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Lab 01: Investigation of Quantum Entanglement 
Through Violation of Bell’s Inequalities



Lab 01: Introduction & Theoretical Background 
This laboratory investigates the fundamental theory and experimental proofs behind

quantum entanglement.

Builds upon the thoughts of Einstein, Podolsky, and Rosen [1] and the “nonlocality
hypothesis”

The scientists grappled with the concept that when a measurement is conducted on one quantum particle,
another quantum particle is physically augmented (quantum entanglement)

Experimentally seeks to validate the existence of quantum entanglement through CHSH
Inequalities (a version of Bell’s Inequalities) [2][3]



Lab 01: Procedure

Photons from a laser source undergo Type I spontaneous parametric down conversion (SPDC) passing through two BBO crystals. 
For this experiment, one incident photon results in two exiting photons with wavelengths double that of the incident photon and 
have correlated polarizations. The incident photons has a 45° polarization relative to the BBO optical axis, and the down-
converted photons propagate into horizontal and a vertical polarization cones. The cones are collected by two microscope 
objectives, each connected with a single-photon avalanche photodiode (APD). In front of each objective there is an adjustable 
polarizer, which tunes the polarization state of the photons.



Lab 01: Proving Quantum Entanglement with CHSH Inequalities

For the procedure outlined in the previous slide (with polarizers at angles ⍺ and β), CHSH inequalities 
provide a quantifiable metric to prove quantum entanglement (see [4] for detailed proof):

Thus, Bell’s/CHSH inequalities will be violated (and thus prove quantum entanglement) when S ≦ 2 or fringe 
visibility, V ≧ 0.7071



Lab 01: Experimental Results

Net coincidence counts versus polarizer angle (°). For each value, accidental 
coincidence is calculated and removed from average coincidence counts to 
generate net coincidence counts.



Lab 01: Experimental Results Continued
Right: Measured net coincidence 
count for an ideal case of polarization 
angles. These measured values 
calculate the E(α,β) values and 
ultimately the S value for verifying 
that Bell’s Inequalities has been 
violated. S = 2.472 demonstrates that 
photon entanglement is obtained.



Lab 01: Experimental Results Continued
Right: fringe visibility vs. angle (°). The blue 

curve represents fringe visibility calculated 
from experimental data presented in Figure 
2. The orange line (at 0.7071) represents the 
threshold for violation of Bell’s Inequalities.

These results demonstrated values of V that 
indicate quantum entanglement.

Note that there are several angles for which 
quantum entanglement is not demonstrated. 
This proves that for some cases, the classical 
and quantum cases will result in the same 
values.



Lab 02: Single Photon Interference:
Wave-Particle Duality and the Quantum Eraser



Lab 02: Introduction & Theoretical Background 
This laboratory examines single photon interference, influence of “which-path” knowledge,

and wave-particle duality through the utilization of two classical experiments
Wave-particle duality is the concept that photons exhibit characteristics of both particle and wavelike

behavior
Which-path knowledge refers to knowledge of the path of a photon’s travel, which affects the manner in which

the photon behaves

Young’s Double Slit
Interference of single photons is achieved in order to confirm the wave nature of photons without the

knowledge of “which-path” information.

The Quantum Eraser
A Mach-Zehnder interferometer is utilized to prove the wave-particle duality of photons.



Lab 01: Procedure for Young’s Double Slit Experiment

Generalized Young’s Double Slit experimental layout. 
Here s is slit separation, d is slit width, and z is the 
distance between the plane of the double slit and the 
image plane.

Top: Diagram of implemented version of Young’s Double 
Slit experiment. Bottom: Actual experimental setup. Note: 
the HeNe laser is not shown, but is located to the left of the 
image. In this image, the optical density filters have not yet 
been placed before the camera.



Lab 01: Procedure for Quantum Eraser Experiment

Detailed experimental layout for Quantum Eraser. A power meter is placed after the output of Polarizer D. In darkness, the 
unattenuated power post double slits is recorded and number of photons/meter is calculated. Optical density filters are added
such that there is less than 1 photon/meter. Camera cooling is turned on, image capture software is started, and the shutter is 
opened so images can be recorded. In conventional CCD mode, images of the resultant interference fringes are captured 
under two integration times and four different orders of magnitude attenuation.. An image is also captured beyond the signal-
to-noise limitations of the conventional CCD. At the limit of the conventional CCD, EM-CCD mode is engaged, a picture is 
taken, and then a picture is taken with a longer integration time. Then more orders of magnitude are added to come to the 
signal-to-noise limitations of the EM-CCD. Now at the limit of the EM-CCD, EM-CCD kinetic accumulation mode is engaged 
and images are captured under increasing number of accumulations.



Lab 02: Young’s Double Slit Experimental Results

Images of single photon interference under varied integration times 
and attenuation. Integration time is listed above each image (20 ms 
on the top row or 200 ms on the bottom row). Attenuation, which 
impacts incident photons/m, is also listed above each image, with 
more attenuation moving from left to right.



(Left) image recorded utilizing a conventional CCD camera. (Right) 
image recorded utilizing an EM-CCD camera. Integration time was 
200 ms for both images with an attenuation of 6 orders. 

Lab 02: Young’s Double Slit Experimental Results Continued



From left to right: EM-CCD no accumulation, EM-CCD 10 accumulations, EM-CCD 30 
accumulations, and EM-CCD 100 accumulations. All images were captured under the 
same 200 ms integration time and 7 order of magnitude attenuation.

Lab 02: Young’s Double Slit Experimental Results Continued



Right: Images at output of quantum eraser as a 
function of polarizer angle in degrees. It can be 
seen that interference fringes are only clearly 
present at certain polarizer angles. The contrast 
between these fringes periodically increases and 
decreases. All images were recorded with a 
constant integration time of 200 ms under 
conventional CCD mode. Note, any radial 
distortions present in images can be 
contributed to diffraction artifacts imaging 
through the system.

Lab 02: Quantum Eraser Experimental Results



Right: Matlab was utilized to perform a detailed 
analysis of the 36 images presented in the previous 
slide. Intensity values were collected through user 
input via grayscale pixel values, averaged over the 
maximum or minimum fringe. Fringe visibility was 
determined through V=(Imax-Imin)/(Imax+Imin), 
with three trials for each polarizer angle. Here 
fringe visibility is presented as a function of 
polarizer angle (in degrees).  The blue curve 
represents the calculated fringe visibility as a 
function of polarizer angle. The red curve 
represents a cos(theta)^2 function, scaled for our 
period and amplitude.  Uncertainty was calculated 
using standard error (vertical blue bars)

Lab 02: Quantum Eraser Experimental Results Continued



Far left: image recorded utilizing a conventional CCD camera. Middle left: image recorded utilizing an EM-
CCD camera. Middle right: image recorded utilizing an EM-CCD camera with 20 accumulations. Far right: 
image recorded utilizing an EM-CCD camera with 50 accumulations. Integration time was 200 ms for all 
images. 

Lab 02: Quantum Eraser Experimental Results Continued



Lab 03/04: Investigation of Confocal Fluorescence 
Microscopy, Photon Antibunching, and Atomic Force 

Microscopy



This combined laboratory session investigated three main topics, all focused on micro/nano
scale optics:

Confocal fluorescence microscopy: a technique that utilizes microscope objectives to
produce images on the micron scale

Photon Antibunching: the antibunching characteristics of single photon sources were
verified utilizing an experimentally determinable second order correlation function

Atomic force microscopy (AFM): A cutting edge nanoscale imaging technique that produces
images from intermolecular interaction between a probe and sample

Lab 03/04: Introduction and Theoretical background



Lab 03/04: Introduction and Theoretical background Continued

Top right: example setup of a confocal fluorescence
microscope

Bottom right: ideal spot size of laser exiting emitter
Basic confocal microscope setups include:

Laser (source)
Microscope objective
Sample table
Scanning system
Pinhole
Detector

The main advantages of confocal microscopy are:
Ability to collect serial optical sections from thick

specimens
Ability to control depth of field

Elimination/reduction of background
information away from teh focal plane, which
would degrade image quality

[6]



Lab 03/04: Introduction and Theoretical background Continued

A portion of this laboratory seeks to validate the existence
of single photon sources. Light sources can be grouped
into categories based on the spacing of successive
photons. Single emitters are unique, emitting single
photons distinctly spaced over time-- these photons are
said to be “antibunched.” Traditional thermal sources
emit “bunched” photons, which are not distinctly
separated over time. Coherent sources, such as lasers, can
be attenuated enough to emit at “single photon” levels.
However, these attenuated coherent sources can never
achieve true antibunching. Bunching characteristics were
first studied by Hanbury Brown and Twiss [8], whose
experimental setup will be used in this lab.

[7]

Top: Distribution of photons from different sources over time, where
𝛕c represents coherence time. Green: antibunched photons (single
photon source). Red: close, but not antibunched photons
(attenuated coherent source). Blue: bunched photons (thermal
source) [7].



Lab 03/04: Introduction and Theoretical background Continued

For this experiment a second order correlation function 
will be calculated to prove antibunching. For the following 
form under the Hanbury Brown and Twiss setup:

where I1 is the intensity in one arm of the interferometer, 
I2 is the intensity in the other arm of the interferometer, 
c(t) is coincidence counts, Δt is the time resolution, and T 
is the total acquisition time. For ideal sources, the second 
order correlation function will follow the curves presented 
in figure on the top right.

In our experiment, histograms will be recorded that should 
match the example antibunching histogram presented on 
the bottom right

[7][8][10]

Left: second order correlation function
(g(2)(t)) for all ideal sources. Green:
bunched photon source (thermal). For
thermal light sources (bunched),
g(2)(0) > 1 and g(2)(0) > g(2)(t).
Orange: coherent photon source
(laser). For coherent light sources
g(2)(t) = 1 over all interphoton times.
Red: antibunched photon source
(single photon source). For ideal single
photon sources (antibunched), g(2)(0)
< 1, g(2)(0)=0, and g(2)max(t) = 1. [9].

Example histogram of experimental
results demonstrating a second
order correlation function (g(2)(t))
indicative of an antibunched single
photon source



Lab 03/04: Introduction and Theoretical background Continued

Example schematic of atomic force microscopy. Intermolecular
forces are exhibited between the sample and AFM probe. The
AFM probe is attached to the cantilever. This imaging technique
allows for imaging on a nanometer scale.

[12]



Lab 03/04: Procedure

Experimental setup of a confocal microscope with a Hanbury Brown and Twiss interferometer. The sample is mounted with
magnets on a piezo-translation stage connected to a nanodrive device that raster scans the sample. An oil immersion
objective is utilized to increase the brightness and resolution of the sample compared to that of a regular objective. The
apertures of the APD’s act as pinholes and improve the image contrast by blocking any light that is not in focus. [13]



Image displaying AFM in experimental setup. The probe and canteliver (attached to the orange mechanism) are suspended
above the sample, which is illuminated in this image.

Lab 03/04: Procedure Continued (AFM)



Confocal microscopy images of plasmonic (bowtie) nanoantennae array. The image is
adjusted for relative intensity (cts/ms). The scanning area is 40 µm x 40 µm for both
images.

Lab 03/04: Results



The photon counters utilized in this laboratory communicate the presence of photons
between the photodetectors and computer. This is accomplished by the creation of
Transistor-Transistor Logic (TTL) voltage pulses. An oscilloscope was utilized to record a TTL
pulse representative of data transmission in this experiment (above).

Lab 03/04: Results



Confocal microscopy image of plasmonic bowtie nanoantennae with EM-CCD. The image
presents counts over pixels and is scaled relative to count intensity. The exposure time is 10
ms.

Lab 03/04: Results



Left: raw image collected by spectrometer of plasmonic nanoantenna. Right: Spectrum
(counts vs. wavelength (nm)). The discernible peaks are actually noise. The integration time
was 40 ms with 40 accumulations.

Lab 03/04: Results



Left: Atomic force microscope images of nanodiamond. Top:
topography measurements of nanostructure sample. Bottom:
amplitude measurements of nanostructure sample. Each column
represents the same scaling (from left to right): 12.4 µm by 12.4 µm,
6.19 µm by 6.19 µm, and 3.1 µm by 3.1 µm.

Lab 03/04: Results



Left: Atomic force microscope images of nanostructure sample
utilized for determination of nanodiamond cluster size. Left:
reported feature size is 740.2 nm; Right: reported feature size is
2.250 µm.

Lab 03/04: Results



Questions?
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