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Lab. 2. Single photon interference 
 

ABSTRACT 
 

 The goal of this experiment was to investigate the phenomenon of single photon 

interference.  This was performed by analyzing the interference patterns created by both Mach-

Zehnder and Young’s double slit interferometers.  Interference patterns created at high intensity 

levels and at the single photon level were recorded respectively using cooled EM-CCD camera.  

They were then compared and used to demonstrate that single photons, barring any knowledge of 

“which-path” information, interfere with themselves and that interference patterns at higher 

intensity levels are actually the sum of a large number of single photon interference patterns.  

These results clearly exemplified the wave-particle duality of photons.   

 
1. INTRODUCITON AND THEORETICAL BACKGORUND 

 
 Central to understanding the nature of light is its description as photons, which are 

governed by wave-particle duality.  This description dictates that under different circumstances, 

photons will act either as particles, which do not experience interference, or waves, which do 

experience interference.  Further, despite perhaps being counterintuitive, when single photons act 

as waves, they interfere with themselves.  These properties of light were examined in this 

experiment using a Mach-Zehnder and Young’s double slit interferometer (see Fig.1 and Fig. 2).  

An interferometer is a setup which divides the emitted light from a single source (typically 

coherent) into two paths, and then recombines the two paths to create an interference pattern.  

Interference patterns generated by multiple and single photon light levels were imaged and 

compared to demonstrate that the interference pattern generated at the single photon level, given 

a longer and longer collection time, will eventually resemble that created at high light levels. 

A 633 nm Helium-Neon (He-Ne) laser was used as the illumination source in both parts 

of this experiment.  High light levels were easily achieved by using little or no neutral density 

filters.  To achieve a “single photon source” using the He-Ne laser, enough neutral density filters 

had to be placed in the beam path so that the CCD camera used for imaging the interference 

patterns only detected one photon per resolution-time period, or that there is only 1 photon in the 
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length of interferometer at each time. To reach this criterion, two neutral density filters of 

attenuation totaling ~10-7 were used together were necessary given the 10 MHz refresh rate of 

the CCD camera used to achieve a “single photon source” and 1 photon per 1 meter at any given 

time.    

One necessary criterion for single photon interference is the absence of “which-path” 

information.  Knowledge about a photon, such as the path which it follows, requires performing 

a measurement on that photon.  However, quantum mechanics dictates that if one is performs 

any sort of measurement on a photon, its wave function collapses, and the photon then acts like a 

particle.  In the part of this experiment utilizing a Mach-Zehnder interferometer, single photon 

interference was first observed without any knowledge of “which-path” information, 

demonstrating that photons can act as waves and interfere with themselves.  “Which-path” 

information was then acquired during observation, causing the photons to act as particles and 

thus destroying the preciously observed interference pattern.   

Single photon research is becoming increasingly important greatly due to its application 

in the growing quantum information field.  Insight into the nature of single photons as well as the 

creation of single photon sources has application pertaining to quantum computing, quantum 

teleportation, and quantum key distribution.  Applications such as these rely on quantum physics 

since classical physics offers no explanation for many of the interesting phenomena involved, 

such as entanglement of quantum states.   

 
2. PROCEDURE 
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Fig. 1 – Mach-Zehnder Interferometer  
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Fig. 2 – Young’s Double Slit Interferometer (The slits used had 10 μm width and 
were separated by 90 μm.  Observation plane was located at the 20 cm from the 
slits’ plane). 
 
1. The He-Ne laser supply was turned on and the power output was measured using a 

power meter.  The numbers of photons/meter was calculated.  Using this calculated 

value and the given refresh rate of the CCD camera used, the number of neutral 

density filters required to achieve a “single photon source” was calculated (see below 

for values).  These filters were set aside and not yet used in the system.     

2. The CCD camera was placed at the output of the Mach-Zehnder interferometer setup.   

3.  Polarizer A at the input of the Mach-Zehnder interferometer was oriented at 45° to 

assure that the polarizing beam splitter directed an equal number of horizontally 

polarized photons down path 1 and vertically polarized photons down path 2.   
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4. Polarizer B in the Mach-Zehnder interferometer was then oriented to assure the 

photons traveling down path 1 were indeed horizontally polarized.  Orienting 

polarizer B at 90° provided maximum transmission, whereas orienting it at 0° 

provided minimum transmission.  Thus it was certain that path 1 contained 

horizontally polarized photons.   

5. Polarizer C in the Mach-Zehnder interferometer was then oriented to assure the 

photons traveling down path 2 were indeed vertically polarized.  Orienting polarizer 

C at 0° provided maximum transmission, whereas orienting it at 90° provided 

minimum transmission.  Thus it was certain that path 2 contained vertically polarized 

photons.   

6. Polarizer D at the output of the Mach-Zehnder interferometer was then set at 45°, and 

the alignment of the entire system was checked by assuring that fringes were visible 

in the combined path on the screen.   

7. Polarizers B and C in the Mach-Zehnder interferometer were then adjusted to provide 

maximum contrast in the interference pattern.   

8. With polarizer D at 45° and the screen and filters removed, the interference fringes 

were viewed using the CCD camera.   

9. The filters (total attenuation = 1.41* 10-7) were placed in front of the laser and 

diminished the He-Ne laser enough that the single photon level was achieved. 

10. With polarizer D at 45° and the screen still removed, the interference fringes created 

were again viewed using the CCD camera.  Fringes were visible because orienting 

polarizer D at 45° eliminates any mechanism for establishing “which-path” 

information.   

11. The interference pattern created by single photons was recorded for increasingly 

smaller acquisition times and with varying amounts of electron multiplier gain on the 

CCD camera (sees images below).   

12. Polarizer D was then oriented at 0°, and it was observed the interference fringes that 

were visible disappeared.  This was because orienting polarizer at 0° provides 

“which-path” information by only allowing vertically polarized photons (path 2) to 

reach the CCD camera.   
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13. Polarizer D was then oriented at 90°.  Again, the fringe pattern present on the CCD 

camera disappeared since “which-path” information was established by assuring that 

only horizontally polarized photons from path 1 reach the CCD camera.   

14. Polarizer D was then oriented at 45°.  The interference pattern was once again visible 

because “which-path” information was lost.  Orienting polarizer D at 45° allows for 

both horizontally and vertically polarized photons to pass, and thus the photons 

reaching the CCD camera could have come from path 1 or path 2.  Thus one cannot 

attain “which-path” information.   

15. The neutral density filters removed, the CCD camera was then moved to the Young’s 

Double slit interferometer setup.   

16. The position of the camera was adjusted until the fringe pattern created by the slits 

was centered on the CCD array.   

17. The neutral density filters were then replaced (total attenuation = 1.41* 10-7) to 

establish single photon source conditions.   

18. The acquisition time was then decreased while the electron multiplier gain increased 

on the CCD camera.  A series of images was collected showing the interference 

pattern created by the slits with fewer and fewer photons.  The comparison of these 

images shows how the interference pattern that results is actually the result of the 

summation of single photon interference patterns.   

 
3. RESULTS AND ANALYSIS 

To achieve single photon source conditions: The measured He-Ne laser power output was 

1.896 mW.  To achieve single photon source conditions, the desired criterion is 1 photon per 

meter within the optical system.  The calculated number of photons/m given the power 

measurement is 2.012 * 107 photons/m.  Thus an attenuation of ~10-7 is needed to achieve single 

photon source conditions.  Two neutral density filters, with attenuations of 1.24 * 10-3 and 1.17 * 

10-4 were used, thus providing a total signal attenuation of 1.41* 10-7.  
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     Attenuation: 1.41* 10-7, Acquisition time: 1s,                                             Attenuation: 1.41* 10-7, Acquisition time: 100ms, 
                    gain: 0x, Polarizer D = 45°                                                                       gain: 0x, Polarizer D = 90° 
                Comment: Fringes clearly visible                                                                Comment: Fringes destroyed  
 

         
                 
            Attenuation: 1.41* 10-7, Acquisition time: 100µs                            Attenuation: 1.41* 10-7, Acquisition time: 60µs, 
                         gain: 255x, Polarizer D = 45°                                                                gain: 255x, Polarizer D = 45°                                                        
       Comment: Fringe pattern with small acquisition time                            Comment: Fringe pattern with smaller acquisition time           
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                  Attenuation: 1.41* 10-7, Acquisition time: 20µs, 
               gain: 255x, Polarizer D = 45°       

                  Comment: Fringe pattern with smallest acquisition time, single photon interference creating pervious fringe pattern                                 
 

                                                         
 

                         Fig. 3 - Mach-Zender Interferometer Images 
 

 

         
Attenuation: None, Acquisition time: 600ms, gain:0x                             Attenuation: None, Acquisition time: 500ms, gain:0x 
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 Attenuation: 1.41* 10-7, Acquisition time: 3s, gain:255x                       Attenuation: 1.41* 10-7, Acquisition time: 2s, gain:150x        

        
                 
Attenuation: 1.41* 10-7, Acquisition time: 2s, gain:100x                     Attenuation: 1.41* 10-7, Acquisition time: 100ms, gain:255x                             
                        

Fig. 4 - Young’s Double Slit Interferometer Images  
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Fig. 5 – Intensity cross sections of interference pattern 

Comment: One can see that with decreasing acquisition times (a-c) the fringe pattern created by single photon interference still 
exists.  Thus, plot (a) can be considered a summation of many plot (c)’s.   

 
4. DISCUSSION AND CONCLUSION  

 
 The data collected in this experiment generally followed the predictions presented and 

served as a validation of the underlying theory.  The images collected using the Mach-Zehnder 

interferometer clearly demonstrate that when “which-path” information is present by introducing 

polarizer D at either 0° or 90°, the interference pattern that was present before is completely 

destroyed.  In addition, as the acquisition time is decreased further and further, one can see that 

the interference pattern present becomes decreasingly visible, however, the areas where single 

photons strike are still consistent with the prior pattern.  Thus one can see that interference 

pattern at higher light levels in simply a sum of single photon interference patterns.  This was 

also the case with the images attained using the Young’s double slit interferometer: one can see 

that the interference pattern created by the interference of single photons will create the 

interference pattern characteristic of greater light levels given enough time.   

 There were two properties of the images collected which were not accounted for 

previously and require explanation.  Firstly, on many of the above images, small “dots” and 

“blotches” are visible.  This is most likely due to the fact that the vacuum seal on the CCD 

camera used is failing, and therefore small water droplets may form on the inside of the lens 

system within the cooled camera.  Also, some of the larger “blotches” visible in the Mach-
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Zehnder interferometer images are due to imperfections in the glass of the polarizers used.  

Higher quality polarizers were not used due to price limitations.   

 Secondly, there is a series of finer fringes within the larger fringe pattern on the images 

collected from the Young’s double slit interferometer.  Calculations showed that it may be due to 

interference of the beam diffracted on the double slits and a plane wave. This plane wave was 

formed by reflections from the metal and the glass surfaces of the screen. (Two slit pattern on the 

screen was made by a photolithography on a glass substrate).  
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APPENDIX I 
DATA FOR THE THREE LASERS USED 

 
                  Laboratory                                                                Laser Used 
(1) Entanglement and Bell’s inequalities 407 nm blue diode laser 
(2) Single-photon interference  633 nm Helium-Neon laser 
(3) Confocal microscopy imaging of           
single-emitter fluorescence 

532 nm pulsed picosecond laser 

(4) Hanbury Brown and Twiss setup – 
photon antibunching  

532 nm pulsed picosecond laser 

 
1.  Data for 407 nm blue diode laser 
 
                                                   
                                                Spectrometer Data 

 
 

                         CW mode                                                      Function generator at 50,000 Hz  
 

 
Full width half maximum bandwidth (CW mode): 3 nm = 1 e17 Hz 
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                                            Function generator at 500,000 Hz 
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Full width half maximum bandwidth (Function generator at 500,000 Hz):  3 nm = 1.2 e17 Hz 
Reported power: ~10 mW 
 
Data for Alternate 407 nm blue diode laser, (not used) 
 
 
                                                                        CW mode 
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Full width half maximum bandwidth: 4 nm = 7.5 e16 Hz 
Reported power: 10 mW 
 
2.  Data for 633 nm Helium-Neon laser 
 
Full width half maximum bandwidth: 1.0 nm = 3 e17 Hz 
Reported power: 15 mW 
 
3. and 4.  Data for 532 nm pulsed picosecond laser 
 
Full width half maximum bandwidth: 1.5 nm = 2 e17 Hz 
 

 


