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Abstract 

The purpose of this laboratory experiment is to verify quantum entanglement of the polarization 

of two photon pairs. The entanglement of the photon pair was done by taking advantage of a process 

called spontaneous parametric down conversion via Type I BBO crystals. The verification of quantum 

entanglement was achieved using Clauser, Horne, Shimony and Holt (CHSH) modified Bell Inequality 

which defines the degree of polarization correlation under measurements at difference polarizer angles. 

Since the calculated S value was greater than 2, entanglement was verified. 

Background and Theory 

In quantum mechanics, two particles are called entangled if their states cannot be factored into 

single-particle states. In other words, when dealing with particles which cannot be measured accurately 

due to a physical limit described by Heisenberg’s uncertainty principle 

𝛥𝑥𝛥𝑝 ≥
ħ

2
      (Equation 1) 

Where 𝛥𝑥 is the uncertainty of position and 𝛥𝑝 is the uncertainty of momentum. We must describe 

their behavior in terms of probabilities of events such as collisions between one another. So considering 

two photons in the same space, we can envision a probability of a collision between the two which 

would alter their states. Their states become indefinite until one of the photon is measured. Once 

measured, information about whether or not the collision occurred would be revealed given definite 

information about the second photon. The term entanglement was first coined by Erwin Schrödinger in 

a correspondence letter to Albert Einstein after a joint paper released by Einstein, Podolsky and Rosen 

wrote about the counterintuitive nature of quantum entanglement. Schrödinger like Einstein, did not 

believe in entanglement which seemed to violate the theory of relativity however it was experimentally 

proven by violating Bell’s Inequality. 

A violation of Bell’s inequalities suggest the states of two particles obey the quantum mechanics with 

nonlocality. The modified Bell’s inequality is as followed 

𝐸(𝛼, 𝛽) = 𝑃𝑉𝑉(𝛼, 𝛽) + 𝑃𝐻𝐻(𝛼, 𝛽) − 𝑃𝑉𝐻(𝛼, 𝛽) − 𝑃𝐻𝑉(𝛼, 𝛽) 

𝑆 = |𝐸(𝑎, 𝑏) − 𝐸(𝑎, 𝑏′)| + |𝐸(𝑎, 𝑏′) + 𝐸(𝑎′, 𝑏′)|  Equation 2  

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)
 

The above calculation of S requires a total of 16 coincidence measurements (𝑁) at polarization 𝛼 and 𝛽 

and it violates Bell’s inequality if |𝑆| > 2. The only way for any of Bell’s inequalities to be violated is for a 

non-classical phenomenon to occur. Moreover, it is very important to know that Bell inequality is 

violated only for some angles 𝛼 and 𝛽. For other angles, both quantum theory and classical physics give 

the same value of 𝑆 < 2. 
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Experiment 

The laboratory setup was composed of a high powered laser and a Type I BBO crystal to take advantage 

of spontaneous parametric down conversion.  

The setup depicted above makes use of a high powered Argon Ion 

laser starting from 100mW and decaying to 70mW with a 

wavelength of 363.8𝑛𝑚. The intensity is necessary considering the 

efficiency of spontaneous parametric down conversion on the 

order of 10−10, substantially reducing the output intensity after 

the BBO crystals. The process known as spontaneous parametric 

down conversion converts an input photon into two photons of 

longer wavelength (727.6𝑛𝑚) due to the conservation of energy 

and momentum. Depending on the orientation of the BBO crystal, 

the output photons will come out with a certain polarization. The 

two crystals used are oriented 90° relative to one another to 

output orthogonal horizontally and vertically polarized light. The 

overlapping cones of light is considered unpolarized light, however, 

considering the probability of collisions of the photons intersecting 

in the overlapping, the output photons will be entangled. To 

increase the correlation between the entangled photon pairs, a 

quartz plate is used to eliminate phase differences introduced by 

the BBO crystals.  

Figure 1: Experimental setup utilizing a high powered laser and two type I BBO 
crystals. The setup includes a quartz plate to compensate the phase difference 
between introduced from the thickness of the BBO crystals. 

Figure 2: Image of the overlapping 
cones of light after the BBO crystal. 
Notice the halo nature of the light 
caused by the spontaneous 
parametric down conversion emitting 
photons at an angle. 
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Logically, the two detectors should detect the same amount of photons since the light is unpolarized, 

however the collision change the states causing a disproportionate amount of vertically or horizontally 

polarized photons. This disproportionality is quantified by calculated how much Bell’s Inequality was 

violated. 

Procedure 

1. Align the system properly, use an EM-CCD camera to overlap the cones of light. 

2. Insure the fringe visibility exceeds 0.71 so the coincidence count is sufficient to violate Bell’s 

Inequality. 

3. Optimize system by taking measurements of the coincidence count while changing the angle of 

the quartz plate to sufficiently compensate for the phase difference between the horizontal and 

vertical photons.  

4. Take measurements of coincidence count while changing the angle of the polarizers to calculate 

Bell’s Inequality. 

5. Violate Bell’s Inequality. 

Results and Analysis 

 

 

 

 

 

 

 

The intensity of the cones of light forming a halo caused by spontaneous parametric down conversion 

remain constant as a polarizer in front of the EM-CCD camera is rotating. This confirms that the light is 

unpolarized. The visibility however is insufficient so adjustments to the Quartz plate had to be done. 

To optimize the angle of the Quartz plate, ten measurements of the coincidence count were taken for 

each polarization angle at the detectors. 

Figure 3: Cone of light with 
polarizers at 0°. 

Figure 5 Cone of light with 
polarizers at 60°. 

Figure 4 Cone of light with 
polarizers at 20°. 

Figure 6: Diagram of the Quartz plate. The base 
plate and the ring holding the Quartz can be 
rotated to optimize the phase difference. 
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The angles between the two polarizers at each detector also affect the visibility as shown in the graphs 

below. The fringe visibility was calculated to be 0.608108 when the polarizers starting positions were 90° 

and 0°, well below the desired 0.71 visibility. Meanwhile, the visibility increased to 0.998729 when the 

starting positions were 135° and 45°.  
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Figure 7: Coincidence counts vs. angle rotation of the Quartz plate in the x-axis. The optimal angle for the Quartz plate in the x-
axis would be at the 0 angle on the graph. 

0

20

40

60

80

100

120

140

160

180

30 31 32 33 34 35 36 37 38 39 40

C
o

in
ci

d
en

ce
 C

o
u

n
t

Angle

0-0

90-90

45-45

135-135

Figure 8: Coincidence counts vs. angle rotation of the Quartz plate in the y-axis. The optimal angle for the Quartz plate in the y-
axis is found at 33°. 
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With the setup aligned properly, coincidence count measurements were made to calculate Bell’s 

Inequality. 
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Figure 9: Graph of coincidence count vs. angle. Fringe visibility of 0.608108. 

Figure 10: Graph of coincidence count vs. angle. Fringe visibility of 0.998729. 
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Polarizer A 
Polarizer 

B 
Net 

Coincidence 
   

-45 -22.5 24.45372667    

-45 22.5 6.727    

-45 67.5 3.385866667    

-45 112.5 26.13833333  ab 0.826 

0 -22.5 15.83256  a'b' 0.403539 

0 22.5 23.47010667  a'b 0.314288 

0 67.5 14.42096667  ab' -0.59822 

0 112.5 7.463866667    

45 -22.5 2.8284  S 2.142048 

45 22.5 34.11888013    

45 67.5 40.76029716    

45 112.5 8.421147471    

90 -22.5 8.164546637    

90 22.5 10.08908788    

90 67.5 27.45658407    

90 112.5 17.8339036    

 

The S value exceeds 2 indicating that the photons were entangled. 

Conclusion 

Laboratory 1 experiment verified the phenomenon called quantum entanglement in the polarization 

state of photon pairs. The S value from the CHSH Bell’s Inequality exceeded 2 verifying the unequal 

amount of vertical and horizontal polarized photons caused by the entanglements. The principle source 

of frustration is alignment shown to be intolerable. 
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