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Abstract 

Using Beta Barium Borate crystals, we created polarization-entangled photons. Coincidence 

counts between the entangled photons were counted upon two detectors using linear polarizers. 

A quartz plate was inserted to compensate for phase differences in the photons. The measured 

photons from the rotated polarizers created a Cosine-squared dependence. We then measured 

Bell’s Inequalities and showed them to be violated, implying there were quantum interactions. 

Introduction  

 The importance of the laser when it was first introduced was downplayed immensely. It 

was thought to be “a solution looking for a problem” 
[1]

. With time it was found that lasers had 

applications in nearly every aspect of technology, from scanning food at the store to restoring 

cells in the human body. Any new technology will eventually reach its full potential, and 

quantum technology is only beginning to gain ground now. Quantum Mechanics is still not fully 

understood, but the knowledge gathered already points to an incredibly useful future. One of the 

subjects that has garnered the most interest is that of Quantum Communication. This relies solely 

upon the entanglement of photons and the user’s ability to use their “quantum keys” to decipher 

messages. Without entanglement, this will not be possible. 

 Quantum Entanglement was first proposed by the minds of Einstein, Podolsky and Rosen 

in a paper from 1935. Einstein himself did not truly believe it was possible, calling it “spooky 

action at a distance” and chalked up quantum physics to unreliable statistics. When two particles 

entangled, it is to say that their states cannot be separated into single-particle states, represented: 

2112 Ψ⊗Ψ≠Ψ . That is, their wave functions are inseparable. By performing a measurement 

on one, it will give you reliable information on the other regardless of their separation 

(nonlocality.)  

 While entangled photons can be created through various means, we will concentrate on 

using polarization to entangle photons. These are created through the process of Spontaneous 

Parametric Down Conversion. A photon entering our Beta Barium Borate (BBO) crystals will 

become two photons of twice their original wavelength. These photons have identical 

polarization that is orthogonal to the polarization of the initial photon. The two exiting photons 

are designated Signal and Idler.  By having two BBO crystals together with their axis 

perpendicular to each other, from the entering photons we will achieve two horizontally-

polarized photons and two vertically-polarized photons. Their axes are placed perpendicular to 

create two cones of photons, one horizontal the other vertical. This allows us to send the cones to 

two different APDs and entangle them. The thickness of having two birefringent crystals 

together will introduce a phase difference in the exiting photons, and to compensate for such a 

Quartz Plate is used. The quartz will have its own phase change in the photons die to its 

birefringence, so by aligning the quartz plate properly with the system we will obtain a mixed 

polarization state in our polarization-entangled photons as well as time their arrival to the 

detectors to be coincident. To measure the coincident counts, a clock-card was used on our 

computer connected to the APDs. This measures when two photons reached the two APDs 

within a very small time frame, marking them “coincident.” The expected values of these 

coincidence count can be found as: 
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Where α and β are the polarizer angles, θ is the angle of polarization for light entering the BBO 

crystals, and φ is the phase difference introduced between the H and V polarization. The proof 

for the Cosine-squared dependence on our coincidence counts is in Appendix B.  We also have 

to take into consideration the rotational basis we use in our experiment. Knowing our state from 

the BBO Crystals can be represented as )(
2

1
isisEPR HHVV αααα +=Ψ , where H and V 

are the horizontally or vertically polarized photons, we can measure that either both photons are 

horizontal or both vertical. Since we have polarizers in front of our detectors though, we will 

have an angle dependence represented through HVV ααα sincos +=  and 

HVH ααα cossin +−= . Using these equations on our original EPRΨ ,we show in Appendix 

A how the basis will have no impact on the entangled state.  

 For knowing the coincidence counts, we can use Bell’s Inequalities to prove that photons 

were entangled. By having data that violates the inequalities, we will know that we have 

quantum interaction through entanglement. A special version of his inequalities will be used, 

first used by Clauser, Horne, Shimony and Holt: )b',E(a'b),E(a')b'E(a,b)E(a,S ++−= . 
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measurements from the angles of 22.5°, -22.5°, 67.5°, 112.5°, -45°,0°,90°,45° and if we have a 

value of |S|>2, then our experiment has violated Bell’s Inequalities and we have entanglement! 

 The laser used in the lab is a pump Argon laser with λ=363.8nm. The beam is passed 

through a blue filter and quartz plate, redirected by a mirror and sent through our BBO crystals. 

The down-converted photons are then sent to the two detectors. The detectors for the lab are 

Avalanche Photodiodes (APD), which are capable of counting single-photons. Rotating 

polarizers are placed in front of the APDs and beam stop between them to block unnecessary 

beam. The APDs were used with fiber-optics and focusing optics, along with an iris in some 

measurements to improve visibility. 
 

 

Figure 1: Lab Setup 



Procedure 

1. With the  down-converted photon cones already falling upon the APDs, we had to worry 

about the placement of the Quartz Plate (QP). 

2. The QP was able to turn around both horizontal and vertical axes. By holding one 

constant and rotating around the other, we took measurements without rotating the 

polarizers and graphed the results to find maximum coincidence counts. 

3. With both axes of the QP aligned for maximum coincidence, we then took multiple 

measurements of several angles of polarizers to again maximize coincidence counts. 

4. Holding Polarizer B fixed at an angle, Polarizer A was rotated from 0° to 360°.  

5. This measurement was repeated for four different angles of Polarizer B, 0°,45°,90°,135° 

6. The data was counted on a Labview program, recorded and input into Microsoft Excel. 

7. The data was plotted in Excel to show the Cos
2
 dependence. Then visibility was 

calculated for each curve. Finally, Bells inequalities were calculated and shown to violate 

for specific angles and not for arbitrary angles.  

 

 

Figure 2: Schematic of Lab Setup 

Results / Analysis 

 The photons that exited the BBO crystals were presented as a cone, and we verified this 

as such using an EM-CCD camera, and this is shown in figure 3. The non-uniformity around the 

circle can be attributed to the lesser quality of the BBO crystals and their imperfect alignment 

inherent in any lab setup. Figures 4 and 5 show unsuccessful attempts and finding proper 

alignment of the QP, since there were no great amounts of intersections. Figure 6 shows when 

we found the proper vertical angle of 203° and this leads to figure 7 when we found the best 

horizontal angle, -1°.                  

 Figure 3:98 mW, Acquisition 0.1s, 255 Gain, Taken 9/28/2009 



 

Figure 4: Initial Optimizing of QP Horizontal axis 

 

Figure 5: Initial Optimizing of QP Vertical axis 



 

Figure 6: Optimizing Vertical QP Axis 

 

Figure 7: Optimizing Horizontal QP Axis 

With the QP optimized, we were able to build our Cosine-Squared dependence by rotating the 

polarizers in front of the APDs. Figures 8 and 9 show this dependence with that angles 0° and 

90°, 45° and 135°. 

 



 

Figure 8: Cos^2 Dependence 1 

 

Figure 9: Cos^2 Dependence 2 



 

Figure 10:  Arbitrary Polarizer Angles, No Bell's Violations 

With our cosine-squared dependence properly created, we use the data to calculate Bell’s 

Inequalities. Table 1 shows the data used in our setup that properly violates the Inequalities by 

having a value great than two, and Table 2 where they were not violated. Figure 10 is showing 

that with an arbitrary angle, we still obtain Cosine-squared dependence, but no Bell State.  

 

α β Coincidence Average Accidental 
Net 

Coincidence E values S Value 

-45 -22.5 910 947 920 925.6666667 28.01797916 897.6486875 0.687552 2.277057 

-45 22.5 207 235 216 219.3333333 26.97609096 192.3572424 -0.62572 

-45 67.5 241 230 231 234 29.8709073 204.1290927 0.421657 

-45 112.5 839 877 807 841 29.35611973 811.6438803 0.542131 

0 -22.5 733 750 742 741.6666667 27.69584339 713.9708233 

0 22.5 725 695 689 703 25.36555093 677.6344491 

0 67.5 219 257 255 243.6666667 23.38326168 220.283405 

0 112.5 254 258 231 247.6666667 28.74253473 218.9241319 

45 -22.5 106 121 108 111.6666667 28.02752635 83.63914032 

45 22.5 673 650 636 653 23.53723326 629.4627667 

45 67.5 663 675 704 680.6666667 24.05946902 656.6071977 

45 112.5 136 187 165 162.6666667 23.24234144 139.4243252 

90 -22.5 336 344 307 329 29.9341449 299.0658551 

90 22.5 190 203 228 207 27.67929164 179.3207084 

90 67.5 590 585 591 588.6666667 25.99506144 562.6716052 

90 112.5 731 762 734 742.3333333 30.48310789 711.8502254 
Table 1: Bell's Inequalites Violated 

 

 

 



α β Coincidence Average Accidental 
Net 

Coincidence E Values S Value 

-45 45 19 21 22 20.66666667 21.52767529 -0.861008619 -0.9941 -1.04547 

-45 90 353 381 418 384 23.69221142 360.3077886 -0.23563 

-45 135 956 976 994 975.3333333 32.19095286 943.1423805 0.06084 

-45 180 503 534 537 524.6666667 27.78178464 496.884882 -0.34784 

0 45 428 435 453 438.6666667 23.20210295 415.4645637 

0 90 167 196 165 176 25.19976266 150.8002373 

0 135 522 523 504 516.3333333 28.01993359 488.3133997 

0 180 690 634 693 672.3333333 24.93460356 647.3987298 

45 45 780 769 746 765 21.24019858 743.7598014 

45 90 599 558 577 578 22.37147676 555.6285232 

45 135 35 27 34 32 26.15113575 5.848864254 

45 180 310 291 342 314.3333333 23.5541104 290.7792229 

90 45 357 377 361 365 23.88691583 341.1130842 

90 90 776 720 732 742.6666667 26.63543771 716.031229 

90 135 530 577 546 551 29.57471897 521.425281 

90 180 155 160 164 159.6666667 55.58855222 104.0781144 

Table 2: Bell's Inequalities Not Violated 

--------------------------------------------------------------------------------------------------------------------- 

715.1296 146.934 364.0039 588.3202  

671.7816 152.1857 296.5997 234.3547  

455.9698 297.8975 770.4857 12.69794  

262.5645 579.9746 739.7868 34.36981  

144.7177 665.4182 554.4373 291.5944  

166.97 731.2987 309.965 610.0975  

305.049 669.9273 81.41771 900.0485  

493.9693 449.2716 -1.33101 1020.899  

638.53 247.9272 94.97746 841.9361  

635.1359 139.9454 309.0267 500.7207  

570.6963 122.6946 488.7241 199.2955  

365.1964 237.9266 621.2587 14.94296  

219.0756 425.275 656.7457 33.82846  

119.5302 638.2239 485.4272 293.0771  

147.428 724.4674 282.4721 609.3045  

306.2133 701.0242 75.1923 979.369  

515.4153 516.9346 1.404521 1080.724  

800.908 278.0143 109.0001 938.6194  

755.3424 157.8511 350.5286 558.9788  

 

800.908 731.2987 770.4857 1080.724 Maximum 

119.5302 122.6946 0 12.69794 Minimum 

0.740275 0.712657 1 0.976774 Visibility 

Table 3: Visibility Measurements on Final Cos^2 

 



Conclusion and Discussion 

 Knowing that Albert Einstein himself did not think entanglement possible, it was hard to 

ignore the fact that this lab was obviously going to be tough. Regardless of the difficulties in 

alignment and measurements, understanding of the inequalities and subject of entanglement was 

difficult to get over as well.  

 Bell State was found with the proper alignment of the vertical and horizontal axis of the 

Quartz Plate and using specific angles for the polarizers. It must also be noted that the violation 

of Bell’s Inequalities for specific angles will prove entanglement not only with an S value of 

more than 2, which means a visibility greater than 71%. We did achieve this in each of our 

measurements, as shown in Table 3. The visibility of 100% we obtained in the one measurement 

is an obvious flaw, as that would not be possible in our lab. There is error throughout each part 

of the lab that would not allow perfect visibility. Some of those factors are the quality of the 

Quartz Plate, the alignment of the Quartz plate, the need for a smaller iris in front of the APDs, a 

more narrow-banded laser, the affect the fiber-optics might have on the APDs and even the 

quality of the polarizers and counting mechanism on the computer. 
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Appendix A: Proof- entanglement state presentation does not depend on basis. 
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Appendix B: Proof – Cosine-squared dependence of coincidence counts.  
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