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Day 1- SPDC

Non-linear process converting one photon with 
wavelength  λ to two photons with wavelength 2 λ.

Energy conservation:
Momentum Conservation:

Type-I BBO Crystal 
Produces down converted photons
in concentric cones
Photon polarization is perpendicular 
to pump

Type-II BBO
Produces down converted photons in
intersecting circles
Entanglement is found in intersection
of cones

p s iω ω ω= +
p s ik k k= +



Entanglement

Two Type-I BBO’s are used to produced entangled state

“Spooky action at a distance” –Einstein

Mathematically: A wave function describing the state of 
a two particle system in which the states of the 
individual particles cannot be factored into single 
states, i.e.

Physically: Two particles are connected in such a way 
that making a measurement of one of them reveals 
information about the other.
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A Bψ ≠

1
2
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Bell Inequalities

Designed to test hidden variable theories and local 
realism

HVT: Quantum Mechanics is incomplete
Locality: Faster than light communication cannot happen
Realism: Quantum states are definite even before 
measurements

Violating inequality mean local realism is violated 
and quantum mechanics is correct
We use polarization entangled photons and Hardy’s 
modified inequality |S|>2  to prove QM is good

With
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Experiment

BBO
Quartz 
Plate

APD’s
Couplers



Results

The Calculated value of S is 
2.53 which is indeed >2

α β b=-22.5 b’=22.5 b+90 b’+90

a=-45 115.482 25.762 10.188 95.357

a’=0 79.126 92.811 33.161 17.327

a+90 8.192 98.229 115.494 30.073

a’+90 32.25 19.922 86.556 111.487



Day 2-Single Photon Sources

Desired for secure quantum encryption

SPS’s can be
Quantum Dots

Dyes and molecules

Underlying mechanism is fluorescence from de-excitation

Main Idea: Have low SPS concentration=> Single SPS excited

Single photon emission successful if anti-bunching is achieved



Anti-bunching

Photon sources are naturally “bunched”
(Even when highly attenuated)

Anti-bunched photons are temporally separated

Characterized by lack of coincidences in Hanbury 
Brown and Twiss setup

“A photon can only be

measured once”

Use silvered mirror

(or beam splitter)

Measures lack of 

coincidences



Results
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Mach-Zehnder interferometer

Set up for “quantum 
eraser” and “which-
path” experiments 
Arms “marked” by 
polarization state of 
beam

Interference when which 
path information is list 
(45 deg polarizer)
No interference when 
polarizer is removed

Can be replicated 
with single photons 



Implementation at Texas Tech University

Physics 3304- Intermediate lab: Fall 2011
A course dedicated to advanced laboratory experiments

Spontaneous Parametric Down Conversion

Mach-Zehnder Interferometer experiment

Physics 4308- Quantum Mechanics 2: Spring 2012
Bell Inequalities

Single Photon Interference



Research: Surface Plasmon Polaritons

Electromagnetic waves that are confined to the 
surface between a metal and dielectric. Oscillations 
are in phase with electron density waves.



Single Plasmon Excitation



Single Plasmon Excitation

Currently using SPDC photons

Quantum Dot’s look promising

Transverse ring trace



Plasmonic Entanglement

Goal: Test entanglement properties between surface 
plasmon polaritons using Bell Inequalities

E. Altewischer NATURE  VOL 418 . 18 JULY 2002

But transmission beam and leakage radiation are 
indistinguishable



Our Entanglement 
Experiment

400nm

800nm

80nm

SPCM

Coincidenc
e counter

SPP 
Setup
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Figure 1. Picture of apparatus.



Fig. 2 Main mechanism for generating entangled photons.



Figure 3a. Incoming photon 
with horizontal polarization are 
down-converted into two 
vertically polarized photons 
adding up to the incoming 
pump photon energy.

Figure 3b. Incoming photon with 
vertical polarization are down-
converted into two horizontally 
polarized photons adding up to 
the incoming pump photon 
energy.



Fig 4a. Attach crystals at 900 angles to 
each other. 

Fig 4b. Possible set-up outline.



Fig 5a. Digital camera placed after 
BBO crystal to take image of cone.

Fig 5b. Image of down-
converted light cone.



A) Three types of counts are taken via two APD’s (avalanche photon 
detectors).  Incidence counts in each detector and coincidence counts.

B) Polarizers are placed in front of each of the APD’s. 

C) Coincidence counts are then plotted verses the relative angle between 
the two polarizers. Figure 6 below shows these results, which indicates a 
cos2 dependence. 

Fig 6. Boxes show constant behavior of single counts as polarizers are 
turned, while circles show cosine-squared behavior of coincidence 
counts.



Finally, we tested for violations of Bell’s inequality. 

The maximum possible value of S (S = E(a,b) – E(a,b’) + E(a’,b) + E(a’,b’))
in Bell’s inequality is 2 for any classical correlation.  

We calculated the value of S for

E(α,β) = (N(α,β) + N(α_,β_) – N(α,β_) – N(α_,β))/(N(α,β) + N(α_,β_) + 
N(α,β_) + N(α_,β))

Where N(α,β) is the coincidence count for a set of chosen angles.

We calculated a value around 2.6.



Shining a Light on Quantum 
Weirdness

(or, how CWU can Quantum-ize the Advanced Lab Course with Photons)

Michael Braunstein, Central Washington University
Based on an ALPHA Immersion Experience at

The Institute of Optics, Rochester NY
Summer 2011

Under the direction of Dr. Svetlana Lukishova



I.  Bell’s Inequality

• Bell’s inequality is a relationship that can be 
experimentally evaluated with correlation 
measurements to determine whether behavior of 
a system can be completely characterized using 
local variables

• Applies to both quantum and classical systems
• Standard interpretation of Quantum Mechanics 

leads to violation of Bell’s inequality (system can 
not be described using local variables) under 
some circumstances

• SMeasured > SBell



Entangled Photons

• Entanglement is in the polarization degree 
of freedom for system of “two” photons

• Experimental techniques:  Spontaneous 
Parametric Down Conversion in Beta 
Barium Borate (BBO)



Photon Entangled Polarization 
State



Experimental Apparatus and 
Physics Background Asides

• Polarization
• Birefringence
• Polarizers (Analyzers)
• Filters
• Lasers
• Avalanche photodiodes
• Optical fibers
• Coincidence measurements



Photon Entangled Polarization 
State



Bell’s Inequality for photons in Entangled 
polarization state - Measurements

• CHSH:  measure 
numbers of coincidence 
events (down converted 
photon pair) with 
polarizers (analyzers) 
oriented at independent 
angles α and β, N(α, β) 
– requires 16 different 
measurements, e.g., 
α=45°, β=67.5°



Bell’s Inequality for photons in Entangled 
polarization state - Measurements

• CHSH:  SBell = 2; SMeasured =  2.5 > SBell

• The behavior of this system cannot be 
completely characterized using local 
variables





Considerations

• Cost
• Maintenance
• Curriculum
• Safety
• Expertise
• Undergraduate research
• Space



II.  Single Photon Sources

• Key applications in photonic quantum 
information technology

• Experimental method: Confocal imaging of 
single emitter (e.g., dilute solutions of 
dyes, quantum dots) fluorescence

• Physical phenomenon: anti-bunching



Confocal Microscope



Photon Antibunching - Results



Considerations
• Cost
• Maintenance
• Curriculum
• Safety
• Expertise
• Undergraduate research
• Space
• Photon bunching in attenuated thermal photon 

source – alternative, simpler, much less 
expensive idea



III.  Single Photon Sources and 
Quantum Phenomena by 

Attenuation

• Young’s interference
• Mach-Zehnder interferometer
• Quantum eraser





Considerations
• Cost
• Maintenance
• Curriculum
• Safety
• Expertise
• Undergraduate research
• Space



Equipment

• APDs
• Optical Breadboard
• Optical Hardware
• BBO
• Coincidence/Counting electronics
• Lasers
• Computer/Software



Conclusions
• Spontaneous parametric down converted 

photons are a system that can not be completely 
characterized by local variables

• Photonic bandgap quantum dots exhibit the 
phenomenon of anti-bunching

• CWU has an important opportunity to bring 
quantum mechanics and photonics into the 
curriculum in compelling and engaging 
advanced lab and undergraduate research 
opportunities



Integrating Classical and Quantum 
Optics into the 

Advanced Physics Lab course 
at Haverford College

Presentation by Walter F. Smith at the 
Alpha Immersion Workshop on 

Quantum Entanglement and Single 
Photon Sources, 8‐20‐11



Student Background: Freshman year
• 3‐hour experiments on:

– Geometric optics (Snell’s Law, thin lens equation, 
Brewster’s angle, optically‐active molecules)

– Polarization (including half‐ and quarter‐wave 
plates)

– Interference and diffraction (two slit and multi‐
slit patterns, with quantitative fitting)

E

slow axis

θ

→

fast axis

half wave plate



Student background: sophomore year
– Optical instruments (the human eye, optical‐rail‐
based microscope and telescope)

– Spatial filtering

– Laser modes and Fabry‐Perot interferometer (two 
weeks)

www.doitpoms.ac.uk/tlplib/DD1‐6/image.php



The Challenges and Opportunities
• Students still do not have as good an 
understanding of optics as we’d like.



• Students are extremely excited about 
quantum entanglement!



• The way forward: A set of optics and quantum 
optics labs culminating in checking Bell’s 
inequalities



Current structure of Advanced Lab
• Approximately 45% of the 
semester is spent on a 
series of fairly programmed 
labs, in which the students 
learn:

• Low‐noise electrical measurement techniques 
(ground loops, capacitively‐ and inductively‐coupled 
interference, etc.)

• Basics of computer interfacing
• Basics of LabView programming



• Remainder of course is spent on a single large 
project

• Students work in pairs, and choose their 
project from a menu including 
– Atomic spectroscopy
– Muon decay & checking special relativity
– Synthesizing carbon nanotubes and imaging them 
with Atomic Force Microscopy

– Electron Beam Lithography



• Student reaction is very positive, even though:
– Relatively little instructor support (several 
different projects at once)

– All students engage in senior research



Restructuring plan

• Change some elements of the low‐noise 
measurement portion from labs to demos

• Reduce the time spent on this part to 35% of 
the course

• Spend 30% on new set of optics and quantum 
optics labs

• Spend remaining 35% on independent project



New set of optics and quantum optics 
labs: part one

• Spectroscopy of quantum dots, including 
collecting light and coupling to fiber optic

• Refresher on birefringence, half‐, and quarter‐
wave plates



Part two:
• Half of class does module on 
quantum eraser, circular 
dichroism, and confocal 
microscopy

• Other half does experiments 
leading to Bell’s inequality 
test

• The two halves then rotate
Photo: Daniel Dominguez



Equipment requirements
• Three copies of the Bell’s inequalities 
apparatus needed; will start with two.  

• Each requires:
– Separately darkenable room
– Two APDs (already purchased)
– Optical breadboard
– 405 nm diode laser (will try using surplus 
from blu‐ray players, as recommended by 
Mark Beck)

– Set of BBO crystals
– Coincidence detector (Altera DE2)
– Optics mounts, filters, polarizers, etc.

Dehlinger & Mitchell, 2002



Homework requirements

• Series of assignments in which students derive 
the CHSH Bell inequalities



ALPhA Immersion at Rochester: New things learned and 
plan for implementation

ALPhA Immersion at Rochester: New things learned and 
plan for implementation

Thushara Perera
Illinois Wesleyan University

Thushara Perera
Illinois Wesleyan University
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ExperimentsExperiments
1. Quantum Entanglement and Bell inequalities

Explores fundamental/puzzling aspects of QM
Important for quantum communication
Uses spontaneous parametric down conversion (SPDC) to produce 
entangled state of two photons using two type 1 BBO crystals

2. Single Photon Sources and anti-bunching of photons
Fluorescence of quantum dots (or dye molecules) in liquid crystal 
hosts
Confocal Fluorescence microscope and Habury Brown Twiss setup

1. Quantum Entanglement and Bell inequalities
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Important for quantum communication
Uses spontaneous parametric down conversion (SPDC) to produce 
entangled state of two photons using two type 1 BBO crystals

2. Single Photon Sources and anti-bunching of photons
Fluorescence of quantum dots (or dye molecules) in liquid crystal 
hosts
Confocal Fluorescence microscope and Habury Brown Twiss setup
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Experiment 1Experiment 1
Argon Ion Laser
100s of mW
6 ps puses?
Vertically 
polarized

Can use diode 
laser ~ 50 mW

Blue Filter
Removes 
fluorescence?

Quartz plate
(2 degrees f 
freedom)

Mirrors
>1 for 
convenient 
alignment

Type 1 BBO 
crystal
(3 degrees of 
freedom)
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Experiment 1Experiment 1 Entangled 
photons

Polarizers
+ filters 
(10 nm)

fiber

APDs

Beam stop

Rotating 
stage for 
polarizer
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Some SubtletiesSome Subtleties
BBO crystal magic

K --> 2 x 0.5k but not all k vectors parallel
Condition np= nscos(thetas)
Choose ns to be ordinary and point opitc axis in axis in 
convenient direction to get extraordinary np so that small 
theta (~3 degrees) is possible
Note that no and np are also wavelength dependent
NIST program and paper will be useful
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Choose ns to be ordinary and point opitc axis in axis in 
convenient direction to get extraordinary np so that small 
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NIST program and paper will be useful
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Some SubtletiesSome Subtleties

Quartz plate
VV cone and HH cone are have a phase offset.  Can remove this with
quartz plate
2 degrees of freedom of quartz plate allows alignment of optic axis 
so that correct phase shift is placed between to polarizations
Condition: When to detector polarizers parallel at ANY angle the 
coincidence rate should be the same

Calculation for Bell inequality
Subtract accidental poincidences
Calculate visibility

Quartz plate
VV cone and HH cone are have a phase offset.  Can remove this with
quartz plate
2 degrees of freedom of quartz plate allows alignment of optic axis 
so that correct phase shift is placed between to polarizations
Condition: When to detector polarizers parallel at ANY angle the 
coincidence rate should be the same

Calculation for Bell inequality
Subtract accidental poincidences
Calculate visibility
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Entangled ConeEntangled Cone
Used EM-CCD camera to image entangled cone (after heavy 
filtering of main beam)
Used EM-CCD camera to image entangled cone (after heavy 
filtering of main beam)
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ResultsResults

Bell Inequality results S = 2.53Bell Inequality results S = 2.53

QuickTime™ and a
 decompressor

are needed to see this picture.
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Plan for ImplementationPlan for Implementation
Use diode laser available at IWU (find power?)
Half-wave plates, polarizers, mirrors, lenses, ND and
bandpass (10 nm) filters available at IWU or can be bought 
cheaply
Quartz plate for phase shifting one polarization relative to 
other?
BBO crystal?  How to decide phase matching angle? NIST?  
Can buy with appropriate cut for ~$900-1500
Fiber based ALPhA single photon detectors available at IWU
Will use NIM timing and logic for singles and coincidence 
counts

Used NI PC card at UR
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Experiment 2Experiment 2

QuickTime™ and a
 decompressor

are needed to see this picture.

Did with and without liquid crystal host
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Quantum Dot fluorescenceQuantum Dot fluorescence

Problems: clusters, bleaching
Features: blinking
Problems: clusters, bleaching
Features: blinking
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APD viewAPD view
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Anti-bunchingAnti-bunching

Histogram 
of relative 
time 
between 
successive 
detections 
in APD 1 
and 2
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HBT setupHBT setup



8/31/2011 University of Rochester 14

ImplementationImplementation

No plan of implementing whole setup
Take elements

HBT BUNCHING experiment with APDs? Discharge tube?
Anti-bunching easy to understand with quantization of light
Bunching difficult

Quantum dot fluorescence
Use LEDs
Perhaps spectrometer

Liquid crystal color filters? 

No plan of implementing whole setup
Take elements

HBT BUNCHING experiment with APDs? Discharge tube?
Anti-bunching easy to understand with quantization of light
Bunching difficult

Quantum dot fluorescence
Use LEDs
Perhaps spectrometer

Liquid crystal color filters? 
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TimescaleTimescale

Setting up will be student project (30 students) over Fall 
2011 (coming up)
Tuning and troubleshooting may continue through Spring 
2012 (will get help from students in quantum mechncs)
Hope to have operational setup in Fall 2012

Demonstration for Modern Physics in Fall 2012
Lab for Quantum Mechanics in Spring 2013
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