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Abstract 

This experiment purpose was to study the violation of Bell’s inequalities and 
confirm entanglement. The entanglement as obtained with a process called spontaneous 
parametric down conversion. To check if entanglement was achieved, we used a modified 
version of Bell’s inequalities (Clauser, Horne, Shimony, and Holt). If this inequality is 
violated, then entanglement is achieved. Using Avalanche Photodiodes (APDs), 
measurements were taken to calculate the |S| values of the inequality. We achieved a |S| 
value of over 2, so we can say that entanglement was verified for this experimental setup. 
 

Background & Theory 
 

There are two theories that are important in understanding the experiment. The 
first one is Entanglement which is a vital component of quantum mechanics. It’s a fact that 
one cannot know with exact certainty the position and momentum of a particle. This is in 
accordance with Heisenberg’s Uncertainty principle [1]. If two particles interact, they may 
become entangled, meaning that they become one inseparable state, since their 
properties are indefinite. . If one particle is observed, then reliable information is known 
about the other. The concept of entanglement was introduced by Einstein, Podolsky, and 
Rozen [2] and was developed further by Schrödinger [3]. In Schrödinger’s 1935 paper, he 
wrote an example of entanglement involving a cat and a radioactive atom. The example is 
that there is a cat in a box. In the box with the cat there is a radioactive atom, and a device 
that releases poison if the atom decays. When we close the box, we are uncertain if the 
atom has decayed or not, it is represented by a superposition of probabilities of the state 
of being decayed and not being decayed. The cat is entangled with this process and its 
state cannot be separated from the radioactive material it is entangled with. In this 
paradox, the cat is both dead and alive because of the superposition of states; it is 
entangled with the indefinite radioactive atom. 

 
They thought this idea must be wrong, and it was analog to quantum theory’s 

incompleteness. Entangled items can only be represented by the same wave function and 
cannot be separated. If one were to observe one of the particles then its wave function 
and any of its entangled particles’ wave functions would collapse since they are the same 
state. This would give reliable information about any other particle entangled with the 
observed particle, no matter the distance. 



 
The other theory that is relevant to the experiment is Bell’s Inequality. The Bell 

inequality we used is based off the simple classical argument that |𝑎| + |𝑏| + |𝑐| ≥ |𝑎 +
𝑏 + 𝑐|. The only way for any Bell inequality to be violated is for a non-classical 
phenomenon to be present. If one can create an experiment involving entangled particles 
and violate the inequality, then the entanglement phenomena can be proven. The 
modified version of Bell’s inequalities that allows for this experimental testing is referred a 
CHSH inequality (developed by Clauser, Horne, Shimony, and Holt) [4]. The equality is: 

 
|𝑆| = |𝐸(𝛼,𝛽) − 𝐸(𝛼,𝛽′)| + |𝐸(𝛼′,𝛽) + 𝐸(𝛼′,𝛽′)| 𝑤ℎ𝑒𝑟𝑒 

 

𝐸(𝛼,𝛽) =
𝑁(𝛼,𝛽) + 𝑁(𝛼⏊,𝛽⏊) − 𝑁(𝛼,𝛽⏊) − 𝑁(𝛼⏊,𝛽)
𝑁(𝛼,𝛽) + 𝑁(𝛼⏊,𝛽⏊) + 𝑁(𝛼,𝛽⏊) + 𝑁(𝛼⏊,𝛽)] 

 

 
Where N(α,β) is the number of coincidence counts when the two experimental 

polarizers are set to  angle α and angle β. Coincidence counts are the number of arrivals of 
single photons simultaneously to two separate detectors in a given time interval. This 
inequality can be the same for classical and quantum systems for certain angles, that is 
why it is important to use angles that set apart the difference between the classical result 
and the quantum result or that really put emphasis in how entanglement is more 
pronounced in certain angles , as we will see in the experiment section. 
 

Experiment 
 

 
 

Figure 1: Experimental Setup. The setup had a quartz plate to compensate for the 
phase difference generated by the different optical path lengths between the two BBO 
crystals. The APDs in conjunction with the computer counting card count the 
“coincidences”, simultaneous arrivals of photons. 

 
The experimental setup used utilized spontaneous parametric down conversion in 

conjunction with the CHSH inequality to demonstrate entanglement of polarization states 
of photons. The parametric down conversion process converts an incident photon into 
two photons of longer wavelength called the signal and idler photon. In this experimental 



setup, the filters used transmit a very narrow band of wavelengths. The filters were 
selected to transmit photons with double the wavelength of the laser used (363.8nm). 
This allows only the signal and idler photons with the same wavelength (727.6nm) to be 
detected.  

 
The crystal we used had a Type I cut, meaning the signal and idler photons’ 

polarizations were orthogonal to the incident photon’s polarization. By cutting the crystal 
such that the optical axis was at a determined angle, the incident photons and down 
converted photons pass through the material (same refractive index), since different 
polarization states of each converted photon will see different refractive indices in a 
material with birefringence. This “matching” of phases is what determines the output 
polarization states of the crossed BBO crystals. The photons incident on the crystal 
component had a linear polarization that was 45o relative to the first crystals optical axis. 
This meant half of the down converted photons were down converted in each of the 
crystals, which are crossed by 90o. Therefore there are equal numbers of photons in the 
cones of light projected, for the horizontal and vertical cones of light created by the quartz. 
We are interested in the overlapping of the cones which is done by using a quartz plate to 
add phase to the lagging cone. By using this nonlinear scheme, which produces the signal 
and idler photons, a polarized entangled state can be created. Bell’s inequalities can be 
calculated at distinct polarizer settings. 

 
 Using polarizers in front of single photon counting detectors, coincidence counts 

can be measured. When the polarizers are at parallel angles, the signal photon and the 
idler photon will both pass through, since they are represented by the same polarization 
state. If the polarizers are at perpendicular angles, then only one of the photons from the 
entangled photon pair can pass, while the other will be blocked, resulting in the minimum 
photon coincidence count. Theoretically there should be a cosine squared dependence of 
coincidence counts on the difference between each of the polarization angles. 

 
 
 

 
Procedure 

 
1. Make sure the cone of light is properly aligned within the setup by viewing 

overlapping ring(s) of light with the EM-CCD. Place camera after the BBO 
crystals, insert imaging lens, and block the unconverted beam. Make sure 

that the ring(s) of light that are to be observed are incident to the detectors. 
2. See if fringe visibility of photon coincidence counts > 0.71, to violate Bell’s 

Inequality (𝑉𝑖𝑠𝑖𝑏𝑖𝑙𝑡𝑦 =  𝑁𝑚𝑎𝑥−𝑁𝑚𝑖𝑛
𝑁𝑚𝑎𝑥+𝑁𝑚𝑖𝑛

).If the threshold is not met there may 

be misalignment or other source of error. 



3. See if the singles (non-coincidence) counts for each APD is independent of 
its accompanying polarizer angle. If there is some sort of dependence on 
the polarizer angle, there might be a misalignment and the quartz plate 
must be adjusted. 

4. Measure for all combinations of the polarizer angles α={0,45,90,135} and  
β={22.5,67.5,112.5,157.5}. See whether or not entanglement is confirmed 
or not. 

5. Analyze a range of quartz plate angles, and for each quartz plate angle 
measure the single counts for different polarizer angles. Plot the singles 
counts as a function of quartz plate angle to get a curve for each polarizer 
angle registered. Singles counts should be constant and independent of the 
polarizer angle in this setup, so the intersection of the curves is the 
desirable quartz plate setting. This test should be performed with rotations 
of the quarter wave plate relative to both the vertical and horizontal axes. 

6. Once the system has been aligned and visibility of coincidence counts is ≥ 
0.71, measure for all combinations of the polarizer angles α={0,45,90,135} 
and  β={22.5,67.5,112.5,157.5} again. 16 measurements will be used to 
calculate the CHSH inequality, and then confirm entanglement. 

7. After that you can try and obtain results for random angles. 
 

Results and Analysis 
 

The light cones obtained by the camera should be relatively the same and constant 
regardless of the rotation of the polarizer since the components of the light should be 
equal. 

 

     
Figure 2: This figure shows the light “cone” with a filter and polarizer in front of 

the camera at 2 different angles. The filter only transmits a select bandwidth around the 
desired wavelength that is transmitted. The light cone remains constant under the 



polarizer rotation because the vertical and horizontal cones are overlapping, making this 
an un-polarized light cone due to the sum of the components. 

 
 
First we took a preliminary measurement to obtain to see if we obtain violations of 

the inequality.  
 

Polarizer 
A 

Polarizer 
B 

Net 
Coincidence 

-45 -22.5 23.16485 
-45 22.5 5.143793 
-45 67.5 4.448267 
-45 112.5 30.7894 
0 -22.5 19.83412 
0 22.5 22.7816 
0 67.5 14.43267 
0 112.5 9.7972 

45 -22.5 2.82658 
45 22.5 25.11493 
45 67.5 34.44047 
45 112.5 6.479467 
90 -22.5 7.85804 
90 22.5 8.477387 
90 67.5 32.7738 
90 112.5 22.82658 

 
Table 1: Select angles that maximize the results between classical and quantum 

observations. 
 

 
The results for this configuration were a |S| value of 2.264141 which means that 

entanglement was obtain. 
 

Now we graph and see the cos2 for our angles used. Note that for the angle 
0 and 90 the graphs seem to be more jagged, this could be due to a misalignment 
of the quartz plates that were aligned after those measurements. 
 



 
 

Figure 5: Cosine squared dependence between angle 135 and angle 45. 
 
 

 
 
 

Figure 6: Cosine squared dependence between angle 0 and angle 90. 
 
 

In order to execute the experiment and obtain better values, one must align the 
quartz plate. Since the quartz needs two be align in 2 axis, one need to obtain an estimate 
of the best angles in each axis which at the place of intersection. 
 



 
 

Figure 3: Result of scanning through a small range of angles  
for the quartz plate vertical axis, at different  polarizer angles. It is set  
at the best intersection, so that maximum coincidence counts are not  
dependent on the parallel polarizers’ angle which here is 33o. 
 

 
 

Figure 4: Result of scanning through a small range of angles  
for the quartz plate horizontal axis, at different  polarizer angles. It is set  
at the best intersection, so that maximum coincidence counts are not  
dependent on the parallel polarizers’ angle which here is -2o. 
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Polarizer 
A 

Polarizer 
B Net coincidence 

-45 -22.5 22.81452 
-45 22.5 3.47697 
-45 67.5 2.109225 
-45 112.5 30.78281 
0 -22.5 23.7953 
0 22.5 26.43431 
0 67.5 10.43433 
0 112.5 6.097487 

45 -22.5 6.45431 
45 22.5 27.43576 
45 67.5 40.38522 
45 112.5 15.75815 
90 -22.5 6.390795 
90 22.5 5.721598 
90 67.5 23.06 
90 112.5 33.72778 

 
Table 2: Select angles that maximize the results between classical and quantum 

observations. This time it was after the alignment of the quartz plates. 
 

The results for this configuration were a |S| value of 2.407835 which means that 
entanglement was obtain again but this time was greater due to the proper alignment. 

 
Now we obtained values for random angles to check whether they violate the 

inequality or not. 
 
Polarizer A Polarizer B Net coincidence 

35 15 29.05063 
35 100 13.66835 
35 -15 17.04331 
35 30 39.01776 

180 30 21.3669 
180 60 15.69143 

0 60 10.01033 
0 0 31.67438 
0 90 4.986227 

70 90 49.93794 
70 270 43.6113 
50 100 27.97531 
50 5 23.32762 

135 5 12.78599 
135 0 14.78313 
135 -10 22.78865 



 
Table 3: Random angles selected to see if entanglement holds constant. This time 

it was after the alignment of the quartz plates. 
 
This time our value for |S|=.928613 thus confirming that entanglement is 
noticeable only at select angles and not random ones. 
 

Conclusion 
 As seen in our results, entanglement is present in polarized photon pairs. The 
entanglement was confirmed with the |S| parameter of the CHSH modified version of the 
Bell inequality. We violated the inequality both in an unaligned setup and in an aligned 
setup; however this violation was not obtained when we selected angles that do not 
maximize entanglement (random angles).  

 
References 

 
[1] Heisenberg, W (1927). "Über den anschaulichen Inhalt der quantentheoretischen 
Kinematik und Mechanik". Zeitschrift für Physik 43 (3-4): 172–198. 
 
[2] Einstein A, Podolsky B, Rosen N (1935). "Can Quantum-Mechanical Description of 
Physical Reality Be Considered Complete?". Phys. Rev. 47 (10): 777–780. 
 
[3] Schrödinger E (1935). "Die gegenwärtige Situation in der Quantenmechanik (The 
present situation in quantum mechanics)". Die Naturwissenschaften 23(48): 807–812. 
 
[4] Clauser J, Holt R, Horne M, Shimony A (1969). “Proposed Experiment to Test Local  
Hidden-Variable Theories”. Phys. Rev. Lett. 23(15): 880-884. 


