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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 μm, but gaussian in (b) is displaced
by 12 μm.
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birefringence
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strong birefringence
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limit
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quartz (birefringent) plate:
weak measurement
(of beam position)

linear polarizer

linear polarizer: 
strong measurement 
(of polarization)



(400 frad corresponds to 150 micrometers at the distance to the moon.)
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Direct Measurement of the Photon “Wavefunction”
Measurement setup

Typical results
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J. Lundeen et al., Nature 474, 188 (2011)
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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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M. Malik et al., Nature Commun-
ications, 5:3115 (2014). 
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Direct Measurement of the OAM State Vector

• We prepare a test wave function 
shaped as an angular wedged 
such that



Direct Measurement Procedure Properly Measures Phase



Weak Values and Measurement of the Photon’s Wavefunction

1. Introduction to weak values

2.  Weak value ampli�cation

3.  Direct measurement of the wavefunction using weak values
 (a) Lundeen’s method
 (b) Measurement of a 27-dimensional quantum state
      (c) Direct Measurement of a million-dimensional quantum state

4.  Direct Measurement of the Wigner function



Direct	Measurement	of	a	one-million-
dimensional	photonic	states

Zhimin	Shi1,	Mohammad	Mirhosseini2,	Jessica	Margiewicz1,	
Mehul Malik2;3,	Freida Rivera1,	Ziyi Zhu1 and	Robert	W.	Boyd2;4

Email:	zhiminshi@usf.edu

1Department	of	Physics,	University	of	South	Florida,	Tampa,	Florida	33620,	USA
2The	Institute	of	Optics,	University	of	Rochester,	Rochester,	New	York	14627	USA
3IQOQI,	Austrian	Academy	of	Sciences,	Boltzmanngasse 3,	A-1090	Vienna,	Austria

4Department	of	Physics,	University	of	Ottawa,	Ottawa,	ON	K1N	6N5	Canada

PIERS	2016,	Shanghai	China



• for	a	N-dimensional	quantum	state
1. design	N2 -1	projection	measurement.
2. take	the	measurements	in	sequence.
3. post-process	the	data	to	reconstruct	the	quantum	state.
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Needs to measure S1, S2 and S3

Reconstruct 
α and β

Example: polarization state

scales badly with NTimeComplexity Efficiency
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- Lundeen et al. , Nature 474, 188–191 (2011).

weak measurement 
in position space

strong measurement 
in momentum space

To measure

Final measurement result
(weak value)



weak measurement 
in momentum space

strong measurement 
in position spaceTo measure

Final measurement result
(weak value)

- Shi et al., Optica, 2(4), 388-392 (2015) 



• Final	strong,	polarization	projection measurement	
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x space p space x space



Laboratory setup Laboratory results for OAM beams
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Characterization of partially coherent states

• The knowledge of amplitude and phase is not adequate for partially 
coherent states. 

• The quantum state is described using more complicated mathematical 
functions such as density matrix or Wigner distribution function. 

• Quantum state tomography is the standard way of finding the Wigner 
function in    and     basis. 

Lvovsky and Raymer. Reviews of Modern Physics, 2009 
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Wigner distribution of twisted photons

24

Wigner, E. (1932). Physical Review, 40(5), 749–759. 
Alonso, M. A. (2011). Advances in Optics and Photonics, 3(4), 272–365.

• Wigner distribution simultaneously store position and 
momentum representations

• The conjugate of OAM is azimuthal angle. Angle is a tricky 
coordinate.

Barnett, S. M., & Pegg, D. T. (1990). Physical Review A, 41(7), 3427–3435.

Leonhardt, U. (1995). Physical Review Letters, 74(21), 4101–4105. 



• We prepare the initial state (polarization is the pointer) 

Wigner distribution of twisted photons

• We perform a polarization-sensitive rotation.
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• We post-select on an angle eigenstate.



Experimental setup
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Measurement of the density matrix, the Wigner function, and its marginals  
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Classical light field.    l = -1,  



Coherent superposition vs incoherent mixture
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• Full characterization requires understanding of the state’s behavior
in both OAM and ANG bases.

Mirhosseini et al. Physical Review Letters, (2016).

Coherent

Incoherent



Experimental setup for quantum light fields

parametric down conversion

intensified CCD

heralding APD

Q-plate

405 nm pump

polarization 
measurement
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Wigner function of a “single” photon
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Mirhosseini et al. Physical Review Letters, (2016).



Happy Birthday Wolfgang!




