005s  Image of interference fringe pattern 

obtained with (b)20 and (c)50 accumulations with same parameters. 
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(a) 0º            (b) 10º         (c) 20º       (d) 30º 

 

(e) 40º       (f) 50º         (g) 60º       (h) 70º 

 

(i) 80º               (j) 90º          (k) 100º       (l) 110º 

 

(m)120º            (n) 130º          (o) 140º       (p) 150º 
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          (q)160º              (r) 170º    (s) 180º 

 

Fig 9. Images of interference pattern obtained by Mach-Zehnder interferometer using an 

attenuation of 6 orders of magnitude of 6µW laser, exposure 0.1 s and camera gain 255 with inverted 

image brightness. The images were taken for different polarizer angles.”Which way” information was 

present in 0º, 80º and 180º  

 

C. Determining the fringe visibility: 

The fringe visibility is defined by  

        (2) 

 Where Nmax and Nmin are the maximum and minimum of the gray value. Gray 

value denotes the color contrast in the images. 

 

 

                  (a) 
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                          (b) 

Fig 10. (a)Cross section of the interference pattern obtained from Mach Zehnder 

interferometer at polarizer angle 40º. Visibility of fringes is 67%. (b) Cross section obtained from 0º 

polarizer angle showing no definite fringe pattern. 

 

In theory, the Mach-Zehnder interferometer should give a sinusoidal fringe 

pattern with constant maximum and minimum intensities. This does not occur in practice 

due to noise from ambient light and higher order interference effects. The pattern actually 

observed is quite noisy, as can be seen in the cross-sections in figure 10a. So, an 

approximate value of visibility is calculated by taking the maxima and minima in figure 

10(a) and visibility is 67% for the interference fringes. 

 

5. Conclusion: 

In this lab, we demonstrated the wave-particle duality of light by using young’s 

double slit interferometer. In imaging the output of the double slit, the graininess of 

highly attenuated laser beams is indicative of discrete photons that are apparently striking 

the camera at a relatively low frequency. Even with such a low photon rate, however, 

fringe patterns are still observed, built up by the camera in discrete photon detections 

over an extended exposure time. Thus photons are interfering with themselves despite 

their large average spacing. This imaging of discrete light detection events following an 

interference pattern is a demonstration of the wave-particle duality of light. 
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The Mach-Zehnder interferometer allowed further exploration of the nature of the 

double slit experiment and other interference experiments with regards to “which path" 

information. By polarizing the light in each arm of the Mach-Zehnder interferometer, it 

was possible to determine which path light came from, but this also made interference 

impossible. Only by using an additional polarizer to erase the “which path" information 

were we able to again observe interference. This is like a quantum eraser. There are a 

wide variety of ways of obtaining “which path" information in interference experiments, 

but the act of obtaining this information always prevents interference from occurring. The 

Mach-Zehnder setup we used provided a basic example of this phenomena, as well as 

serving as a basic demonstration of how “which path" information can be erased to 

restore interference.  
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