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Lab 1: Quantum Entanglement and Bell’s 
Inequalities 

 

• Produced entangled particles 

• Verified quantum entanglement through a violation of Bell’s 
Inequalities and fringe visibility  



Background 

• In 1935, Albert Einstein, Boris Podolsky, and Nathan Rosen published 
their thoughts on the incompleteness of quantum theory  

• “Spooky action at a distance” : no propagation of information 

• In 1960s, John Bell determined a way to test whether data on many 
physical phenomena was consistent to classical laws or quantum 
mechanical laws  

 



Theory 

• If two particles are entangled then no matter how far 
apart they are, information on one of the particle’s 
quantum mechanical state (momentum, spin, or 
polarization) yields information of the other particle’s 
state 

• Entanglement Verification: 
• Violation of Bell’s Inequality (S > 2.0) 
• Visibility > 0.71 

 

• One simple way to achieve quantum entanglement is 
through parametric down- conversion, which creates 
polarization entangled photons 



Spontaneous Parametric Down-Conversion 
• The non-linear optical process in which one photon 

creates two photons with conservation of energy and 
momentum. We use two Beta Barium Borate (BBO) 
crystals for this process. 
 

Resulting polarizations of the photons after passing through a BBO crystal. The V 
and H represent the vertical and horizontal photon polarizations, respectively. 
 
 
Picture from Lukishova, Svetlana. Lab 1: Entanglement and Bell’s Inequalities. Lab Manual.  
  



Setup 

Setup for the counting of coincidence counts of entangled 
photons, by using a laser, quartz plate, mirrors, 2 BBO crystals, 
and 2 polarizers, 2 filters, 2 detectors, a beam stopper, as well as 
photon counting computer software  
 
 
 
 
Picture from Lukishova, Svetlana. Lab 1: Entanglement and Bell’s Inequalities. Lab Manual.  

 



Clauser, Horne, Shimony, and Holt Inequality 
 

If |𝑆| ≥ 2 then Bell’s Inequality has been violated and 
polarization entanglement has been proven. It is not 
expected that Bell’s Inequality will be violated for every 
possible combination of 𝛼 and 𝛽  
 

Results 



Results 

Dependence of coincidence counts vs relative angle of polarizers. 
The blue line was taken using the net coincidence when polarizer A 
was fixed at 90°, and B was rotating, while the pink line was 
obtained when polarizer B was fixed at 0°.  

Coincidence 
Counts 

The visibility obtained 
from the data was 
0.966 for when 
polarizer B was at 0°, 
and 0.934 for when 
polarizer A was at 90°  
 



Optimization through Quartz Plate 

Coincidence Counts vs Horizontal Angle of the 
Quartz Plate. An intersection of the coincidence 
counts for all the polarizer configurations is 
found at around 16°- 20°. At around those 
angles, there quartz plate compensates for the 
phase difference the best.  
 

Coincidence Counts vs Vertical Angle of the Quartz 
Plate. There were two intersections found where the 
polarizer compensates for the phase difference the 
best. One is at around -10°, and the second is around 
14°. The second one is preferred due to a higher 
coincidence count. 



Violation of Bell’s Inequalities 

• Polarizer A set to angles (-45°, 0°, 45°, 90°), and B to (-22.5°, 22.5°, 
67.5°, 112.5°),  

• Quartz plate set to 5° vertically, and 0° horizontally, the S number was 
found to be 1.4964. Violation of the inequalities could not be verified.  

• With the same set of angles for the polarizers, the quartz plate was 
now set to 13° vertically, and 20° horizontally. The S number was 
found to be 2.375, which clearly violates Bell’s Inequalities.  

 

 



Conclusion 

• Quantum Entanglement was successfully verified through both a 
visibility higher than 0.71, and violation of Bell’s Inequalities, |𝑆| ≥ 2.  

• Pairs of entangled photons were created using Spontaneous 
Parametric Down-Conversion, so a measurement on one of the 
photons would give reliable information of the other, even when no 
information is being transmitted.  

 



Lab 2: Single Photon Interference 

• Wave-particle duality of light is demonstrated  

• Single photons were observed producing interference patterns over 
time in a Young Double Slit setup suggesting single photons interfere 
with themselves  

• Mach-Zehnder Interferometer was used to show how the wave 
nature of light collapses when the path of the photons is identified  

 



Theory 

Two theories are tested: 

• Photons traveling individually through a double slit setup will create 
an interference pattern after enough time accumulates  

• The wave nature of single photons will collapse if information on the 
path of the photon is measured  



Young Double Slit 

A 632.8 nm wavelength Helium-Neon laser at a power of 2.8μW was 
used and was attenuated using neutral density filters. The slit width 
used in our experiment was 0.08 mm and the slit separation was 
0.25 mm. The EM-CCD camera used was cooled to -60° C in order to 
minimize dark current noise. 
 
Schematic from Lukishova, Svetlana. Lab 2: Single Photon Interference. http://www.optics.rochester.edu/ 
workgroups/lukishova/QuantumOpticsLab/homepage/lab_2_manual_oct_08.pdf  

 



Young Double Slit Results 

Interference patterns with exposure times of (a) 0.1s, (b) 0.01s, (c) 0.001s, with no 
gain, 4 orders of neutral density filters and 2.8 μW power laser 

Plot profile of the vertical cross-section of the 
fringe pattern obtained with exposure time of 
0.1s, no gain, 4 orders of neutral density filters 
and 2.8 μW power laser. Visibility was found to 
be 0.959, which suggests a high visibility for the 
fringes.  
 



Mach-Zehnder Interferometer 

The beam passes through a first polarizing beam splitter, separating 
photons into horizontally and vertically polarized. These photons will go 
through different paths (either path 1 or 2 in the figure), and will pass 
through a second beam splitter which will recombine the beam. The 
recombined beam will pass through a polarizer set at 45°, which will act 
as a quantum eraser, which will obscure the path of the photons.  

Schematic from Lukishova, Svetlana. Lab 2: Single Photon Interference. http://www.optics.rochester.edu/ 
workgroups/lukishova/QuantumOpticsLab/homepage/lab_2_manual_oct_08.pdf  

 



Mach-Zehnder Interferometer Results 

Images captured by the EMCCD with 0.1s exposure time, 255 gain, and filters of 6 
orders of magnitude and rotating polarizer of 10° intervals.  



Mach-Zehnder Interferometer Results 

Visibility of the interference pattern vs Polarization Angle. Images 
used were taken every 10 degrees, and the graph shows visibility for 
angles 0 to 180 degrees. 



Which-way information results 

• When the path of the photons became unknown due to the usage of 
a quantum eraser, interference patterns successfully appeared, while 
they became much less apparent when the path was known due to 
the polarizer not hiding the path.  

 

• These results confirm that the photon successfully shows wavelike 
interference patterns when the “which-path” information is obscured 
by the polarizer. 

 



Conclusions 

• The results obtained strongly suggest that photons behave 
both like particles and waves 

 

• The Young Double Slit experiment confirmed that single 
photons can interfere with themselves, forming fringes that 
are typical of waves.  

 

• The Mach-Zehnder experiment confirmed another part of the 
quantum nature of photons: the “which-way” information.  



Labs 3-4. 
 Confocal Microscope Imaging of Single-Emitter Fluorescence 

Hanbury Brown and Twiss Setup 
 

• Single Photon Source 
• Photon Antibunching 
• Confocal Microscope 
• Hanbury Brown and Twiss Setup  
• Photonic Bandgap Materials 
• Atomic Force Microscope 



Single Photon Source 

• A single photon source is an emitter of light that has all of its photons 
separated in time and space. 

• Attenuated light source vs Single Photon Source 

 

 

Picture from Lukishova, Svetlana. Lab 3-4 PowerPoint Presentation.  

  



Attenuated Light 

• Coherent beam of photons attenuated by filters 

• It is possible to separate the photons in space time 

• However, at the quantum level it is more likely that photons “bunch” 
together. 

• Good approximation, but fails to be a real single photon source. 



Second Order Correlation Function 

• If g2(t) = 0, there is zero probability that two photons will be 
detected at the same time. 

 



Photon Antibunching 

• To effectively produce photon antibunching, a laser beam is 
focused on a spot with very low concentration of single 
emitters.  

• The emitter will enter an excited state and fluoresce, giving off 
a single anti-bunched photon. 

• Emitters: Dye molecules, quantum dots, color center in 
diamonds, or single-walled carbon nanotubes. 



How do we detect the antibunching? 

• We used Confocal Microscopy with an EM-CCD, allowing us to see the blinking 
of these emitters 

 

• Hanbury and Twiss Setup to measure the interval between two consecutive 
photons. 



Confocal Fluorescence Microscope 

• Laser 
• Objective 
• Sample table 
• Scanning System 
• Pinhole 
• Detector 
• Dichromatic Mirror 
• Filters 

Uses spatial filtering to eliminate light that is out of focus. 
Can control depth of field. 
Collect information from several focal planes. 

Picture from Lukishova, Svetlana. Lab 3-4 PowerPoint Presentation.  

  



Hanbury Brown and Twiss Setup 

• Light [Diode pumped laser 532 nm] enters the setup and hits 
the beam splitter, which leads to two separate single photon 
detectors (APDs) 

• When the photon is detected in one APD, the computer takes 
the time elapsed until a photon is detected in the other APD. 

• Computer is able to do this due to TimeHarp card and 
software. 

 
Picture from Lukishova, Svetlana. Lab 3-4 PowerPoint Presentation.  

  



Our Experiment 

• Single Source Emitters: NV-nanodiamonds, CdSe Quantum 
dots, also used bow-tie nanoantennas. 

• Raster Scan (25 µm x 25 µm) using LabView software 

• TimeHarp Software shows graph of photon counts and 
their relative time of appearance 

• Photon Antibunching: if there is a pronounced dip in the 
graph 



NV-nanodiamonds 

• Nanodiamond color centers consist of an empty space with the 
adjacent carbon replaced with a nitrogen atom.  

• Unlike quantum dots, color centers do not bleach, making them more 
much more stable.  

 

Picture from: http://www.photonanometa.com/english/Nano-Diamonds.php 



NV-nanodiamonds 



Plasmonic Bowtie Nanoantennas 
 • Array of gold nanoantennas 
• Enhance fluorescence if there is an emitter in the middle. 
• Gap between antennas around 30 nm 

Picture from: http://www.acms.arizona.edu/movies/Bowtie/Intensity740nm.html 



Bowtie Nanoantennas 



CdSe Quantum Dots 

• They are semiconductor nanocrystals that emit intense, but discrete 
light.  

• Fluoresce at different wavelengths depending on the size, due to the 
model of the quantum dot.  

Picture from: http://www.photonics.com/Article.aspx?AID=29421 



Quantum Dots 



Photonic Bandgap Materials 

• These materials reflect certain wavelengths of light due to 
periodicity of varying indices of refraction 

 
• In our experiment, we created using a combination of E7 + CB15 

chiral crystal liquid 
 

Photonic Bandgap Oligomeric Cholesteric Liquid Crystal 
 
• Oligameric: constituted by few monomers 
• Cholesteric Liquid Crystal: also known as chiral nematic 

liquid crystals 
 

Pictures from Lukishova, Svetlana. Lab 3-4 PowerPoint Presentation 



Photonic Bandgap Materials 

• There are many applications for single photon sources, including 
quantum communications and quantum computing. 

• All of these applications involve encoding information through 
quantum states (usually polarization) 

• Need a source that emits photons with specific properties 

• This can be done through the use of photonic bandgap materials 



Atomic Force Microscopy 

• Very high resolution type of scanning even for low image sizes. 

• Information is obtained by “feeling” the surface 

• Consists of a cantilever with tip which is sensitive to contact forces 

• Static (Contact) and Dynamic (Tapping) Modes 

• Tip extremely fragile 

• Possibility of image artifacts 



AFM - Nanodiamonds 

Diamond top size: 
Length: 657 nm  
Width: 656.2 nm 
Height: 31.25 nm 
 

Small diamond on the right 
Length: 238.4 nm 
Width: 195.3 nm 
Height: 136.7 nm 
 



Conclusions 

• Single source emitters can successfully create 
photon antibunching. 

• Use of AFM to see surface profile by feeling 
“forces” 

• Photonic Bandgap Materials reflect certain 
wavelengths of light 
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