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Ph.D. degree from the University of Naples “Federico
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Structured Photons
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Photons Degrees of Freedom

continuous variable

bi-dimensional variable

T

Polarisation (Spin)

Linear momentum (k-vector)

p

infinite dimension (discrete) Orbital angular momentum (OAM) infinite dimension (discrete)
Radial mode (p number)
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H. Rubinsztein-Dunlop et al., Roadmap on structured light, Journal of Optics 19, 013001 (2017).
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Spin Angular Momentum

e Circular polarisations: (Left and Right)

® Spin angular momentum may take two

values of
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L) Left-handed circular polarisation
R) Right-handed circular polarisation

vectorial picture

H. Rubinsztein-Dunlop et al., Roadmap on structured light, Journal of Optics 19, 013001 (2017).

angular momentum

J, = +h
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Optical Angular Momentum

e Optical field expression in the cylindrical
coordinate IS

A

L, = —idy

E(r,p,z,t) = E(r, z)e¥ ¢tFz=wt)
J, = Lh

In the contrast to polarisation, orbital angular momentum may take any of the
Infinite values 1 =. .. -2,-1,0,1, 2, ....

Laguerre-Gaussian modes are one set of paraxial wave mode which carry the {=+2 J y = T 2h
OAM.
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H. Rubinsztein-Dunlop et al., Roadmap on structured light, Journal of Optics 19, 013001 (2017).
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Optical Angular Momentum
{=-3 (=-2
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H. Rubinsztein-Dunlop et al., Roadmap on structured light, Journal of Optics 19, 013001 (2017).
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Optical Angular Momentum
(= -3 (= —2 (= —1 ¢ =0 { = +1
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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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Liquid Crystal Faclility
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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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Liquid Crystal Faclility
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(1) Intensity (11) Interference

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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Liquid Crystal Faclility
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(1) Intensity

(1) Interference (1) 1G

(v) 1G

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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Liquid Crystal Faclility

(11) Superposition

(1) Intensity (11) Inte)
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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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Application Iin Quantum Information
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Application in Quantum Cryptography
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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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Application in Quantum Cryptography

THERE 1S NO DEFINITE REALITY
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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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Application in Quantum Cryptography

THERE 1s No DEFINITE REALITY
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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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Application in Quantum Cryptography

THERE 1s No DEFINITE REALITY

CONJUGATE QQUANTITIES CANNOT
BE MEASURED SIMULTANEOUSLY

(QuanTUM INFORMATION CANNOT BE
CLONED WITHOUT INTRODUCING ERRORS ~ [0) g, - 0 Geee

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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QKD

University of Ottawa
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)

@gle photon source:
- SPDC (Heralded)

- Weak coherent p
- Decoy states

4 )
Quantum channel:
- Free-space
- Fibre
- Underwater
7 & %

@ssical channel:
- Error correction
- Privacy amplification
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- Jitter
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@tection:

- Sorter
- Phase-flattening

- Intensity-flattening
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F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sdnchez-Soto & E.K., Quantum 2, 111 (2018).
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QKD

@tectors: \

- Dark counts

- Jitter

Sir
- SPLC
- Weak c6
- Decoy state!
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F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sdnchez-Soto & E.K., Quantum 2, 111 (2018).
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Cryptography
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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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Cryptography

PuBLic CHANNEL
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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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Cryptography

PuBLic CHANNEL
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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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Cryptography

PuBLic CHANNEL

wsqi Jsv xli kpsvmiw sj XImw asvph; erh wsqi
wmkl jsv xli tvstlix'w tevehmwi Xxs gsqi;
el, xeol xli gewl, erh pix xli gvihmx ks,

rsv lith xli vyqgfpi sj e hmwxerx hvyq! Jh

E—

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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Cryptography

PuBLic CHANNEL

wsqi Jsv xli kpsvmiw sj XImw asvph; erh wsqi
wmkl jsv xli tvstlix'w tevehmwi Xxs gsqi;
el, xeol xli gewl, erh pix xli gvihmx ks,

rsv lith xli vyqgfpi sj e hmwxerx hvyq! Jh

E—

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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Cryptography

PuBLic CHANNEL

!

wmkl jsv xli tvstlix'w tevehmwi xs gsqi,
el, xeol xli gewl, erh pix xli gvihmx ks,

rsv lith xli vyqgfpi sj e hmwxerx hvyq!

wsqi Jsv xli kpsvmiw sj XImw asvph; erh wsqi

R—

|

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!

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 Cryptography

CONJUGATE
QUANTITIES
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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).



Université d'Ottawa | University of Ottawa

13

Quantum Cryptography

CONJUGATE
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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 Cryptography

CONJUGATE
QUANTITIES
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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 Cryptography

CONJUGATE
QUANTITIES
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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 Cryptography

CONJUGATE
QUANTITIES
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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 Cryptography 5=

CONJUGATE
QUANTITIES

s 10|14+ + 4+ O 0| + |+|O

0 0

0 1 0 1 1 1 1 0
O|O||+/ O O +|0| O |+|+

0 O 1 1 Secret Key

g R 0000,
& 920000

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 Cryptography: Setup

I
1i
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F Bouchard, K Heshami, D England, R Fickler, R W Boyd, B-G Englert, L L Sdnchez-Soto & E.K., Quantum 2, 111 (2018).



Université d'Ottawa | University of Ottawa

15

High-Dimensional “alphabet”

Classically: 00101011001100110101001101000110

223030311031012

5314651506

124783942

Quantum: 110, 0) + B1]1, 1)) @ (|0, 0) + Ba|1, 1))

£
al0,0) + 5|1, 1) +7[2,2) +0]3,3)

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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High-Dimensional “alphabet”

L et us send letter M Classically: 00101011001100110101001101000110

223030311031012

5314651506

124783942

Quantum: 110, 0) + B1]1, 1)) @ (|0, 0) + Ba|1, 1))

£
al0,0) + 61, 1) +7(2,2) +013,3)

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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High-Dimensional “alphabet”

L et us send |etter M Classically 00101011001100110101001101000110
Letter M in the binary code is 01001101 2230303}1031012
5314651506
724783942

Quantum: (01]0,0) + 311, 1)) ® (2|0, 0) + SB2|1, 1))

£
al0,0) + 61, 1) +7(2,2) +0[3,3)

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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High-Dimensional “alphabet”

L et us send letter M Classically: 00101011001100110101001101000110

Letter M in the binary code is 01001101 223030311031012

/ﬂ” / \v\'v\\ 53146:51506

8th  7/th oth Gth A4th 3rd 2nd 1t —
(24783942

i

1110 R 11m., ’HM‘ w\. ik, :
'mw o [ QUANIUM: (4110, 0) + B11,1)) ® (a2]0,0) + 2|1, 1))

£
al0,0) + 5|1, 1) +7[2,2) +0]3,3)

0000

o000®

o

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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High-Dimensional “alphabet”

. Let us send |etter M Classically: 00101011001100110101001101000110

Letter M in the binary code is 01001101 223030351031012

//” / \v\'v\\ 53146:51506

8th  7/th @th Bth Ath  3rd 9Pnd 1 —
724783942

.]iln, '
W Quantum: (@1]0,0) + 51]1,1)) ® (2|0, 0) + Bo|1, 1))

£
al0,0) + 5|1, 1) +7[2,2) +0]3,3)

|

L
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11 H\ il
| 'HH' |

g R 000,
& 90000

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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Application in High-Dimensional Quantum Key Distribution

- QOO0
©000000

'~ Information
LA capacity d-dimensional BB84

)} :
R(ep) = logy(d) — 2h\ Y (ep)

) =

)

Secret key rate

{l¥);}

ek

Noise tolerance

O : :
0.00 0.05 0.10 0.15 020 025 030 035

Quantum bit error rate

0900,

&&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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High-Dimensional Quantum Key Distribution: Security threshold
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F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €1601915 (2017)
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High-Dimensional Quantum Key Distribution: Security threshold
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F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €1601915 (2017)
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High-Dimensional Quantum Key Distribution: Security threshold

W) > j Optimal quantum
cloning machine

F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €1601915 (2017)
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High-Dimensional Quantum Key Distribution: Security threshold

F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €1601915 (2017)
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High-Dimensional Quantum Key Distribution: Security threshold
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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+0.01 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+x0.02 0.66+001 063+0.02 0.61+0.01

(b)

Cloning fidelity

=
b

0.0

S
N

i

Optimal cloning |

State estimation

Sl )

Cohererélt attack

d=5 d=6 d=17

F. Bouchard, R. Fickler, R. W. Boyd, and E. K., Science Advances 3, €1601915 (2017)
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High-Dimensional Quantum Key Distribution: Security threshold

Opt; 5
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F Bouchard, F Hufnagel, D Koutny, A Abbas, A Sit, K Heshami, R Fickler & E.K., Quantum 3, 138 (2019).

No attack

Optimal cloning

Intercept-resend
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s there any optimal spaces or protocols for QKD?

Protocol d ey ey R(0) R Sifting R®P x Sifting
Chaulb 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 -1 0.7250 - 1.4500
8 2470 % 109 % 3 1.3942 1/2 -1 0.6971 - 1.3942
MUB 2 1262 % 0.923 % 1 0.8727 1/3-1%  0.2909 - 0.8727
4 2317 % 38T % 2 1.5316 1/5-1*  0.3063 - 1.5316
Singapore 2 3893 % 123 % 0.4 0.374** 1 0.374**
Chaul5
e b= o P =Heilei)l

MUB

0
")

BB84

Theory
d
{lo5;

{lo:

{1}

“I}

0.5

d=
1

)
)
{(¢

s
{lo¢:

Experiment

{61} =T

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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A. Sit, F. Bouchard, R. Fickler, J. Gagnon-Bischoff, H. Larocque, K. Heshami, D. Elser, C. Peuntinger, K. Gunthner, B. Heim, C. Marquardt,

G. Leuchs, R. W. Boyd, and E. K., Optica 4, 1006 (2017).

Free Space Quantum Key Distribution
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Free Space Quantum Key Distribution

Secret key rate

Alice VUB |

MUB Il

d-dimensional BB84

R(ep) = logy(d) — 2h ¥ (ep)

Quantum bit error rate

23
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Free Space Quantum Key Distribution

Secret key rate

Alice VUB |

MUB Il

d-dimensional BB84
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