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1. QKD with Twisted Light



Our Research: BB84 in a High-Dimensional State Space

e Instead of using the two-dimensional state space of polarization, we use
a (potentially) infinite dimensional state space of the orbital angular mo-
mentum (OAM) modes of the photon.

e One motivation is to send more than one bit of information per photon.

e Another motivation is to increase the security of the protocol.



What Are the Orbital Angular Momentum (OAM) States of Light?

- Light can carry spin angular momentum (SAM) by means of its circular
polarization.

- Light can also carry orbital angular momentum (OAM) by means of the
phase winding of the optical wavefront.

- A well-known example are the Laguerre-Gauss modes. These modes
contain a phase factor of expl(i/p) and carry angular momentum of hk per
photon. (Here ¢ is the azimuthal coordinate.)

Phase-front structure of some OAM states

See, for instance, A.M. Yao and M.J. Padgett, Advances in Photonics 3, 161 (2011).



Laguerre-Gauss Modes

The paraxial approximation to the Helmholtz equation (V2 + k?)E(k) = 0 gives
the paraxial wave equation which is written in the cartesian coordinate system as
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The paraxial wave equation is satisfied by the Laguerre-Gaussian modes, a family
of orthogonal modes that have a well defined orbital angular momentum. The field
amplitude LGé(p, ¢, z) of a normalized Laguerre-Gaussian modes is given by
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where k is the wave-vector magnitude of the field, zp the Rayleigh range, w(z) the
radius of the beam at z, [ is the azimuthal quantum number, and p is the radial
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quantum number. Lé is the associated Laguerre polynomial.



How to create a beam carrying orbital angular momentum?

Pass beam through a spiral phase plate

Spiral phase plate (£¢)

Use a spatial light modulator acting as a computer generated hologram

Exact solution to simultaneous intensity and phase masking
with a single phase-only hologram, E. Bolduc, N. Bent, E.
Santamato, E. Karimi, and R. W. Boyd, Optics Letters 38, 3546 (2013).

(more versatile)
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High Capacity QKD Protocol

We are developing a free-space quantum key distribution system that can carry
many bits per photon (think about it!).

We encode either in the Laguerre-Gauss modes or in their linear superpositions
(or in other transverse modes).

We are developing means to mitigate the influence of atmospheric turbulence
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Laguerre-Gaussian Basis

Angular Basis (mutually unbiased with respect to LG)
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Spatially-Based QKD System

Source Protocol Challenges |
Weak Coherent Light Modified BB84 as 1. State Prepargtlon
discussed 2. State Detection

3. Turbulence



Mode Sorting

A mode sorter

single photon with
transverse structure
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multiplexed hologram
(quantum state sorter)
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represents a different
quantum eigenstate



Sorting OAM using Phase Unwrapping

Optically implement the transformation ¢ — T
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Position of spot
determines OAM

-Can also sort angular position
states.

Experimental Results (CCD 1mages in output plane)
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-Limited by the overlap of
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Our Laboratory Setup

Fiber array _‘f OAM
DMD SLM 2 ol ,

AOM

Attenuator

HeNe Laser < L

Plnhole

Communlcatlon
Channel

Mirror

Mirhosseini et al., New Jo
of Physics 17,033033 (2

We use a seven-dimensional
state space.
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Laboratory Results - OAM-Based QKD

Alice
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Error Correction I
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0001 0011 0100 0000 0100 0010 0001 0001 0011 0000 0101 0010 0111 1000 0101
1101 0011 0001 1001 1011 0101 0000 0100 0111 0100 0011 0110 0101 0000 1101

Privacy Amplification |
X
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cross-talk matrices
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We use a 7-letter alphabet, and achieve a
channel capacity of 2.1 bits per sifted photon.

We do not reach the full 2.8 bits per photon for
a variety of reasons, including dark counts in
our detectors and cross-talk among channels
resulting from imperfections in our sorter.

Nonetheless, our error rate is adequately low to

provide full security,



2. Why We Need to Encode in Azimuth and Radius



Why We Need to Encode in Azimuth and Radius

» Large telescopes are expensive; we want to make full use of our resources

This? Or this?

* In concept we want to encode in communication modes, but for large
Fresnel numbers they approximate Laguerre-Gauss modes.

e Laguerre-Gauss modes are described by two mode indices, one (/) for
azimuthal variation and one (p) for radial variation.

* We can roughly square the size of Hilbert space by encoding in both / and p.

e Miles Padgett showed earlier how to sort in / . Only recently have people
shown how to sort in p.



3. New Developments in Mode Sorters



RAPID COMMUNICATIONS

PHYSICAL REVIEW B 95, 161108(R) (2017)

Custom-tailored spatial mode sorting by controlled random scattering

Robert Fickler,' Manit Ginoya,' and Robert W. Boyd'+?
!Department of Physics, University of Ottawa, Ottawa, Canada KIN 6N5
2Institute of Optics, University of Rochester, Rochester, New York 14620, USA
(Received 18 January 2017; revised manuscript received 17 March 2017; published 14 April 2017)
fidelity = 97%
efficiency = 0.2%
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Measurement of the radial mode spectrum of photons
through phase-retrieval

SAUMYA CHOUDHARY!, SYED MOHAMMAD HASHEMI RAFSANJANI- ., YOKO MiYAMOTO?, RACHEL
SAMPSON?, OMAR S. MAGANA-LOAIZA®, MOHAMMAD MIRHOSSEINI®, AND ROBERT W. Boyph 7

Use Gerchberg-Saxton phase-retrieval algorithm Phase Screens
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PRL 119, 263602 (2017)
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Sorting Photons by Radial Quantum Number
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- We implement a theoretical proposal of R. lonicioiu,

Sci. Rep. 6, 25356 (2016).
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F-gate is a Fourier transform; Zg¢-gate is a mode-dependent
phase shifter implement by a fractional fourier transform.
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Realization of a robust Laguerre-Gaussian mode sorter

Dongzhi Fu,"? Yiyu Zhou,> * Rui Qi,? Stone Oliver,> Yunlong Wang,! Seyed Mohammad Hashemi
Rafsanjani,” Jiapeng Zhao,” Mohammad Mirhosseini,> Zhimin Shi,* Pei Zhang,!* T and Robert W. Boyd?>

- We use a polarization lens to create a common-path
FRFT (ractional Fourier transform) module Results for sorting both azimuthal and radial dependence

{(a) Polarization Lens (b) FRFT Module
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4. Advances in Free-Space QKD
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Spatially multiplexed orbital-angular-momentum-
encoded single photon and classical channels
in a free-space optical communication link
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We experimentally demonstrate spatial muldplexing of
an orbital angular momentum (OAM)-encoded quantum
channel and a dassical Gaussian beam with a different
wavdength and orthogonal polarization. Data rates as large
as 100 MHz are achieved by encoding on two different
OAM states by employing a combination of independently
modulated laser diodes and hdical phase holograms. The
influence of OAM mode spadng, encoding bandwidth, and
interference from the co-propagating Gaussian beam on
registered photon count rates and quantum bit error rates
is investigated. Our results show that the deleterious effects
of intermodal crosstalk effeas on system performance be-
come less important for OAM mode spadng A > 2 (cor-
responding © a crosstalk value of less than -18.5 dB).
The use of OAM domain can additionally offer at least
10.4 dB isolation besides that provided by wavdength
and polarization, leading to a further suppression of inter-
ference from the classical channd. © 2017 Optical Society of
America

robusmess against cavesdropping [6-8]. One example of ena-
bling encoding by muliikvd states is employing a set of orthogo-
nal spatial modes for which the photon can occupy one of many
states ar a given dme slot [8-10]. A possibke sparial basis set
that has recendy reccived increasing interest is orbital angular
momenmum (OAM) modes [11]. A light beam with a hdical
wavefront carries an OAM corresponding o #A per photon,
where i is the reduced Planck constant and £ is an unbounded
integer [11]. OAM modes with different # values are murually
orthogonal [12], which allows for the simultancous transmission
of multiple dara channds [13,14]. Recent advances have shown
the use of OAM modes for wmabit/s clhssical optical links and for
up w© 143-km free-space transmission [13,15,16].

OAM stares span a large Hilbert space and can be uiilized
for high-dimensional quantum encoding based on their orthog-
onality [10,17]. Morcover, quantum OAM encoding is in prin-
ciple compatible with daa encoding in other domains, such as
polarization encoding [17,18]. A proofof-concept OAM en-
coding-based quanmum link has been rcendy demonstrared

hy ndne a Adisiral micramirmr Asvics ra cunrch harussn



Demonstration of a 10-Mbit/s quantum communication
link by encoding data on two Laguerre-Gaussian modes
with different radial indices

KAl PANG,”" CONG LIU,' GUODONG XIE,' YONGXIONG REN,! ZHE ZHAO,’
RUNZHOU ZHANG,! YINWEN CAO,' JIAPENG ZHAO,? HAOQIAN SONG,' HAO
SONG," LONG LI," MOSHE TUR,” ROBERT BOYD,” AND ALAN E. WILLNER'

- Each LG channel is driven by a separate laser diode

- High transmission rate is achieved by modulating the laser diode
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« Encode in a 4-D space of vector
(polarization and OAM) modes

Research Article Val. 4, No. 9/ Seplember 2017 / Optica 1006 |
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High-dimensional intracity quantum cryptography
with structured photons
Auci Sit,' Frépéric BoucHarp,! Rosert FickLer,' Jérémie Gaanon-BiscHorr,' Huco Larocaue,’
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0.65 bits per sifted photon



Quantum Kkey distribution using all transverse degrees of freedom

Yiyu Zhou," * Mohammad Mirhosseini,!*T Stone Oliver,!:2 Jiapeng Zhao,!
Seyed Mohammad Hashemi Rafsanjani,!-3
Martin P. J. Lavery,* Alan E. Willner,” and Robert W. Boyd!®-?

 Perform QKD in an 8-dimensional state space.

* Encode in the transverse variation of amplitude, phase, and polarization
* Transfer 2.15 bits per detected photon

* Crosstalk matrix
a |H 0.,

Main basis 2 IH'
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Summary

 New quantum-state sorters for full Laguerre-Gauss
determination allow enhanced performance in free-spac
quantum communications.

 This technology is useful more generally in advanced
imaging by allowing a complex optical field to be
decomposed into a complete set of orthogonal modes.



