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Abstract

The purpose of this experiment was to explore quantum entanglement by creating en-

tangled photons and then taking measurements on these photons. Entangled photons were

created using two Beta Barium Borate crystals. The coincidence counts were measured be-

tween entangled photons as a function of the rotation of a quartz plate to find the point of

best alignment. A cos2 dependence on the orientations of the two polarizers used to measure

the photons was also measured. Finally, Bell’s inequality was calculated and shown to be

violated, implying quantum interactions.

1 Introduction and Theoretical Background

Discribed as ”spooky action at a distance” by Albert Einstein, Quantum Entanglement is one

of the strangest implications of quantum mechanics. Quantum entanglement involves the wave

functions of two particles that are inherently inseparable. The two particles cannot be described

individually and as a result, are said to be entangled. This implies that a measurement upon

one particle instantaneously implies information regarding the second particle. The interaction

between the two particles is true regardless of the separation distance, which is partially the

reason behind the given moniker of ”spooky action at a distance.”

Two photons can be entangled through the respective polarization states. Entangled photons

can be created through spontaneous parametric down-conversion. In this lab, parametric down-

conversion was created through a nonlinear crystal, specifically a negative, uniaxial, birefringent

Beta Barium Borate (BBO) crystal that created two photons of wavelength 2λ when light of

wavelength λ was incident upon it. The two exiting photons had the same polarization state

that was orthogonal to the polarization state of the incoming photon.

If two BBO crystals are placed together in an orthogonal fashion, exiting photons can be

entangled, depending on the initial polarization state of the entering light. If the light enters
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the BBO crystals with a polarization state that is not completely horizontal or vertical so that

it is a combination of horizontal and vertical polarization states, there will be entangled pairs of

photons that exit the crystal. The exiting photons have polarization states that are combina-

tions of both vertical and horizontal polarization states; the the polarization states each photon

cannot be described individually. This is from the BBO crystals causing spontaneous parametric

down-conversion in both the horizontal and vertical polarization states of the entering light. Ad-

ditionally, as the photons travel through the two crystals, a phase difference is created between

the horizontal and vertical polarization states.

In order to take coincidence counts between the entangled photons, the horizontal and vertical

polarization states must have the same phase. A quartz plate is introduced that imparts a phase

change between vertical and horizontal polarization states, but does not affect the polarization

of the passing photons. The phase change introduced by the quartz plate is to offset the inherent

phase changed created by the two BBO crystals. The quartz plate was rotated to find an angle

that created a phase difference that most closely offset the inherent phase change from the BBO

crystals.

The coincidence counts between entangled photons can be defined as:

N(α, β) = A

(
sin2 α sin2 β cos2 θ + cos2 α cos2 β sin2 θ +

1
4

sin 2α sin 2β cosφ
)

+ C (1)

where α is the angle of the polarizer α, β is the angle of the polarizer β, θ is the angle

of the polarization of the light entering the BBO crystals, φ is the phase difference between

horizontally and vertically polarized light, and C is a factor added to account for imperfections

in the polarizers. The angle θ was fixed at 45◦ and and φ ≈ 0. This value of φ was achieved by

rotating the quartz plate. Ideally, C = 0 which causes the number of coincidence counts to be:

N(α, β) =
A

2
(
sin2 α sin2 β + cos2 α cos2 β + 2 sinα cosα sinβ cosβ

)
+ C

=
A

2
(cosα cosβ + sinα− β) + C

=
A

2
cos2 (α− β) (2)

It is shown that the coincidence counts depends upon the relative angle between the polarizers

that the photons pass during a measurement. The coincidence counts were used to calculate the

value for Bell’s Inequality. A version of Bell’s Inequality developed by Clauser, Horne, Shimony,

and Holt defines the possible values for Bell’s inequality as |S| ≤ 2.1 For values of |S| > 2,
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Bell’s Inequality is violated and a quantum correlation is demonstrated. The value for Bell’s

Inequality, S can be calculated as:

S = E(a, b)− E(a, b′) + E(a′, b) + E(a′, b′) (3)

and

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)

(4)

The maximum possible value for S is achieved when angles of a = −45◦, a′ = 0◦, a⊥ = 45◦,

a′⊥ = 90◦, b = −22.5◦, a′ = 22.5◦, b⊥ = 67.5◦, and b′⊥ = 112.5◦ are used.1 These angles were

used to calculate S and it was shown that Bell’s Inequality was violated.

2 Procedure

Figure 1: Experimental setup for capturing spontaneous parametric down-conversion

Figure 2: Experimental setup for entangled photons and testing Bell’s Inequality

First, the spontaneous parametric down-converted photons that are created from a thick BBO

crystal were captured using an Argon-Ion Laser with λ = 363.8nm. The beam passed through

an interference filter, a thick BBO crystal (∼ 100µm), and an imaging lens before being imaged

on the EM-CCD camera. This is shown in Figure 1. After the images of the down-converted

light were taken, the setup for entangled photons and the testing of Bell’s Inequality was used

as shown in Figure 2.
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1. The diode laser with λ = 408nm was turned on and was aligned through the system.

2. With the polarizers were set at the same angle, α = β = 0◦ the quartz plate was rotated

about the vertical axis and the coincidence counts were collected. This was repeated for

α = β = 45◦, α = β = 90◦, and α = β = 135◦. The quartz plate was fixed at the angle were

the coincidence counts was the same for all rotation of the polarizers. This was repeated

for the quartz plate about the horizontal axis.

3. Polarizer A was fixed at α = 0 and polarizer B was rotated through 360◦ at 10◦ increments

and coincidence counts were measured. Polarizer B was rotated through 360◦ again for

polarizer A fixed at angles of α = 45◦, α = 90◦, and α = 135◦.

4. Polarizers A and B were rotated to the angles a = −45◦, a′ = 0◦, a⊥ = 45◦, a′⊥ = 90◦,

b = −22.5◦, a′ = 22.5◦, b⊥ = 67.5◦, and b′⊥ = 112.5◦ and the coincidence counts were

taken.

5. Polarizer A was fixed at α = 0◦ and polarizer B at β = 90◦ to make an estimate of

accidental coincidence counts.

6. Bell’s Inequality was calculated.

3 Experimental Results and Analysis

The image of the down-converted photons from the thick BBO crystal imaged by the EM-CCD

camera is shown in Figure 3. The cone of light is not perfectly symmetrical and appears brighter

on one side than the other side. This can be attributed to the crystal not being perfectly aligned

with the laser and the EM-CCD camera being slightly rotated.

The first alignment of the quartz plate about the vertical axis is shown in Figure 4 and the

horizontal axis is shown in Figure 5. Both sets of data were taken on 1 December 2008. In

this first alignment, there is no point at which the coincidence counts from the three polarizer

settings coincide. A horizontal quartz plate setting of 78◦ was chosen because that was the point

where the 0◦ and 90◦ curves had overlapping coincidence counts. The vertical quartz plate angle

was set at 10◦ as the 0◦ and 90◦ curves again had overlapping coincidence counts. A point where

the coincidence counts from the different polarization angles is the same provides for a quartz

plate angle that minimizes the phase difference between the vertical and horizontal polarization.

With this first quartz plate alignment, the angle of polarizer A fixed at angles of α = 0◦,

α = 45◦, α = 90◦, and α = 135◦, the coincidence counts were taken and shown in Figure 6

and Figure 7. The measured data has a shape showing a cos2 dependence and the amplitudes
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Figure 3: EM-CCD image of cone of spontaneous parametric down-converted photons

Figure 4: Coincidence counts as a function of quartz plate angle about the vertical axis taken
on 1 December 2008 with an acquisition time of 1s.
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Figure 5: Coincidence counts as a function of quartz plate angle about the horizontal axis taken
on 1 December 2008 with an acquisition time of 1s.

Figure 6: Coincidence counts as a function of rotation angle of polarizer b for α = 0◦ and α = 90◦
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Figure 7: Coincidence counts as a function of rotation angle of polarizer b for α = 45◦ and
α = 135◦

Figure 8: Coincidence counts as a function of quartz plate angle about the vertical axis taken
on 8 December 2008 with an acquisition time of 5s.
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Figure 9: Coincidence counts as a function of quartz plate angle about the horizontal axis taken
on 8 December 2008 with an acquisition time of 5s.

α β Actual Net
-45 -22.5 140.3333 46.04762
-45 22.5 135.6667 41.38095 N: 94.28571
-45 67.5 107 12.71429 E(a,b): 0.073569 0.320883
-45 112.5 109.3333 15.04762 E(a,b’): 0.129492 0.555925

0 -22.5 185 90.71429 E(a’,b): 0.341724 1.1867
0 22.5 125.3333 31.04762 E(a’,b’): 0.047368 0.185294
0 67.5 83 -11.2857 S= 1.13695
0 112.5 124.3333 30.04762

45 -22.5 119.6667 25.38095
45 22.5 104.6667 10.38095
45 67.5 122.3333 28.04762
45 112.5 142 47.71429
90 -22.5 91.33333 -2.95238
90 22.5 117 22.71429
90 67.5 170.3333 76.04762
90 112.5 140 45.71429

Table 1: Data for calculation of Bell’s Inequality taken 8 December 2008 for an acquisition time
of 1s
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α β Actual Net
-45 -22.5 724.6667 311.6667
-45 22.5 523.6667 110.6667
-45 67.5 472.6667 59.66667
-45 112.5 669 256 N(0,90) 413

0 -22.5 811.6667 398.6667 E(a,b): 0.514275
0 22.5 722 309 E(a,b’): -0.27244
0 67.5 405.6667 -7.33333 E(a’,b): 0.927663
0 112.5 538.3333 125.3333 E(a’,b’): 0.48151

45 -22.5 566 153
45 22.5 691 278 S= 2.19589
45 67.5 764.3333 351.3333
45 112.5 607.6667 194.6667
90 -22.5 450.6667 37.66667
90 22.5 514.3333 101.3333
90 67.5 822.6667 409.6667
90 112.5 751.6667 338.6667

Table 2: Data for calculation of Bell’s Inequality taken 8 December 2008 for an acquisition time
of 5s

appear to have similar maximum and minimum values, at least within one standard deviation.

Then the polarizers were rotated to the angles that yield a maximum value for S and presented

in Table 1. As a result, S ≈ 1.137, which shows that Bell’s Inequality is not violated and that

this was a classical case.

The alignment of the quartz plate was reexamined on 8 December 2008 and the coincidence

counts as a function of quartz plate angle are shown in Figure 8 and Figure 9. This second

alignment provided for a quartz plate angle of 118◦ about the horizontal axis and 18◦ about the

vertical axis. At these two points, the coincidence counts for the various polarization angles are

close, indeed much closer than with the first alignment. The data used to calculate the value

of Bell’s Inequality is shown in Table 2. With this alignment, the coincidence counts measured

provided a value S = 2.196 which indeed violates Bell’s Inequality. However, this value is lower

than S = 2
√

2, the value that corresponds to a perfectly quantum entangled state.

4 Discussion

This experiment proved to be very difficult and extremely sensitive to changes in alignment. With

the original quartz plate angle settings, the results showed the experiment being in the classical

regime. Additionally, the visibility was 40% at maximum, while experiments with visibility in

the range 70% ∼ 80% are typically required for quantum entangled states. However, the second

alignment proved to verify quantum mechanics by violating Bell’s Inequality. Unfortunately,

time restraints did not allow the measurement of the cos2 dependence or the visibility of the

experiment with the second quartz plate alignment.

9



The coincidence counts seemed to be highly responsive to adjustments in the quartz plate.

The quartz plate was physically mounted in the optical system in a cumbersome manner that did

not allow for a complete rotation of 360◦ about the horizontal axis. These constraints allowed a

maximum rotation of the quartz plate to be through ≈ 110◦. When the quartz plate was rotated

to angles closer to the minimum and maximum angles that would allow for the beam to pass,

the beam was close to the edges of the crystal, restricting the range of possible angles further.

Additionally, the quartz plate was only able to be aligned through ≈ 30◦ about the vertical axis,

causing further restraints on the possible values of angles for proper quartz plate alignment.

It is important to note that when the first quartz plate alignment measurements were made on

1 December 2008, the acquisition time used was 1s whereas the second alignment measurements

taken on 8 December 2008 had an acquisition time of 5s. The longer acquisition time could have

possibly allowed for fluctuations in the signals received by the APD’s to subside. Additionally,

with a longer acquisition time, the signal-to-noise ratio increased, which created a more accurate

output signal.

Additionally, when the value for Bell’s Inequality, S was calculated, it was assumed that

coincidence counts that occur when polarizers A and B are crossed (when α = 0◦ and β = 90◦)

will account for accidental coincidences resulting from imperfections in the optical elements in

the system. However, to truly account for the accidental coincidence counts detected by the

system, the equation Naccidental = SASBτ
t , where SA is the singles count on APD A, SB is the

singles count on APD B, τ is the time resolution of the system, which was τ = 26ns for the

system used, and t is the interval being measured over. Using the accidental coincidences as the

constant value to account for error in the coincidence counts could possibly change the value of

S significantly, possibly changing the violation of Bell’s Inequality.

Lastly, the individual counts measured at the individual APD’s were significantly different;

APD A measured approximately twice as many counts as APD B for each measurement. As

previous lab groups following the experiment described by Dehlinger and Mitchell point out, a

possible reason for this error is a difference in the quantum efficiency and other internal circuitry

between the two APD’s that would affect this measurement.2
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