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Abstract: 

In this lab we produced entangled photon pairs and used avalanche photo diodes 

to record coincidence counts in order to confirm a violation of Bell’s inequality.  

The entangled photons were produced by spontaneous parametric down 

conversion in two BBO crystals (beta barium borate).  A quartz plate was used to 

compensate for the phase shift introduced by the birefringent BBO crystals.  We 

confirmed that entangled photons result in coincidence counts that violate Bell’s 

inequality, thus verifying a major prediction of quantum mechanics. 

 

1.  INTRODUCTION AND THEORETICAL BACKGROUND: 

 Bell’s inequality is a basic mathematical statement regarding classical states.  It 

can be applied to many everyday situations, but is important in quantum mechanics 

because, when violated, it implies non-locality.  A violation of Bell’s inequality 

constitutes a straightforward demonstration of the validity of quantum mechanics.  Using 

entangled photons it is possible to observe a violation of Bell’s inequality.   

 Quantum entanglement is when two particles have a closely correlated state with 

regards to certain properties such as polarization or spin.  When two particles are in an 

entangled state, any measurement performed on one particle will immediately affect the 

outcome of measurements performed on the other particle, no matter what distance 

separates them.  In the case of photon polarization, a measurement of the polarization 

state of one of a pair of entangled photons will result in a change in apparent polarization 

of the other photon.   

 Although quantum entanglement seemingly opens the door to faster-than-light 

communication, it actually does not.  In order to interpret the outcome of measurements 

performed on an entangled photon, one must have information about the results of the 

measurements performed on its entangled partner.  When two scientists conducting 

measurements on entangled photons come together they will always find that their 

measurements are correlated as if information about one measurement had 

instantaneously been transmitted to the other photon, but they will never be able to use 

that phenomenon to communicate faster than light.   
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The experiment used to confirm a violation of Bell’s inequality in this lab was suggested 

by Dehlinger et al.  A relatively straightforward method is used to produce polarization 

entangled photons, which are then collected by APDs after passing through polarizers.  

By measuring the coincidence count between APDs, it is possible to demonstrate that 

incoming photons are entangled.  The expression of Bell’s inequality that we used in this 

lab is 2≤S , where )','(),'()',(),( baEbaEbaEbaES ++−≡ .  We can calculate each 

component of S by using the following equation: 
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Here alpha and beta represent different angles of the polarizers placed in front of the 

APD detectors.  Since 2≤S  is the classical case, if we have S > 2 it is an indication that 

Bell’s inequality has been violated.   

 In order to create polarization entangled photon pairs, we used BBO crystals (beta 

barium borate).  BBO crystals are non-linear, and convert a small proportion of incoming 

photons into two photons of twice the wavelength which then depart from the crystal at a 

specific angle.  This process is called spontaneous parametric down conversion.  The 

down converted photons have opposite polarization to the incoming “parent” photon, and 

are polarization entangled.  

 
FIG 1.  Down conversion of horizontally polarized photon. 

 

Two BBO crystals, positioned orthogonally, were used to create a cone of down 

converted light.  A birefringent quartz plate was used to compensate for the phase shift 

introduced by the two crystals.   
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2.  PROCEDURE 

 

1. Our setup was arranged so that light form a blue diode laser (408 nm) passed 

through two orthogonally oriented BBO crystals.  The BBO crystals 

parametrically down converted some incoming light, which was directed towards 

two APDs mounted on optical rails.  A blue filter was used to remove shorter 

wavelengths of light, and a quartz plate allowed us to compensate for the phase 

shift induced by the BBO crystals.  Two polarizers placed in front of the APDs 

allowed us to select for certain polarization states (see FIG 2).    

 

 
FIG 2.  Experimental Setup 

 

2. We first collected images of the cone of down converted light using a CCD 

camera. 

3. We aligned the BBO crystal to achieve the largest possible number of coincidence 

counts. Vertical alignment was set at 62 deg. and the horizontal at 75 deg. 

4. We aligned the quartz plate in order to compensate for the phase shift introduced 

by the two BBO crystals.  In order to do this we recorded coincidence counts for 

varying angles of the quartz plate with different polarizer positions.  

Theoretically, coincidence counts should not vary when both polarizers are 
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moved through identical angles.  In order to find the correct alignment of the 

quartz plate, we looked for quartz plate positions where the coincidence counts 

from different polarization positions were identical (i.e. where the curves 

overlapped). 

5. We collected coincidence counts for various ranges of polarizer angles in order to 

demonstrate a cosine squared dependence between coincidence counts and 

polarizer angle.  In the ideal case, the amplitudes of the curves would be identical.   

6. We measured coincidence counts for specific angles of the polarizers that were 

known to most clearly show a violation of Bell’s inequality.   

 

RESULTS AND ANALYSIS 

 We encountered considerable difficulty when attempting to align the quartz plate 

to compensate for the phase shift caused by the BBO crystals.  Initially, we began by 

varying the quartz plate angle by too little, so that we weren’t able to see the area where 

the curves overlapped.  Even when we did measure coincidence counts over a wider 

range of quartz plate angles, it was not obviously clear where the nearest point of overlap 

was.  FIG 3 below shows our initial alignment measurements. 
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FIG 3.  Quartz Plate Horizontal Alignment 1 

 

 Although we were not immediately able to identify a single point of intersection, 

we chose a quartz plate angle of 78 degrees because it appeared to be there that the 

curves were the closest.  Similarly, we had to estimate the point of intersection of the 

curves for the vertical alignment of the quartz plate.  In the end we chose 10 degrees as 

our quartz plate position. 

 

Conincidence Counts Vs. Quartz Plate Vertical Angle
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FIG 4.  Quartz Plate Vertical Alignment 

 

 Using a quartz plate position of 10 degrees vertically and 78 degrees horizontally, 

we recorded coincidence counts while fixing polarizer alpha at four different angles and 

varying polarizer beta over a full 360 degree range.  FIG 5 displays our results.  As can 

be seen, we verified that coincidence counts have a cosine squared dependence with 

polarizer angle.  We also observed, however, that each of our cosine squared curves had 

different amplitude.  This was an indication of problems in our quartz plate alignment.  

When we initially tried to show a violation of Bell’s inequality using this quartz plate 

alignment, we were unable to do so.   
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Coincidence Counts vs. Angle of Polarizer
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FIG 5.  Cosine Squared Dependence of Coincidence Count on Polarizer Angle 

 

 In order to increase our chances of observing a violation of Bell’s inequality, we 

re-aligned the quartz plate.  FIG 6 shows our second set of alignment curves. 

Coincidence Counts as a Function of QP Horizontal Angle
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FIG 6.  Quartz Plate Horizontal Alignment 2 
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 For our second attempt at demonstrating a violation of Bell’s inequality we 

selected a quartz plate vertical angle of 18 degrees and a horizontal angle of 118 degrees 

(see FIG 6).  Using these angles we obtained the following data: 

 

Quartz Plate Horizontal 118  BBO Crystal Vertical 62
Quartz Plate Vertical 18  BBO Crystal Horizontal 75
       
      
Polarizer α Polarizer β 

Coincidence 
Counts   Average Net 

-45 -22.5 754 716 704 724.6666667 311.6667
-45 22.5 522 507 542 523.6666667 110.6667
-45 67.5 469 484 465 472.6666667 59.66667
-45 112.5 691 677 639 669 256

0 -22.5 836 761 838 811.6666667 398.6667
0 22.5 750 700 716 722 309
0 67.5 426 389 402 405.6666667 -7.33333
0 112.5 525 564 526 538.3333333 125.3333

45 -22.5 553 529 616 566 153
45 22.5 701 688 684 691 278
45 67.5 767 750 776 764.3333333 351.3333
45 112.5 619 591 613 607.6666667 194.6667
90 -22.5 477 439 436 450.6666667 37.66667
90 22.5 484 539 520 514.3333333 101.3333
90 67.5 838 798 832 822.6666667 409.6667
90 112.5 779 749 727 751.6666667 338.6667

 

FIG 7.  Bell’s Inequality Data 

 

 We entered the above data into the equation presented in the introduction of this 

paper, and calculated a value for S of 2.196.  It is worth noting that this result is based on 

using an experimentally derived background coincidence count, rather the theoretical 

(and probably more accurate) one.   

 

DISCUSSION AND CONCLUSION 

 The primary challenge of this lab was aligning the quartz plate to compensate for 

the phase shift introduced by the BBO crystal.   As we had the opportunity to observe, 

misalignment can result in an inability to achieve a violation of Bell’s inequality.  When 

we realigned the quartz plate, however, we obtained a much higher value for S.  Since our 

value for S was over 2, Bell’s inequality was violated and we can conclude that the 
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behavior of the down converted photons cannot be described classically.  This 

demonstrates entanglement by showing that the polarization states of the photons arriving 

at the APDs were correlated in a way inconsistent with classical predictions.   

 Although somewhat less of an issue, the alignment of the BBO crystal and APDs 

could certainly have also impacted our results.  It would be expected that the quality of 

the results would be directly related to the overall alignment of the system.  As the 

alignment of the system increases, we would expect to see the value of S nearing its 

theoretical value of 22=S .  Any distortion in the laser beam itself (due to aberration 

or other causes) would result in distortion in the cone of down converted light, which 

would in turn reduce the measured value of S. 

 In conclusion, it is possible to demonstrate a violation of Bell’s inequality using a 

relatively straightforward optical setup.  Quantum entanglement is the subject of much 

current interest and research, and by demonstrating a violation of Bell’s inequality we 

also verified the existence of entanglement.  What exactly entanglement means and how 

best to interpret it, as well as what it can best be used for, remain open questions.    
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