
Lab 1: Quantum Entanglement and Bell’s Inequality

Procedure

• Achieve quantum entanglement

We create polarization entangled photon pairs through parametric down conversion. We use two orthogonal type I BBO crystals for 
the process. The output photon pairs have wavelength 2𝜆 with less energy. 

• Entanglement Verification
1. Observing 𝐶𝑜𝑠2 dependence of coincidence count on the relative angle of polarizers

Two polarizers A and B are put in front of APDs. We rotate one of the polarizers 360°, while setting the other polarizer at an fixed 
angle. We then record the coincidence count of each combination. If the plot of the coincidence count vs. rotating angle has the 𝐶𝑜𝑠2
shape and the visibility > 0.71, then we have the entanglement state. We also take off A and only rotate B to show the unentangled state
2. Violation of Bell’s Inequality

The Bell’s inequality in the CHSH form can be expressed as: S ≤ 2. Entanglement is a rare situation, so only at certain polarizer 
angle can we observe S > 2. We set A at -45°, 0°, 45° and 90° and B at -22.5°, 22.5°, 67.5° and 112.5° respectively, therefore 16 
combinations are collected. Additionally, we set A and B at random angle to show S ≤ 2

• Setup Improvement

We introduce a quartz plate in the beam pass to compensate for the phase difference resulted from two BBO crystals. We rotate the 
quartz plate horizontally and vertically while setting the polarizers at certain angles. We look for the intersection point on the final plot, which 
gives us the information of the best orientation of the quartz plate
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Figure 1: Schematic diagram of the entanglement experiment’s setup. Quartz 
plate is not used until the last part in our particular setup due to very small phase 
difference between horizontally and vertically polarized down converted photons. 
The laser is 405.5 nm blue diode laser.

Figure 2: Dependence of coincidence counts of down converted photons through a BBO 
crystal. Multiple measurements are taken with one polarizer remained at particular angle and 
rotating the other one in a full circle with the fixed interval of data acquisition. The 
coincidence counts shows a cos2 dependence on the rotated angle of the second polarizer and 
visibility approaches to 1, which indicates the entangled state. The difference in the peak 
counts might due to misalignment of the system. 

Figure 3: Dependence of coincidence counts of down 
converted  photons through a BBO crystal with only one 
polarizer B. This time, there is no entanglement since the 
visibility is too low.

b = -22.5° b’ = 22.5° 𝑏⊥= 67.5° 𝑏′⊥= 112.5° S value

𝑎 = -45° 96.2 6.6 19.4 105.7

2.715
𝑎′ = 0° 79.6 45.6 3.0 34.0

𝑎⊥= 45° 13.7 47.6 32.8 1.5

𝑎′⊥= 90° 17.7 11.8 82.6 76.0

b = -22.5° b’ = 22.5° 𝑏⊥= 67.5° 𝑏′⊥= 112.5° S value

𝑎 = 60° 2.4 41.2 49.6 27.7

1.057
𝑎′ = -20° 60.9 37.3 8.4 91.7

𝑎⊥= 85° 2.0 3.5 11.9 10.4

𝑎′⊥= 30° 4.0 8.9 5.3 1.9

Figure 4:  The result of the coincidence count when polarizers are set at particular angles. In 
the first case, we have S >2, which indicates entanglement state. In the second case, we set 
polarizer at random angles and then we don’t have entanglement state. The violation of Bell’s 
inequality is a rare situation.
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Figure 5: Plot of the coincidence count relative to the angle rotation of the quartz plate. The 
intersection point on the left is 4° and is 10° on the right, which gives us the best quartz plate 
orientation. 

b = -22.5° b’ = 22.5° 𝑏⊥= 67.5° 𝑏′⊥= 112.5° S value

𝑎 = -45° 91.5 8.0 27.7 95.0

2.433
𝑎′ = 0° 87.3 56.2 13.6 27.4

𝑎⊥= 45° 18.7 73.6 73.5 11.2

𝑎′⊥= 90° 13.0 31.2 79.2 66.0

Figure 7: Redo the Bell’s inequality calculation with the quartz plate in the setup. 

What I learned
• The principle of spontaneous parametric down conversion; law of 

conservation of momentum and energy.
• Birefringent materials
• Derivation of Bell’s inequality in the form of CHSH
• How to use Avalanche Photodiodes detector

Figure 6: Dependence of single counts of one APD as a 
function of rotated angle of polarizer in front of the other APD. 
The dependence is slightly modulated rather than flat, which is 
due to the imperfect alignment.
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Lab 2: Single Photon Interference

Procedure

• Observing single photon interference in Young’s double slit Interferometer

In order to achieve approximate single photon source (one photon per meter), we choose to attenuate the laser. We first measure the 
laser power and choose the corresponding magnitude of attenuation rate. The picture is taken by EM-CCD, which has the gain property. The 
camera is cooled down to -60℃. We set different values of exposure time, gain and number of frames to the EM-CCD and analyze the quality of 
the picture

• Observing single photon interference in Mach-Zehner interferometer with quantum eraser

Take the quantum eraser and EM-CCD out, measure the output laser power and choose the corresponding attenuation filter to 
achieve one photon per meter. The EM-CCD is cooled down to -55℃, 0.003s exposure time and 255 gain. Replace the quantum eraser and EM-
CCD, rotate the quantum eraser from 0 ~ 350° and record each interferogram. Input interferograms into ImageJ and calculate the visibility of 
their cross section.

• Mach-Zehner Interferometer alignment

We has to align two misaligned mirrors in the Mach-Zehner interferometer. We first rotate the mirror to direct the beam 
approximately to the center of the second beam splitter. Secondly, we nudge the mirror and make the beam from each arm overlap. Then we put 
a piece of paper on the output to make sure the beams at the position close to the beam splitter and far away from the beam splitter are both 
overlapped very well.
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Figure 8: Interference patterns from the double slit experiment 
with varying attenuations, exposure times, number of frames, 
and gain. Individual images are labeled with f,s,fr were 
f=attenuation, s=exposure time, and fr=number of frames. 5f: 
fifth order of magnitude; 7f: seventh order of magnitude. The top 
group is taken without gain, while the lower group is taken with 
255 gain. Gain property allows shorter exposure time and less 
stacks of frames than conventional camera. 7f, 0.05s, 1 frame 
and 255 gain gives the best image.
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Figure 9: Schematic diagram of the Young’s double slits setup. 
We use He-Ne laser with 633nm wavelength. The spatial filter, 
neutral density filter and circular aperture are used to clean, 
attenuate and shape the laser beam. The double slit we choose 
has 40um slit width and 250um slit separation. The EM-CCD is 
cooled down to -60℃ in order to minimize the dark current 
noise.
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Figure 10: Schematic diagram of the Mach-Zehnder interferometer. The 
wavelength of the laser is 633 nm. The polarizer D is called quantum eraser.

EM

Figure 11: The pictures taken when quantum eraser is set at different 
angles. The interference fringes appear and disappear periodically. Figure 12: The plot of the visibility (cross section of Figure 10) vs 

quantum eraser angle. Although the fringe maximum and minimum 
vary quite a lot, we can still see four maximum points and four 
minimum points as expected. 

What I learn
• Wave-Particle Duality
• How to relate number of photons per meter to wavelength λ and 

power P
• Which way information
• How to use EM-CCD and analyze the image quality
• How to align Mach-Zehnder interferometer
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Lab 3-4: Confocal Microscope Imaging of Single-Emitter Fluorescence & Hanbury Brown and Twiss Setup

Procedure

• Measure the spectrum of  different color center nanodiamond

We align the microscope by moving the cross target in the center of field of view. We also align the spectroscopy using argon light source with known 
spectrum. Spectrum measurements are performed on both Nitrogen vacancy and Silicon vacancy nanodiamond

• Single emitter fluorescence image in Hanbury Brown and Twiss setup (with pulsed laser)

We introduce a 32ns delay in one arm of the APD in order to calibrate the TimeHarp card (the zero-point is at 65.4ns). We also observe the TTL pulse 
emitted by APDs to the TimeHarp card. We then perform 10 x 10 um confocal raster scan of Silicon vacancy film from MEPHI with 532 nm, 6ps pulsed laser. By 
looking at the image of blinking emitters, we zoom into a smaller area and record the histogram at certain point. We also perform the same experiment on 20nm 
Nitrogen vacancy nanodiamond particle from Taiwan

• Observation of selective reflection of liquid crystal

Put one drop of liquid crystal (milky color) on a substrate and put another substrate on the top. We can observe certain color reflected when performing 
planar aligning. Additionally, we put the substrates with liquid crystal powder in between on the heater. With temperature going up, the liquid crystal turns into glassy 
state and displays selective reflection property; however, the liquid crystal will turn into liquid state when temperature is too high

• Achieve antibunching

We keep using the Nitrogen vacancy nanodiamond but switch to 633nm He-Ne CW laser as the excitation laser. Perform confocal raster scan and choose 
an area with strips to perform histogram recording. To effectively produce photon antibunching, the laser beam should focus on a spot with very low concentration of 
single emitters

• Atomic Force Microscope

Put the NV nanodiamond on the microscope stage and turn on the feedback laser (red) and white light source. Lower the cantilever manually and switch 
to electronic control when the cantilever is close to the sample. Set the measuring time for 1s or 1.5s and choose an area to start measurement. Notice some abrupt 
change in the topography will introduce huge amount of noise
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Figure 13: The image of the argon light source (left) and the spectrum 
of it (right). This is used for spectroscopy calibration.

Figure 14: The image of the fluorescence of NV nanodiamond (left) and 
the spectrum of it (right). We use 200s exposure time and 300 gain for EM-
CCD. The NV nanodiamond emits a continuous spectrum of fluorescence 
light. The spectrum has better contrast with longer exposure time.

Figure 15: The image of the fluorescence of SiV nanodiamond (left) and the 
spectrum of it (right). We use 100s exposure time and 300 gain for EM-CCD. 
The SiV nanodiamond has a very strong emission at wavelength around 
739nm. The spectrum has better contrast with longer exposure time.

Figure 16: the TTL pulse that APDs send to the 
TimeHarp card. The TTL pulse is a step function 
with peak to valley voltage value equal to 5V. 
There is some wiggles on the top.
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Figure 17: The 1 x 1 um raster scan of the SiV nanodiamond film from 
MEPHI with 532nm pulsed laser (left) and the corresponding histogram 
of it (right). The pulsed shape is resulted from short fluorescence life 
time. The histogram result is pretty much similar for most points on the 
raster scan image. 

Figure 18: The 10 x 10 um raster scan of the NV nanodiamond particle 
with 532nm pulsed laser (left) and the corresponding histogram of it 
(right). There is a tiny dip at the zero point but we cannot say we have 
antibunching yet.

Figure 19: Calibration of TimeHarp card. We introduce a 
32ns delay in one arm and find the zero point to be at 64.5ns. 
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Figure 22: diagram of the 
cholesteric liquid crystal. Such 
structure is obtained by planar 
alignment of the liquid crystal 
(shearing two substrate relative 
to each other). Chiral liquid 
crystal hosts provide 1-D 
photonic crystal environment 
for emitter and circular 
polarization of definite 
handedness to emitted photons. 

Figure 20: Monomeric liquid crystals fluid (left) and the 
cholesteric liquid crystal obtained by planar alignment 
(right). We can clearly see selective reflection.

Figure 21: Selective reflection curves 
of 1-D photonic bandgap planar 
aligned cholesteric layers and intensity 
enhancement of the fluorescence if the 
edge of the photonic bandgap is close 
to the fluorescence wavelength. 
Polarization is also a important factor 
in intensity enhancement.

Figure 23: Schematic diagram for the confocal microscope and Hanbury Brown and 
Twiss setup. The main component of the confocal microscope is the Laser, objective, 
sample table, scanning system, pinhole (the surface of the detector acts like a pinhole) 
and detector. Also the dichroic mirror and interference filter are used to separate 
fluorescence from excitation laser. 



Zhaoyu Nie 11

Figure 24: image of the blinking NV 
nanodiamond particle.

Figure 25: 2 x 2 um raster scan of 
the NV nanodiamond, with 633nm 
He-Ne CW laser (left column) and 
histogram of the corresponding 
point on the raster scan. Each 
measurement has the recording 
time 15 min. The dip at around 
65ns indicates antibunching.

What I learn
• Second order correlation function
• Confocal microscope
• The Hanbury Brown and Twiss setup
• Raster scan
• Spectrum of nanodiamond with different color center
• Manufacture cholesteric liquid crystal
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Figure 26: Side view of the cantilever 
close to the sample surface.

Figure 27: Topography of the 
nanodiamond. The area is 5 x 
5 um and the recording time 
is 1s per line.

Figure 28: Topography of the nanodiamond (left) and the 
corresponding voltage amplitude map (right). The area is 1 x 1 
um and the recording time is 1s per line.

Figure 29: Length measurement of the structure on 
figure 28. The tiny structure has length 24.02nm.

Figure 30: Topography of the nanodiamond with 180 x 180 nm area (left) 
and the corresponding mean fit of the topography (right). A dip in the mean 
fit graph indicates a valley on the topography image.

Figure 31: Topography of the 
nanodiamond. The area is 5 x 5 
um and the recording time is 1.5s 
per line. The detail is more clear.

zoom
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