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Abstract: We perform the experiment of Dehlinger’s et al. methods for producing 

entangled photon pairs with a simple experimental setup. We measure the 

dependence of coincidence count on the orientation of a quartz plate, used for 

compensating the phase-shift between signal and idler beams, caused by the 

birefringence of the BBO crystals. After aligning all optical elements cautiously, we 

test the Clauser, Horne, Shimony and Holt version of Bell’s inequality and show 

that our polarization-entanglement state agrees with the predictions of quantum 

mechanics. 

1. Introduction 
Entanglement has been a primary ingredient of fundamental research in quantum 

cryptography, quantum computing, quantum imaging, and so on. Entanglement is a term used to 

describe a quantum mechanical phenomenon in which the quantum states of two or more objects 

become correlated and have to be described with reference to each other, regardless of how far 

apart they are. For instance, it is possible to prepare two particles in a single quantum state, and 

knowing the spin state of one entangled particle - whether the direction of the spin is up or down 

- allows one to know that the spin of the other one is in the opposite direction. As a result, 

measurements performed on one particle seem to be instantaneously influencing other particles 

entangled with it. Even more amazing is that no matter how great the distance between the 

correlated particles, they will remain entangled as long as they are isolated. 

Using quantum entanglement for such applications requires the capacity to generate 

entangled states and also efficient experimental methods to detect, verify and estimate quantum 

entanglement. There are number of articles about entanglement and its measurement. Bennett et 

al. proposed three measurements of entanglement for mixed states [1]. They investigated many 

properties of these measurements and calculated the entanglement of formation for a number of 

states. In addition, Horodecki et al. suggested a general method for the experimentally direct 
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detection of entanglement, basing on positive maps separability criterion, without prior 

knowledge of the density matrix[2]. Recently, Altepeter et al. provided an experimental and 

theoretical comparison between several entanglement detection methods [3].  

The production and measurement of entanglement of the polarization of pairs of photons 

has been of particular interest. This entanglement has facilitated the study of many interesting 

quantum phenomena such as Bell’s inequality violation [4, 5]. The Bell’s inequality disagrees 

with local theories and shows the agreement with quantum mechanics about the degree of 

polarization correlation.  

Recently, Dehlinger et al. suggested an experiment for constructing and operating an 

apparatus to produce and detect polarization-entangled photon pairs [6]. They used a violet diode 

laser at 405 nm and two BBO crystals to generate polarization-entangled photon pairs by type I 

spontaneous parametric downconversion. Two single-photon counting modules were used to 

detect photons in coincidence, and by rotating polarizers in front of the modules, they observed 

angular and polarization correlations, and performed a test of the Clauser, Horne, Shimony, and 

Holt version of a Bell inequality. 

In this paper, we experimentally performed the methods of Dehlinger et al. for producing 

entangled photon pairs. To obtain better results, we measure the dependence of coincidence on 

the orientation of a quartz plate, used for compensating the phase-shift between signal and idler 

beams, caused by the birefringence of the crystals. After aligning all optical elements cautiously, 

we test the Clauser, Horne, Shimony and Holt version of the Bell inequality. 

2. Theory 
We can describe a polarization-entangled state as 
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where αV  and αH  indicate a state with polarization rotated by α from the vertical and the 

horizontal, respectively, the subscripts indicate signal or idler, and α  is the rotation angle of 

polarizers. Using this state, we can obtain the number of coincidences as a function of the two 

rotation angles of the polarizers, α  and β , as  
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where A is the total number of entangled pairs produced, and C is an offset to account for 

imperfections in the polarizers and alignment of the crystals. lθ  is the linear polarization angle of 

the pump beam, and mφ  is the total phase difference of the two polarization components. Under 

our experimental condition, lθ  is fixed as 45° and mφ  is determined to be minimized by rotating 

the quartz plate. Therefore, 
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We can use this total number of entangled photon pairs for the test of Clauser, Horne, 

Shimony, and Holt version of Bell’s inequality. It is well known that the classical state has 

 2≤S ,      (4) 
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Quantum mechanics, however, can violate this inequality, and the perfectly quantum-

entangled state has 

  22=S .      (6) 

If we find a state of 222 ≤< S , we can say that this state agrees with quantum 

mechanics, not classical mechanics. The experimental setup is identical to the Dehlinger’s et al. 

setup, and we follow his method carefully. 
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2. Experimental setup with schematics 

 
Figure 1. Schematic diagram of the experimental set-up. 

 
A schematic diagram of the experimental set-up is shown in Figure 1. A diode laser with 

about 10 mW of output at 408 nm is used as a pump beam. A blue filter is located in front of the 

laser to remove any shorter-wavelength beam. We can adjust the phase difference between the 

vertical and horizontal polarization components of the signal and idler beam by rotating the 

quartz plate. A pair of BBO crystals are mounted back-to-back, the optic axes at 90° with respect 

to each other. Two avalanche photodiodes (APDs) are mounted on the rails to be on two 

diametrically opposite points on the down-converted cone, and used to detect spontaneous 

parametric down-converted photons. Two color filters are located in front of each APDs to block 

the scattered pump beam. The polarization state of photons can be selected by rotating two 

polarizers α and β. Data from the APDs is collected using a Lab View interface on a computer. 

 

3. Experiment Data and Analysis 
3.1 Preliminary Result 

First, the coincidence count between the two detectors with one polarizer fixed and other 

polarizer changes are measured. The measurement is carried out four times, with the angle value 
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for the fixed polarizer chosen as 0º, 45 º, 90 º and 135 º, respectively. The angle of the other 

polarizer changes from 0º to 360 º being changed with an increment of 10 º each time.  
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Figure 2. Coincidence count as the angle β of polarizer II increases at 4 values of angle α of polarizer I; Data 

is taken on Sep 6, 2006. 

 

We can see easily that the four curves almost have the same amplitude, and the visibility 

is quite high, about 0.5 (approaching the 1/3 extinction limit of the polarizer used in the 

experiment).  The average for the four curves (for α = 0º, 90º, 45º, 135º, respectively) are 156, 

151, 162, 147, respectively. 

Bell’s inequality is then calculated, the angles are chosen as α=-45º, α’=0º, β=22.5º and  β’=-

22.5º  and the data are listed below, and the calculated S = 2.44. 
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N(0,90) = 628 
Coincidence Count α(deg) β(deg) Actual Net 

-45 -22.5 1340 709 
-45 22.5 629 -3 
-45 67.5 957 337 
-45 112.5 1657 1034 
0 -22.5 1714 1077 
0 22.5 1229 592 
0 67.5 632 4 
0 112.5 1078 451 

45 -22.5 1006 365 
45 22.5 1686 1046 
45 67.5 1280 649 
45 112.5 613 -17 
90 -22.5 683 49 
90 22.5 1063 428 
90 67.5 1646 1021 
90 112.5 1230 607 

Table 1. Coincidence Count for various α and β; Data is taken on Sep 10, 2006.    

 
3.2 Re-alignment of the optical path. 
 To improve the experimental result, the optical path is re-aligned. After the first trial on 

adjusting the position of the mirror and the two detectors, the coincidence counts are measured 

again as one polarizer rotates while the other is kept fixed. The result is shown in Figure 2.  
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Figure 2. Coincidence count as the angle β of polarizer II increases at 4 values of angle α of polarizer I; Data 

is taken on Sep 15, 2006. 

 

 Compared to Figure , the four curves have very obvious difference in amplitude, also, the 

phase difference among the four curves is not as good as desired. The reason is that the 

adjustment of the mirror changes the angle of incidence on the crystal, and therefore the phase 

difference between the o-light and e-light has changed. The original phase difference is 

compensated using a quartz plate, but the adjusted phase difference is unbalanced afterwards.  

To re-balance the phase difference, the quartz plate is rotated both in the horizontal plane 

and vertical plane. Three coincidence counts are measured, corresponding to (α, β) value of (0 º, 

0 º), (45 º, 45 º) and (90 º, 90 º) respectively.   
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Figure 3. Coincidence Counts in 5 seconds as the quartz plate is rotated around the vertical axis.  The angle of 

rotation around the horizontal axis of the quartz plate is fixed at 93 º. Data is taken on Sep 20, 2006. 

 

The measured results are shown in Figure 3 and Figure 4, respectively. One can see that 

the coincidence count at the three polarizer settings changes vastly as the quartz plate rotates 

either horizontally and vertically. A small change of the quartz plate (e.g., 1 deg.) can change the 

coincidence counts by more than 20%.  

 From the two figures, the optimal orientation of the quartz plate is determined as 

61 º in the horizontal plane and 94 º in the vertical plane. At this setting, the three choices of the 

two polarizers have almost the same coincidence counts, indicating that the curves when one 

polarizer rotates would have approximately the same amplitude.  Another scan is then carried 

out, and the result is shown in Figure 5. The average for the four curves (for α = 0º, 90º, 45º, 

135º, respectively) are 75, 60, 70, 61, respectively. As compared to Figure 2, the curves are 

balanced much better, which indicates that now the exit photons are in better entanglement 

states. In addition, the visibility is about 0.26.  
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Figure 4. Coincidence counts in 5 seconds as the quartz plate is rotated around the horizontal axis. The angle 

of rotation around the vertical axis of the quartz plate is fixed at 61 º. Data is taken on Sep 20, 2006. 
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Figure 5. Coincidence Count as the angle β of polarizer II increases at 4 values of angle α of polarizer I; Data 

is taken on Sep 29, 2006. 
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The Bell’s inequality is calculated again, and this time S = 2.46, which is slightly better 

than the first measurement. 

 
N(0,90) = 265 

Coincidence Count α(deg) β(deg) Actual Net 
-45 -22.5 498 233 
-45 22.5 278 13 
-45 67.5 296 31 
-45 112.5 504 239 
0 -22.5 489 224 
0 22.5 426 161 
0 67.5 312 47 
0 112.5 387 122 

45 -22.5 280 15 
45 22.5 497 232 
45 67.5 479 214 
45 112.5 285 20 
90 -22.5 324 59 
90 22.5 354 89 
90 67.5 455 190 
90 112.5 412 147 

Table 2. Coincidence Count for various α and β; Data is taken on Sep 10, 2006.    

4. Discussion 
 The alignment in this experiment is crucial for better results. As we see in the 

measurement, the phase compensation for o-light and e-light is performed by a quartz plate. The 

orientation of the quartz plate is very sensitive, with even one degree of difference, so the photon 

coincidence count would vary significantly at different orientations of the polarization states.  

 Another important point of the experiment is focusing the beam onto the single photon 

APD detectors. Since the APD detector only has an area of about 0.03 mm2, we need to be very 

careful to adjust the focusing lens in front of it to reach maximal coincidence counts.  

 Thirdly, the focusing of the beam on the BBO crystals is also very crucial. Furthermore, 

since the rest of the setup depends on this focusing position (such as the orientation of the quartz 

plate, the position and orientation of the focusing lens, etc.). One could expect to get even higher 

value of Bell’s inequality if the optics could be aligned better, laser could have a narrow spectral 

bandwidth, and polarizers could have a better quality.  

 One should note that the single photon counts at two detectors are very different for this 

experiment, as one is about 3 times larger than the other. It is difficult to experimentally adjust 
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the alignment to balance the single photon counts. But the reason could be interpreted as follows. 

In the classical limit, the output of the two fields at half the pump frequency has the distribution 

of one uniformly distributed cone. The two output photons have opposite momentum, and are 

distributed symmetrically with respect to the center of the cone. However, in practice, the 

incident beam is not ideal Gaussian, but has phase and amplitude distortion, aberration, etc. This 

non-uniformity might lead to an un-evenly distributed emission cone, which causes the 

difference between the read out of two detectors. Another reason could be the responses (e.g., 

quantum efficiency) of the two detectors are not the same, which also might give rise to this 

difference. This could be checked by inter-changing the two detectors in the future. 
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