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ABSTRACT 
 

We show an experimental approach to study the entanglement, one of the most striking 

phenomena in quantum mechanics. Our mathematical tool to distinguish such quantum effect 

from classical behaviors regards in Clauser, Home, Shimony and Hall version of Bell’s 

inequalities. After this calculation was done, we obtained the value 2.32 for the parameter , 

which indicates a violation of Bell’s inequalities.  The heart of our experiment consists in 

generating two cross-polarized entangled photons, this by taking advantage of the Spontaneous 

Parametric Down-Conversion (SPDC) produced by two Beta Barium Borate crystals. The 

quantum correlation was done measuring the number of coincidences in two avalanche 

photodiodes (APDs).  
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1.- INTRODUCTION 
 

1.1.- Ideas of entanglement  
 
 Entanglement is one of the most amazing phenomena in quantum mechanics. It is a 

condition that allows us to have non-local properties of physical quantities between two particles. 

This is a consequence of the restriction in describing certain quantum state with the individual 

properties of the particle under study. Instead, two quantum systems are described with a single 

state vector, and such state vector cannot be factorized into single particle states. This can be 

observed in the following expression: 

                                                   

� 

ψ =
1
2

V q1 V q2 + H q1 H q2( )                                      (1) 

 
Where  and are polarized states. In fact, the behavior described by Eq. (1) is 

independent of the distance between the two systems. In other words, the perturbation of one of 

the states will modify the state of the other, quoting J. Kimble “tickle one of the two systems, 

causes the second laugh”. This idea can also be illustrated with Schrödinger cat paradox [1]. 
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It is completely unusual to figure out the non-local properties described above. In 1935, 

A. Einstein, B Podolsky and N. Rosen [2] wrote a paper where they attributed such non-locality to 

the incompleteness of quantum theory, therein the proposal of hidden variables. 

 

In 1964 John Bell [3] proposed a set of mathematical inequalities that allowed him to 

conclude the conflict between the hidden variables theory with quantum mechanics, as well as 

the non-locality that quantum mechanics introduced and that resulted in the violation of the Bell’s 

inequalities. 

 

Following the ideas of A. Aspect et al [4], we generated correlated entangled photons and 

measured correlations using a pair of single-photon counting avalanche photodiodes module, by 

detecting the number of coincidences in the polarization states of the down-converted cross-

polarized photons. Finally in order to conclude when Bell’s inequalities were violated the 

parameter  was calculated using the number of coincidences obtained experimentally. 

 

1.2	  Generation	  of	  entanglement.	  
	  

As we have already mentioned, in our experiment we use polarization states of photons, 

such polarization states play the role of quantum states, and the idea is to have the control of 

such states in order to perform well-defined operations. In fact most of the experiments in 

quantum information and quantum cryptography make use of a source of correlated photon pairs 

[5].  

Fortunately the development of nonlinear optics techniques in 1980s and 1990s [6], 

allowed us to use down conversion processes instead of atomic cascades in calcium, like those 

used in early experiments. In our experiment the creation of cross-polarized entangled photons is 

a fundamental part, therein the reason to clarify up how the Beta Barium Borate (BBO) crystals 

were used to produce the polarized entangled photons. 

 

The function of the BBO crystals is based on a second order nonlinear optical effect 

called Spontaneous Parametric Down-Conversion (SPDC) [7]. The SPDC process splits one 

incident polarized photon into two new photons called idler and signal (see Fig 1-a), with a down-

converted efficiency of the order of 10-10. 

 

It is important to point out that BBO crystal is a uniaxial crystal, and as most of the 

nonlinear crystals is a birefringent crystal, therefore they produce two types of phase matching, or 

regimes where we have constructive interference, such phase matching condition obeyed the 

conservation of energy and momentum; this is illustrated in the following figure.  
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a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b)	  

Figure	   1.-	   This	   figure	   illustrates	   the	   spontaneous	   down	   conversion	   process,	   and	   two	   important	   point	  
that	  are	  the	  conservation	  of	  momentum	  and	  energy. 

 
There are different situations to satisfy the phase-matching conditions, if the generated 

frequencies are equal, this process is called degenerated, and non-degenerated otherwise. 

 

As a consequence of the birefringence, which allows compensating the dispersion of the 

crystal, we have two types of phase matching. In type I the down-converted photons are parallel 

to each other and perpendicular to pump photon, while type II the down-converted photons have 

orthogonal polarizations. In our case, we used the type I degenerated phase matching. 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  2.-	  450	  linearly	  polarized	  light	  goes	  perpendicularly	  trough	  BBO	  crystals,	  then	  entangled	  photons	  
are	  generated	  with	  perpendicular	  polarization	  states	  relative	  to	  the	  initial	  photons	  polarization.	  
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 The main purpose of this section is to illustrate how two BBO crystals in a face-to-face 

position, (one of them is 900 rotated respect to the other) were used to generate the state 

described by equation 1. 

First we focused a beam linearly polarized with a 450 incident polarization in the surface 

of the first BBO crystal, see Figure 2.  We can consider the beam composed by two states half 

vertically and half horizontally polarized, this means that half of the photons are down-converted 

in the first BBO crystal generating a first cone perpendicular to incident polarization; then the 

other half of the initials phonons will be down-converted in the second BBO crystal generating the 

second cone, this can be described in the following two steps: 

 

                                                                 

� 

H → VsVi                                                               (2) 

 

The previous equation shows the horizontal component of the pump beam after it passes trough 

the fist BBO crystal. This will generate two down-converted photons (“ s ” signal, and “ i ” idler) 

with the same polarization, in this case vertical. Then the vertical components will pass trough the 

second BBO, generating horizontally polarized down-converted photons. 

  

                                                               

� 

V → HsHi                                                                 (3) 

 

The globally process which produces entangled states that in general can be described 

as follows and it is schematically shown in figure 2  

 

                                        

� 

H + V
2

→
HsHi + VsVi

2
= ψ ent = ψ Bell                                     (4) 

 

In order to be stricter in our description, we have to consider the phase term due to the difference 

in optical path lengths. The phase is given by  and the portion of transmitted energy, due to the 

initial polarization of pump beam, is given by the projections of the oscillatory photons on each 

axis, this is given by  and . 

 

                                             

� 

ψ DPC = Cosθ VsVi + eiφSinθ HsHi                                            (5) 
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1.3	  Calculation	  of	  Bell’s	  Inequality.	  
	  
	  

As it will be explained in section 2, we added two polarizers with certain rotation angles 

just before our single photon detectors. Those will be labeled as  and . In fact, those angles 

will be changed along the experiment and therefore, it is convenient to introduce such effect as a 

simple rotation of the coordinate system. For a polarizer, rotated  degrees and due to the 

invariant properties of expression 4, this can be rewritten as: 

 

	  	  	  	  	  	  	  	  	  	  

� 

V =
1

Cosα
Vα + Sinα H( ) =

1
Cosα

Vα + Tanα H

Hα = Tanα Vα + SinαTanα H + Cosα H

Hα − Tanα Vα = SinαTanα H + Cosα H

H =
Hα − Tanα Vα

SinαTanα + Cosα
=
Hα − Tanα Vα

Sin2α
Cosα

+ Cosα
=
Cosα Hα − Sinα Vα

Sin2α + Cos2α

= Cosα Hα − Sinα Vα

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (6)	  

	  
Similarly, 
 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

� 

V = Cosα Vα + Sinα Hα

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (7) 

	  
now  

 

� 

ψ Bell =
1
2

Cosα Vα s
+ Sinα Hα s[ ] Cosα Vα i

+ Sinα Hα i[ ][ ]
+ Cosα Hα s

− Sinα Vα s[ ] Cosα Hα i
− Sinα Vα i[ ][ ]

⎛ 

⎝ 
⎜ 
⎜ 

⎞ 

⎠ 
⎟ 
⎟ 

=
1
2

Cos2α Vα s
Vα i

+ CosαSinα Vα s
Hα i

+ SinαCosα Hα s
Vα i

+ Sin2α Hα s
Hα i

+Cos2α Hα s
Hα i

− CosαSinα Hα s
Vα i

− SinαCosα Vα s
Hα i

+ Sin2α Vα s
Vα i

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

=
1
2

Cos2α + Sin2α( )Vα s
Vα i

+ Sin2α + Cos2α( ) Hα s
Hα i[ ]

 

 
finally 

 

                                                

� 

ψ Bell =
1
2

Vα s
Vα i

+ Hα s
Hα i( )

                                      (8)                             
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As we already pointed out, we need to prove the non-local behavior as a consequence of 

entanglement. Experimentally, this can be proved by measuring the number of coincidences in  

the APD detectors, of course, taking into account the different optical elements which have 

modified the probability to detect coincidences. Moreover, such modification is a function of the 

rotation angles, therefore we can  obtain the probabilities of detecting a coincidence by 

considering the following possibilities: 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (9)	  

	  
 

The expressions (9), (8) and (5) allow us to obtain the probability to have a coincidence in 

detecting two horizontal polarized photons; 

	  

(10)	  
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Using the procedure shown in 10, it is trivial to show the following behaviors in the coincidences 

of detection with different orientations. 

	  

	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (11)	  

	  
 As we have previously mentioned the number of coincidences N(α,β) is directly 
proportional to P(α,β). It is important to clarify this, in order to explain the relation between such 
values and the Bell’s inequalities, which will be the tools to dictaminate the non-local behavior. 
 
 In fact we are going to be using the Clauser, Horne, Shimony and Holt version of the 
Bell inequalities [8]. Those will allow us to calculate the ⎜S⎜ parameter which is defined as follows: 
 

                                           

� 

S = E(α,β) − E(α,β ,) + E(α ,,β) + E(α ,,β ,)                              (12) 
 
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)                          (13) 

 
 The ⎜S⎜ parameter will provide us with information on the nature of this 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.  

 
	  
	  

2.-‐	  EXPERIMENT	  
	  
	  
2.1	  Experimental	  Setup.	  
	  
Once that we have established the fundaments behind the key components of our experiment, as 

well as our purposes, we will begin by describing the entire setup.  

 

• The light source is an ion laser BeamLok 2060, which is a CW laser providing a 

vertically polarized beam. For our experiment we will use a wavelength of 363.8 

nm with a power close to 100 mW.  
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• The following optical element is a quartz plate. Its purpose is compensate the 

acquired phase after the beam passes through the BBO crystals. This is a 

birefringent material that introduces a polarization change in order to have a 450 

linearly polarized light just before the BBO crystal. 

• The BBO crystals, whose physics has been already described in the previous 

section, produce two cones with entangled down-converted photons at a 

wavelength of 727.6 nm. Those cones go through two polarizers, each of them 

rotated with different angles α and β, and then a 10 nm bandwidth filter, added 

up just between the polarizers and the APDs. This will ensure that only down-

converted photons reach the detectors.  

• Finally the detectors generate a TTL pulse, which can be directly processed by 

the computer card (counter-timer) without the need of other intermediate device; 

finally the number of coincidences is measured. This is illustrated in the following 

diagram; 

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  
Figure	  3.-	  Diagram	  of	  the	  experiment	  used	  to	  generate	  entangled	  photons	  and	  measure	  the	  number	  of	  
coincidences	  in	  the	  detected	  states.	  
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2.2 Observation of Down-Converted Cones. 
 

As we previously mentioned the medullar part of quantum information experiments are 

the entangled photons, generated by SPDC. But due to the conditions of our experiment (the 

used wavelength is not in the visible range for down-converted photons and we have low 

efficiency in the SPDC process), it can be intuited that neither the alignment shown in figure 3 is 

an easy task nor the observation of the down converted cones. Therein, the need to use an 

Electron Multiplying CCD camera for low light level to perform the desired observation. In our 

experiment we used an Andor`s iXon DV887 EMCCD. After we oriented the quartz wave plate 

and BBO crystals in different angles we obtained different situations for the phase matching, this 

is shown in the following three pictures.  

 

 
	  

Figure	  4.-	  These	  figures	  show	  the	  down-converted	  cones	  for	  different	  BBO	  crystals	  orientation.	  The	  
figure	  on	  the	  left	  shows	  a	  spot	  produced	  by	  the	  incident	  laser,	  the	  figure	  on	  the	  middle	  shows	  an	  artifact	  
from	  the	  filter.	  

It is clear the presence of spots beside the down-converted cones. In fact the spot on the 

left is a product of the incident laser, the one showed in the second figure is an artifact generated 

due to fluorescence generated in the blue filter. 

 
One of the difficulties along this experiment is the determination of the cones angles with 

respect to BBO crystals, as we previously mentioned, this experiment use ultraviolet light, and the 

efficiency of the down converted light is quite small. This obligates us to have a good alignment, 

and to ensure the down-converted cones going into the APDs. Here the EMCCD camera was a 

very useful tool. 

	  
2.3 Criterion used to select the angles α and β. 
 

Until now, we have mentioned that correlating the down-converted entangled photons will 

be our tool to test the non-local properties, but we have not specified under which circumstances 

we can violate Bell inequalities. 
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In fact, as we will discuss here, if we want to observe non-local effects we need to 

correlate the down converted photons with certain polarization angles, the reason of why not all 

the possible angles are suitable to observe this quantum effect is given by equation 12 and 13. 

Clauser, Horne, Shimony and Holt expression takes a value bigger that 2 just for certain amount 

of angles, in order to have an idea about which values up to 2 can S take, one can play with the 

parameters and realize that S is maximum when we have the following parameters, in fact such 

result predicts a violation of Bell`s inequalities. 

 

                                               

� 

S = −
1
2
−
1
2

+
1
2

+
1
2

= 2 2
                                        (14)

 

 

With this in mind we have an idea on the maxima and minima values that S can take for 

our purpose, and to think or predict the possible range of angles that we can use to violate Bell’s 

inequalities. 

Then with this result and with equation 13 one can conclude that S takes the maximum 

value when

� 

β −α = 22.50 . In fact this means that we can expect the behavior shown in figure 5: 

 

                   
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b)	  

Figure 5.-  In a) we show the contrast between the hidden variables theory, which does not consider 
spooky features of quantum mechanics (dashed line) and the predicted quantum mechanically 
correlation  (solid line), b) the parameter S as a function of the argument θ . Figures taken from D. 
Dehlinger and M. W. Mitchell paper [9]. 

	  
It is clear and surprising what Bell obtained when he compared the hidden classical 

variables and the quantum mechanical treatments for this problem, in fact this shows that there 

exists a certain point where both formalism predicts the same result, moreover figure 5 b) shows 

the possibility to violate Bell’s inequalities only for certain angles. 
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2.4 Experimental results 
 

When the experiment was performed, the first issue was, where to focus our attention 

and such was the key interface with the experiment, the APDs. As it has been mentioned before, 

they will count the number of coincidences after the down converted photons passes trough the 

polarizers with angles α and β. Then we decided to prove if the number of coincidences N, which 

are proportional to the probabilities shown in Eq. (11), agree with the theory described above. 

After we fixed the polarizer α to 450 and 1350 and modified the polarizer β, we obtained the Cos2 

behavior shown in figure 6, which is the expected sinusoidal behavior, pointed out by Prof. J. 

Eberly [10], similar to the one described by Malus law. 

 

 
	  	  	  	  	  	  	  	  	  	  	  	  Figure	  6.-	  	  The	  average	  of	  coincidences	  is	  show	  for	  fixed	  α 	  angles	  while	  β 	  is	  varying.	  	  

The plot shown in figure 6 is the average of coincidences that we measured. It is very 

important to point out that such average contains information on accidental coincidences in 

addition of real coincidences. Therein the need to subtract the accidental coincidences given by 

expression (15): 

 

                                                      

� 

N =
NANB

T
26x10−9 sec( )                                                (15) 

 
Where Nx is the single counted photons in the detector x and T is the measurement 

interval time.  Due to the criterion that we are using to study this phenomenon, accidental 

coincidences can provide unreliable information; in fact we show the same plot of figure 6, after 

the accidental coincidences were subtracted. 
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          Figure	  7-	  	  The	  average	  	  and	  net	  coincidences	  for	  fixed	  α 	  angles	  while	  β 	  is	  varying.	  	  

In the following plots we will take into account the accidental coincidences, this means 
that the following showed plots do not have accidental coincidences. 
 

It is also important to mention, another important parameter that plays an important role. 

The visibility, which is defined as follows:  

 

                                                                                                                     (16)
 

 

In fact, 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. Fortunately, as can be 

appreciate from figures 6 and 7, they show a good visibility, in fact close to 0.85. This means that 

until now, we had all the requirements to move forward in our experiment. We performed the 

experiment but unfortunately we did not violate Bell’s inequalities, we were close we obtain 

S=1.97, this suggested us the need to improve our experiment. 

 

As we already stated, the phase compensation role played by the quartz wave plate is 

crucial in the accuracy, reliability and reproducibility of this experiment. In spite of the good 

visibility showed before we have not modified the position of the quartz wave plate, this implies 

that hopefully we can improve our experiment by doing so. In order to try to improve it and learn 

more about the system, we decided to characterize the behavior of such a wave plate. As we 

mentioned in section one, the quartz wave plate does the compensation of phase and the only 

modifications that this can carry out are just the position and orientation. Therefore, we started by 

analyzing its performance by rotating it vertically and horizontally, the following plot shows the 

behavior obtained when we fixed the horizontal angle to -20. 
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	  8.-	  	  Number	  of	  coincidences	  	  for	  fixed	  µ 	  angles	  while	  σ 	  is	  varying.	  	  

From the previous plot it is clear that we can consider a convergence area near to 36.50.  

Repeating the same process for a fixed vertical angle  near to 360 we obtain the following plot. 	  
	  

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	  9.-	  	  The	  average	  of	  coincidences	  is	  shown	  for	  fixed	  σ 	  angle	  while	  µ 	  is	  varying.	  	  
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Now we can conclude that we have a convergence point near -10 for all the polarizer 

positions. Then in order to have an accurately picture we perform the same experiment 

increasing the resolution and near to this range; the obtained figures are the following. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  

	  	  	  	  	  	  	  	  	  Figure	  10.-	  	  The	  average	  of	  coincidences	  is	  show	  for	  fixed	  µ 	  angles	  while	  σ 	  is	  varying.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  Figure	  11.-	  	  The	  average	  of	  coincidences	  is	  show	  for	  fixed	  σ 	  angles	  while	  µ 	  is	  varying.	  	  

The previous part of this research allowed us to improve the experiment and to have 

higher probabilities to violate Bell inequalities in a reliable way. As we previously pointed out, we 

will be able to observe non-local effects when the argument of the cosine functions is close to 

22.50, with this in mind we choose 4 angles for α and 4 for β, this give us 16 combinations. 
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Moreover it is important to specify that we are using a laser power close to 100 mW, an 

acquisition time of 5 seconds and as can be intuited, we configured the vertical angle of the wave 

plate to 36.50 and the horizontal angle to 3590. 

 

Angle	  of	  
polarization	  A	  

Angle	  of	  
polarization	  B	  

Single	  
Count	  A	  

Angle	  of	  
polarization	  

B	  

Co
incidence	  

Ac
cidental	  

Net	  
	  

0	   22.5	   45103	   37486	   333	   9	   324	  
0	   67.5	   50075	   42030	   132	   11	   121	  
0	   112.5	   48428	   49715	   138	   13	   125	  
0	   157.5	   49558	   45389	   404	   12	   392	  
45	   22.5	   52162	   69285	   447	   19	   428	  
45	   67.5	   46976	   41139	   410	   10	   400	  
45	   112.5	   46948	   47078	   116	   11	   105	  
45	   157.5	   47591	   46136	   58	   11	   47	  
90	   22.5	   48654	   41842	   103	   11	   92	  

	  	  	  	  	  	  	  	  	  	  	  	  	  90	   	  	  	  	  	  	  	  	  	  	  	  67.5	   48367	   42200	   358	   11	   347	  
90	   112.5	   48614	   46916	   397	   12	   385	  
90	   157.5	   48749	   46362	   166	   12	   154	  
135	   22.5	   50602	   42541	   147	   11	   136	  
135	   67.5	   50935	   41872	   68	   11	   67	  
135	   112.5	   49738	   45378	   354	   12	   342	  
135	   157.5	   49466	   45245	   525	   12	   513	  

Table 1.- Table used to organize the experimental data. 
	  

Now reordering the previous table in a suitable and well-organized form, in order to 

calculate the value for the parameter S, we generated a table just taking into account the net 

coincidences, this means, we subtracted the accidental coincidence using equation 16, the 

obtained table is the following: 

	   β	  
=22.50	  

β’=67.50	   β⊥=112.50	   β’⊥=
157.50	  

α=00	   333	   132	   138	   404	  
α’=450	   442	   410	   116	   58	  
α⊥=900	   103	   358	   397	   166	  
α’⊥=1350	   147	   68	   354	   525	  

              Table 2.- Values used to calculate parameters E and S using the notation of 17. 

Now we have all the information to calculate the parameter S, but first we need to 

calculate the following values: 
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (17)	  
	  

	  
At the end we obtained a value equal to 2.31 for the parameter S, this means that Bell 

inequalities have been violated and we have non-local properties.  

 

	  

Table 3.- Calculation of the parameters E and S, for accidental and net  coincidences. It 

is evident the violation of Bell inequalities. 

	  
 
2.4.5 Experimental Errors 
 
As can be noticed in the  previous result, we used the adequate angles to calculated a value near 

to 2

� 

2  for the parameter S, this means that we had sources of errors because our obtained 

value is lower than the one expected. In fact, we had source of errors, first of alll we did not 

achieved an ideal visibility. It is clear from figure 6 that we did not obtain a purely cosine function, 

in fact we show the percentage of error compared we the theoretically expected. 

 

E(Net)	   	   	   E(Row)	   	  

135_157.5	   0.80	   	   135_157.5	   0.76	  
135_22.5	   -‐0.52	   	   135_22.5	   -‐0.48	  
0_157.5	   0.46	   	   0_157.5	   0.44	  
0_22.5	   0.53	   	   0_22.5	   0.50	  

	   	   	   	   	  
S(Net)	   2.31	   	   S(Row)	   2.19	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	  12.-	  	  The	  average	  of	  coincidences	  is	  show	  for	  fixed	  α 	  angles	  while	  β 	  is	  varying.	  	  

 

The second problem that from my point of view arrised a considerable marge of error  is the 

imposibility to find a common convergence point for different polarization angles, while we rotated 

the quartz wave plate, this can be observed in figures 8 and 9 . 

The previous arguments show how certain experimental errors that seems to be negligible have a 

strong influence in our results. 

 

 
3 Conclusions 
 

We explored one of the most fascinated and striking phenomena in quantum mechanics, 

entanglement. 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. This 

process allows to have entangled photons, which exhibits non-local properties. In fact such non-

locality was successfully measured by correlating down converted entangled photons and 

quantified by the use of Bell’s inequalities. One of the most important results is the obtained value 

for the parameter S, this equals to 2.31, which signifies a clearly violation of Bell’s inequalities 

and the existence of non-local properties.  

One other important issue that is convenient to point out is the sensitiveness of the experiment, 

this suggest that in general quantum computing and quantum cryptography that regards in 

quantum optics are very sensible, in fact this can be concluded just analyzing how a non-ideal 

condition effects the experiment in comparison to the theoretical expected value. In spite of that 

quantum entanglement opens a promising and wide range of possibilities in fields of applied and 

fundamental physics. 
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