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Photon: The Quanta of Light
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Photon: Optical Angular Momentum

Sz = ~
Z

d�?(|EL|2 � |ER|2) Lz = ~
Z

d�?(E
⇤
L@�EL + E⇤

R@�ER)

Si =
1

2µ0!

Z
d3rE?

j (�i✏i,j,k)Ek Li =
1

2µ0!

Z
d3r E?

j (�i r̃ ⇥ er)iEj

Longitudinal component of angular momentum

bLz = �i@�bSz =

✓
1 0
0 �1

◆



 
sqogroup.ca

6

Photon: Spin Angular Momentum

• Circular polarisations: 
(Left and Right) 

• Spin angular momentum 
may take two values of   

vectorial picture angular momentum

Jz = �~

Jz = +~|Li

|Ri

Left-handed circular polarisation
Right-handed circular polarisation

|Li
|Ri
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Photon: Optical Angular Momentum

• Optical field expression in the 
cylindrical coordinate is

E(r,�, z, t) = E(r, z)ei⇤⇥ ei(kz��t)

In the contrast,  orbital angular momentum 
may take any of the infinite values l =. ..  - 2, -1, 
0, 1, 2, ....  
 
Laguerre-Gaussian modes are one set of 
paraxial wave mode which carry the OAM.

Jz = �~

` = +2

` = +1

` = �2 Jz = �2~

` = �1 Jz = �~

Jz = +~

Jz = +2~

` = 0 Jz = 0

bLz = �i@�
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Photon: Optical Angular Momentum
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Photon: Degrees of Freedom

|�
continues variable 

|⇡�
bi-dimensional variable

|o�
infinite dimension (discreet) |p�

infinite dimension (discreet) 

Linear momentum (k-vector)

Polarisation (Spin)

Orbital angular momentum (OAM)

Radial mode (p number)
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Structural Photons
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E Karimi, R W Boyd, Science 350, 1172 (2015)
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Application of Structural Photons

Quantum Computation Optical Microscopy Optical Manipulation

Hig-dimensional entengelement Classical communication Quantum Cryptography

J Harris, V Grillo, E Mafakheri, GC Gazzadi, S Frabboni, RW Boyd, E Karimi Nature Physics 11, 629 (2015)
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The importance of Orbital Angular Momentum

Let us send letter M  

Letter M in the binary code is 01001101 

1st2nd3rd4th5th6th7th8th

...

...
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Quantum Cryptography
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Quantum World There is No Definite Reality

Conjugate Quantities Cannot  
Be Measured Simultaneously 

Quantum Information Cannot Be  
Cloned without introducing errors
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some for the glories of this world; and some
sigh for the prophet's paradise to come;
ah, take the cash, and let the credit go,
nor heed the rumble of a distant drum!
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High-Dimensional QKD
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F. Bouchard, R. Fickler, R. W. Boyd, and E. Karimi, in press
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Experimental results
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Alice

Bob
F. Bouchard, R. Fickler, R. W. Boyd, and E. Karimi, in press
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Encryption results
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Cloning Attack
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Optimal Cloning Attack: Hong-Ou-Mandel
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Optimal Cloning Attack: Experimental Setup
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Optimal Cloning Attack: Experimental Results

F. Bouchard, R. Fickler, R. W. Boyd, and E. Karimi, in press
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Secure Channel under Cloning Attack
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QKD over the city of Ottawa
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Intra-city QKD experiment
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A. Sit, F. Bouchard, R. Fickler, J. Gagnon-Bischoff, H. Larocque, K. Heshami, D. Elser, C. Peuntinger, K. Günthner, 
B. Heim, C. Marquardt, G. Leuchs, R. W. Boyd, and E. Karimi, arXiv:1612.05195.
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Degrees of freedom of light
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A. Sit, F. Bouchard, R. Fickler, J. Gagnon-Bischoff, H. Larocque, K. Heshami, D. Elser, C. Peuntinger, K. Günthner, 
B. Heim, C. Marquardt, G. Leuchs, R. W. Boyd, and E. Karimi, arXiv:1612.05195.
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Laboratory results

Theory Experiment

A. Sit, F. Bouchard, R. Fickler, J. Gagnon-Bischoff, H. Larocque, K. Heshami, D. Elser, C. Peuntinger, K. Günthner, 
B. Heim, C. Marquardt, G. Leuchs, R. W. Boyd, and E. Karimi, arXiv:1612.05195.
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Experimental results of intra-city QKD
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