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Introduction 
Ø  Quantum teleportation is one of the most exciting concepts in modern quantum 

theory, though it is often misunderstood 

Ø  The use of quantum teleportation is important in quantum communication through 
the increase in channel capacity as well as security 

Ø  Teleportation of information (qudit) from one Hilbert space to another, as compared 
to teleportation of matter 

Ø  Angular Momentum Hilbert Space (infinite dimensions) 
Ø  Polarization Hilbert Space (2 dimensions) 

 
 
 
 
 
 
 
 

Ø  Teleportation of polarization degree of freedom of photon onto angular momentum 
degree of freedom of photon 

Experiment 

Experimental super-resolution with

prolate spheroidal functions

Kevin Piché, Je↵ Z. Salvail, Jonathan Leach and Robert W. Boyd

University of Ottawa

Introduction

Simple figure of a 4-f system.

IDi↵raction: Distortion of images
passing through an optical system.

ISuper-resolution: Class of techniques
that resolve images passed the
di↵raction or Rayleigh limit [1],
i.e. reduce the e↵ects of di↵raction.

I 4-f system: Basic di↵raction limited
optical system.

Theory

IEigenmode: Image that passes
through an optical system with a
change in intensity, but is otherwise
unchanged.

IAll images are superpositions of
eigenmodes, P`,p(r, ✓).

ISuper-resolution: Divide the measured
coe�cients, D`,p by the
transmittance.

I(r, ✓) =
1X

`=�1

1X

p=0

I`,pP`,p(r, ✓)

=
1X

`=�1

1X

p=0

D`,p

�`,p
P`,p(r, ✓)

` and p are the angular and radial
indexes, respectively. The eigenvalue
�`,p is the transmitance of the
respective eigenmode. i.e. the fraction
by which the intensity changes.

Simulation

Computer simulations of eigenmode super-resolution.
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Experiments show that super-resolution is possible!

Conclusions

We have demonstrated that super-resolution is experimentally possible. The next step to
this research is to generalise this to more complicated optical systems and ultimately to

reach the quantum limit to resolution due to quantum fluctuations [2].
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Figure 1: BBO is the nonlinear crystal to produce two photons with half of the energy of
the incoming photon from the UV laser in TEM00 mode. Q and H stands for quarter and
half wave plate. BSA means bell state analyzer. SLM stands for spatial light modulator.
Det for detector. D means delay line. ICCD is the camera to take the pictures of the
spatial distribution of the photons.

As you can see in Fig. 1, the BBO crystal is pumped by a UV laser and produces two
photons which are entangled in their angular momentum space not in their polarisation
state. This is because of the type I phase matching. Assuming this phase matching
condition is satisfied, the total angular momentum is conserved and the output state of
the BBO crystal can be written as1

|�0i =
1X

l=0

C
l

⇣
|m� li

A

|li
B

+ |li
A

|m� li
B

⌘
⌦ |Hi

A

|Hi
B

). (1)

Where m refers to the total angular momentum carried by the pump laser beam and each
photon carries an angular momentum of |l~|. Furthermore |Hi is the horizontal polarization
of photon A, B. Due to a Gaussian beam profile of the pump laser m = 0 applies. The next
step in the teleportation scheme is to prepare an arbitrary state to be teleported. This is

1Walborn, S. P., et al. ”Entanglement and conservation of orbital angular momentum in spontaneous
parametric down-conversion.” Physical Review A 69.2 (2004): 023811.
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Theory 
Ø  Qubit: Superposition of states 0 and 1 
                  Teleportation from qubit to qubit 

 
Ø  Bell States: Class of entangled states at which two quantum states are    

      maximally entangled 

Ø  Spontaneous Parametric Down Conversion (SPDC) 
Ø  A method to produce entangled photon pairs 

Ø  Quantum Entanglement: Quantum state of a particle cannot be described  
       independently 

Abstract 
Quantum teleportation is a very exciting concept in the modern quantum theory. It has vast relevance in areas such quantum communication, and quantum key distributions that allows for an increase in communication 
channel capacity and channel security. Experiments showing the teleportation of a bi-dimensional quantum system (qubit) have been achieved, though previous works has failed to look at teleportation of higher 
dimensional quantum states (qudit). This will be conducted by designing a source allowing us to entangle the polarization of four photons by methods of spontaneous parametric down conversion. By utilizing the 
entangled photons, observations of the quantum behavior of light can be analyzed alongside this we will be able to test for quantum teleportation of ququat quantum system. Moreover teleportation over different degrees 
of freedom of particles (i.e. hybrid quantum states) may increase the security since generations and detections of the apparatus are different. In this work we propose and examine teleportation between spin and angular 
momentum degrees of individual photons, in which any arbitrary polarization states of one of the entangled photons is  teleported to an orbital angular momentum degrees of freedom. The ability to conduct quantum 
teleportation on higher dimension quantum states is of utmost relevance when discussing the potential applications of quantum information science.  

 

Results 

                      

Figure 2: M is a mirror; DP for Dove prism; PBS for polarising beam splitter

A, a and D, d are the antidiagonal and diagonal states in polarisation and angular mo-
mentum. The goal in this experiment is to project on the Bell state |�+

l

i. To get this
Bell state, the polarisation of the state described from eq. (6) can be changed by a HWP
rotated by an angle of 22.5 degree. With this transformation the state can be written as

|�
projected

i = cos(↵)
⇣
|H, a

l

i+ |V, a
l

i
⌘
+ sin(↵)ei�

⇣
|H, d

l

i � |V, d
l

i
⌘

(7)

The SLM has a polarisation filter implemented which only reflects |Hi polarisation. Rewrit-
ting in the h

l

, v
l

basis leads to the final state of photon B

|�ifinal
B

=
⇣
a|hi+ b|vi

⌘
|Hi

B

(8)

with a = (12 � i

2)cos(↵), b = (12 + i

2)e
i�sin(↵), where ↵,� are the rotational angles of the

half and quarter wave plates to set the polarisation of photon A. Now we can calculate the
spatial probability of finding photon B in a plane in the far field. In other words, what do
we expect to see on the ICCD camera? This can be done with taking into account that
the state in equation 7 can be rewritten to

|�ifinal
B

=
⇣
(
1

2
� i

2
)cos(↵)|li+ (

1

2
+

i

2
)ei�sin(↵)|� li

⌘
|Hi

B

(9)

where l and �l refer to the angular momentum of the photon, which can be selected with
the hologram on the SLM. The states |li and | � li are represented by Laguerre- Gauss
modes4.

4for detailed calculation and definition see Appendix B
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Chapter 1

Basic concepts of quantum

information

Whenever we talk about quantum computation or, in a more general form, of quantum in-
formation, we are speaking of information processing tasks that can (only) be accomplished
using quantum mechanical systems. In the following chapter, I try to give a not very extensive
but hopefully consistent overview of the most important concepts and principles of quantum
information that are relevant to this work. An excellent overview is given in [11].

1.1 Classical vs. Quantum bits

1.1.1 The qubit

The fundamental concept of a classical computer is the bit. Quantum information and especially
quantum computation rely on a similar concept, the quantum bit, or qubit1. But while the
classical bit is always in a defined state (either 0 or 1), the qubit can also exist in a superposition
of states. In the quantum mechanical picture the state of a qubit is represented as a vector in a
two-dimensional Hilbert-space and any normalized linear combination of two states is, according
to the superposition principle, another valid quantum state. Formally, this can be written as

|√i = Æ |0i + Ø|1i, (1.1)

where Æ and Ø are complex numbers (often called amplitudes). The states |0i and |1i are also
known as computational basis states and form an orthonormal basis for this vector space. In
contrast to a classical bit the qubit can exist in a continuum of states between |0i and |1i, until
we observe, i.e. measure it. Quite remarkably however, it is impossible to deduce both Æ and
Ø at the same time. Instead, whenever we measure a qubit we only get a probabilistic result,
either ‘0’ or ‘1’, with probability |Æ|2 and |Ø|2, respectively. Since the probabilities must sum
up to one, i.e. h√| √i = 1, a natural condition implies |Æ|2 + |Ø|2 = 1 (normalization condition).

1The term ”qubit” was first coined by Schumacher [31] in 1995
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achieved with a series of half- (HWP) and quarter- (QWP) wave plates by only acting on
the SAM space of photon A. The polarization transformation of photon A is then given by

|Hi
A

! a|Hi
A

+ b|V i
A

(2)

where a, b are arbitrary complex numbers with |a|2+ |b|2 = 1. |Hi, |V i refers to horizontal-
and vertical polarization. To see the action of a Bell measurement on the state |�0i we
define the four Bell states for a single photon, but in the two di↵erent spaces
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where h
l

and v
l

refer to the horizontal and vertical basis of OAM states with orbital angular
momentum of |l~|. Due to post selection and simplicity we set l = 1 and rewrite Eq. 1
with Eq. 2 & 4 and | ± li = 1p
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As we can see from Eq. 5, if Alice performs one of the Bell measurements defined

in 4, photon B is left in a superposition of orthogonal OAM modes with the constants
a, b determined by the polarization state of photon A. This means that depending on the
polarization setting of photon A, photon B is in di↵erent superpositions of OAM modes.

Note: we interpret this as the teleportation, but in the original quantum teleportation
protocol there is a unitary transformation which recovers the original state. Since we are
interested in measuring the teleported state with the ICCD camera, we don’t apply the
unitary transformation on photon B to restore the original state in the polarisation state,
although this would be possible.

The projection of the state |�1i on one of the bell states can be achieved with a so called
polarising Sagnac interferometer with a Dove prism2 and a spatial light modulator. The
incoming beam from the left is splitted up into a vertical polarised beam which is going up
and a horizontal beam moving horizontally. Mirrors and PBS act on both spaces (polarisa-
tion and angular momentum), whereas the DP only acts on the angular momentum space
and adds an additional phase depending on the direction (clockwise or counterclockwise).
The phase is important for the recombination of the beams at the PBS. After carefully
taking track of the phases and manipulations to polarisation and angular momentum the
state transformed to3:

|�
projected
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⇣
|A, a

l

i+ |D, a
l

i
⌘
+ sin(↵)ei�

⇣
|A, d

l

i � |D, d
l

i
⌘

(6)

2Slussarenko, S., et al. ”The Polarizing Sagnac Interferometer: a tool for light orbital angular momentum
sorting and spin-orbit photon processing.” Optics express 18.26 (2010): 27205-27216.

3for detailed calculation see mathematica notebook in appendix A
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the dove prism must be placed very exactly. After the PSI-DP the SLM 5 projects with a
pitchfork hologram the state on a specific l value. In our case this will be l = 2. To detect
photon A with a avalanche photo detector 6 (APD) we couple the beam of photon A into
a single mode optical fiber. The electrical signal (TTL) produced by the APD is used to
trigger the ICCD camera.

Following the path of photon B:
In Fig. 1 D describes a delay line. The delay of photon B is necessary in order to set

the polarisation state of photon A and also to measure it and initialize the ICCD camera
to detect photon B. This whole process takes approximately 100ns, therefore the delay line
is 35m long.

Figure 4: left:H- polarisation; middle: A- polarisation; right: L- polarisation; all pictures
are taken with the ICCD camera with an approximate recording time of 60 sec.

In Fig. 4 are the preliminary data displayed. The H and A polarisation states are in
very good agreement with the theoretical predection. The L polarisation state is not as
good as the other two. Nevertheless, it can already be seen that the ring starts to shape.
To get even better results we have to improve the alignment of the setup, which is currently
be done by Hammam and Ebrahim.

0.4 Appendix A

5
http://en.wikipedia.org/wiki/Spatial_light_modulator

6
http://en.wikipedia.org/wiki/Single-Photon_Avalanche_Diode
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A sketch of the experimental setup used in 
examining quantum teleportation 

	
  

A more detailed look at the Sagnac 
Interferometer used in projecting the        
|X1> state onto one of the bell states	
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Introduction

Simple figure of a 4-f system.

IDi↵raction: Distortion of images
passing through an optical system.

ISuper-resolution: Class of techniques
that resolve images passed the
di↵raction or Rayleigh limit [1],
i.e. reduce the e↵ects of di↵raction.

I 4-f system: Basic di↵raction limited
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Theory

IEigenmode: Image that passes
through an optical system with a
change in intensity, but is otherwise
unchanged.

IAll images are superpositions of
eigenmodes, P`,p(r, ✓).

ISuper-resolution: Divide the measured
coe�cients, D`,p by the
transmittance.
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` and p are the angular and radial
indexes, respectively. The eigenvalue
�`,p is the transmitance of the
respective eigenmode. i.e. the fraction
by which the intensity changes.

Simulation

Computer simulations of eigenmode super-resolution.
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Experiments show that super-resolution is possible!

Conclusions

We have demonstrated that super-resolution is experimentally possible. The next step to
this research is to generalise this to more complicated optical systems and ultimately to

reach the quantum limit to resolution due to quantum fluctuations [2].
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Conclusions 
We have demonstrated that quantum teleportation hybrid quantum states is experimentally possible. The next 
step in this research would be to adjust aligning of the setup in order to obtain results which agree more 
closely with theoretical predictions. As well further research could deal with analyzing entanglement and 
teleportation of the multipartite regime (5 photon). 

References 
[1] Manuel Erhard, Hammam Elyas, Harjaspreet Mand, Ebrahim Karimi, and Robert 

Boyd “Experimental Realization of Teleportation of Hybrid Quantum States”, In 
Preparation 

[2] Zhi Zhao and Yu-Ao Chen “Experimental demonstration of five-photon entanglement 
and open-destination teleportation”, Letters to Nature  

Acknowledgements 
I would like to thank the UROP organization for providing the funding for the  
research project. Alongside this thank you to Dr. Robert Boyd for allowing me to work in 
the Quantum Photonics group. A big thanks to Dr. Ebrahim Karimi for supervising my 
project and providing assistance and guidance throughout. As well I would like to thank 
Manuel Erhard for working on the setup and providing me with the data, and Hammam 
Elyas for working on the setup. 

 Quantum Photonics! ! ! ! ! http://www.quantumphotonics.uottawa.ca/ ! ! ! !           hmand095@uottawa.ca!

Probability Density Plots	
  


