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weak value:

Why are weak values important?
   can lead to amplification of small signals
   can lead to direct measurement of the quantum wavefunction

standard expectation value:



Birefringence separates polarized beams
by 0.64 +m, but gaussian in (b) is displaced
by 12 +m.
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Direct Measurement of the Quantum Wavefunction

The wavefunction of quantum mechanics is notoriously difficult to measure 

Measurement at any one position causes the entire wavefunction to “collapse”

(The problem is related to the Heisenberg Uncertainty Relation; if you 
 measure position you cannot also know momentum.)

Historically, the wavefunction has been measured only indirectly and
inefficiently, using “quantum state tomography.”

Recent work has demonstrated how to measure the wavefunction directly.

The idea is to perform a “weak measurement” on one variable (which thus 
only minimally disturbs the system), followed by a “strong measurement.”

J. Lundeen et al., Nature 474, 188 (2011)
J. Z. Salvail et al., Nature Photonics, 10.1038 (2013)





Direct Measurement of the Photon “Wavefunction”
Measurement setup

Typical results
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J. Lundeen et al., Nature 474, 188 (2011)



Wavefunction of the Photon?

Many people feel it is inaccurate to speak of the “wavefunction” of the photon.

I personally try to avoid the term wavefunction of the photon.  A photon is 
an excitation of a mode of the field.  I prefer to distinguish the photon from 
the mode in which it lives.

Lundeen et al. use the term “wavefunction of the photon,”  but comment 
that it is sometimes called the “spatial mode of the photon.”

See also Iwo Bialynicki-Birula, The Photon Wave Function, Coherence and Quan-
tum Optics VII, Eds. J. H. Eberly, L. Mandel, and E. Wolf Plenum, NY 1996, p. 313



Work of My Own Group

1.  We  have made a direct measurement of the state of polarization of the
photon.  This is thus the first direct measurement of a qubit.

2.  We have measured the statevector of a state imbedded in a 
27-dimensional OAM Hilbert space.  One expects direct measurement to 
be increasingly useful with increasing size of the Hilbert space.
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Direct Measurement of the Full Density Matrix
Meaurement provides enough information to determine density matrix*

* J.S. Lundeen & C. Bamber, Phys. Rev. Lett. 108, 070402 (2012).
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News Accounts of Our Work



Work of My Own Group

1.  We  have made a direct measurement of the state of polarization of the
photon.  This is thus the first direct measurement of a qubit.

2.  We have measured the statevector of a state imbedded in a 
27-dimensional OAM Hilbert space.  One expects direct measurement to 
be increasingly useful with increasing size of the Hilbert space.

Malik, Mirhosseini, Lavery,  Leach, Padgett, Boyd, in review



We are constructing a QKD system in which each photon carries many bits of information

Single Photon States 

Laguerre-Gaussian Basis 
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“Angular” Basis (mutually unbiased with respect to LG) 

High Dimensional QKD Protocol 

. . . . . . . .

. . . . . . . .

We encode in states that carry OAM such as the Laguerre-Gauss states

As a diagnostic, we need to be able to measure the statevector of OAM states



Direct Measurement of a High-Dimensional OAM State
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Results: Direct Measurement of a High-Dimensional OAM State



Direct Measurement Procedure Properly Measures Phase



Summary

Weak values and weak measurements offer important opportunities in
quantum optics, including the ability to “amplify” weak signals and the
ability to perform direct measurements of the quantum state vector.



Thanks To My Research Groups
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Advanced Photonics Research Complex

Our research interests include:
  Nanophotonics
  Plasmonics
  Photonic crystals
  Photonic device
  Applications of slow and fast light

  Quantum nonlinear optics
  Optical methods for quantum information
  Biophotonics
  Nonlinear optics of atomic vapors
  Optical chirality and structure surfaces

Quantum Photonics
(Encompassing nanophotonics and quantum nonlinear optics)

Canada Excellence Research Chair in Quantum Nonlinear Optics 
Robert Boyd
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Our Quantum Information Program



A Quantum Key Distribution (QKD) System Utilizing
  Orbital Angular Momentum (OAM) States of Light
    to Carry Many Bits of Information per Photon.



Role of Light Beams Carrying OAM in 
        Quantum Information Science

–

–



What Are the 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 exp(ilφ) and carry angular momentum of lh̄ per
photon. (Here φ is the azimuthal coordinate.)

l =0 l = +1 l = +2

Phase-front structure of some OAM states

RWB


RWB


RWB


RWB


RWB
\A.M. Yao and M.J. Padgett, Advances in Optics and Photonics, 3, 161 (2011)




Laguerre- 

Gauss 

Spiral phase plate  (     ) 

LG 

How to create a beam carrying orbital angular momentum?

Pass beam through a spiral phase plate

Use a spatial light modulator acting as a computer generated hologram
(more versatile)

E. Bolduc, N. Bent, E. Santamato, E. Karimi, and R. W. Boyd, Optics Letters 38, 3546 (2013).



OAM States and Quantum Key Distribution

• The most widely studied protocol is that of Bennett and Brassard (1984),
known as the BB84 protocol. It makes use of measurements performed
on a single photon, but in more than one set of bases.

• Our work involves an extension of the BB84 protocol by making use of
the OAM states of light. One motivation is to increase the data transfer
rate by impressing more than one bit per photon.

• Let us begin by reviewing the BB84 protocol.



The BB84 QKD Protocol – Polarized Light Implementation

Alice sends an individual photon 
in one of two polarization bases, 
chosen at random

Bob receives in one of 
two polarization bases, 
which he choses at random

0
1

01

x-y basis

diagonal-
anti-diagonal
basis

0
1

01

x-y basis

diagonal-
anti-diagonal
basis

transmission

After sending the entire string of numbers that constitutes the key, Alice and Bob openly
divulge the basis that they used for each measurement.  If they chose different bases, they 
discard the result of that measurement.  (The remaining data is known as sifted data.)



Why Is This Protocol Secure?

• Suppose that an eavesdropper (Eve) intercepts the transmission. Since
only one photon was transmitted, Bob will know that the message was
intercepted, because he does not receive Alice’s photon.

• To avoid divulging her presence in such an obvious manner, Eve can
resend the photon after she intercepts it. But Eve has no guarantee that
she will be sending the photon in the same basis as that used by Alice.
And if she choses wrong, Alice and Bob will realize that there is a problem.

Alice

Alice

Eve

Eve

Bob

Bob



We are constructing a QKD system in which each photon carries many bits of information

Single Photon States 

Laguerre-Gaussian Basis 
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“Angular” Basis (mutually unbiased with respect to LG) 

QKD 6\VWHP�&DUU\LQJ�0DQ\�%LWV�3HU�3KRWRQ 

. . . . . . . .

. . . . . . . .

We encode in states that carry OAM such as the Laguerre-Gauss states

As a diagnostic, we need to be able to measure the statevector of OAM states

RWB
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Protocol 

Alice  LG:13 LG:3  AB:2 AB:3 AB:15 AB:14 LG:16 LG:8 AB:24 LG:26  

Bob     LG    LG   LG    AB   LG    AB    LG    AB    AB   AB  

Result   13     3   15    3    15    14    16    17    24   10 

Sifted Key  13 3 3 14 16 24 … in principle contains no errors 
unless eavesdropper is present. 

In any real system, Bob’s key will have errors due to system imperfections. 

1.  Error Correction (Cascade Protocol) 
2.  Privacy Amplification 

Under many conditions, these protocols can be successfully implemented if 
Alice/Bob share more bits of information than Alice and Eve.  



Spatially-Based QKD System 

Source 
Weak Coherent Light 
Heralded Single Photon 

Protocol 
Modified BB84 as 
discussed 

Challenges 
1.  State Preparation 
2.  State Detection 
3.  Turbulence 



                                   Mode Sorting  

A mode sorter 



Sorting OAM using Phase Unwrapping 
Optically implement the transformation 

*Berkhout et al. PRL 105, 153601 (2010). 
O. Bryngdahl, J. Opt. Soc. Am. 64, 1092 (1974). 

Position of spot 
determines OAM 

Experimental Results (CCD images in output plane) 

- Can also sort angular position    
  states. 

- Limited by the overlap of 
  neighboring states. 
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Laboratory Results - OAM-Based QKD
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Our Adaptive Optics System

Turbulence and Adaptive Optics

D/r0 = 5.12

D/r0 = 10.24

D/r0 = 102.4

(3)

Atmospheric Turbulence Model



Improved QKD Performance Using Adaptive Optics 

Before turbulence After turbulence After adaptive optics
    correction
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Free-Space Optical Telecommunication based on Transverse Field Structures



Laguerre- 

Gauss 

Spiral phase plate  (     ) 

LG 

How to create a beam carrying orbital angular momentum?

Pass beam through a spiral phase plate

Use a spatial light modulator acting as a computer generated hologram
(more versatile)

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).
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E. Bolduc, N. Bent, E. Santamato, E. Karimi, and R. W. Boyd, Optics Letters 38, 3546 (2013).

Exact Solution to Simultaneous Intensity and Phase Masking
 with a Single Phase-Only Hologram

Standard method



How to Measure the OAM Azimuthal Quantum Number of a Laguerre-Gauss Beam

Standard Method  –  Projective Measurement 

Seems almost too good to be true 

single-mode 
optical fibre



We Have Quantified the Level of Inaccuracy Resulting from this Procedure

mode profiles
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Conclusion:  coupling 
efficiency depends on mode
indices, properties of fibre, 
and on degree of focussing

Qassim et al., J. Opt. Soc. Am. B
 31, A20 (2014)
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l = -3 -2 -1 0 1 2 3 l = -3 -2 -1 0 1 2 3

l = -3 -2 -1 0 1 2 3

How to Fit a Square Peg into a Round Hole
(Really, how to couple an elliptical beam into an optical fiber.)

Vertical Horizontal

output nearly round



Our Program in Nanophotonics



Beam Splitter

Beam Splitter

Slow Light Medium
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���The spectral sensitivity of an interferometer is increased by a factor as large as
   the group index of a material placed within the interferometer. 

Slow-light interferometer:

���+Hre is why it works:

Shi, Boyd, Gauthier, and Dudley, Opt. Lett. 32, 915 (2007)
6KL��%R\G��&DPDFKR��9XG\DVHWX��DQG��+RZHOO��35/�������������������
6KL�DQG�%R\G��-��2SW��6RF��$P��%�����&�������������

���:H�ZDQW�WR�H[SORLW�WKLV�HIIHFW�WR�EXLOG�FKLS�VFDOH�VSHFWURPHWHUV�ZLWK�WKH�VDPH�
   resoluation as large laboratory spectromters

See also the group of Shahriar on fast-light and interferometry

Simple analysis

Nanofabrication Goal: Chip-Scale Slow Light Spectrometer

���:H�XVH�OLQH�GHIHFW�ZDYHJXLGHV�LQ�SKRWRQLF�FU\VWDOV�DV�RXU�VORZ�OLJKW�PHFKDQLVP

Slow-down factors of greater 
than 100 have been observed in 
such structures.
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Marrucci et al., PRL 96 , 163905 (2006)
Karimi et al., APL 98 , 231124 (2009) 

Spin angular momentum can be transferred to OAM
through use of a Q-plate

Q-plate.  Usually a carefully constructed liquid-crystal cell

Ability to change basis of encoding useful for quantum
information processing

Photonic Q-Plates



Karimi et al., Light: Science and Applications doi:10.1038/lsa.2014.48 (2014)
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Demonstration of an Electron Bessel Beam

Theoretical modeling Hologram for electrons Lab results

Karimi et al. (especially the Italians)



z1 = 0 .2m

z2 = 0 .6m

d = 240nm

d = 285nm
d = 255nm

d = 310nm
d = 300nm

d = 275nm

d = 240nm

Propagates 0.8 Metres Without Diffractive Spreading!



z = 0 .25m z = 0 .32m z = 0 .42mz = 0 .34m z = 0 .56m z = 0 .62m

The Geometry



group index 
approximately 140

Improved Slow-Light Fiber Bragg Grating (FBG) Structure
Much larger slow-down factors possible 
with a Gaussian-profile grating

H. Wen, M. Terrel, S. Fan and M. Digonnet,  IEEE Sensors J. 12, 156-163 (2012).

Observation of (thermal)
optical bistability at mW
power levels

J. Upham, I. De Leon, D. Grobnic,  E. Ma,  M.-C. N. Dicaire,  S.A. Schulz,  S. Murugkar,  and R.W. Boyd, 
Optics Letters 39, 849-852 (2014).    



Is there an intrinsic nonlinear reponse to surface plasmon polaritons (SPPs)?
��$�QRQOLQDU�UHVSRQVH�ZRXOG�EH�XVHIXO�IRU�SKRWRQLFV�DSSOLFDWLRQV
��0HWDOV�DUH�KLJKO\�QRQOLQHDU��Q2 is106 times that of silica)
��+LJK��VXE�ZDYHOHQJWK��ILHOG�FRQILQHPHQW�LQ�DQ�633

  

NLO in Plasmonics (Photonics Using Metals)
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I. De Leon, Z. Shi, A. Liapis and R.W.Boyd, Optics Letters 39, 2274 (2014)



Thank you for your attention!


