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Quantum mechanics has long been found to be among the most abstract and
difficult topics to teach in the entire physics and engineering curriculum.
However, these difficult concepts are now at the center of one of the most
exciting new areas of science and technology, Quantum Information Science.
. The general public and students are intrigued by powerful quantum computation,
quantum teleportation and absolutely secure quantum communication.

The book at the right was written by a high-school girl with her
father who built in their garage an entanglement setup and
violated Bell’s inequality proving entanglement in polarization
(Prutchi, D. and Prutchi, S.R., [Exploring Quantum Physics
through Hands-on-Projects], Wiley, New Jersey (2012)).
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PHOTON COUNTING APPLICATIONS

Areas of applications of photon counting instrumentation (from the second
international workshop “Single Photon: Sources, Detectors, Applications
and Measurements Methods” (Teddington, UK, 24-26 October 2005).
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The goal of our many years project was to reduce to practice
some of the most abstract components of quantum mechanics
by allowing the students to carry out experiments at a range of levels
connected with modern applications, in particular, quantum
computing and quantum communication.



Learning the abstract theory from hands-on experiments with
modern silicon photodetectors, CCD-cameras, and computer cards
provides students not only a better understanding of “quantum
weirdness” but also a unique experience using state-of-the-art
technology which they will encounter in their future workplace.



University of Rochester (UR) built four teaching experimental
setups in quantum and nano-optics located in three separate
rooms of the Institute of Optics with total 587 sq. ft. and taught these
labs for 12 years, starting in 2006.

Four US National Science Foundation (NSF) grants (one Material Research
Instrumentation (MRI) and 3 educational) created the basis for this work:








MRI: Development of single photon generation and characterization unit, 09/15/2004-08/31/2007;
Course, Curriculum, Laboratory Improvement (CCLI)-Phase I: Quantum optics laboratory for the
undergraduate curriculum - teaching quantum mechanics with photon counting instrumentation
(collaboration with Monroe Community College (MCC)), 06/05/2007-05/31/2010;
Collaborative research - CCLI-Phase II: Diverse partnership in teaching quantum mechanics and
modern physics with photon counting instrumentation (collaboration with MCC, Rochester Institute
of Technology (RIT) and Bryn Mawr College), 09/05/2009-08/31/2013;
Nanotechnology Undergraduate Education (NUE) in Engineering: Development of multidisciplinary
nanotechnology undergraduate education program at the University of Rochester Integrated
Nanosystems Center (collaboration with MCC), 01/01/14-12/31/16.

The Institute of Optics teaching laboratories, the Spectra-Physics division of Newport
Corporation, and two University of Rochester (UR) grants also supported this program:




UR Kauffman Foundation: Entanglement to entrepreneurship: how do fundamental scientific
advances spawn new business, 01/01/2006-12/31/2006;
Wadsworth C. Sykes Faculty Engineering Award, the Hajim School of Engineering and Applied
Sciences: Developing quantum optics and nano-optics teaching laboratory for undergraduates,
04/01/2012 –03/31/2013.

Four labs were prepared on generation and characterization of entangled
and single photons demonstrating the laws of quantum mechanics:
Lab. 1: Entanglement and Bell inequalities;
Lab. 2: Single-photon interference: Young’s double slit
experiment and Mach-Zehnder interferometer;
Lab. 3: Single-photon source: confocal microscope
imaging of single-emitter fluorescence;
Lab. 4: Single-photon source: Hanbury Brown and Twiss
setup. Fluorescence antibunching.

From these labs a 4-credit hour technical elective course OPT 253/OPT 453/PHY 434
“Quantum and Nano-Optics Laboratory” was prepared and taught starting from Fall 2006.







Manuals, student reports, presentations and lecture materials are placed on a website
http://www.optics.rochester.edu/workgroups/lukishova/QuantumOpticsLab/
Both undergraduate and graduate versions of this full semester class was developed.

OPT 453 became a required class for a Master’s in Optics degree with a specialty Nanoand Integrated Photonics.
Three-hour versions of the labs were developed and introduced to other UR courses.

Lab. 1. Entanglement and Bell inequalities
In quantum mechanics, particles are called entangled if their state
cannot be factored into single-particle states:
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Measurements performed on the first particle gives reliable information
about the state of the second particle, no matter how far apart they may be.
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This is the standard Copenhagen interpretation of quantum
measurements which suggests nonlocality of the measuring process .
In difference with classical correlations, quantum correlations do not depend on
the basis. Changing the basis does not change the state of quantum entanglement.
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The idea of entanglement was introduced into physics
by Einstein-Podolsky-Rosen (EPR) [Phys. Rev., 47, 777 (1935)]

In the mid-sixties it was realized that the
nonlocality of nature is a testable hypothesis.
1964 - Bell’s Inequalities [(Physics, 1, 195 (1964)]:
John Bell showed that the “locality hypothesis” with hidden variables
leads to a conflict with quantum mechanics.
He proposed a mathematical theorem containing certain inequalities.
An experimental violation of his inequalities would suggest
the states obeying the quantum mechanics with nonlocality.
Subsequent experimental realization
of EPR “gedanken experiment“ (in Bohm
interpretation) confirmed the quantum predictions (Bell’s inequalities were violated [1,2]):

1. S. Freedman and J. Clauser, Phys. Rev. Lett. 28, 938 (1972)
2. A. Aspect et al., Phys. Rev. Lett. 47, 460 (1981); 49, 91 and 1804 (1982),
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Lab. 1. Entanglement and Bell inequalities (continued)
Creation of Polarization Entangled Photons:
Spontaneous Parametric Down Conversion (SPDC)
Two type I BBO crystals
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Downconverted light cone with λ = 2 λincident from type I BBO crystal
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Experimental setup with a blue diode laser with a 405.5 nm wavelength to
obtain photons entangled in polarization using a SPDC process
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Dependence of Coincidence Counts on Polarization Angle
The probability P(α,β) of coincidence detection depends on
the relative polarizer angle β-α: P (α, β) ~ cos2 (β-α).
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Calculation of Bell Inequality
Clauser, Horne, Shimony and Holt (CHSH), Phys. Rev. Lett., 23, 880 (1969)

Bell’s inequality defines the degree of polarization correlation under measurements at different
polarizer angles. The proof involves two measures of correlations:

E (a , b )  PVV (a , b )  PHH (a , b )  PVH (a , b )  PH V (a , b ),
and S  E (a, b)  E (a, b' )  E (a' , b)  E (a' , b' ) , where
N (a , b )  N (a  , b  )  N (a , b  )  N (a , b )
E (a , b ) 
N (a , b )  N (a  , b  )  N (a , b  )  N (a , b )
The above calculation of S requires a total of 16 coincidence It can be shown that CHSH
measurements (N), at polarization angles a and b:
Bell’s inequality violation is the
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Violation of Bell inequality if S > 2.

same as violation of inequality
│a+b+c│≤│a│+│b│+│c│, and
in the case of entanglement
“algebra does not work” (this
is a property of the Nature that
is different from the human
mind!!!!
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Lab. 2. Single-photon interference
Concepts addressed:
Interference by single photons
Wave-particle duality
(complementarity)
“Which-path” measurements

16

Single-photon interference in a Young’s
double-slit interferometer
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In these experiments on
wave-particle duality an
attenuated laser light is
a good approximation to
a single-photon source,
although sometimes in
such Poissonian source
doublets and triplets of
photons appear.

Single-photon interference in a Mach-Zehnder
interferometer

Quantum eraser: if photon knows path, no interference fringes occur

Labs 3-4: Single-photon Source
In contrast with attenuated laser beams this is a real single-photon source with photons exhibiting
antibunching (separation of all photons in time).

Lab. 3. Confocal fluorescence microscopy of single-emitters.
Lab. 4. Hanbury Brown and Twiss setup. Photon antibunching.

To obtain antibunched photons a laser beam
should be focused on a single emitter that
emits single photon at a time.

First antibunching experiment was demonstrated at
the University of Rochester in 1977 (H.J.19Kimble,
M. Dagenais, and L. Mandel).

Lab 3. Confocal fluorescence microscopy of single emitters

NV- and SiV color centers in nanodiamonds. Micrograph in
the center shows “blinking” of a single NV-color center.

CdSe nanocrystal quantum dot
confocal fluorescence images in
a 1-D photonic bandgap
cholesteric liquid crystal host.

Gold bowtie nanoantenna arrays
photoluminescence images in a
confocal microscope.

Finding a position of nanoantenna
arrays on the sample: numbers
show different gaps of bowtie
nanoantenna
(a
wide-field
microscopy).

Measurements of topography of
nanodiamonds using a compact AFM

Students of the OPT 253 class: LEFT – measuring a topography of nanodiamonds by an AFM; RIGHT – at the lecture.

Lab. 4. Hanbury Brown and Twiss interferometer. Photon antibunching.
Histograms showing fluorescence antibunching (dip in the histogram)
Antibunching is a proof of a single-photon nature of a light source.

LEFT: Time traces of a single nanocrystal quantum dot fluorescence; CENTER
and RIGHT: antibunching histograms of nanocrystal quantum dot fluorescence.
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Three groups of freshmen of 2010 with their TAs carrying out projects on: LEFT: Singlephoton source (TA L. Bissell-right); CENTER: Entanglement and Bell’s inequalities (TA
G. Gehring – third from the left); RIGHT: Single photon interference (TA Z. Shi – right).

Monroe Community College students and their
Prof. P. D’ Alessandris at the University of
Rochester Lab on a single-photon interference
with an EM-CCD-camera.

LEFT: Profs. S. Preble and R. Jodoin – Rochester
Institute of Technology who reproduced UR
entanglement lab (R. Jodoin spent his sabbatical at the
UR quantum optics teaching laboratory). RIGHT: S.
Preble at the UR facility learning alignment of
entanglement and Bell’s inequalities setup.

Six participants of the ALPhA’s
immersion program at the UR
and a TA J. Winkler (right).

Adelphi university students and their professor at the UR Quantum and
Nano-Optics Lab facility. LEFT: During their experiment on single-molecule
confocal fluorescence microscopy of colloidal nanocrystal quantum dots.
Prof. S. Bentley – at right. RIGHT: During their preparation of 1-D photonic
band gap cholesteric liquid crystal structures.

LEFT: Dissemination of UR results at the University of Oklahoma, Tulsa: lecture of S. Lukishova at the Tulsa
Schusterman Center Seminar. Insert shows (from right to left) P. Verma, S. Lukishova and a Verma’s graduate
student. RIGHT: Invited lecture of S. Lukishova at the ITMO University, St. Petersburg, Russia. RIGHT: Students of
Alfred University and their professor S.K. Sundaram at single-photon interference lab of the UR.

CONCLUSION:
 The appearance of the new fields of quantum optics, quantum computation, and
quantum communications and the rapid progress in photon-counting instrumentation
open new opportunities for teaching the most difficult concepts of quantum mechanics by set
of simple, easy understandable, and exciting experiments with single and entangled
photons.
 Four labs were prepared at the Institute of Optics, University of Rochester on generation
and characterization of entangled and single photons demonstrating the laws of quantum
mechanics: (1) entanglement and Bell’s inequalities, (2) single-photon interference (Young’s
double slit experiment and Mach-Zehnder interferometer), (3) confocal microscope imaging
of single-emitter fluorescence, (4) Hanbury Brown and Twiss setup. Fluorescence
antibunching.
 We have adapted to the main challenge (the lack of space in the curriculum) by
developing a series of modular 3-hour experiments and 20-min-demonstrations based
on technical elective, 4-credit-hour laboratory course, that were incorporated into a
number of courses ranging from freshman to senior level. Rochester Monroe
Community College students also benefited from this facility.
 We participated in Immersion Program of Advanced Laboratory Physics Association by
hosting 6 participants of this program and teaching them our experience in this field.
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