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Abstract 

In this experiment we test violation of Bell's inequalities by using photons whose polarization 

states are entangled. These are produced by spontaneous parametric-down conversion in a pair of 

Type-I BBO crystals.  
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1. Introduction: 

Entanglement is one of the most perplexing and counterintuitive results of 

quantum theory. Two entangled particles share a single wave function that is not 

separable into distinct wave functions for each particle [1]. As a result, measurements 

conducted on one of the particles immediately yields information about the state of the 

other particle, even if they are separated a significant distance in space. In our experiment 

we study polarization-entanglement between pair of photons produced by spontaneous 

parametric down conversion (SPDC). We calculate Bell’s Inequality predicting the 

maximum value of a sum of probabilities. The probabilities involved assume a classical 

correlation between two particles, whose polarization states are measured. Violating this 

inequality means that these particles do, in fact, have a quantum relationship that cannot 

be explained by classical mechanics. 
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2. Background and theory: 

In 1935, Albert Einstein collaborated with Boris Podolsky and Nathan Rosen to 

publish a paper which is now simply referred to by the initials of its three authors: EPR. 

In essence, they concluded that Quantum Mechanics (QM) was incomplete because there 

existed so called "Hidden Variables" which must explain at least some of the uncertainty 

inherent in QM [2]. Hidden Variables means that there are microscopic properties of 

fundamental particles that we are unable to observe directly by means of testing, perhaps 

due to technological limitations that might not exist at some future time. i.e. maybe we 

simply need a bigger microscope to see the details of what is going on at the very 

smallest. Bell's Theorem is based on EPR. The Hidden Variable scenarios impose a 

critical requirement which was not obvious. Thirty years after EPR, Bell exposed this 

requirement, which is referred to as Bell's Inequality.  

‘Inequality of Bell’s type have got nothing to do with quantum theory’ [3].  They 

are based on trivial mathematical relation, i.e, 

|a+b+c| ≦ |a|+|b|+|c|                                             (1) 

 

We use the Clauser-Horne-Shimony-Holt (CHSH) version of Bell’s inequality in this 

experiment [4]. The entangled form of the SPDC state is 

                        (2) 

 

Where V and H refer to vertical and horizontal polarization and s and i are the historical 

way to label photons produced by spontaneous parametric down-conversion. This state is 

invariant regardless of choice of polarization basis. 

              (3) 

 

Where the rotated basis states are,      

                   (4) 

Consider now measuring the polarization of these photons. Now, imagine situating two 

detectors so that each detector will receive one of the entangled photons, and then 
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imagine placing a polarizer in front of each detector (fig 1), one polarizer rotated to the 

arbitrary angle α, the other to the angle β. The probability that both photons are vertical in 

the bases of their respective polarizers is 

PVV (α, β) = ½ cos
2
(α - β)    (5) 

Similarly,  the probablility for other polarization states are, 

 

    PHH (α, β) = ½ cos
2
(α - β) 

    PVH (α, β) = ½ sin
2
(α - β)    (6) 

    PHV (α, β) = ½ sin
2
(α - β) 

 

The probabilities can be easily measured from the number of coincidence photon counts 

when the polarizers are aligned at that specific angles i,e N(α, β) and total number of 

coincidence pairs detected, NTotal [5]. 

Now, we introduce the correlation function, 

E(α, β) = PVV + PHH – PVH  - PHV   (7) 

Substituting from equations (5) and (6) in equation (7) we have, 

    E(α, β) = cos 2 (α - β)      (8) 

With this quantity in mind, we can make use of the CHSH inequality. The CHSH 

inequality concerns the quantity S defined as 

   (9) 

Specifically, the CHSH inequality states that 

           (10) 

If, however,  

 

Thus, quantum mechanics predicts that the CHSH inequality can be violated for certain 

polarizer alignments. This is mainly what we are going to demonstrate in this experiment. 

 

3. Experimental Setup:  

A schematic of the experimental setup is shown in figure 1. The laser used in the 

lab is a pump Argon laser with λ=363.8nm. The beam is passed through a blue filter and 
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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. 

 

Fig 1: Schematics of our Experimental Setup. The pump laser drives the process of spontaneous 

parametric down-conversion in the BBO crystals, which causes the crystals to occasionally emit 

polarization entangled photons. Polarization entangled photon pairs pass through polarizers and are 

received by detectors. 

 

 

4. Procedure and Result:  

A. Producing polarization-entangled photon pairs by SPDC: 

Entangled photons are produced via spontaneous parametric down-conversion 

(SPDC) using BBO crystals [6]. This process refers to the emission of entangled photon 

pairs by nonlinear crystals. By standard nomenclature, one of these photons is called the 

“signal" photon, and the other is called the “idler" photon. When the pump laser hits the 

BBO crystals, there is a small chance that a photon is absorbed and then reemitted as two 

photons. The crystal is unaltered by this process, so energy and momentum are 

conserved, and the wavelengths of the down-converted photons emitted by the BBO 
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crystals are double the wavelength of the pump laser. Now if two type-I BBO crystals are 

placed back to back and an incident beam, polarized at an angle 45º is used, then 

polarization-entangled photons are produced. 

 

 

 

Fig 2. Production of two horizontally polarized photons from one vertically polarized photon 

by parametric down-conversion 

 

B. Imaging the down-converted light cone by EM-CCD camera: 

We used a CCD camera instead of APDs to image the ring of photons emitted via 

SPDC for aligning the BBO crystal. We took images and videos of the down-converted 

light cone. . For this purpose we used a argon ion laser source which generates light beam 

at wavelength 363.8 nm. The image of the down-converted light cone (see Fig. 3 ) is 

taken by the EM-CCD camera for camera gain 255 and exposure time 0.5 sec. We 

oriented the quartz wave plate and BBO crystals in different angles until we observed the  

 

 

Fig 3. Image of down-converted light cone taken by EM-CCD camera 
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desired image of the cone which was the best alignment that we could get. We see a spot 

inside the cone, which is a fluorescence artifact caused by the argon-ion laser (fig 3). 

 

C. Aligning the quartz plate: 

To achieve consistent coincidence counts for as many polarization angles as 

possible of polarizers A and B, the quartz plate is rotated along its horizontal and its 

vertical axis, and then the coincidence counts are recorded for multiple polarizer 

positions, 

    

We plot the results of these measurements against the angular positions of the 

quartz plate, and choose the orientation of the quartz plate at the angles where the set of 

four curves are nearest to equal. We then fix this orientation for the experiment. From the 

graphs on figure 4, we se that maximum overlapping is around -1 degrees for the 

horizontal angle while it is around 34 degrees for the vertical angle. This is thus a 

confirmation that we get equal amount of horizontally and vertically polarized photon. 

 

 

     

Fig 4.  Coincidence counts while varying the horizontal (left) and vertical (right) angle of wave plate 

 

D. Test for Entanglement: 

The angle of polarizer A, α is kept fixed twice and the angle of B, β is varied from 

0º to 360 º and vice versa. The coincidence counts are noted and plotted as function of α-

β. This process is done for two choices of α of 135º and 90º and two choices of β of 45º  
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Fig 5. The coincidene counts vs polarizer angles of fixed A(in blue) at 135 while varying 

angle of B and fixed B(in pink) at 45 while varying angle of A. They  show cosine squared dependence 

with the angles. 

 

 

 

Fig 6. The coincidene counts vs polarizer angles of fixed A(in blue) at 0 while varying angle 

of B and fixed B(in pink) at 45 while varying angle of A. They  show cosine squared dependence with 

the angles. 

 

and 0º. From fig 5 ad fig 6 we can clearly see the cosine squared dependence of the 

coincidence counts with the angle of polarizer. This shows that the photons are 

polarization entangled. The plot shown in figure 5-6 is the net coincidences that we 

  B 
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measured. We have obtained this by subtracting accidental counts from average which 

contains information  on  accidental  coincidences  in addition of real coincidences. 

Therein we need to subtract the accidental coincidences, Naccidental given by expression 

 

         
(11)

 

 

E. Determining the fringe visibility: 

The fringe visibility is defined by  

        (12) 

 

 Where Nmax and Nmin are the maximum and minimum count for a particular 

cosine graph. For this experiment we need to have a visibility  larger than 0.71. This 

means that we cannot violate  Bell’s  inequalities  with  a  visibility  smaller  than  0.71. 

We have calculated the fringe visibility for polarizer angle 90 (fig 6) and obtained  

V= 0.81 which is >0.71 

Hence we also pass this test for violation of Bell’s Inequality or the Clauser-Horne-

Shimony-Holt (CHSH) inequality violation which we are using for our experiment. 

 

F. Violating Bell’s inequality: 

Next we measured S parameter (equation) by using the Clauser, Horne, Shimony 

and Holt version of the Bell inequalities which allows us to determine if the CHSH 

inequalities and hence the Bell’s inequalities are violated or not. From the theory 

discussed earlier, the S parameter is defined as follows, 

       
(from equation 9)

 

 

 

 

1s 

          

Naccidental     
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Where,  

 

 

and N are the coincidence counts at the 16 set of definite polarizer angles.  

The S parameter provides us with information on the nature of these phenomena.  

This will tell us if it behaves classically or non classically, in other words, when |S|>2  

this means that Bell’s inequalities have been violated, this,  as  a  consequence  of  a  

strong  quantum  effect, which will allow us to have non-local effects such as 

entanglement. The specific polarizer angles (Table 1) are meant to maximize the 

difference between quantum and classical results. The coincidence counts corresponding 

to the combinations of these angles are used to calculate Bell’s Inequality. We calculated 

the S parameter and also noted its variation in two cases where we used different set of 

polarizer angles combination than the standard set which is known to violate the Bell’s 

inequalities and also in different angular settings of the wave plate. These two 

dependences are described below. 

 

i) Dependence of  violation on Bell’s Inequalities with polarizer angles: 

There are only certain angles in which the Bell’s inequalities can be violated. The 

table 1 shows data where standard angles of polarizer A and B are used and we obtain S = 

2.407 which is greater than 2. 

While in table 2, when we took random angles for polarizer A and B, violation of 

Bell’s inequality was not observed since the value of S=0.93 satisfies the criteria of S < 2 

for Bell’s inequalities. . Although this information (Table 2) does not tell pretty much 

anything about quantum phenomenon, it demonstrates the importance of using the 

specific angles needed to violate the inequality. 

(13) 
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Table 1a: Data showing violation of Bell’s inequalities for standard set of polarizer A and B angles 

with laser power = 60mW, Current= 56A, Acquisition Time = 1 second. 

 

Polarizer A Polarizer B Singles A Singles B 
Accidental 

coincidence 

Average 

Coincidence 

Net 

Coincidence 

-45 -22.5 2913 2449 0.185482 23 22.81452 

-45 22.5 2771 2633 0.189697 3.666666667 3.47697 

-45 67.5 2857 3017 0.224109 2.333333333 2.109225 

-45 112.5 3079 2713 0.217187 31 30.78281 

0 -22.5 3203 2458 0.204697 24 23.7953 

0 22.5 3194 2798 0.232357 26.66666667 26.43431 

0 67.5 3141 2845 0.23234 10.66666667 10.43433 

0 112.5 3346 2711 0.235846 6.333333333 6.097487 

45 -22.5 3357 2433 0.212357 6.666666667 6.45431 

45 22.5 3382 2626 0.230909 27.66666667 27.43576 

45 67.5 3781 2863 0.28145 40.66666667 40.38522 

45 112.5 3476 2676 0.241846 16 15.75815 

90 -22.5 3780 2807 0.275872 6.666666667 6.390795 

90 22.5 3580 2991 0.278402 6 5.721598 

90 67.5 3271 3214 0.273338 23.33333333 23.06 

90 112.5 3530 2966 0.272219 34 33.72778 

 

Table 1b:Calculation of E and S from data of table 1a and formulas 

 

E(α,β) 0.761 

E(α’,β’) 0.672 

E(α’,β) 0.472 

E(α,β’) -0.503 

S = 2.4  

> 2 
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Table 2a:Data showing non-violation of Bell’s inequalities for random set of polarizer A and B angles   

with laser power = 60mW, Current= 56A, Acquisition Time = 1 second. 

 

Polarizer A Polarizer B Singles A Singles B 
Accidental 

coincidence 

Average 

Coincidence 

Net 

Coincidence 

35 15 3650 2979 0.282707 29.33333333 29.05063 

35 100 3902 3269 0.331647 14 13.66835 

35 -15 3888 2869 0.290021 17.33333333 17.04331 

35 30 3942 3079 0.315573 39.33333333 39.01776 

180 30 3666 3145 0.299769 21.66666667 21.3669 

180 60 3645 3256 0.308571 16 15.69143 

0 60 3743 3319 0.322998 10.33333333 10.01033 

0 0 3794 3301 0.325624 32 31.67438 

0 90 3797 3516 0.347107 5.333333333 4.986227 

70 90 4155 3660 0.39539 50.33333333 49.93794 

70 270 4139 3612 0.388702 44 43.6113 

50 100 4091 3366 0.358028 28.33333333 27.97531 

50 5 4051 3219 0.339044 23.66666667 23.32762 

135 5 3084 2669 0.214011 13 12.78599 

135 0 3020 2762 0.216872 15 14.78313 

135 -10 3092 2629 0.211351 23 22.78865 

 

Table 2b:Calculation of E and S from data of table 2a and equation 13 and 9 respectively. 

 

E(α,β) 0.535 

E(α’,β’) -0.072 

E(α’,β) 0.040 

E(α,β’) -0.362 

S = 0.93 

< 2 

 

 



 12 

Table 3a:Data showing violation of Bell’s inequalities for Horizontal angle = 5º and Vertical angle 

= 34º of wave plate with laser power = 100mW, Current= 57A, Acquisition Time = 1 second. 

 

Polarizer A Polarizer B Singles A Singles B 
Accidental 

coincidence 

Average 

Coincidence 

Net 

Coincidence 

-45 -22.5 7000 4500 0.819 88.66666667 87.84767 

-45 22.5 6900 3200 0.57408 17 16.42592 

-45 67.5 6900 3000 0.5382 8.333333333 7.795133 

-45 112.5 6500 4800 0.8112 104 103.1888 

0 -22.5 4700 4200 0.51324 57 56.48676 

0 22.5 4600 2800 0.33488 27.33333333 26.99845 

0 67.5 4800 3600 0.44928 12.66666667 12.21739 

0 112.5 4800 4600 0.57408 40 39.42592 

45 -22.5 2800 4300 0.31304 6 5.68696 

45 22.5 2900 2900 0.21866 21 20.78134 

45 67.5 2800 2900 0.21112 19 18.78888 

45 112.5 2800 4500 0.3276 5.333333333 5.005733 

90 -22.5 4600 4200 0.50232 30.66666667 30.16435 

90 22.5 4500 3000 0.351 5.333333333 4.982333 

90 67.5 4600 2900 0.34684 23.66666667 23.31983 

90 112.5 4500 4500 0.5265 68.33333333 67.80683 

 

ii) Dependence of violation on Bell’s Inequalities with different settings of quartz 

wave plate: 

We varied the horizontal and vertical angle of the quartz wave plate to see if we 

can still violate the Bell’s inequalities. First, keeping the vertical angle at 34º, we changed 

the horizontal angle to 5º from 0º which was our standard setting to obtain maximum 

alignment as seen if fig 3-4. We can see from table 3a that surprisingly, we still violate 

bell’s inequalities and the value of S = 2.15 (table 3b) which is still slightly greater than 2  
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and also we obtain good fringe visibility of 0.9 (table 3c) for angles of 45º - 45º and 45º - 

135º of α-β angles of the polarizer. However, when both the horizontal and vertical angle 

are changed from its optimum settings, we see non-violation of Bell’s inequalities, 

although there is a fringe visibility of greater than 0.71 for set of (45º, 45º) and (45º, 

135º) angles of angles (α,β). Thus this requires that the wave plate must be set in its 

optimum angle as obtained from figure 4 to violate the Bell’s inequalities. 

 

Table 3b: Calculation of E and S from data of table 3a and equation 13 and 9 respectively 

E(α,β) 
0.77552 

E(α’,β’) 
0.362012 

E(α’,β) 
0.306288 

E(α,β’) 
-0.70521 

S = 2.15 

> 2 

 

Table 3c: Visibility Data 

Polarizer A Polarizer B Coincidence Count Visibility (V) 

0 0 53.000 

0 90 10.667 

0.66 for (0,0) and (0.90) 

V < 0.71 

45 45 20.333 

45 135 0.667 

0.94 for (45,45) and (45,135) 

V >0.71 

 

Table 4a:Data showing violation of Bell’s inequalities for Horizontal angle = 5º and Vertical angle 

= 40º of wave plate with laser power = 78 mW, Current= 56A, Acquisition Time = 1 second. 

Polarizer A Polarizer B Singles A Singles B 
Accidental 

coincidence 

Average 

Coincidence 

Net 

Coincidence 

-45 -22.5 9111 7197 1.704869 237.6666667 235.9618 

-45 22.5 9609 3760 0.939376 5.333333333 4.393957 

-45 67.5 9229 3709 0.889989 26.33333333 25.44334 

-45 112.5 9408 9606 2.349704 203.3333333 200.9836 

0 -22.5 5934 7303 1.126736 128.3333333 127.2066 

0 22.5 6358 3927 0.649165 34.33333333 33.68417 

0 67.5 6350 3993 0.659244 34.66666667 34.00742 
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0 112.5 6509 7879 1.333395 130.3333333 128.9999 

45 -22.5 2196 5668 0.32362 5.333333333 5.009713 

45 22.5 2283 3166 0.187927 28.33333333 28.14541 

45 67.5 2192 3038 0.173142 36.66666667 36.49352 

45 112.5 2268 5717 0.33712 7.666666667 7.329547 

90 -22.5 4476 5795 0.674399 82 81.3256 

90 22.5 4508 3616 0.423824 29.33333333 28.90951 

90 67.5 4350 3133 0.354342 32.66666667 32.31232 

90 112.5 4529 5617 0.661424 86 85.33858 

 

Table 4b:Calculation of E and S from data of table 4a and equation 13 and 9 respectively 

E(α,β) 
0.799 

E(α’,β’) 
-0.140 

E(α’,β) 
0.161 

E(α,β’) 
-0.903 

S = 1.72 

< 2 

 

Table 4c: Visibility Data 

Polarizer A Polarizer B Coincidence Count Visibility (V) 

0 0 46.0 

0 90 41.0 

0.06 for (0,0) and (0.90) 

V < 0.71 

45 45 32.0 

45 135 1.3 

0.92 for (45,45) and (45,135) 

V >0.71 

 

 

5. Conclusion: 

Thus in this experiment we have demonstrated polarization state entanglement in 

photon pairs. This feature was done using entangled photons produced by two BBO 

crystals, which make use of a non-linear process called spontaneous parametric down 

conversion. The entanglement was verified by use of the CHSH form of Bell’s inequality. 

Clearly, we violated Bell’s inequality as the value of the S parameter was 2.4 (which is 
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greater than 2) for the 16 optimal values of angles of polarizer A and B. We also showed 

the importance of the particular polarizer angle pairs used in violating Bell’s inequalities 

by using random angles of polarizer where we did not violate Bell’s inequalities. We also 

demonstrated the Bell’s inequalities with different setting of quartz plate where we could 

see violation of bell’s inequalities when the horizontal angle was changed from optimal 

value. However Bell’s inequality was not violated when both the horizontal and vertical 

angle setting was changed from the optimal value. This demonstrates the importance of 

specific setting of the waveplate. 
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