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I. Abstract 

Entangled photons are of primary importance to quantum cryptography, as the entangled state 

allows secure communication due to detectable eavesdropping [1]. This paper presents an 

exploration of photon entanglement using an experimental setup proposed by Dehlinger and Mitchell 

[2]. Photon entanglement is observable through spontaneous parametric down-conversion and 

polarization techniques leading to photon coincidence counts which obey mathematical models 

exemplified by a violation of Bell’s inequality and the cosine squared probability function. System 

alignment was performed to optimize coincidence photon detection, that is, photons which are 

detected within the resolution threshold of the equipment in the experiment setup. It was found that 

with proper alignment and settings within the experiment setup, that a violation of Bell’s inequality 

was present, along with observation of the cosine squared probability, matching the expected 

theoretical output.  

II. Introduction and Background 

Quantum cryptography models enable secure communication between two parties by 

establishing a channel which transmits “quanta” which are encoded by the sender and decoded by 

the recipient. Photons are transmitted randomly in partly orthogonal polarization states which allow 

eavesdropping to be detected due to the nature of the process: detectable errors appear when the 

system is disturbed by an outside source [1]. 

One possible basis for a quantum cryptography communication scheme is that of entangled 

photons and Bell’s inequality [1]. Photons are considered to be entangled when their physical states 

cannot be described as the product of individual particles. Two entangled particles are said to be 

mutually dependent, and measurement of one of the entangled pair will determine the measurement 

of the other [3]. Entanglement can be expressed through physical properties of the photon pair such 

as momentum, energy, spin or polarization [4]. In this experiment, entanglement of photon pairs 

generated by spontaneous parametric down-conversion was investigated through measurement of 

their polarization states. These polarization states can be related mathematically in Bell’s inequality, 

violation of which is an indication of quantum behavior in the photon pair. By extension, violation of 
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Bell’s inequality is taken as proof of particle entanglement. In quantum cryptography communication, 

sender and recipient each receive one of the photons from the entangled pair, and eavesdropping 

affects the entanglement of the pair such that the degree of violation of Bell’s inequality is reduced [1]. 

Bell’s Inequality 

Bell’s inequality is a mathematical sum of probabilities, and in this experiment, these 

probabilities are determined by average photon counts which are coincident on two Avalanche 

Photodiode Detectors (APD’s) fitted with polarizers. Two photons are coincident when they are 

detectable by both APD’s within a time delay window of 26 nanoseconds [4]. By changing the angle 

of the polarizers, the probabilities for several angle combinations can be calculated. 

Assume the probability of two observable events, each having two potential photon outputs—

for example, A(α) = +/-1 and B(β) = +/-1 where α and β are the polarizer angles, +1 is photon 

emergence and -1 is failure for a photon to emerge—such that: 

C(α, β) ≡ A(α )B(β) , Equation 1: Photon emergence probability [5] 

In order to observe the probability E(α,β) for all possible outcomes, E(α,β) can be expressed as 

C(α, β) = A(α, λ)B(β, λ)∫ ρ(λ)dλ , Equation 2: Normalized photon emergence probability [5] 

where λ is a hidden variable, ρ(λ) is the probability density function, and the area under ρ(λ) is 

normalized to 1. The angles α and β are explored in the following combinations in order to account for 

all probabilities: (a,b), (a,b’), (a’,b) and (a’,b’). By evaluating the integral shown in Equation 2 for each 

of the polarizer angle combinations, the result for all angle pairs α and β gives the total probability for 

the system. For the classical model of behavior, Bell’s inequality gives the theoretical maximum 

probability: 

C(a,b) − C(a,b ') + C(a 'b) + C(a ',b ') ≤ 2 , Equation 3: Bell’s inequality [5] 

However, evidence of quantum behavior will be shown by a violation of this inequality. As a specific 

example, if a = 0°, b = 67.5°, a’ = -45° and b’ = 22.5°, evaluating Equation 3 results in the Bell’s 

Inequality violation as shown in Equation 4. This condition is taken as proof of quantum behavior for 
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the two entangled particles, and the two photons cannot be classified in terms of local, realistic 

probabilistic theory [5]. 
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= 2 2 ≈ 2.828  Equation 4: Violation of Bell’s Inequality [5] 

In this experiment, the following angle pairs were explored:  

a  = -45˚,  = 0o, = 45˚, = 90˚, b  = -22.5˚,  = 22.5˚, = 67.5˚, = 112.5˚ 'a ⊥a ⊥'a 'b ⊥b ⊥'b

These angle pairs were selected to accommodate the horizontal and vertical polarizations of the 

down-sampled photon streams which enter each APD. The calculation for each angle pair α and β is 

denoted by the normalized value 

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)

, Equation 5: Calculation of angle pairs [2] 

where N(α,β) is the coincidence count when polarizer A is set to angle α and polarizer B is set to 

angle β. The numerator of Equation 5 is an alternate expression of Bell’s Inequality shown by Clauser 

et al, and the denominator is the total number of photons for all angle combinations [2]. Using 

Equation 5 for all possible α and β pairs, |S| can be calculated from Equation 6: 

S = E(a,b) − E(a,b ') + E(a 'b) + E(a ',b ') , Equation 6: Total probability for all angle pairs [2] 

Similar to Equation 4, Equation 6 will show the magnitude of |S| to be greater than 2 when Bell’s 

inequality is violated given the specific non-linear crystal setup and APD polarizer angle pairs used in 

this experiment. 

Polarization Entanglement 

Polarization entanglement describes a system of two or more particles whose polarization 

states cannot be described independently of each other. More generally, the wave functions of the 

system of particles cannot be factored into a simple product of the wave functions of the individual 

particles [3]. Many early experiments generated polarization entangled photons through atomic 

cascades in calcium. This method works, but produces very low flux rates [3]. Most current 

experiments involving entanglement use a process called spontaneous parametric down-conversion, 

which yields a comparatively higher flux rate. 
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The down-conversion process takes place within a non-linear crystal, where a single pump 

photon is converted into two “daughter” photons, historically called the signal and idler photons. The 

process is called degenerate when the daughter photons have frequencies that are equal to half the 

frequency of the pump photon. This process conserves both momentum and energy, which also 

leads to entanglement in these two degrees of freedom [6]. The crystals can exhibit either type I or 

type II phase-matching. In type I, the signal and idler photons have the same polarization as each 

other, but they are perpendicular to the pump photon. In type II phase-matching, the signal and idler 

polarizations are orthogonal. This experiment uses type I phase-matching [2]. 

The crystals used in this lab are a pair of beta barium borate (BBO) nonlinear crystals. When a 

laser beam is incident on the crystal, a small fraction of the photons will be down-converted, and the 

signal and idler photons will be emitted at the same time in a cone on either side of the laser beam in 

a spectrum of wavelengths (see Figure 3) [2]. It can be seen in Figures 1 and 2 that for a certain 

arrangement of the BBO crystal, a pump photon with state H , where H signifies horizontal 

polarization, will produce two daughter photons of the state 
is

VV , where V represents vertical 

polarization, s represents signal, and i represents idler. An orthogonal crystal will take the pump state 

V  and produce the daughter state 
is

i HHe Δ , where Δ is a phase due to dispersion and 

birefringence in the crystal [4]. A given orientation of the BBO crystals will only down-convert a 

specific polarization; all other light passes through unaffected. 

   

Figure 1: Down-conversion of a horizontal photon.  Figure 2: Down-conversion of a vertical photon. 
 (For this orientation of the crystal, vertical   (For this orientation of the crystal horizontal 
 photons pass straight through), [4]  photons pass straight through), [4] 
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To produce the entangled photons, two identical BBO crystals are placed together with the 

polarization axes orthogonal to each other. If the crystals are oriented horizontally and vertically, 

respectively, then vertically polarized light will only be affected by the former and horizontally 

polarized light will only be affect by the latter. However, if the pump photons are polarized at 45°, then 

half of them will be down-converted by the first crystal and the other half by the second crystal since 

45° polarization is a superposition of horizontal and vertical states [6]. This can be seen in Figure 3 

and mathematically as:  

is
i

is
HHeVVVH Δ+=+  

Equation 7: Polarization state of photons exiting the two BBO crystals 
 

where normalization constants have been ignored. 

 

Figure 3: Type I spontaneous parametric down-conversion, graphic by Dehlinger et al [2] 
 

The extra phase term, Δ, can be offset by introducing the opposite phase shift somewhere else 

in the system. In this setup, a quartz plate serves this purpose. It also acts as a half-wave plate, 

giving the pump photons their initial 45° polarization. The birefringent quartz plate adds a phase shift 

between the horizontal and vertical components of the pump polarization, which is opposite the shift 

that is introduced by the BBO crystal. The resulting state is given by 

isisent HHVV +=ψ  
Equation 8: Entangled state produced by the quartz plate and BBO crystals,  

normalization constants are ignored [2] 
 

This is an entangled state; the wave function cannot be factored into a simple product of the signal 

and idler wave functions. A different entangled Bell state can be produced by adjusting the quartz 

plate such that the complex exponential phase difference is +/- π. The resulting state is 

isis
HHVV −=ψ , Equation 9: An additional entangled Bell state [2]. 
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Additional entangled states can also be produced by using a type II phase-matching non-linear crystal 

instead of the type I BBO crystal used for this specific experiment. 

Two polarizers can be placed in the signal and idler paths at angles α and β, respectively, to 

measure the polarizations of the entangled pair. The probability of coincidence detection of the pair is 

given by  

2
),( entisVV VVP ψβα βα=  

Equation 10: Probability of photon detection using two polarizers at angles α and β, [2]. 
 

For the given form of entψ  above, this probability is given by  

)(cos),( 2
2
1 αββα −=P , Equation 11: Probability of entangled pair coincidence [2].  

Experimentally, the probability is specified by a number of photon coincidence counts by a single 

photon counting detector, which is represented mathematically as  

CAN +−= )(cos),( 2
2
1 αββα  

Equation 12: Probability represented by coincidence counts [2] 
 

where Α is the total number of photons counted in a given time interval, and , which 

is an offset that accounts for imperfections in the polarizers and alignment of the system. Observation 

of this cosine squared pattern is additional verification that an entangled state has been created. 

)90,0( °°= NC

III. Procedure 

Experiment Setup 

The main elements of the experiment setup are: 

• Laser, ~10 mW, 408 nm 

• Filter and mirror 

• Quartz crystal half-wave plate 

• Beta Barium Borate (BBO) Crystals (two orthogonal crystals) 

• Rail-mounted APD units with photon-counting software system 

• Beam stop 
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Figure 4: Schematic of experimental set-up [4] 
 

 

 
Figure 5: Photograph of experimental set-up as viewed from the APD units [4] 

 

A laser source of approximately 10mW and 408nm wavelength is directed through a blue filter 

which removes higher-order harmonics from the beam. The beam then passes through a quartz 

crystal half-wave plate which is adjustable in horizontal and vertical axes. The quartz plate is a 

birefringent material which introduces a phase difference between the vertical and horizontal 

polarization components to the exiting beam. The phase difference can be altered by adjusting the 
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horizontal and vertical rotation of the quartz plate, and this adjustment procedure will be discussed 

below [4].  

Next, the beam is directed through the BBO crystal by means of an ordinary mirror. As 

discussed in section II, the BBO crystal is a type I double-layer non-linear crystal which will perform 

spontaneous parametric down-conversion on the incoming beam, resulting in separate signal and 

idler photons of wavelength 816nm. Because the beam passed through the quartz crystal prior to 

entering the BBO, the phase and polarization of the entering beam are corrected so that the down-

converted photons are horizontally and vertically polarized.  

Two APD units are rail mounted along the path of photon travel as defined by the cones shown 

in Figure 3, and will detect all down-converted photons which are incident on the sensors, regardless 

if they are entangled. Each APD is fitted with a lens and band pass filter which is matched to the 

down-converted photon wavelength. The determination of entangled photons is made by utilizing a 

computer attached to both APD’s which will record readings for single photons and coincident 

photons. Two entangled photons are considered coincident when each reaches its respective 

detector within 26ns of each other, the time resolution of the detectors’ computer counter card in this 

setup. Light which is not down-converted passes straight through the BBO crystal and is absorbed by 

a beam stop located between the APD’s [4]. 

Each APD has a linear polarizer in front of its lens assembly. Adjusting these polarizers will 

alter the photon counts for the APD’s since the incoming streams of the respective signal and idler 

photons are polarized upon exiting the BBO crystal. In order to optimize coincidence counts for all 

polarizer angles, the quartz plate is adjusted horizontally and vertically/rotationally relative to the 

optical axis. Adjusting the quartz plate will allow a determination of the ideal setting which will yield 

consistent coincidence counts for each angle of the APD polarizers used in the experiment. 

The quartz plate adjustment procedure requires multiple readings from different position angles 

and APD polarizer angles. Each of the two APD polarizers are set at the same orientation to each 

other, (0°, 0°), (45°, 45°), (90°, 90°), and (135°, 135°), so that maximum photon transmission will 

occur. Coincidence counts from a range of quartz plate angle positions for each of the polarizer 
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settings are recorded, and plots made of this data. This procedure must be completed for each of the 

quartz plate axes of rotation. From the plots, a value which shows near equivalent coincidence counts 

for all the polarizer angles listed above is chosen, and the quartz plate set at those angles which 

produce the chosen coincidence value. 

Initially, while performing this adjustment to the system, it was found that the ideal angle of the 

quartz plate was very close to the physical edge of the plate itself. For the first attempt to align the 

quartz crystal, data plots of the coincidence counts in terms of quartz crystal angle showed some 

values which were very close to each other for all the polarizer angles tested [Graphs 1 and 2]. 

However, when data was subsequently collected to show Bell’s inequality (Equation 6) or the cosine 

squared probability (Equation 12), the data did not fully support the theoretical expectations. This data 

will be shown in sections IV A and IV C. Upon further consideration of the experimental setup, it was 

found that the system had become misaligned, and this was exemplified by the light beam’s proximity 

to the edges of the quartz and BBO crystals. The system was realigned and approximate quartz 

angles were found by merely moving the crystal and checking coincidence counts. A horizontal 

position of 230 degrees and vertical position of 62 degrees were found arbitrarily, and data collected 

for Bell’s inequality, shown in section IV D. 
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Graphs 1 and 2: Quartz plate measurements with a poorly aligned system. Ideally, all four pairs of 
angles should have the same coincidence count. 
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Data analysis for the iteration of the Bell’s inequality experiment in section IV D successfully 

showed the violation discussed in section II. However, a more precise alignment of the quartz crystal 

was necessary as shown in Graphs 3 and 4. The final angles of alignment were found to be 

horizontal 229 degrees and vertical 63 degrees, extremely close to the rough numbers determined 

earlier in the alignment process. 
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Graph 3: Quartz plate measurements about horizontal axis with good system alignment.  
Best position is at 229°. 

 
 

Rotation of quartz plate about vertical axis
for different polarizer angles (A,B)

0

100

200

300

400

500

600

700

800

52 57 62 67 72

Angle (degrees)

Ph
ot

on
 C

oi
nc

id
en

ce
 C

ou
nt

0,0
45,45
90,90
135,135

 

Graph 4: Quartz plate measurements about vertical axis with good system alignment.  
Best position is at 63°. The photon count begins to drop at 72°  

because the beam is partially blocked by the aperture of the quartz plate mount. 
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With a properly aligned system, the next part of the procedure can be completed: collecting 

data for the Bell’s inequality violation and the cosine squared probability, the tests which will be used 

to prove photon entanglement. 

The method of data collection for Bell’s inequality requires an initial calibration at the minimum 

transmission setting of the two APD polarizers. Since the polarizers are somewhat low in quality, by 

setting the angles to be 90 degrees relative to each other (for example, one polarizer set at 0 

degrees, the other at 90 degrees), a coincidence count average can be obtained which will be 

subtracted from the coincidence counts found at other relative angles. The counts obtained at this 

setting will show the minimum photon count, and this figure becomes a calibration value for the 

experimental data. 

This portion of the experiment involves collecting photon coincidence counts at varying 

combinations of the eight polarizer angles shown in section II and calculating |S| as shown in 

Equations 5 and 6. The angles are 

a  = -45˚,  = 0o, = 45˚, = 90˚, b  = -22.5˚, b  = 22.5˚, b = 67.5˚, b = 112.5˚ 'a ⊥a ⊥'a ' ⊥ ⊥'

and they are used in the following combinations (in degrees). 

 

 

α -45 0 45 90
-22.5 -22.5 -22.5 -22.5

β 22.5 22.5 22.5 22.5
67.5 67.5 67.5 67.5

112.5 112.5 112.5 112.5

Table 1: Polarizer angle combinations used to determine violation of Bell’s inequality [4] 
 

In a similar manner, a different set of polarizer angle combinations are used to collect data for 

the cosine squared probability. This is simply a fixed angle on one APD polarizer, for example, α = 0 

degrees, and β = 10 degree increments on the other polarizer for one entire 360 degree rotation (see 

Table 2). This will give 2π in radians which is one complete period for the cosine squared probability 

function. The resulting data is analyzed and plotted as shown by Equation 11. By collecting data for 

four different fixed angles, α, the cosine squared probability graphs will be preserved, with the 

addition of a horizontal shift appropriate to the angles being investigated (see sections IV A and IV B). 
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α 0 45 90 135
0 0 0 0
10 10 10 10

β 20 20 20 20
… … … …

360 360 360 360  
 

Table 2: Polarizer angle combinations used to determine cosine squared probability [4] 
 
 

IV. Results 

A. Cosine squared coincidence pattern before system alignment 

Determination of the cosine squared probability was performed first. Although quartz plate 

alignment was performed, several elements of the plots shown in Graphs 5 and 6 indicate that the 

system is not aligned properly. The curves obtained from a set of α angles with 90° relative 

separation should have approximately the same maximum and minimum values and be offset from 

each other by a 90° phase separation. While the minima and maxima align properly, the curves are 

not consistent in terms of amplitude. Although the data points follow the cosine squared pattern, they 

should fit these curves much more closely. This can be observed in Graphs 7 and 8 below.  
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Graph 5: Cosine squared coincidence pattern for α = 0° and α = 90° with poorly aligned setup.  
20 second data collection time. 
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Graph 6: Cosine squared coincidence pattern for α = 45° and α = 135° with poorly aligned setup.  
20 second data collection time. Note: the data for α = 135° was taken on a different day than the data 

for α = 0°, 45°, 90°; all parts of the system remained unchanged. 
 

There are two contributing factors to the quality of the data in this section. First, the quartz plate 

was not aligned properly to create the entangled state as shown in Equation 8. The polarizer settings 

of (0°, 0°), (45°, 45°), (90°, 90°), and (135°, 135°) should all have the same number of coincidences 

and correspond to maxima. It can be seen in Graph 5 that the maxima are not located near these 

points and the maxima in all four graphs differ by as much as a factor of 4. The second contributing 

factor to these results is poor system alignment. A well-aligned setup will have increased photon 

counts and decreased background, resulting in data that more closely fits the cosine squared curves. 

The alignment can be improved by adjusting the angles of the detector rails, adjusting the lenses in 

front of the APD’s, and adjusting the BBO crystals. Each component should be positioned to 

maximize the photon count of the detectors. 
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B. Cosine squared coincidence pattern after system alignment 
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Graph 7: Cosine squared coincidence pattern for α = 0° and α = 90° after system alignment and 
adjustment of the quartz plate. 5 second data collection time. 
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Graph 8: Cosine squared coincidence pattern for α = 45° and α = 135° after system alignment and 
adjustment of the quartz plate. 5 second data collection time. 
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Cosine squared probability data was collected after complete system realignment and using a 

correctly positioned quartz plate. As shown by the theory, this data points definitively towards photon 

entanglement. The maxima occur at the correct places (when α - β = nπ) within a few degrees. Each 

data set has approximately the same maximum value and the points fit very well on the theoretical 

cosine squared curves. It is evident that minor changes in the system alignment can have an 

incredible impact on the data, and consequently, the presence of the desired entangled photon state. 

C. Testing Bell’s Inequality before system alignment and quartz plate alignment  
(See Appendix 1 for detailed data tables) 

The following data was taken with a 5 second acquisition time and the quartz plate set at 86° 

about the horizontal axis and 62° about the vertical axis. 

83.316)90,0( =°°N  

22592.0),( −=βαE ,   00072.0)',( −=βαE ,   83903.0),'( =βαE ,   72980.0)','( =βαE  

344.1=S  

This data shows that even a quantum mechanical system consisting of photon pairs can obey 

the classical Bell inequality. Although entangled photons may be present, the data does not 

corroborate the theory, so no conclusion can be made. The poor alignment of the apparatus had a 

small effect on the data compared to the arrangement of the quartz plate. The quartz plate was not in 

the proper position to give evidence of an entangled state. 

D. Testing Bell’s Inequality before system alignment with approximate quartz plate  
alignment (See Appendix 2 for detailed data tables) 

The following data was collected with a 5 second acquisition time and the quartz plate set at 

230° about the horizontal axis and 62° about the vertical axis. This position was approximated by 

observing the coincidence counts for polarizer orientations (0°, 0°), (45°, 45°), (90°, 90°), (135°, 135°). 

The quartz plate was adjusted until these count numbers were all approximately equal. Exact data for 

the quartz plate orientation was collected on a subsequent day. 
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08.241)90,0( =°°N  

40172.0),( =βαE ,   75856.0)',( −=βαE ,   86881.0),'( =βαE ,   48417.0)','( =βαE  

513.2=S  

Although this data shows a violation of Bell’s inequality, the lack of rigorous methods in aligning 

the quartz plate prevents a conclusive determination. Therefore, this data was used as an indication 

that system alignment is approximately adequate, and a necessary realignment of the quartz plate 

was performed as shown in section III. Finding a more appropriate position of the quartz plate after 

system realignment reduces error and ideally will bring the measured value of |S| closer to the 

expected value. 

E. Testing Bell’s Inequality after system alignment and quartz plate alignment  
(See Appendices 3 and 4 for detailed data tables) 

Trial 1: The following data was taken with a 5 second acquisition time and the quartz plate set 

at 229° about the horizontal axis and 63° about the vertical axis. 

67.262)90,0( =°°N  

48318.0),( =βαE ,   78317.0)',( −=βαE ,   96699.0),'( =βαE ,   62320.0)','( =βαE  

857.2=S  

This data surpasses the theoretical value of Bell’s inequality (Equation 4). The acquisition time 

of 5 seconds may have been too short for coincidence counts of this magnitude, resulting in large 

variations in each measurement. This acquisition time also gives an |S| value which significantly 

deviates from the example result shown by Dehlinger and Mitchell of 2.307 +/- 0.035 [2]. It is 

expected that the results from this experimental setup will have a large deviation from the theoretical 

value of 2.828 due to error-producing aspects of this particular setup. As shown, the deviation from 

the theoretical value is comparatively quite small. Collecting data for a longer period of time or 

averaging more data points will likely give a more accurate final result.  
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Trial 2: The experiment was repeated at the same system settings as Trial 1 (quartz plate set 

at 229° about the horizontal axis and 63° about the vertical axis) and the acquisition time was 

extended to 20 seconds. 

67.970)90,0( =°°N  

42665.0),( =βαE ,   81091.0)',( −=βαE ,   93076.0),'( =βαE ,   49981.0)','( =βαE  

668.2=S  

This value of |S| is approaching the theoretical value but not surpassing it. The longer 

acquisition time of 20 seconds helped with producing more consistent average coincidence counts. 

This value of |S| is also closer to the example value of 2.307 +/- 0.035 using a similar experimental 

setup and shown by Dehlinger and Mitchell [2]. Despite internal error of the system setup, acceptable 

results were obtained. In combination with the cosine squared probability results found in section IV 

D, the evidence points overwhelmingly to the observation of an entangled quantum state. A summary 

of all trial results for Bell’s inequality can be seen in appendix 5. 

Sources of Error 

Several sources of error were encountered in this experiment. First, the data can be inaccurate 

if the system is not properly aligned. The rails of the photon detectors should be positioned such that 

there is a maximum coincidence count. This rail position corresponds to the exit angles of degenerate 

photon pairs from the BBO crystal. The lenses in front of the detectors should also be adjusted to 

achieve maximum photon counts. A well-aligned system will be able to eliminate much of the error in 

the number of coincidence counts, leading to more accurate data. 

Poor adjustment of the quartz plate can also lead to experimental error. It can be seen in 

section IV that the quartz plate has a large impact on the data because it changes the quantum state 

of the photons. Accurate data for the position of the quartz plate, as described in section III, is 

necessary to ensure an entangled state is created. With a well-aligned system, the data from 

calculating |S| and the cosine squared graphs will be an excellent indication of whether or not the 

quartz plate position is creating an entangled state. 

17 



Group 2, Fall 2006 
OPT 263K Quantum Optics Laboratory 
Lab 1 Report: Photon Entanglement and Bell’s Inequalities 

Several other sources of error are inherent in the equipment used in the setup. The APD 

polarizers are of relatively low quality. While the data is adjusted for the minimum transmission count 

of N(0°, 90°), higher quality polarizers would be desired for the most accurate results. The angular 

markings on the polarizers may also need to be calibrated. If they were exact, Graphs 7 and 8 of 

section IV B should have maximum values that correspond exactly to α - β = nπ and minimum values 

that correspond to α - β = (n + 0.5) π. The graphs show results within a few degrees of these values. 

Another inherent source of error is accidental coincidence counts. These can be caused by the 

finite resolution time of the APD’s computer counter card (National Instruments PCI-6602). Since the 

detector electronics have a time resolution of about 26 ns, there is a chance that coincidence counts 

can be triggered by two photons that aren’t from the same parametric down-conversion. The 

accidental coincidences could also be caused by stray light in the laboratory and any reflections that 

enter the system. However, this type of unwanted data was shown only to lower the measured value 

of |S| [2]. Therefore, a finding of |S| > 2 is still proof of an entangled state. 

In future experiments, several important things should be taken into consideration. First, the 

alignment of the system should be checked before any measurements are taken. Second, more 

careful measurements of the quartz plate position should be made due to its large effect on the data. 

It would also be useful to measure the laser power each day to see if small fluctuations in power can 

account for differences in daily measurements. For instance, some of the discrepancy in section IV A 

between the amplitudes of the α = 45° data and the other data could be attributed to varying laser 

power. It would also be interesting to compare the results of using a continuous wave laser and a 

pulsed laser. Lastly, to compensate for total internal error of the system, an increased sampling level, 

either through longer acquisition times or more total coincidence readings, would also improve the 

consistency of the data as shown in section IV E, trial 2. 

V. Conclusions 

In this experiment, photon entanglement was explored using an experimental setup proposed 

by Dehlinger and Mitchell [2]. Two main experiments were performed in order to determine photon 

entanglement, the cosine squared probability and violation of Bell’s inequality. Although seemingly 
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straightforward, the experiments required very precise alignment of the experimental setup in order to 

satisfy photon entanglement conditions. In working with this system, it was found through unexpected 

data results that large portions of the setup had become misaligned. After realignment, data collection 

went smoothly and results which closely match the expected theory were obtained, evidence that 

entangled photons were observed. 
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Appendix 1 

The following data was collected on November 10, 2006. The system was not well-aligned and 

the quartz plate was not properly adjusted to produce data which would indicate an entangled state. 

Quartz plate position: 

Angle about vertical axis = 62° 

Angle about horizontal axis = 86° 

5 second data acquisition time. 

 

CALIBRATION MEASUREMENTS AVG
0, 90 307 326 323 325 294 297 319 326 298 320 333 334 316.8333  

Angle Beta
-22.5 -22.5 -22.5 AVG NET 22.5 22.5 22.5 AVG NET

-45 258.00 281.00 257.00 265.33 -51.50 376.00 387.00 354.00 372.33 55.50
Angle 0 126.00 139.00 123.00 129.33 -187.50 164.00 154.00 160.00 159.33 -157.50
Alpha 45 286.00 267.00 265.00 272.67 -44.17 254.00 273.00 303.00 276.67 -40.17

90 388.00 413.00 396.00 399.00 82.17 487.00 486.00 483.00 485.33 168.50  

Angle Beta
67.5 67.5 67.5 AVG NET 112.5 112.5 112.5 AVG NET

-45 931.00 1000.00 959.00 963.33 646.50 817.00 807.00 831.00 818.33 501.50
Angle 0 303.00 316.00 311.00 310.00 -6.83 260.00 235.00 276.00 257.00 -59.83
Alpha 45 731.00 731.00 784.00 748.67 431.83 707.00 725.00 734.00 722.00 405.17

90 1389.00 1365.00 1341.00 1365.00 1048.17 1196.00 1149.00 1165.00 1170.00 853.17
 

E(α,β) -0.22592
E(α,β') -0.00072
E(α',β) 0.83903
E(α',β') 0.72980

|S| = 1.344  
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Appendix 2 

The following data was collected on November 10, 2006. The system was recently aligned, and 

the quartz plate was in an approximate position to produce data which indicate entangled state 

(similar coincidence counts when polarizers are set at (0°, 0°), (45°, 45°), (90°, 90°), (135°, 135°)). 

Quartz plate position: 

Angle about vertical axis = 62° 

Angle about horizontal axis = 230° 

5 second data acquisition time. 

 

CALIBRATION MEASUREMENTS AVG
0, 90 255 230 253 251 257 243 237 234 224 230 243 236 241.0833

 

Angle Beta
-22.5 -22.5 -22.5 AVG NET 22.5 22.5 22.5 AVG NET

-45 620.00 660.00 667.00 649.00 407.92 312.00 334.00 309.00 318.33 77.25
Angle 0 751.00 793.00 752.00 765.33 524.25 658.00 646.00 692.00 665.33 424.25
Alpha 45 433.00 432.00 419.00 428.00 186.92 731.00 742.00 726.00 733.00 491.92

90 289.00 246.00 283.00 272.67 31.58 332.00 346.00 355.00 344.33 103.25
 

Angle Beta
67.5 67.5 67.5 AVG NET 112.5 112.5 112.5 AVG NET

-45 378.00 368.00 392.00 379.33 138.25 733.00 723.00 694.00 716.67 475.58
Angle 0 261.00 285.00 293.00 279.67 38.58 398.00 405.00 417.00 406.67 165.58
Alpha 45 625.00 578.00 582.00 595.00 353.92 297.00 299.00 294.00 296.67 55.58

90 684.00 747.00 718.00 716.33 475.25 578.00 600.00 593.00 590.33 349.25
 

E(α,β) 0.40172
E(α,β') -0.75856
E(α',β) 0.86881
E(α',β') 0.48417

|S| = 2.513  
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Appendix 3 

The following data was collected on November 17, 2006. The system was well-aligned to 

maximize photon counts and the quartz plate was in the best measured position to create an 

entangled state (coincidence counts for polarizer angles (0°, 0°), (45°, 45°), (90°, 90°), (135°, 135°) 

had minimum deviation).  

Quartz plate position: 

Angle about vertical axis = 63° 

Angle about horizontal axis = 229° 

5 second data acquisition time. 

 

CALIBRATION MEASUREMENTS AVG
0, 90 279 272 264 236 246 263 307 267 257 247 254 260 262.6667  

Angle Beta
-22.5 -22.5 -22.5 AVG NET 22.5 22.5 22.5 AVG NET

-45 671.00 693 648.00 670.67 408.00 320.00 313.00 338.00 323.67 61.00
Angle 0 739.00 751.00 734.00 741.33 478.67 620.00 622.00 585.00 609.00 346.33
Alpha 45 387.00 369.00 396.00 384.00 121.33 629.00 610.00 646.00 628.33 365.67

90 279.00 264.00 276.00 273.00 10.33 318.00 314.00 313.00 315.00 52.33
 

Angle Beta
67.5 67.5 67.5 AVG NET 112.5 112.5 112.5 AVG NET

-45 394.00 385.00 390.00 389.67 127.00 705.00 722.00 690.00 705.67 443.00
Angle 0 276.00 263.00 264.00 267.67 5.00 403.00 395.00 343.00 380.33 117.67
Alpha 45 564.00 544.00 594.00 567.33 304.67 290.00 326.00 284.00 300.00 37.33

90 682.00 688.00 723.00 697.67 435.00 649.00 669.00 628.00 648.67 386.00
 

E(α,β) 0.48318
E(α,β') -0.78317
E(α',β) 0.96699
E(α',β') 0.62320

|S| = 2.857  
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Appendix 4 

The following data was collected on November 17, 2006. The system was well-aligned to 

maximize photon counts and the quartz plate was in the best measured position to create an 

entangled state (coincidence counts for polarizer angles (0°, 0°), (45°, 45°), (90°, 90°), (135°, 135°) 

had minimum deviation). A longer acquisition time is used in order to calculate an |S| value which is 

more in line with the expected capability of the experiment setup. 

Quartz plate position: 

Angle about vertical axis = 63° 

Angle about horizontal axis = 229° 

20 second data acquisition time. 

 

CALIBRATION MEASUREMENTS
coincidence 0, 90 956 1012 965 1012 1005 951 932
single APD A 362568 360994 360717 361592 361037 360318 359173
single APD B 248152 247115 247380 247690 247233 247072 246319  

AVG
coincidence 0, 90 959 989 957 956 954 970.6667
single APD A 357650 359038 358947 357566 357648 359770.7
single APD B 245694 245593 244972 245802 245411 246536.1  
 

Angle Beta
-22.5 -22.5 -22.5 AVG NET 22.5 22.5 22.5 AVG NET

-45 2357.00 2445.00 2348.00 2383.33 1412.67 1122.00 1056.00 1174.00 1117.33 146.67
Angle 0 2669.00 2689.00 2708.00 2688.67 1718.00 2324.00 2231.00 2305.00 2286.67 1316.00
Alpha 45 1460.00 1482.00 1478.00 1473.33 502.67 2586.00 2530.00 2507.00 2541.00 1570.33

90 1073.00 1147.00 1023.00 1081.00 110.33 1368.00 1372.00 1331.00 1357.00 386.33
 

Angle Beta
67.5 67.5 67.5 AVG NET 112.5 112.5 112.5 AVG NET

-45 1552.00 1534.00 1511.00 1532.33 561.67 2748.00 2595.00 2598.00 2647.00 1676.33
Angle 0 950.00 1043.00 957.00 983.33 12.67 1457.00 1481.00 1498.00 1478.67 508.00
Alpha 45 2265.00 2199.00 2155.00 2206.33 1235.67 1146.00 1145.00 1198.00 1163.00 192.33

90 2722.00 2664.00 2662.00 2682.67 1712.00 2337.00 2310.00 2362.00 2336.33 1365.67  
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Appendix 4 (continued) 

E(α,β) 0.42665
E(α,β') -0.81091
E(α',β) 0.93076
E(α',β') 0.49981

|S| = 2.668  

Detailed singles and coincidence counts for the polarizer position with the maximum 

coincidence count (0°, -22.5°): 

0, -22.5 0, -22.5 0, -22.5 AVG
Coincidence 2669.00 2689.00 2708.00 2688.67
Single APD 355506 355313 355164 355328
Single APD 265703 265952 265470 265708  

 

Appendix 5 

The following table shows a summary of the data and results obtained in this experiment: 

 

Date 11/10/2006 11/10/2006 11/17/2006 11/17/2006
Acquisition time (s) 5 5 5 20
System Alignment Poor Good Good Good

Quartz Plate
Horizontal Axis 86° 230° 229° 229°
Vertical Axis 62° 62° 63° 63°

N(0,90) 316.83 241.08 262.67 970.67

E(α,β) -0.22592 0.40172 0.48318 0.42665
E(α,β') -0.00072 -0.75856 -0.78317 -0.81091
E(α',β) 0.83903 0.86881 0.96699 0.93076
E(α',β') 0.72980 0.48417 0.62320 0.49981

|S| = 1.344 2.513 2.857 2.668  


