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Elementary particles
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Elementary particles
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Light: Maxwell’s Equations
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Light: Maxwell’s Equations
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Light: Degrees of Freedom

continuous variable

Linear momentum (k-vector)

bi-dimensional variable

7 i Polarisation (Spin)

Orbital angular momentum (OAM)

infinite dimension (discrete)
p Radial mode (p number)

infinite dimension (discrete)

E. K. & E Santamato, Optics Letters 37, 2484 (2012). |
E. K., et al., Phys. Rev. A 89, 063813 (2014). @qooa,

sgogroup.ca &‘\‘xﬁ“""

H. Rubinsztein-Dunlop et al., Roadmap on structured light, Journal of Optics 19, 013001 (2017).
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Structured Photons
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E. K. & E Santamato, Optics Letters 37, 2484 (2012).
E. K., et al., Phys. Rev. A 89, 063813 (2014).
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E.K. and R W Boyd, Science 350, 1172 (2015).
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Structured Photons
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A. Sit, F. Hufnagel, E.K., in Press (2021).
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Generation: Liquid Crystal
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H Larocque, J Gagnon-Bischoff, F Bouchard, R Fickler, J Upham, R W Boyd & E K, Journal of Optics 18, 124002 (2016)
E Cohen, H Larocque, F Bouchard, F Nejadsattari, Y Gefen & E.K., Nature Reviews Physics 1, 437 (2019).
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Generation: Liquid Crystal
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H Larocque, J Gagnon-Bischoff, F Bouchard, R Fickler, J Upham, R W Boyd & E K, Journal of Optics 18, 124002 (2016)
E Cohen, H Larocque, F Bouchard, F Nejadsattari, Y Gefen & E.K., Nature Reviews Physics 1, 437 (2019).
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Generation: Liquid Crystal
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H Larocque, J Gagnon-Bischoff, F Bouchard, R Fickler, J Upham, R W Boyd & E K, Journal of Optics 18, 124002 (2016)
E Cohen, H Larocque, F Bouchard, F Nejadsattari, Y Gefen & E.K., Nature Reviews Physics 1, 437 (2019).
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Generation: Liquid Crystal

(1) Superposition

(1) Intensity (11) I

b

H Larocque, J Gagnon-Bischoff, F Bouchard, R Fickler, J Upham, R W Boyd & E K, Journal of Optics 18, 124002 (2016)
E Cohen, H Larocque, F Bouchard, F Nejadsattari, Y Gefen & E.K., Nature Reviews Physics 1, 437 (2019).
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Major polarisation topologies
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3D Polarisation Topologies

Mobius Knots Framed Knots

Polarization Orientation

H Larocque, A D’Errico, M Ferrer, A Carmy, E Cohen & E. K., Nature Communications 11, 5119 (2020). o 4 ',.°°°""
H Larocque, D Sugic, D Mortimer, A J Taylor, R Fickler, R W Boyd, M R Dennis & E. K. Nature Physics 14, 1079 (2018). & |
T Bauer, P Banzer, E. K., S Orlov, A Rubano, L Marrucci, E Santamato, R W Boyd, G Leuchs, Science 29, 1260635 (2015). -~W000°
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3D Polarisation Topologies

Mobius Knots Framed Knots

Polarization Orientation

H Larocque, A D’Errico, M Ferrer, A Carmy, E Cohen & E. K., Nature Communications 11, 5119 (2020). o 4 ',.°°°""
H Larocque, D Sugic, D Mortimer, A J Taylor, R Fickler, R W Boyd, M R Dennis & E. K. Nature Physics 14, 1079 (2018). & |
T Bauer, P Banzer, E. K., S Orlov, A Rubano, L Marrucci, E Santamato, R W Boyd, G Leuchs, Science 29, 1260635 (2015). -~W000°

C0p0°

sgqogroup.ca




Université d’'Ottawa

Framed-Knot as information carrier

University of Ottawa

Encode a large integer N 1n prime
numbers as follows
*Assign to each strand a prime
number p,

In each strand the number of half
twists is d;, (if there are no twists

d = -0)

*Choose a positive number a (to be
shared with the receiver)

*The 1nteger N 1s given by

N=II_,
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H. Larocque, A. D’Errico, M. Ferrer, A. Carmy, E Cohen & E. K., Nature Communications 11, 5119 (2020).
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Structured Light at XUV regime

F Kong, C Zhang, F Bouchard, Z Li, G G Brown, D H Ko, T J Hammond, L Arissian, R W Boyd, E.K. & P B Corkum, Nature Communications 8, 14970 (2017).
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Structured Light at XUV regime

Detection

:',\".;;‘.-' :
N
. S O
LOCK-IN 5 3
reference g- g
: &
."\\\/
) ! ‘.
|
Circular Linear
— ] :
0 Ellipticity % r ‘ “
= iy .' | ‘ ‘ i
, 3 01‘ I' “ ' ‘ ' n*."n.“u
% f > I | ’ f
. p 4 5 "' \| JA
2 = O |‘
& Fz 5
8 = Vector beam -0.4 — AéO 10 10 20. -
r " k= = generation K D
'M g '§ |
= T
- ;
Z
. p000p
F Kong, C. Zhang, H. Larocque, Z. Li, F. Bouchard, D. H. Ko, G. G. Brown, A. Korobenko, T. J. Hammond, Robert W. Boyd, E. K. & P. B. Corkum, Nature Communications 10, 2020 (2019) Q\ ,E §
aoo°

S Sederberg, F Kong, F Hufnagel, C Zhang, E. K. & P B. Corkum, Nature Photonics 14, 680 (2020).
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High-dimensional Entangled States
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A. D’Ericco, F. Hufnagel, F Miatto, M Rezaee & E.K. in press, Optics Letters, (2021).
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High-dimensional Entangled States
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Application in Quantum Communication
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" Information
capacity d-dimensional BB34

R{es) = logy(d) — 2h®(e)

Noise tolerance

O . .
0.00 0.05 OIO 0.15 020 025 030 035
Quantum bit error rate
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F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sanchez-Soto & E.K., Quantum 2, 111 (2018). _
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Quantum Key Distribution: Survey and Comparison

SLM-A
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Protocol d efnax e, R(0) R%*P Sifting R®P x Sifting
Chaul5b 4 50 % 0.778 % 1 0.8170 1/6 0.1362
8 50 % 3.11 % 1 0.8172 1/28 0.0292
BB&4 2 11.00 %  0.628 % 1 0.8901 1/2 -1  0.4451 - 0.8901
4 1893 % 3.51 % 2 1.4500 1/2-17 0.7250 - 1.4500
8 24.70 % 10.9 % 3 1.3942 1/2-1* 0.6971 - 1.3942
MUB 2 12.62 % 0.923 % 1 0.8727 1/3 -1* 0.2909 - 0.8727
4 2317 % 3.87T % 2 1.0316 1/5-1*% 0.3063 - 1.5316
Singapore 2 3893 % 1.23 % 0.4 0.374** 1 0.374**

F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sanchez-Soto & E.K., Quantum 2, 111 (2018).
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F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €e1601915 (2017)
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Optimal quantum
cloning machine

F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €e1601915 (2017)
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F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €e1601915 (2017)
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F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €e1601915 (2017)
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High-Dimensional Quantum Key Distribution: Security threshold

University of Ottawa

d — oo

0.5

Dimension d=2 d=73 d=4 d=35 d=06 d="1
Theory 0.833 0.75 0.7 0.667 0.643 0.625
Experimental | 0.82 +0.01 0.75+0.01 0.70+£0.02 0.66+0.01 0.64=+0.02 0.62+0.02
0.84+002 075+0.01 0.70+0.01 0.67+001 0.62+0.01 0.61+0.01
0.75+0.01 0.68+0.01 0.65+0.08 0.62+0.01 0.61+0.01
0.70+0.02 0.66+0.01 0.62+0.01 0.60+0.01
0.65+0.02 0.62+0.01 0.61=+0.01
0.63+0.02 0.60+0.01
0.62 +0.02
Average 0.83+0.02 0.75+0.01 0.70+0.02 0.66+0.01 0.63+0.02 0.61+0.01
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F Bouchard, F Hufnagel, DKoutny, A Abbas, A Sit, K Heshami, R Fickler & E.K., Quantum 3, 138 (2019).
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Structured Photons: Applications in Secure Communication > [omaior e
-dimensional BB84

A capacity

4)

Structured Photons: R(ep) = logy(d) — 21\ (ep) -

o |
More information per carrier = 3|
They are robust in a noisier channel = |
2 2|
% L

. QOO

Noise tolerance |

-

............... 1

0.00 0.05 0.10 0.15 020 0.25 030 0.35
Quantum bit error rate

F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sanchez-Soto & E.K., Quantum 2, 111 (2018).
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Structured Photons: Applications in Secure Communication > [ fomafon

A\ capacity d-dimensional BB84 |
R(ep) = log,(d) — 20D (ep)

Structured Photons:
More information per carrier
They are robust in a noisier channel

" 0000000

0 . <
0.00 0.05 0.10 0.15 020 025 030 035
Quantum bit error rate

Secret key rate

Noise tolerance ;

Heralded single-photon source

Free-space channel Underwater channel Fibre channel

0000,

-
A. Sit, F. Bouchard, R. Fickler, J. Gagnon-Bischoff, H. Larocque, K. Heshami, D. Elser, C. . _ _ A Sit, R Fickler, F Alsaiari, F Bouchard, H Larocque, P Gregg, L Yan, R W Boyd, A ‘{,
! . ! ! ! ! N F. Bouchard, A. Sit, F. Hufnagel, A Abbas, Y. Zhang, K. Heshami, R. Fickler, C. Marquardt, G. SR hand & E.K.. Optics Letters 43. 4108 (2018 °
‘Pleulnot(l)%géezr,o};.%aunthner, B. Heim, C. Marquardt, G. Leuchs, R. W. Boyd & E. K., Optica Leuchs, R. W. Boyd & E.K., Optics Express 26, 22563 (2018). amachandran & E.K., Optics Letters 43, ( )- & y o‘?
\% 000

F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sanchez-Soto & E.K., Quantum 2, 111 (2018). _
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NRC-uOttawa 5.4 km free-space link

sgqogroup.ca

A deck was designed with a cut-
out allowing for an optical table
to be isolated from the deck.

The shed of 11" by 8’ can
hold the optical table and
all lab equipment while
providing enough space
for team members to work
both inside and outside of
the shed for alignment.
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NRC-uOttawa 5.4 km free-space link

A deck was designed with a cut- The shed of 11’ by 8’ can
out allowing for an optical table
to be isolated from the deck.

hold the optical table and
all lab equipment while
providing enough space
for team members to work
both inside and outside of
the shed for alignment.
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Receiver

c2

City of Ottawa

5.4 km
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Target: HIP 10644
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Adaptive Optics Svstem - -
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I : . - 3
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Other channels: water
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Other channels: water
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Quantum Cryptography through Underwater Channels

000,

»

sgogroup.ca S




a=0.03£0.02

X

ax~0.09£0.07 ay=0.11£0.08

™
X P ¢
«

aa=0.17+0.09 as=0.03£0.03 as=0.15+0.08

L X XK ¢

a@7=0.01+£0.01 as=0.01£0.01 @=0.01+0.01 a10=0.01£0.01

6d

]

29




Université d’'Ottawa

Bristolt

— S s BRI ||
= p sl M
- ;_“2;?_‘;*‘..“ & s o 4 : -

Burnstown

.

White Lake

: c Er"’t‘:!."f". by
Wi ”}‘ES'})E"’ A. »)

27

a1=0.0320.02

ax=0.09£0.07 ay=0.11£0.08
»

|H) 0.06  0.40

V) 097 ¥

‘ b
ai=0.1740.09  as=0.0320.03  as=0.15+0.08

ISP

ar=0.01+0.01 as=0.01£0.01 @=0.01+0.01 a10=0.01:0.01

|4) Il 0.97

|D) 047 0.04

|HY Iv) |4 D)




Université d’'Ottawa | University of Ottawa | IV\/> m
Underwater Quantum Cryptography through 30 m Channel

30

Alice

SPAD

F Hufnagel, A Sit, F Bouchard, Y Zhang, D England, K Heshami, B J Sussman & E.K., New Journal of Physics 22, 093074 (2020).



Université d'Ottawa

30

F Hufnagel, A Sit, F Bouchard, Y Zhang, D England, K Heshami, B J Sussman & E.K., New Journal of Physics 22, 093074 (2020).



Université d'Ottawa University of Ottawa

F Hufnagel, A Sit, F Bouchard, Y Zhang, D England, K Heshami, B J Sussman & E.K., New Journal of Physics 22, 093074 (2020).




Université d'Ottawa | University of Ottawa

31

by, )

F Hufnagel, A Sit, F Bouchard, Y Zhang, D England, K Heshami, B J Sussman & E.K., New Journal of Physics 22, 093074 (2020).




Université d'Ottawa | University of Ottawa

31

10°

100

Secret key rate (bps)

0 20 : 40 60 80
Chw)
.......... Key rate at 30.5 mis about 80 kb/s

F Hufnagel, A Sit, F Bouchard, Y Zhang, D England, K Heshami, B J Sussman & E.K., New Journal of Physics 22, 093074 (2020).



Université d'Ottawa | University of Ottawa

32

Quantum Communication in a Curved Spacetime Geometry
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Structured Matter Waves
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Structured Massive Particles
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Structured Massive Particles
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Structured Massive Particles
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Structured Electrons
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Structured Electrons: Applications
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Twisted Neutrons
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Twisted Neutrons
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