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Abstract: The goal of this experiment was to display both wave and 

particle behavior of light by sending single photons through Young’s 
double slit setup and a Mach-Zender interferometer. In Young’s setup, we 
observed single photons producing interference fringes on the detector. In 

the Mach-Zender setup, we demonstrated that photons act as particles 
when their wave-function is disturbed—interference fringes were 

considerably more visible (V=~0.45) when the path of the photon was 
unknown; they were least visible when the path of the photon was known 

(V=~0.2).  
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  



	  
Introduction 

 
 Scientists have long debated the nature of light. It was first postulated by Isaac 
Newton that light was comprised of many small particles. This idea seemed to make 
sense, for light travels in straight lines and reflections off of surfaces appear to be linear 
much like the movement of particles.  However, there was another theory that came to be 
accepted over the particle explanation of light. In the early 1800’s, Young performed his 
famous double slit experiment, demonstrating the wave nature of light through 
interference. In addition to this, Maxwell demonstrated that light is composed of 
electromagnetic waves in the 1860s [1]. Thus it seemed as though light acts wave-like in 
nature. 
 It was not until the late 1800s that the particle theory was brought back into the 
scientific dialogue on light. At this time, classical theory failed to match up with 
experimental results on blackbody radiation. Max Planck solved this issue by treating 
light as particles with energy proportional to their frequencies [1]. This solved the 
blackbody debate, but brought back the question of whether light is composed of particles 
or waves. 
 In the 1900s, with the development of quantum mechanics, it was shown that 
matter can also act as a wave. De Broglie hypothesized that matter has a wavelength 
inversely proportional to its momentum. This theory was supported when electrons were 
shown to exhibit diffraction—a wave-like behavior [1]. Thus it seemed as though 
something strange was going on. With the development of quantum mechanics, it was 
accepted that matter and light behave both as particles and waves. In this lab we attempt 
to exhibit both wave and particle behavior of light. 
 

Theory 
 

 There are several requirements we hold for our experiment. The first is that of 
acquiring a source of photons that exhibit a high degree of anti-bunching. To achieve this, 
we can use attenuation filters to reduce the intensity of the laser so that the distance 
between photons is less than one meter. The number of photons per meter N emitted by a 
laser that emits light of wavelength  operating at a power P can be determined: 

	  	  (1)	  

where h is Planck’s constant and c is the speed of light. For an amount of photons per 
meter proportional to , we require an nth degree of attenuation. It is important to note 
that although this approximation is adequate for our experiment, the emitted photons do 
not exhibit ideal anti-bunching. 
 Another requirement we hold for our experimental setup is the use of a detector 
capable of registering single photons. An EM-CCD camera can be used for this—the gain 
feature has a photo-multiplying effect that can detect the incidence of a single photon [2].  
 Our experiment must also be able to display both the wave and particle behavior 
of light. This includes showing that individual light particles are capable of interfering 
with oneself, and that they are governed by a wave-function that will collapse upon 



observation. Both of these requirements can be satisfied through the use of two separate 
interferometer setups: Young’s double slit setup and a Mach-Zender setup. 
 Young’s double slit setup involves shining light at two parallel slits with a 
detector behind them. The light passes through one of the two slits, diffracts, and 
interferes with other waves, producing interference fringes on the detector image [2]. 
With adequately attenuated light, only one photon passes through the apparatus at a time. 
If photons act both as particles and waves, they should only show up on the detector 
where interference fringes occur: 

	  	  	  	  	  	  	  (2)
	  

where z is the distance between the slit plane and detector,  is the wavelength of the 
photon, and d is the distance between slits. After enough accumulations of photons, 
interference fringes should be visible on the detector and the wave nature of photons will 
adequately be displayed [2]. 
 In addition to displaying the wave nature of photons, we must also display that 
they behave as particles upon collapse of their wave-function. To do this, we use a Mach-
Zender interferometer setup, shown below in Fig.1. 
	     

Figure 1: Mach Zender Interferometer Setup. Polarizer B and polarizer C are angled at 
90  degrees relative to each other. Image taken from reference [2]. 

 
If polarizer D is angled at 45 degrees relative to the polarizers B and C, there is an 

equal probability that the photon traveled along each path to the detector. Thus the 
photons path is unknown, preserving its wave-function and resulting in highly visible 
fringes [2]. 
 If polarizer D is angled parallel to polarizer B, it is known that the photon took 
path 1; if polarizer D is angled parallel to polarizer C, it is known that the photon took 
path 2. Knowing the photon’s path is equivalent to measuring it, which results in particle-
like behavior and the collapse of its wave-function. We conclude that if polarizer D is at 
the same angle as polarizers B or C, interference fringes will have a low level of visibility 
[2].  
 Our final requirement is a consistent and accurate method of quantifying the 
visibility of the interference fringes. We use the equation for fringe visibility to 
accomplish this: 



	  	  	  	  (3)	  

where I is the intensity of incident light. In cases where we would expect to see 
interference fringes, we would expect to see a value of V closer to one than in cases 
where we would not expect to see fringes. 
 

Procedures 
 

1.  Align the HeNe beam to the spatial filter, placing the correct order of neutral 
density filter prior to the spatial filter.  Use formula (3) to calculate the required 
filter to separate photons by 1 meter (4th order for Young’s double slit and 6th for 
Mach-Zehnder interferometer). 

2. Align the beam to the beam splitting  cube using the retro reflection off of the first 
surface directed back towards the HeNe source.  This ensures the beam is 
perpendicular to the beam splitting cube allowing for better transmission through 
the cube. 

3. Double check polarizer B and C to ensure that photons in path 1 are oriented 90 
degrees from photons in path 2 (figure 1). 

4. Next, align the mirrors so both paths of photons intersect in the near field (at the 
CCD), as well as in the far field (at least 3 meter away from the CCD). 

5. Adjust the CCD camera parameters to allow for the most visible image on the 
screen.  Using a higher time exposure allows for more photons to pass through the 
interferometer, creating clearer fringes.  Since the beam is attenuated with at least 
4th order neutral density filters, increasing the gain (255x) will allow for clearer 
images.  Accumulation count and other options can be selected on the CCD 
imaging software to produce the best image. 

6. Adjust the Polarization D angle from 0˚ to 200˚ taking images at 10˚ intervals. 
 

	  
	  

Results and Analysis 
 

 The first experiment performed was the Young’s double slit experiment.  The 
goal of this portion of the lab was to confirm the wave nature of photons, which when 
fired at two separated slits would result in interference patterns, disproving Newton’s 
particle theory of light.  A HeNe laser at 633 nm was used to direct photons onto two 
10µm slits separated by 90µm.  We measured the power of the laser to be .9µW and used 
the formula (1) to determine the amount of light to be filtered to separate photons by a 
meter.   
 
By adding at least four orders of neutral density filters, we could account for photon anti 
bunching and correctly attenuate the signal.  Once the beam was aligned and the neutral 
density filter was applied, the resulting image on the CCD camera showed fringes as 
expected. 
 



 
 

Figure 2:  CCD image with .9µW laser power, 2 orders of neutral density filters, no gain, 
and .1 seconds of exposure on the camera (left).  CCD image with .9µW laser power, 6 
orders of neutral density filters, 255 times gain, and 1 second of exposure time (right).   

 
These images show single photon interference with fringes (along with enveloped 
fringes) contradicting Newton’s particle theory.  Individual photons act as waves and 
compound at the dark spots while destructively interfering at the light spots to form the 
observed patterns.  By adding increasing orders of filters, the photons are further 
separated from one another further proving that individual photons interfere with 
themselves.  Additionally, by increasing the exposure time of the CCD camera the fringes 
become more prominent.  
 
Visibility of the fringes can be calculated using imaging software (Imagej) by finding the 
maximum and minimum intensities.  Imagej was used to find the average intensity over a 
fringe by using the lineout function on the light and dark fringes.  By dragging lines 
along the fringes and increasing the width of the lines, better averages were generated 
from each fringe. These values were then used to calculate the visibility of fringes using 
formula (3).  Since interference is a probability function, the visibility of fringes increases 
as the number of accumulations increases.  	  
 
 
 For the next experiment the same HeNe 633nm source was used to test the Mach-
Zehnder Interferometer to show that fringe visibility changed as a function of polarization 
angle.  A polarizer located after the beamsplitting cube was rotated from zero to 200 
degrees to show the varying visibility at the CCD image.  It is expected that when the 
polarizer blocks light from one of the paths that no fringes will be visible, and when 
rotated 45 degrees from that orientation will show the brightest fringes.   
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	   100˚ with Visibility = .14     150˚ with Visibility = .45	  
	  

Figure 3:  Mach-Zehnder Interferometer CCD images with 72µW laser power, 6th order 
density filter, 255 electronic gain, and .1 second of exposure time.  The angles correspond 
to the Polarizer D angle, with visibility calculated from lineout averaging in imagej. 

 
As expected, the visibility of the CCD images varies approximately every 45˚ rotation of 
the polarizer from a high of ~.45 to a low of ~.2.  The visibility calculation was repeated 
for each polarization orientation from 0˚ to 200˚. 
 



	  
	  

Figure 4:  Visibility of fringes in a Mach-Zehnder interferometer as a function of 
Polarization D angle from 0˚ to 200˚.  CCD images were taken every 10˚, showing 
maximum visibility at 60˚ and 150˚ and minimum visibility at 10˚ and 100˚.   

	  
The graph above confirms that every 45˚ of rotation of Polarizer D corresponds with 
alternating high and low visibility.  At polarization angles of 10˚, 100˚, and 190˚ light is 
blocked from one of the paths. This is equivalent to observing the photon, which 
collapses its wave-function and prevents the photon from interfering with itself.  
Similarly, at 60˚ and 150˚ polarization angles, photons pass though with their wave-
function preserved and interfere with a max visibility of ~.45.   Thus we can see that 
when “which-path” is known for a photon (10˚, 100˚, and 190˚ ), the wave function 
collapses acting instead as a particle without interference; when the path is unknown, 
photons act as waves and interfere with themselves. 
	  

Conclusion	  
	  
	   Our	  results	  from	  both	  Young’s	  double	  slit	  and	  Mach-‐Zehnder	  interferometer	  
experiments	  indicate	  that	  photons	  act	  as	  particles	  and	  waves.	  	  This	  duality	  can	  be	  
observed	  when	  photons	  are	  attenuated	  to	  have	  a	  separation	  of	  at	  least	  one	  meter,	  
yet	  still	  interfere	  like	  waves	  causing	  fringes	  on	  the	  CCD	  camera.	  	  Young’s	  double	  slit	  
experiment	  showed	  that	  photons	  follow	  a	  probability	  function	  when	  fired	  at	  two	  
slits	  identical	  to	  wave	  behavior,	  constructively	  interfering	  at	  bright	  spots	  and	  
destructively	  interfering	  at	  dark	  spots	  on	  the	  CCD	  image.	  	  Similarly	  in	  the	  Mach-‐
Zehnder	  interferometer	  setup,	  photons	  interfere	  as	  a	  wave	  function	  when	  “which-‐
path”	  is	  unknown,	  while	  acting	  as	  a	  particle	  when	  one	  path	  is	  blocked	  by	  Polarizer	  D.	  	  
This	  illustrates	  how	  a	  photon’s	  wave	  function	  collapses	  when	  observed	  ,	  while	  it	  
exhibits	  wave	  characteristics	  when	  preserved.	  
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