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Lab 1: Quantum Entanglement and Bell’s Inequalities, Procedure

• Experiment 1: Cos2(𝜽) Dependence Measurements
• The first experiment performed was to measure how the coincident counts could

be effected by rotating one polarizer, while leaving one stationary. For example:
Polarizer A would be rotated through 360o and polarizer be would be left at 45o,
and the varying of the coincidence counts would be observed. A diagram of this
method can be seen in the figure above.

• These results provide a general confirmation towards whether entanglement will
be observed since the fringe visibility of the fluctuation is proportional to the
degree of entanglement. If the fringe visibility is above 0.71, then entanglement will
be observed.

• The data is plotted as coincidence counts against rotation angle.

• Experimental Setup:
• The figures above show the general setup for lab 1. the left most figure is of the

entire system lay out. Light from a 405nm diode laser was directed by two
mirrors into a half wave plate (HWP) which rotated the light’s polarization to
45o. Following the HWP are two Type I BBO crystals which are aligned to be 90
degrees offset from each other. The BBO crystals are seen in the right most
image.

• When the light enters These crystals two vertically polarized photons and two
horizontally polarized photons is emitted, each photon has a wavelength of 2𝜆,
or 810nm. These photons would be emitted into a cone of a determined angle,
and enter one of two fiber couplers. From there the photons are directed into
one of two avalanche photo diodes and counted using a special photon counting
computer card.

• In the computer card the photons are split between singles counts and
coincidence counts. Coincidence counts measure the number of photons which
are incident on both APDs at once, and should fluctuate as polarizers placed
before the fiber couples are rotated.

• Experiment 2: Violations of Bell’s inequalities
• The Next experiment was concerned with definitively proving if quantum

entanglement was being observed in the lab, this is quantitatively done through
a set of classical relations known as Bell’s inequalities.

• The inequalities take as their input 16 perpendicular measurements, and output
a value for “S” a factor which should be greater than 2 if quantum
entanglement is being observed.

• In the lab these 16 measurements are taken three times, once with prescribed
values for the polarizer angles, and twice with random angles in order to
observe difficulty of findings angles which confirm entanglement without using
prescribed optimum angles.

• Experiment 3: Rotation of Quartz Plate
• Finally, a new component was placed in the system, a quartz birefringent plate. This

compensator plat is normally used to compensate the phase shift induced in the light
in the BBO crystals. Since the horizontal and vertical photons generated must travel
unequal distances, these components of the light must overlap correctly to produce
the desired result.

• In this experiment the quartz plate is rotated about its horizontal axis at 4 different
polarizer settings: (0,0), (45,45), (90,90), (135,135). The rationale behind this method is
so that when the coincidence count is plotted against the quartz plate rotation angle,
the intersection of these four plots will be the optimal quartz plate angle.

• The quartz plate is not necessary for the rest of the lab because the wavefront of the
laser is such that it negates the OPD between the H and V photons.
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Lab 1: Quantum Entanglement and Bell’s Inequalities, Results

Trial # S Value

1 2.5±0.1

2 2.06±0.06

3 0.110±0.003

• Experiment 1: Cos2(𝜽) Dependence Measurements
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Below are the plots and data created for Experiment 1. In the top three plots the coincidence count vs. rotated
polarizer angle is plotted. In these experiments one polarizer is rotated as one is kept stationary. The
quantitative data for these plots is shown in the table below. Finally the fourth graph shows how the singles
counts stays nominally the same as the polarizers are rotated.

Rotated Degrees

• Experiment 2: Violations of Bell’s inequalities

Above are the finals S values calculated for the three iterations of the test conducted. Below the
table are the two necessary equations to calculated these values. The E value is calculated with 4 of
the coincidence values measured, and the four E values calculated are input into the S equation.
Three trials were conducted. The first trial used prescribed angular settings. The second trial used
half of the prescribed angular settings. The third trial used none of the prescribed angular settings.

• Experiment 3: Rotation of Quartz Plate

Above is the plot of coincidence counts vs. quartz plate rotation. The orange line
indicated the angle which was determined to be the intersection point of all four plots.
Here the quartz plate is at the optimum rotation angle for compensation. Here it was
determined to be -10o .
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Lab 1: Quantum Entanglement and Bell’s Inequalities, Learning

From this lab, observations on the basic mechanics of quantum entanglement can be made. I
have learned that:

• Polarization is only one form of quantum entanglement, however it is one of the easiest to produce in a lab.

• Energy, and momentum entanglement can also be achieved in photons

• Most quantum particles can be entangled in some way, even larger molecules such as C60 .

• Quantum entanglement can be verified through Bell’s inequalities, however Bell’s inequalities are classical in

nature, and can therefore be used to measure attributes of classical objects

• Without prescribed angles, it can be difficult to find the proper angles to recorded data at such that Bell’s

inequalities are violated.

Further I have learned that:

• Nonlinear optical crystals which can produce spontaneous parametric down conversion (SPDC) emit light which is 2𝜆

as well as 3𝜆 and up. The higher order conversions are far less likely to occur however.

• A quartz plate can be used in a lab set up when an adjustable phase difference is desired of the H and V polarizations

in a light beam.
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Lab 2: Single Photon Interference, Procedure

• Experimental Setup:

• The figures above show the general setup for lab 2. The left most image is of the Mach-Zehnder interferometer used. It is comprised of the HeNe laser source used in this lab,
which emits 633nm light into the experiment. The laser is followed by a set of ND filters with attenuate the laser source until it is emitting light at a rate which allows only one
photon into the interferometer at a time. Following the filters is a polarizing beam splitter which splits the photons between to two paths based on their polarization, however
their direction cannot be known at this point. Finally a non-polarizing beam splitter combines the paths into one beam, and a polarizer act as a quantum eraser in the system.

• In the right most image, the classic double slit interferometer is shown. Here, light is once again input from a 633nm HeNe laser, and attenuated to the 1photon/meter level.
the light is then sent though a beam expander so that the beam can full the full aperture of the double slits. The double slits are illuminated form the expanded beam, and a
diffraction interference patter is seen on the observation plane.

• Experiment 1: Single Photon Double Slit Interferometer

• This experiment was conducted to observe the most basic form of single photon
interferometery, as well as to prepare us for using the electron multiplying CCD
(EMCCD) camera used in the following experiments. In the experiment
numerous images are taken with different camera settings in order to find the
setting which produced the most visible fringe pattern.

• The camera is first cycled though exposure times with no gain on the camera.
Images are taken which range from an exposure time which has almost no
visibility through to a pattern which saturates the sensor. Next, the camera is set
to the minimum exposure time again, and accumulations of images are taken.
These accumulated images are comprised of a number (in this case 25 or 50
images) of images which are overlapped. The settingcompensates for some
noise and increases visibility. Once again the exposure time is increase
marginally to observe the change’s effect on fringe visibility.

• Finally the camera gain is turned on to its max setting, and the exposure time is
varied from a new minimum visibility time, to an exposure setting which
saturates the camera. Again the exposure time is decrease to its minimum for
fringe observation, and accumulated images are taken.

• Experiment 2: Single Photon Mach-Zehnder Interferometer

• Following the double slit interferometer, a more complex interferometer is used
to show that diffraction interferometer is not the only method of observing
single photon interference, the Mach-Zenhder interferometer. The experiment
is less concerned with how the camera operated, and how exposure times can
limit, or improve visibility of fringes. The experiment is to observe the effect of a
so called “quantum eraser” on fringe visibility. The quantum eraser in the case
of experiment 2 is a final polarizer placed before the EMCCD camera. The
quantum eraser acts to delete any “which path” information given to the photon
by the polarizing beam splitter. Without the erasing of this information, it would
be possible to know which path the photon traveled in the interferometer, thus
collapsing the quantum wave function which is the field interfering in this case.

• The experiment consists of observing fringe visibility as the quantum eraser is
rotated through 360o. Minima in visibility should be seen when the eraser is
parallel with one path’s polarization, while maxima should occur when it is 45o

with the polarizations.
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Lab 2: Single Photon Interference, Results

• Experiment 1: Single Photon Double Slit Interferometry

• Without Gain, without Accumulation

• Without Gain, with Accumulation

• With Gain, with Accumulation • With Gain, without Accumulation

Below are the images of the double slit interferometer data. Each image is labeled with the pertinent exposure data on it. The top left corner hold the exposure time. The bottom Right has the
measured visibility data. The top left holds the number of accumulated images The image with the greatest visibility is the image with the gain set to 255, and with no accumulation. The results lead to
the conclusion that gain improves the visibility most drastically, while increased exposure time is be most effective method to increase visibility without the use of gain.

• Experiment 2: Single Photon Mach-Zehnder Interferometry
To the right is the set of images, as well as the calculated fringe visibilities for each image for the second experiment in this lab. The images were taken with a 0.003s exposure time, and with the gain
set at 255. The data was taken every 10 degree increment of the quantum eraser rotation. As can be seen, the maxima and minima cycle every 90o as was expected. The quantum eraser will in fact
work most efficiently only when it is at a 45o angle with both polarizations, and this only occurs every 90o .
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Lab 2: Single Photon Interference, Learning

In this lab single photon interference was observed in two different interferometers, and it
was learned:

• Single photon interference cannot occur when “which path” information exists

• Although the photons are not anti-bunched, attenuated laser radiation create single photon interference

effects

• Quantum interference can occur in particles which are larger than photons; electrons and even C60

molecules have been interfered

• Diffraction effects photon wave functions in the same way which it effects the wave functions which govern

electromagnetic radiation

Further I have learned that:

• The gain used on an EMCCD camera can decrease limiting noise in images

• Accumulation can increase the visibility of a short exposure time image, however it has a limited effect, and cannot

increase visibility as much as a longer exposure time, or gain.
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Lab 3: Confocal microscope imaging of single-emitter fluorescence, Procedure

• Experimental Setup:
• The figures above show the general setup for lab 3. The left figure is a diagram of the lab setup used to measure the fluorescence lifetime of SiV (silicon vacancy) color centers in nano-

diamonds. The right image is of the set up to measure the emission spectrum of the same SiV nano-diamond sample. Both experiments use a fluorescence confocal microscope to
illuminate and collect the like emitted from the sample

• In the right set up, the confocal microscope is not detailed, however it is used to illuminate the nano-diamond sample with light from a picosecond 532nm laser using a high NA oil
immersed objective. From the microscope, the light is sent through a dichroic mirror which is used to reflect any residual light from the illumination laser away from the rest of the
experiment. The light is then into a Hanbury Brown and Twiss set up to which measures the coincidence counts as a function of time. These coincidence counts are directly related to
the fluorescence energy of the nano-diamonds, and is used to analyze the time for the color centers to reach their 1/e energy, their so called fluorescence lifetime.

• To the left is the set up to measure the spectrum of the same SiV nano-diamond sample. The light from the 532nm laser is directed into the confocal microscope where the light is then
sent into the high NA objective. From there the light is incident on the nano-diamonds, where the light is absorbed, and emitted as fluoresced light. The light is collected and sent back
into the system, where it is allowed through the dichroic mirror, and sent into a polychromator spectrometer. The light is broken into its constituent spectrum, and collected on an
EMCCD sensor.

• Experiment 1: SiV Spectral Measurements
• In the first experiment, the emission spectrum of the SiV nano-diamonds is

analyzed. The spectrometer used is a polychromator, which is able to analyze the
full spectrum of the sample at once. To do so, the spectrometer must be calibrated.

• The calibration procedure is simple. A mercury-argon light source is input into the
spectrometer. The light source has peaks in its spectrum which a known to a high
degree of accuracy, so the spectrometer can be calibrated to these peaks. The
calibration is done so that the computer analyzing the image from the EMCCD
camera knows which pixels correspond to what wavelength.

• Once the calibration is complete, the sample is placed on the microscope, and the
laser is turned on. The spectrum is analyzed by adjusting the exposure time, and
gain of the EMCCD camera until an image with the most non-saturate signal is
acquired. This is the optimum image to work with.

• Experiment 2: Fluorescence lifetime
• The second experiment performed is to measure the fluorescence lifetime of the

nano-diamond sample. The fluorescence lifetime is the period of time it takes the
light illuminating the nano-diamonds to be emitted once it has been absorbed. The
cut off point for the emission is amount of time it takes for the fluorescence to
reach 1/e of the original energy.

• The set up used in this experiment is extremely dependent on the computers the
two avalanche photodiodes (APDs) are connected to. This means a calibration step
is required. The special computer card which is able to count the photons incident
on the APDs must be calibrated such that there is a known delay between the two
APD signals. To create this known delay, the signal from one APD is split, and input
into the card’s two channels. This creates a spike in the histogram generated by the
computer, and this spike is set to a certain time on the histogram using a delay
inducing circuit. In this lab it was set to about 69ns.
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Lab 3: Confocal microscope imaging of single-emitter fluorescence, Results

Bandwidth (nm) Range (nm)

NiV 191 552-739

SiV 30 (220 with scattering)
756-726 (771-551 with 

scattering) Fluorescence 

Lifetime

Standard 

Deviation

% 

uncertainty

1.7 ns 0.1 8%

NV-No Gain NV-Gain SiV-GainArgon Lamp

Lab 3: Spectrum Measurements:

• Below are images, spectral line plots, as well as quantified data pertaining to the spectral analysis of the
SiV color center spectral analysis.

• The images shown:
• Argon Lamp: calibration measurement for the spectrometer
• NV-No Gain: measurement of NV color center spectrum without camera gain turned on.
• NV-Gain: measurement of NV Color center spectrum with gain turned on This measurement

was used to quantify the spectrum of the NV color center.
• SiV-Gain: measurement of SiV color center spectrum with gain on. This measurement was

used to quantify the SiV spectrum.
• Table of data:

• Values found by digitizing the spectral line plots estimating the width on a generated plot
from the data.

• The NV color center undoubtable has a broader emission spectrum, however the SiV suffers from a great
deal of Raman scattering.

Lab 3: SiV Emission Lifetime

• Below are blots, and raster images of the sample while
measuring the fluorescence lifetime of the SiV Color
center

• Histograms show coincidence counts vs. time
• Table: quantified data showing the estimated

fluorescence lifetime of the color centers based on blue
plots.

• The data shows the extremely fast fluorescence time of
the silicon vacancy center, a life time of only 2ns
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Lab 3: Confocal microscope imaging of single-emitter fluorescence, Learning

From this lab, observations on some of the basic radiometric properties of SiV and NV color
was recorded. It was learned that:

• NV color centers display a far wider emission spectrum than SiV color centers, however the Rama scattering

on the sample being tested made the SiV color center’s spectrum wider than the NV’s.

• The fluorescence lifetime of SiV nano-diamond color centers is extremely short, on the order of single nano-

seconds.

• Blinking color centers manifest themselves as stripes when raster scanned as their radiance is not constant,

and leads to a strip on the raster image.

• Anti-bunching can be seen in both second order correlation plots as well as in emission histograms, in the

latter it is seen as a dip in the peek which is centered about zero time delay.

Further I have learned that:

• A polychromator spectrometer is calibrated using a known source which contains known peeks of a specific

wavelength.

• A fluorescence confocal microscope is able to increase the contrast in an image, not the resolution. The confocal

microscope uses a spatial filter to cut out unwanted signals which come from planes on the optical axis before and

after the sample under test.
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Lab 4: Hanbury Brown and Twiss setup, Photon anti-bunching, and Atomic Force 
Microscopy, Procedure  

• Experimental Setup:
• The figures above show the general setup for lab 4. To the right is a diagram of the fluorescence confocal microscope, and the Hanbury Brown and Twiss interferometer. To the right is the set up

for the atomic force microscope (AFM) set up. The upper image is a picture of the physical lab set up, and the bottom is a diagram of operating principle of the AFM.
• The confocal microscope is the same set up as was used in the fluorescence lifetime measurement, however the computer card is set to a separate counting method which creates a histogram of

coincidence counts as well as the number of counts observed at + or - ns from an original photon detection. This data is the plot of the second order correlation function, and should be 0 at the
point where there is 0 time difference when anti-bunching is observed.

• The AFM set up is made of three major components, a computer to read out the data from the AFM, as well as a controller for the AFM, and an isolation pad with its controller. The AFM works on
the principle of atomic forces. As the AFM tip is scanned across the sample, it must change its height to remain at a constant distance from the sample. As the tip is shifted up, it changes in angle in
relation to a laser beam reflecting off the cantilever of the AFM. The shift in angle is detected by a measuring the change in reflectance angle of the laser beam.

AFM

𝛿𝑧

Nano-diamond

Direction of Motion

𝛿𝜃

• Experiment 1: Anti-Bunching Measurement
• The first experiment performed is to measure the second order correlation function of the

nano-diamond sample. In order to do this the computer card used in lab 3 is switched to a
mode where it displays the probability of a second photon being incident on an APD after a
certain amount of time. In there is anti-bunching being observed, there will be no
probability that a second photon will be observed 0s after the first (ie: there should be no
coincident counts).

• The figure above shows a sample of the data recorded by the experiment. First the sample
is scanned, as in lab 3 for nano-diamonds, and single color centers. It is crucial that a single
color center is observed because otherwise it will be possible for one to emit light at the
same time at the other, thus creating a coincident count. Next, the sample is moved into
position such that one color center is being observed by the microscope using the
positioning stage. Data is then collected, and the correlation plot observed. If there is no
anti-bunching, the process should be repeated

• Experiment 2: AFM Scanning Measurements
• In the final experiment of the class, an atomic force microscope is used to measure the

physical size of the NV nano-diamond samples.
• The procedure for scanning the nano-diamonds is to first place the nano-diamond sample

under the AFM tip. Once in place, the controller is connected to the comuter via a USB
interface. The software which communicates with the controller is activated. The sample
is then scanned over a large area (about 2-20um square) to measure a rough initial image
for identifying areas of large nano-diamond populations. From there a smaller area of the
sample is scanned to provide a more scaled up version of the nano-diamonds and make
measuring their size easier. If the second measurement does not provide sufficiently large
images, the procedure should be repeated until a adequate image is generated.
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Lab 4:Hanbury Brown and Twiss setup, Photon anti-bunching, and Atomic Force 
Microscopy, Results  

Experiment 1: Experiment 1: Anti-Bunching Measurement

Below are measurements of the anti-bunching measurements of the NV
nano-diamond samples investigated. The set of images title 532nm light were
illuminated using the picosecond solid state laser used in the spectral
measurements. The right images titles 633nm light were illuminated using a 633nm
CW HeNe laser. The two measurements were taken to study the effect of the two
lasers on the fluorescence of the nano-diamonds.

As can be seen in the blue histograms, no anti-bunching was observed in
any of the recorded data. This may be because we were unable to focus in on a
single emitter. However, blinking was observed, and stripes can be seen on a two of
the raster scans, suggesting that the color center bleaches before sufficient data
could be collected.

532nm Light 633nm Light

Experiment 2: AFM Scanning Measurements

Below are raster scanned images of the AMF measurements. During the
course of the lab the AMF began to malfunction and so only one image was able
to be reliable taken of the nano-diamonds. The right most images shows in that
of the most scaled up image taken. The image shows the diamond measured, and
where the diameter measurement was taken.

The table below the images is of the data recorded via a distance
measurement made within the AFM software.

NV Nano-Diamond

Diameter: 56.33nm

Experiment 3: Liquid Crystal Photonic Bandgap Material

In addition to the previously described labs, we were also bale to work with
photonic bandgap materials. The specific kind created in lab are what are known as
cholesteric liquid crystals (CLC). These liquid crystals are in a helical shape, and can block
certain wavelengths when the two ends of the helix are aligned with one another. In order
to do this a drop of CLC solution is placed on a slide. A cover plate is then placed on the CLC,
and sheered in a direction until colors are able to be seen. These colors seen in transmission
are related to the wavelengths of light the bandgap material allows through. Below are
images of the CLC.
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Lab 4:Hanbury Brown and Twiss setup, Photon anti-bunching, and Atomic Force 
Microscopy, Learned

From this lab, observations on the anti-bunching properties, as well as the size of NV nano-
diamonds were made, it was learned that:

• Anti-bunching requires dozens of measurements to find, and using a sample of nano-diamonds does not in

fact guarantee anti-bunching.

• Quartz and other crystal cover plates used to hold the nano-diamonds can Raman scatter and interfere with

the anti-bunching results seen on the computer correlation plot.

• Bleaching effects in color centers can occur very quickly, and measurements of anti-bunching need to be

made equally quickly

• Using separate wavelengths to excite the color centers can lead to different emission results

Further I have learned that:

• An AFM is an extremely sensitive measuring tool which can record periodic patterns down to angstroms, and other

samples to nm levels.

• An AFM cantilever does not act to amplify the physical signal from the tip, but instead works to amplify the angle

reflectance change which is observed in the laser beam which reflects from it.
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