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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:
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Direct Measurement of the Quantum Wavefunction

The wavefunction of quantum mechanics is notoriously di�cult 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
ine�ciently, 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”
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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 �eld.  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 �rst 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, Nature Communications,
5:3115 (2014)

3.  We have performed ampli�cation of angular rotations using 
weak measurements.

 Magaña-Loaiza, Mirhosseini, Rodenburg, and Boyd, Phys. Rev. Lett.
 112, 200401 (2014)

 Salvail, Agnew, Johnson, Bolduc, Leach, and Boyd, Nature Photonics (2013).



−45° (V)−67.5° (A) −22.5 ° (D) 22.5 ° (

A)

0 ° (H)

Half-wave plate angle (input polarization state)

1.0

0.5

−1.0

−0.5

0.0

Pr
ob

ab
ili

ty
 a

m
pl

itu
de

Re[α] 

Im[α] 

Re[β] 

Im[β] 

1.0

0.5

0.0

σy
σx σ z

−0.5

−1.0

0.0
−0.5

0.5
1.0 1.0

0.5
0.0

−0.5
−1.0

|D

|V

|L

|A

|H

|R

points on Poincaré sphere



Quartz 
crystal

PBS

NPBS

NF
FF

NF
FF

λ/2 λ/4SMF

a
b

c
d

State
preparation Weak 

measurement

CCD

Strong
measurement Readout

Wavefunction
Experiment 1

LP

Dirac distributionExperiment 2

Calcite
NF

λ/2

or

Experimental Setup

weak measurement

strong measurement

H/V

D/A



Direct Measurement of the Full Density Matrix
Meaurement provides enough information to determine full density matrix, 
as shown by 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 �rst 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, Nature Communications,
5:3115 (2014)

3.  We have performed ampli�cation of angular rotations using 
weak measurements.

 Magaña-Loaiza, Mirhosseini, Rodenburg, and Boyd, Phys. Rev. Lett.
 112, 200401 (2014)

 Salvail, Agnew, Johnson, Bolduc, Leach, and Boyd, Nature Photonics (2013).



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

Single Photon States 

Laguerre-Gaussian Basis 

 0              1           2                        12        13          14                      25         26        27 

 0            1           2                        12           13         14                       25        26         27 

“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
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Ampli�cation of Angular Rotations using Weak Measurements

 Magaña‐Loaiza, Mirhosseini, Rodenburg, and Boyd, Phys. Rev. Lett 112, 200401 (2014)

First demonstration of weak-‐value ampli�cation in the azimuthal variables of 
angular position and orbital angular momentum.



Amplification of angular rotations using WM 
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Amplification of angular rotations using WM 

Weak Interaction 

Ψ i = f (φ) Ψ pr

Ψ f = e− iθ f (φ − Δφ / 2) H + eiθ f (φ + Δφ / 2) V
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Conclusions 

•  We have made the first step towards the study of  WVA in the azimuthal degree 
of freedom. 

•  The shift in angular position is related to the real part of the weak value of a 
polarization operator. 

•  The OAM spectrum is shifted as a consequence of the breakup in the 
polarization symmetry realized by a differential geometric phase, which 
produces imaginary weak values. 

•  We believe that our protocol opens the possibility for new schemes in optical 
metrology. 

 




