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James Maslek 

Entanglement and Bell’s Inequalities 

Abstract 

The purpose of this experiment was to verify quantum entanglement of polarization 
states in photon pairs.  Through a process known as Spontaneous Parametric Down 
Conversion, we were able to create a pair of entangled photons.  In order to verify that 
we have entanglement, we used Bell’s inequalities.  Through the use of Avalanche 
Photodiodes, we were able to see if the coincidence counts violated this classical 
relationship.    Based on our experiment, we were able to achieve a value for Bell’s 
inequality that was greater than 2, which implies that we were able to successfully 
generate entangled photons.  

Theory and Background 

Two particles are considered entangled when the wavefunction of the system cannot be 
split into individual wavefunctions.  Because of this, if we measure the state of one 
particle, we instantly know the state of the other.  One of the most well-known examples 
is referred to as Schrodinger’s Cat.  This is a though experiment from Erwin 
Schrodinger that involves a box with a cat and a radioactive atom.  There is a Geiger 
counter that will release a poison if it detects the atom decays.  If the atom decays, then 
the cat dies.  Classically, we know that either the cat is alive or dead.  However, from a 
quantum perspective, the cat is both alive and dead.  This is because the state of the 
cat is entangled with the state of the atom.  And while the box is closed, there is a 
superposition of states, which means the cat is both alive and dead.  However, once we 
open the box, we can collapse the wavefunction and observe the cat.  Because the cat 
and the atom are entangled, we instantly know that if the cat is alive then the atom did 
not decay, and vice versa.  This is the idea behind quantum entanglement.  

In our experiment, we will look at a process known as Spontaneous Parametric Down 
Conversion.  This is a process for creating entangled photons that involves passing a 
laser through a BBO crystal. The efficiency of this process is on the order of 10-10, so we 
will use a high powered laser to produce as many photons as possible.  The idea 
behind this process is that we use a Type-1 BBO crystal with a 45 degree incident 
polarization.  Due to phase matching, if we have a vertically polarized photon, it will get 
down converted and produce two horizontally polarized photons.   The same happens 
with horizontally polarized photons, where they get down converted into two vertically 
polarized photons.  This creates two beams of photons, one that is horizontally 
polarized and another that is vertically polarized. 
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We will also be using polarizers after the BBO crystals.  In order to verify that we have 
entanglement, we can look at two different criteria.  The first involves observing the 
coincidence counts using the Avalanche Photodiodes (APDs).  When we keep one 
polarizer constant, and rotate the second, we can use Malus’s law to see that we expect 
a Cosine squared relationship between the angle and the coincidence count.  We can 
use the APD’s to observe the coincidence counts and then plot them.  In order to verify 
that we have entanglement, we need a fringe visibility greater than .71 for all angles of 
the constant polarizer.  The fringe visibility is defined as the ratio of the difference 
between max and min coincidences to the sum of the max and min coincidences.  If this 
value is greater than .71 for all angles, then we have entanglement. 

The second way to verify that we have entanglement is through the use of Bell’s 
inequalities.  Bell’s inequality is a classical mathematical relationship.  This holds for any 
classical relationship.  However, if we have something that is not classical, like 
entanglement, this relationship will not hold.  For our experiment, we will be using a 
modified version of Bell’s inequality known as the Clauser, Horne, Shimony, and Holt 
(CHSH) inequality.  This says that that la+b+cl is less than or equal to lal+lbl+lcl.  
Mathematically, this is seen as 

|𝑆| = |𝐸(𝑎, 𝑏) − 𝐸(𝑎, 𝑏′)| + |𝐸(𝑎′, 𝑏) + 𝐸(𝑎′, 𝑏′)|                                       Equation 1 

Where 

𝐸(𝑎, 𝑏) =
𝑁(𝑎,𝑏)+𝑁�𝑎⍖,𝑏⍖�−𝑁�𝑎,𝑏⍖�−𝑁(𝑎⍖,𝑏)

𝑁(𝑎,𝑏)+𝑁�𝑎⍖,𝑏⍖�+𝑁�𝑎,𝑏⍖�+𝑁(𝑎⍖,𝑏)
          Equation 2 

Here, N(a,b) is the coincidence count when the polarizers are set to an angle a or b.  
For this relationship, we verify that we have entanglement when we have lSl greater 
than or equal to 2. 

Experiment 

Figure 1 shows the setup for the experiment.  We have our laser of power roughly 100 
mW and wavelength 363.8 nm.  The beam passes through a blue filter and then a 
quartz plate.  The blue filter is used to eliminate fluorescence that may be present is the 
laser, and the quartz plate is used to induce a phase difference.  The mirror directs the 
beam through the BBO crystals and then APD’s are places to observe the down 
converted photons.  There are polarizers placed before the APD’s that can be rotated 
depending on the experiment.   
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Figure 1:  The setup of our entanglement experiment.  

The procedure for this experiment is as follows: 

1. Using an Electron-Multiplying CCD (EM-CCD), observe the down converted light 
cone leaving the BBO crystals. This is done through using the imaging lens and 
interference filters in front of the EM-CCD.  Make sure that the cones are on the 
CCD. 

2. Measure coincidence counts for various angles of the quartz plate with respect to 
both the horizontal and vertical axis.  This is done by setting a single polarizer to 
a set angle and then adjusting the quartz plate.  Do this for the angles 0, 45, 90, 
and 135 degrees.  Plot the results.  The proper angle of the quartz plate is where 
the four curves are closest.   

3. Check for Cosine squared dependence of coincidence counts as a function of 
polarizer angle.  This is done by keeping one polarizer constant and then rotating 
the second polarizer.  Note the visibility of the curve.  Visibility greater than .71 
indicates a violation of Bell’s inequalities 

4. Measure Bell’s inequality using 16 measurements.  The measurements are 
where the angle a is {0, 45, 90, 135} and angle b is {-22.5, 22.5, 67.5, 112.5} 
(degrees).  Equation 1 can be used to calculate S. 

Results and Analysis 

When we observed the light cone of down converted light, we got the following image. 
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Figure 2:  This shows the two cones of down converted light. 

Next we had to rotate the quartz plate around its horizontal and vertical axes to 
determine the best alignment. 

 
Figure 3:  This shows the rotation of the quartz plate around its horizontal axis.  We measured the coincidence counts at different 
points where the two polarizers were the same.  This provides maximum coincidence counts.  Based on this, we see that the best 

alignment is with the quartz plate at 0 degrees.  This is where the lines appear to be the closest. 
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Figure 4:   This shows the rotation of the quartz plate around its vertical axis.  This was carried out the same way that the horizontal 
measurements were.  Based on our data, we see that the best angle for the quartz plate is 34 degrees. 

Based on our data, we found that the optimum angle for the quartz plate was 34 
degrees vertical and 0 degrees horizontal.   

Next, we wanted to test for our Cosine squared dependence of coincidence counts as a 
function of polarizer angle.  We got the following data. 

 
Figure 5:  This shows the Cosine squared dependence of the coincidence counts.  For this experiment, we set our first polarizer to 
135 degrees then rotated the second polarizer.  This is shown in the blue curve.  Then we set the second polarizer to 45 degrees 
and then rotated the first polarizer.  For both of these, we see that the minimum is very close to 0, so this means we have a fringe 

visibility of very close to 1. 
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Next we measured the coincidence counts of sixteen different angle measurements.  
The net coincidence represents the average coincidence minus the accidental 
coincidence.  The accidental coincidence is from background noise, and is represented 
as the product of the singles counts from both each APD times a factor of 10-9. 

Angle A Angle B Net Coincidence
-45 -22.5 23.16485333
-45 22.5 5.143793333
-45 67.5 4.448266667
-45 112.5 30.7894

0 -22.5 19.83412
0 22.5 22.7816
0 67.5 14.43266667
0 112.5 9.7972

45 -22.5 2.82658
45 22.5 25.11493333
45 67.5 34.44046667
45 112.5 6.479466667
90 -22.5 7.85804
90 22.5 8.477386667
90 67.5 32.7738
90 112.5 22.82658  

Table 1:  This shows the data that we observed for 16 different angles.  This yielded a value of 2.26 for S. 

For this alignment, we found S to be 2.26.  This was calculated through the CHSH 
inequality (Equation 1).  Because the value is larger than 2, this implies that we have 
entanglement. 

In order to check if these angles are important, we can select different, randomly 
selected values for the polarizers and check to see if we still have entanglement.   
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Angle A Angle B Net Coincidence
35 15 29.05062623
35 100 13.66835341
35 -15 17.04331186
35 30 39.01776047

180 30 21.36689785
180 60 15.69142888

0 60 10.01033489
0 0 31.67437616
0 90 4.986226781

70 90 49.93794353
70 270 43.61129823
50 100 27.97530538
50 5 23.32762227

135 5 12.7859889
135 0 14.78312776
135 -10 22.78864943  

Table 2:  This is the same experiment, just carried out with different angles that were randomly selected.  This resulted in a value of 
S of .92. 

With our random angles, we found that S was .92.  This is less than 2, so we do not 
have entanglement.  This shows that the specific angles from Table 1 are important in 
violating the inequality.   

We can also change the angle of the quartz plate and see how this affects the 
inequality. 
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Angle A Angle B Net Coincidence
-45 -22.5 87.84766667
-45 22.5 16.42592
-45 67.5 7.795133333
-45 112.5 103.1888

0 -22.5 56.48676
0 22.5 26.99845333
0 67.5 12.21738667
0 112.5 39.42592

45 -22.5 5.68696
45 22.5 20.78134
45 67.5 18.78888
45 112.5 5.005733333
90 -22.5 30.16434667
90 22.5 4.982333333
90 67.5 23.31982667
90 112.5 67.80683333  

Table 3:  This shows data when we kept the vertical quartz plate angle at 34, but changed the horizontal angle to 5 degrees.  We 
got S to be 2.15. 

Angle A Angle B Net Coincidence
-45 -22.5 235.9617981
-45 22.5 4.393957493
-45 67.5 25.44334395
-45 112.5 200.9836289

0 -22.5 127.2065973
0 22.5 33.68416882
0 67.5 34.00742237
0 112.5 128.9999386

45 -22.5 5.009713205
45 22.5 28.14540591
45 67.5 36.49352497
45 112.5 7.329546611
90 -22.5 81.32560108
90 22.5 28.90950921
90 67.5 32.31232437
90 112.5 85.33857578  

Table 4:  This shows the results of keeping the horizontal angle changed at 5, but then changing the vertical angle to 40 degrees.  
We get S to be 1.72. 

Based on our data, it seems that if we keep one quartz plate angle constant, we can 
maintain the violation of Bell’s inequality.  However, once we changed both, we did not 
violate it.  However, we did not observe changing only the vertical angle, so we do not 
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have enough data to support the idea that only one direction will not change whether or 
not we violate the inequality. 

Summary 

In this experiment, we observed quantum entanglement in photon pairs.  Through the 
process of Spontaneous Parametric Down Conversion, we were able to create pairs of 
entangled photons.  Then using the CHSH Inequality at 16 specific angles, we found 
that we had quantum entanglement.  However, when we changed the angles, we did 
not observe entanglement.  So based on the angles that we set our polarizers at, we 
were able to verify that we created entangled photons. 
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