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Abstract

In this work the properties of light produced by spontaneous parametric down-
conversion (SPDC) in 2D nonlinear lattices have been studied. A quantum mechan-
ical model of 2D SPDC was formulated, solved in the general case, and analyzed in
the special case when two di�erent signals are coupled as a consequence of their idlers
being degenerate in frequency and spatial propagation. According to the model these
'twin signals' are correlated in phase and amplitude, and the gain coe�cient of the
coupled processes enhanced by a factor

√
2. The analytically derived correlations

and the gain enhancement was supported experimentally by measurements on a
hexagonal lattice in a LiTaO3 crystal.
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Chapter 1

Introduction

During the last two decades there has been a growing interest in harnessing quantum
mechanical e�ects for new types of technologies. This interest have led to increased
importance of understanding quantum states of light, and how to manipulate and
produce such states. In research today, sources creating entangled photon states are
an essential tool for a great variety of fundamental quantum optical experiments,
such as testing Bell-inequalities[1, 2], precise phase measurement [3, 4], and realizing
quantum networks [5] or quantum teleportation [6]. Signi�cant e�orts are directed
towards practical quantum information processing [7, 8, 9], where integrated light
sources would allow for e.g. compact on-chip entangled pair production, improving
multifunction, stability and portability.

Nonlinear optics has proven to provide a way to create di�erent kinds of en-
tangled photon states. Especially the quasi phase matching (QPM) technique, �rst
introduced in a pioneering paper on frequency conversion by Armstrong & Bloember-
gen [10], allow e�cient photon production through spontaneous parametric down-
conversion (SPDC), with great spectral �exibility [11, 12]. Achieving phase matching
by modulating the nonlinear susceptibility periodically in one dimension is now a
standard technique. 1D QPM structures are well understood and have developed
into a wide variety of innovative optical devices[13, 14].

The technique for periodic poling of ferroelectric domains in nonlinear materials
has been very successful since it was �rst experimentally realized in the beginning
of the nineties [11]. Since Berger suggested extending the 1D QPM technique to
multiple dimensions in 1998 [15], 2D QPM structures have emerged as a way to
obtain even larger spectral and spatial �exibility. In 2D QPM structures the sign of
the nonlinear susceptibility χ(2) is reversed periodically in two spatial dimensions,
granting access to a larger parameter space [16]. By domain engineering in two
dimensions, spatial and temporal properties of entangled photons can be controlled
during QPM SPDC, resulting in new types of photon entanglement[17]. These
entangled states, produced by SPDC in two-dimensional nonlinear lattices, will be
investigated throughout this work.

In 2D structures the down-conversion e�ciency is generally lower than in one
dimensional QPM, although coupled interaction between two SPDC processes can
substantially increase the parametric gain, approaching the 1D case [18]. This 'lock-
ing' of two distinct resonances of the 2D lattice is done by two SPDC processes
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sharing a common idler, and results in a pair of signal beams at the output, gen-
erated simultaneously and emitted symmetrically around the symmetry axis of the
crystal. The spectral and spatial �exibility of SPDC by 2D QPM can allow for
steering between di�erent types of entanglement, by varying geometrical and exper-
imental parameters, and thereby shift the balance between resonances [16]. Also,
by enabling entanglement in both the frequency, spatial and polarization domain,
some researchers have suggested 2D QPM structures as a means to approach the
idea of hyperentanglement over several degrees of freedom [17].

Although the possibilities to make use of 2D QPM structures for quantum optics
applications are overwhelming, studies on the subject are few, and there remains
a lot to be explored. In this work the focus is on investigating the quantum me-
chanical properties of light produced by spontaneous parametric down-conversion
(SPDC) in two dimensional quasi phase matched (2D QPM) nonlinear crystals.
The coupled interactions, where two signals share a common idler (or vice versa), is
of special interest. By analytic means the quantum mechanical correlations in phase
and amplitude of the coupled interactions have been investigated, including their
dependency on the degree of 'sharing', or overlap, of the idler(s). Furthermore, this
work demonstrates gain enhancement and amplitude correlations of coupled SPDC
processes, by measurements on a hexagonally poled MgO-doped LiTaO3 substrate
(hexMgSLT).

Aim

The aim of this thesis is to better understand the behavior of light produced by
SPDC in a 2D quasi phase matched crystal. The possibilities of the many types of
quantum correlations and entanglement involved in this process are not yet explored.
This work will shed some light on certain aspects of 2D QPM processes and the
properties of the produced light, particularly the case when two SPDC processes
are coupled. The work presented in this thesis is a basis for further investigation of
entangled state production by SPDC in 2D QPM lattices, towards novel applications
in emerging quantum based technologies.

Outline

The text is organized as follows. Chapter 2 contains the theoretical background.
It introduces the main concepts and the framework for the theoretical and experi-
mental investigations. In Chapter 3 a quantum mechanical model of 2D SPDC is
formulated, from which solutions are derived, and analyzed for the shared idler case.
Chapter 4 contains the numerical and experimental work, including a description
of the preparatory work, experimental procedure and measurement results. The
investigation and the results are further discussed in Chapter 5, while Chapter 6
contains concluding remarks.
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Abbreviations

Abbreviation Description
PDC Parametric Down-Conversion
SPDC Spontaneous Parametric Down-Conversion
OPG Optical Parametric Generation
OPA Optical Parametric Ampli�cation
2D Two Dimensional
QPM Quasi Phase Matching
SS Shared Signal
SI Shared Idler
SLT Stoichiometric Lithium Tantalate

hexMgSLT Hexagonally poled, MgO-doped SLT
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Chapter 2

Theoretical background

2.1 Parametric down-conversion

To achieve generation of entangled photon states using nonlinear photonic crystals,
one will deal with the so called parametric processes, or more precisely, the process
of parametric down-conversion (PDC). In down-conversion, one photon incident on
a nonlinear medium breaks up into new photons of lower frequencies. Nonlinear
parametric processes spur from the nonlinear part of the polarization induced in the
medium by an incoming electromagnetic �eld. The polarization can be expanded in
a Taylor series in the electric �eld E.

P = ε0χ
(1)E + PNL = ε0

[
χ(1)E + χ(2)EE + χ(3)EEE +O(E4)

]
Where χ(n) is the rank n+ 1 (electric) susceptibility tensor. The terms decrease

in strength with n, so that the higher order contributions are negligible and the
�rst non-zero nonlinear term will be dominating nonlinear interaction. For non-
centrosymmetric materials, i.e materials lacking a center of symmetry, both even
and odd orders in the expansion are non-zero, and χ(2) will be the dominating term.
A more thorough description of the origin and behavior of parametric nonlinear
interactions can be found in textbooks [19, 20].

In χ(2) processes, three modes are interacting under the condition of energy and
momentum conservation. Assuming monochromatic plane waves, this condition can
be expressed as

ωp = ωs + ωi (2.1)

kp = ks + ki (2.2)

Where ω denotes frequency and k is the wavevector (the linear momentum is
p = ~k). The incoming frequency ωp is referred to as the pump frequency, while ωs
and ωi are known as the signal and idler frequencies, in order of decreasing energy.

There exists di�erent kinds of χ(2) down-conversion processes, as shown in �gure
2.1. In di�erence frequency generation (DFG), pump and signal interact to produce
a wave at the lower frequency ωi = ωp − ωs. In optical parametric ampli�cation
(OPA), the signal is ampli�ed by energy transfer from the pump. At the same time

5



an idler is also produced and equivalently ampli�ed. The process is shown in the
middle in �gure 2.1. The physics behind the two processes are the same, but they
di�er from an application point of view, and in the relative strength of pump and
signal at the input.

ωp

ωp

ωp

ωs

ωs

ωs

ωs

ωi

ωi )(

ωiDFG

OPA

SPDC (OPG)

ωp − ωs → ωi

ωp → ωs + ωi

ωp → ωs + ωi

Figure 2.1: Illustration of three kinds of χ(2) PDC processes: di�erence frequency
generation (DFG), optical parametric ampli�cation (OPA) and spontaneous para-
metric down-conversion (SPDC, also known as optical parametric generation, OPG).
In down-conversion processes, energy is transferred from the pump �eld to the signal
and/or idler �elds at lower frequencies.

The process which will be the focus of this work is known as either optical
parametric generation (OPG) or spontaneous parametric down-conversion (SPDC).
The term SPDC will be used in the following. SPDC is di�erent from DFG and
OPA in the sense that only the pump wave is present at the input. The generation
of signal and idler is stimulated by vacuum �uctuations in the nonlinear medium,
and is thus a quantum mechanical phenomenon. The e�ect was �rst studied by
Kleinman in 1968, at that time referred to as optical parametric noise [21].

2.2 Quantum mechanical description of SPDC

Spontaneous parametric down-conversion, based on χ(2) nonlinearities being three-
mode processes, can be described by three creation and annihilation operators. The
Hamiltonian, representing the quantum mechanical energy state of the system, can
be written in the following form.

Ĥ = Ĥ0 + Ĥint =
∑

m=p,s,i

~ωm
(
n̂m +

1

2

)
+ ~κ′

[
â†sâ
†
i âp + h.c

]
(2.3)

The �rst part of the Hamiltonian in eq. 2.3 represents the energy present in the
electromagnetic �eld modes of frequency ωp, ωs and ωi. The interaction part of the
Hamiltonian describes the interaction - annihilation of a photon at frequency ωp,
and simultaneous creation of two photons at frequencies ωs and ωi. The opposite
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process is described by the hermitian conjugate h.c. The strength of the process is
determined by the coupling constant κ′.

Suppose the pump beam is much more intense than the generated beams at
frequencies ωi and ωs. Then the pump can be considered a classical �eld with
constant amplitude. This is called the no pump-depletion approximation, and is
valid as long as the conversion e�ciency is low. By assuming this is true, and
the conditions in eq. 2.1 and 2.2 satis�ed, looking at the interaction picture, i.e.
applying the rotating wave approximation, we write:

Ĥint = ~κ
[
â†sâ
†
i + h.c.

]
(2.4)

where the pump amplitude has been incorporated in the coupling constant κ =
κ′ap(0). The time evolution of the system is governed by the Heisenberg equation
of motion, written for any hermitian operator Ô as

d

dt
Ô(t) =

i

~

[
Ĥ(t), Ô(t)

]
(2.5)

For the signal âs(t) and the idler âi(t) the equations of motion take the form

dâs(t)

dt
= −iκâ†i

dâi(t)

dt
= −iκâ†s (2.6)

By di�erentiating a second time, substituting and solving the now uncoupled equa-
tions for âs and âi, with appropriate initial conditions âs(0) and â(0), the signal and
idler creation and annihilation operators take the following form.

âs(t) = âs(0) cosh(κt) + iâ†i (0) sinh(κt)

âi(t) = âi(0) cosh(κt) + iâ†s(0) sinh(κt) (2.7)

Now the expectation values of idler and signal photon numbers can be calculated.
Assuming the initial state of both signal and idler modes to be the vacuum state
|0s, 0i〉, the expectation value for the signal follows.

〈n̂s(t)〉 =〈0s, 0i|â†s(t)âs(t)|0s, 0i〉
=〈0s, 0i|[â†s(0) cosh(κt)− iâi(0) sinh(κt)]

× [âs(0) cosh(κt) + iâ†i (0) sinh(κt)]|0s, 0i〉
= sinh2(κt)〈0s, 0i|âi(0)â†i (0)|0s, 0i〉
= sinh2(κt)〈0s, 0i|(n̂i(0) + 1)|0s, 0i〉
= sinh2(κt) (2.8)

The result for the idler is identical.
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The intensity of the down-converted light is proportional to the expectation
value of the photon number obtained in eq. 2.8. The relation between the creation
and annihilation operators and the real physical system will be further discussed in
section 2.3.

2.3 SPDC in a physical system

Realizing spontaneous parametric down-conversion in a physical system is a way
to obtain photon states entangled in the frequency domain (and potentially other
domains, such as polarization) like the case presented above. Di�erent attempts
to achieve SPDC in physical systems have been made, since the process was �rst
explained in the sixties [21], using materials with suitable nonlinear properties. In
the above discussions we assumed the momentum conservation condition in eq. 2.2
to be satis�ed. This is not the general case for electromagnetic waves propagating
in nonlinear media, since dispersion, i.e. the refractive index' dependency on fre-
quency, is always present, and will cause the down-converted light to travel with a
di�erent phase velocity than the pump. Dispersion results in the inability to satisfy
both energy (eq.2.1) and momentum (eq.2.2) conservation at once, which is usually
represented by the momentum mismatch ∆k.

∆k = kp − ks − ki (2.9)

To illustrate the e�ect of the momentum mismatch, one can look at the coupled
wave equations, which can be seen as the analogue of the quantum mechanical
equations of motion (eq. 2.6) in classical electromagnetic theory. If we again assume
the conversion e�ciency to be low, and thus the pump �eld non-depleted so that
Ap(x) ' Ap(0), the coupled wave equations describing the SPDC can be written in
the following way [19].

dAs(x)

dx
=− iγsAp(0)A∗i (x)e−i∆kx

dAi(x)

dx
=− iγiAp(0)A∗s(x)e−i∆kx (2.10)

assuming monochromatic plane waves so that Am is the complex �eld amplitude
according to Em = Am(x)eikmx. The coordinate x is the distance traveled in the
nonlinear medium. The individual coupling constants γs and γi are given by γm =
ωm
√
µ0ε0

nm
d, where nm is the index of refraction and d is related to the nonlinear

susceptibility χ(2). Let us normalize the �elds by making the substitution

Am =

√
ωm
nm

am (2.11)

so that am physically represents the photon �ux amplitude. The individual
coupling constants γs, γi can be transformed into one single coupling parameter,
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which we will denote κ for now. Now, assuming perfect phase matching ∆k = 0,
the coupled wave equations become

das(x)

dx
=− iκa∗i (x)

dai(x)

dx
=− iκa∗s(x) (2.12)

and by comparing equations 2.10 and 2.12, identi�cation gives an expression for
the coupling constant κ.

Ap(0)γi =

√
nsωi
niωs

κ

Ap(0)γs =

√
niωs
nsωi

κ (2.13)

We can directly recognize the similarities of equation 2.12 with the equation of
motion for signal and idler in eq. 2.6. This implies that the creation and annihilation
operators are closely related to the normalized amplitudes of the electromagnetic
�eld.

According to the coupled wave equations in eq. 2.10, the behavior of the signal
and idler amplitudes is sinusoidal, with a period determined by ∆k. As a conse-
quence there is no consequent build-up of signal and idler intensities. For ∆k=0,
the intensities would instead evolve as sinh4 κx, as given by eq. 2.8. For κt� 1 the
behavior is quadratic in κt, and in the limit κt� 1 the intensity grows exponentially.

To obtain e�cient down-conversion, ultimately exponential growth as predicted
in eq. 2.8, one has to achieve phase matching, i.e. let ∆k ' 0. There are tradi-
tionally two ways of doing this. In birefringent phase matching, one exploits the
fact that some crystals have a refractive index that is not only a function of the fre-
quency, but also a function of the polarization of the propagating �eld, a property
known as birefringence. Choosing di�erent polarizations and incidence directions for
the interacting �elds, one can by means of birefringence compensate for the phase
mismatch caused by dispersion.

An alternative technique is called quasi phase matching (QPM), �rst suggested
in 1962 [10] but not really practically available until 1993 [11]. QPM does not fully
compensate for the dispersion, but it allows a positive net �ow of energy from the
pump �eld to the signal and idler �elds, by making sure the signal and idler are
never more than 180 degrees out of phase with the pump. This is usually achieved
by creating a periodic structure in the nonlinear crystal, and by that changing the
sign of the nonlinear susceptibility χ(2) with a certain periodicity, matching 2π/∆k.

In ferroelectric materials the sign of the second order susceptibility is determined
by the polarity, i.e the orientation of the spontaneous polarization, of the ferroelectric
domains in the material. The spontaneous polarization can be locally reversed by
application of an electric �eld, also known as electric-�eld poling, which can be used
to obtain a QPM structure.

For experimentalists it is often convenient to use another form of the nonlinear
susceptibility tensor χ(2), namely the tensor d = 1

2
χ(2). The problem can be re-

duced to scalar form, for �xed polarizations. The tensor components of χ(2) is then
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expressed as the nonlinear coe�cients djkl, where j, k, l denotes the polarization of
the three �elds involved in the interaction. Throughout this work we will be dealing
with �elds polarized along the z-axis of the crystal, and thus the nonlinear coe�cient
d33 will be used.

d33 = dzzz =
1

2
χ(2)
zzz (2.14)

An advantage of the QPM technique is that one can often exploit the largest non-
linear coe�cient d, not being restricted to directions that satisfy the conditions for
birefringent phase matching. The freedom of choosing the operational wavelengths
might however be the greatest advantage of the QPM technique.

2.3.1 The QPM Principle

Implementing a QPM lattice in a nonlinear material implies changing the nonlinear
coe�cient d to a spatially varying function d(x), periodic in x. The spatially vary-
ing function is written d(x) = d33f(x), where f(x) is a dimensionless square wave
modulation and varies from -1 to 1 with periodicity Λ. f(x) can be decomposed to
its Fourier components according to

d(x) = d33

∞∑
m=−∞

Fm exp(iGmx) (2.15)

where Gm is the momentum of the QPM lattice grating in the crystal, and relates
to the grating period Λ through

Gm =
2π

Λ
m (2.16)

m is an integer denoting the order of the Fourier decomposition. The Fourier
coe�cients are given by

Fm =
1

Λ

∫ Λ

0

f(x) exp(−iGmx)dx (2.17)

Inserting the Fourier decomposition of the susceptibility 2.15 into the coupled
wave equations 2.10, most of the terms are fast oscillating and give negligible con-
tributions to the overall signal and idler intensity build-up [22]. Only those terms
satisfying ∆k ' Gm, for a given QPM order m, will allow phase matching and
contribute to e�cient down-conversion. The condition for momentum or phase con-
servation in eq. 2.2 can in a quasi phase matched physical system then be replaced
by the following QPM condition.

kp − ks − ki −Gm = 0 (2.18)
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Λ

y

xz

Gmkski

kp

Gm = 2π
Λm

χ(2) + + + + + +− − − − −
Gm

kski

kp

a) b)

c)

Figure 2.2: a)A QPM lattice periodically poled in the x-direction with grating period
Λ. The nonlinear susceptibility switches between +χ(2) and -χ(2). To the right:
momentum conservation illustrated by closing the diagram of wavevectors in the
reciprocal lattice, for (b) signal and idler collinear with pump and (c) signal and
idler propagating in directions di�erent from the pump. The 'momentum of the
grating' G makes up for the momentum mismatch ∆k. In the non-collinear case one
has to use the vector values of kp, ks, ki and Gm.

The condition is illustrated in �gure 2.2 for collinear and and non-collinear PDC in a
one dimensional QPM lattice. In the non-collinear case, we have to take into account
the vectorial form of eq. 2.18. The down-conversion process can now be described
by the coupled wave equations as in eq. 2.10, with the momentum mismatch ∆k
substituted by the e�ective mismatch ∆keff = kp − ks − ki − Gm ' 0, and the
nonlinear coe�cient d changed to deff = Fmd33. For the �rst order processes Fm =
π/2 so that deff = π

2
d33.

2.3.2 Two-dimensional QPM

Achieving quasi phase matching by implementing a two-dimensional polarization-
inverted structure (2D QPM) was �rst suggested by Berger in 1998 [15]. The 2D
structure introduces new degrees of freedom in the spectral and angular response
of nonlinear devices, allowing greater control during quasi phase matched down-
conversion processes.

The principles for 2D QPM are similar to the 1D case, but the nonlinear coe�-
cient d33 is now replaced by a function varying periodically in two spatial dimensions
d(x, y) = d33f(x, y). To �nd the mathematical representation of the 2D QPM struc-
ture one can follow the derivations in [22]. For a hexagonal lattice, it results in
reciprocal lattice vectors (RLV) Gm,n, where the lowest order RLVs have magnitude

|G| = 4π√
3Λ

(2.19)

Possible two-dimensional periodic structures include hexagonal, square, rectan-
gular, centered-rectangular and oblique lattices [22]. Figure 2.3 shows the real and
reciprocal space of a hexagonal 2D lattice, which is what I will be focusing on in
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Λ

|G| = 4π√
3Λ

−χ(2)

+χ(2)

y

xz

e1

e2

G0,1

G1,0

Figure 2.3: A hexagonal QPM grating with period Λ, for 2D QPM processes. The
nonlinear susceptibility χ(2) is periodically inverted. To the right: The reciprocal
lattice of the hexagonal grating, with the hexagon at the bottom representing the
1st Brillouin zone. The �rst order reciprocal lattice vectors (RLVs) G1,0 and G0,1 are
shown.

the following, with the lowest order RLVs G1,0 and G0,1 from now on referred to as
G1 and G2 respectively. G1 and G2 correspond to the basis vectors of the reciprocal
space.

Because the Fourier coe�cients of the two-dimensional spatially varying function
f(x, y) are smaller than in the 1D case (for the lowest order RLVs in a hexagonal
lattice F1,0 = F0,1 = 3

π2 ), the e�ciency for down-conversion in a 2D QPM lattice is
also lower. However, the spatial and angular degrees of freedom allow for interesting
possibilities lacking counterpart in 1D QPM geometries. Since the system of equa-
tions obtained from the QPM conditions 2.18 is underdetermined, the number of
solutions is in�nite for every RLV (see �g. 2.4 (a)). Which solutions are dominant in
the SPDC process is instead determined by other factors. One example is when two
solutions to the QPM conditions 2.18, i.e two di�erent SPDC processes, utilizing
2 di�erent RLVs to close the wavevector diagram, are degenerate in frequency and
either idler or signal spatial propagation direction.

kp − ki − ks1 −G1 = 0

kp − ki − ks2 −G2 = 0

The situation can be described as the idler (or signal) being shared between two
SPDC processes, as depicted in �g. 2.4 b). These two processes are then coherently
coupled, leading to enhancement of these particular frequencies [17, 18].
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G1

G2

ks
ki

kp

a) b)

ki

ks1

ks2 G1

G2

kp

Figure 2.4: Momentum conservation in a two dimensional QPM structure is illus-
trated here by closing the wavevector diagram. a) In 2D QPM each reciprocal lattice
vector G allow for an in�nite number of solutions. b) for certain frequencies two
di�erent SPDC processes, utilizing two di�erent RLVs, share a common idler (or
signal). These particular frequencies are often enhanced because of coupling e�ects
between the two processes.
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Chapter 3

Quantum mechanical model of

shared idler SPDC

When achieving SPDC in a two dimensional QPM structure, the 2D geometry can
allow for two degenerate solutions to the QPM conditions, as explained in the end
of section 2.3 The analytic model used here comprises 4 modes - two signals and two
idlers. This is of course a simpli�cation of reality, where a multitude of modes will
interact. However, it will give a strong clue on the behavior of the down-converted
light in the particular case that we are interested in, especially since the shared
idler (shared signal) processes are dominant. The interaction Hamiltonian for the
two signals and two idlers is presented in equation 3.1, where we let the two idlers
overlap with a factor given by θ. For θ = 0 the idlers are fully separated, for θ = π/2,
the idler is shared. The no pump depletion approximation is assumed to be valid,
so the pump �eld is treated as a constant. The approximation is valid as long as
the conversion e�ciency is low, which is true for low pump powers. The interaction
Hamiltonian is written as:

Ĥint =}κ
[
â†s1â

†
i1 + âs1âi1

]
+ }κ

[
â†s2

(
cos θâ†i2 + sin θâ†i1

)
+ âs2 (cos θâi2 + sin θâi1)

]
=}κ

[
â†i1

(
â†s1 + sin θâ†s2

)
+ âi1 (âs1 + sin θâs2) + â†i2â

†
s2 cos θ + âi2âs2 cos θ

]
(3.1)

Where âs1, âs2, âi1 and âi2 are the annihilation operators of the two signals and
the two idlers respectively, and their hermitian conjugates are the corresponding
creation operators.

Using the model described above, and the Schrödinger equation for time evolu-
tion in the Heisenberg picture

dâ(t)

dt
=
i

~

[
Ĥ, â(t)

]
we get the following di�erential equations.
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dâi1
dt

=iκ
(
â†s1 + sin θâ†s2

)
dâi2
dt

=iκ cos θâ†s2

dâs1
dt

=iκâ†i1

dâs2
dt

=iκ
(

cos θâ†i2 + sin θâ†i1

)
(3.2)

As shown in section 2.2 for a simpler case, the equations in 3.2 are related to
the coupled wave equations in classic electromagnetic theory. By di�erentiating
equations 3.2 a second time, these equations can be transformed into four 2nd order
di�erential equations for âi1, âi2, âs1 and âs2 that are still coupled in pairs. Di�er-
entiating a third time leads to four 4th order equations, now uncoupled, presented
here for âi1.

d4âi1
dt4
− 2κ2d

2âi1
dt2

+ κ4 cos2 θâi1 = 0 (3.3)

Equation 3.3 can be solved using the characteristic equation. With A,B,C and
D constants that will be determined by initial conditions, the solution is

âi1(t) = A cosh(κ
√

1 + sin θt) +B sinh(κ
√

1 + sin θt)

+ C cosh(κ
√

1− sin θt) +D sinh(κ
√

1− sin θt)

The original di�erential equations can now be used to �nd the expressions for the
remaining operators. Writing the initial conditions as âi1(0) = âi10, âi2(0) = âi20,
âs1(0) = âs10 and âs2(0) = âs20, the system can be solved and the constants A,B,C
and D determined. The result is the following.

A =
1

2
[(1 + sin θ)âi10 + cos θâi20]

B =i

√
1 + sin θ

2

(
â†s10 + â†s20

)
C =

1

2
[(1− sin θ)âi10 − cos θâi20]

D =i

√
1− sin θ

2

(
â†s10 − â†s20

)
Which �nally gives the full expressions for the signal and idler creation and

annihilation operators, for arbitrary overlap θ.
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âi1(t) =
1

2
[(1 + sin θ) âi10 + cos θâi20] cosh(κ

√
1 + sin θt)+

+
i

2

√
1 + sin θ

(
â†s10 + â†s20

)
sinh(κ

√
1 + sin θt)+

+
1

2
[(1− sin θ) âi10 − cos θâi20] cosh(κ

√
1− sin θt)+

+
i

2

√
1− sin θ

(
â†s10 − â†s20

)
sinh(κ

√
1− sin θt)

âi2(t) =
1

2
[cos θâi10 + (1− sin θ)âi20] cosh(κ

√
1 + sin θt)+

+
i

2

√
1− sin θ

(
â†s10 + â†s20

)
sinh(κ

√
1 + sin θt)+

− 1

2
[cos θâi10 − (1 + sin θ)âi20] cosh(κ

√
1− sin θt)+

− i

2

√
1 + sin θ

(
â†s10 − â†s20

)
sinh(κ

√
1− sin θt)

âs1(t) =
i

2

[√
1 + sin θâ†i10 +

√
1− sin θâ†i20

]
sinh(κ

√
1 + sin θt)+

+
1

2
[âs10 + âs20] cosh(κ

√
1 + sin θt)+

+
i

2

[√
1− sin θâ†i10 −

√
1 + sin θâ†i20

]
sinh(κ

√
1− sin θt)+

+
1

2
[âs10 − âs20] cosh(κ

√
1− sin θt)

âs2(t) =
i

2

[√
1 + sin θâ†i10 +

√
1− sin θâ†i20

]
sinh(κ

√
1 + sin θt)+

+
1

2
[âs10 + âs20] cosh(κ

√
1 + sin θt)+

− i

2

[√
1− sin θâ†i10 −

√
1 + sin θâ†i20

]
sinh(κ

√
1− sin θt)+

− 1

2
[âs10 − âs20] cosh(κ

√
1− sin θt) (3.4)

When θ = π/2 the idlers are shared (fully overlapping). In this case the idler
and signal creation and annihilation operators reduce to

âi(t) = âi0 cosh(κ
√

2t) +
i√
2

(
â†s10 + â†s20

)
sinh(κ

√
2t)

âs1(t) =
1

2
(âs10 + âs20) cosh(κ

√
2t) +

âs10 − âs20

2
+

i√
2
â†i0 sinh(κ

√
2t)

âs2(t) =
1

2
(âs10 + âs20) cosh(κ

√
2t) +

âs20 − âs10

2
+

i√
2
â†i0 sinh(κ

√
2t) (3.5)
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Where we dropped the 1 in âi1 and âi10, since there is now only one idler. It is
obvious that the two signals are indistinguishable, the two expressions are identical.
Applying the number operator for the idler n̂i = â†i âi to the vacuum state |0s1, 0s2, 0i〉
produces

n̂i|0, 0, n〉 = â†i âi|0, 0, n〉 = (n cosh2(κ
√

2t) + 1)|0, 0, n〉+

+
i√
2

√
n+ 1 sinh(κ

√
2t) cosh(κ

√
2t) (|1, 0, n+ 1〉+ |0, 1, n+ 1〉) (3.6)

One can not know if an idler will be accompanied by a signal in path 1 or
in path 2, so the two signals are actually in a single photon entangled state. One
way to investigate the entanglement experimentally, in the ideal case of a completely
shared idler as well as with varying degrees of overlap, would be to make interference
measurements on the two signal beams.

Photon statistics

In order to calculate expectation values for the number of down-converted photons in
the shared idler case (θ = π/2) we use the solutions obtained in 3.5, and assume the
initial states of both signal and idler to be the vacuum state |vac〉 = |0s1, 0s2, 0i〉.
Recalling that âm|vac〉 = 0 (m = s1, s2, i), and following the steps in 2.8, the
expectation values for signal 1, signal 2 and idler follow.

〈n̂i(t)〉 = sinh2(κ
√

2t)

〈n̂s1(t)〉 =
1

2
sinh2(κ

√
2t) = 〈n̂s2(t)〉 (3.7)

Noticing here that the photon number expectation value corresponds to the pho-
ton �ux in a SPDC process, the factor

√
2 showing up in expression 3.7, augmenting

the coupling strength for the shared idler case with respect to the expression in eq.
2.8, a�ects the output intensity and thus the relative strength of di�erent SPDC
processes.

Phase correlations

To illustrate the phase correlations one can look at the quadrature operators X =
(â + â†)/

√
2 and Y = i(â − â†)/

√
2. They are the real and imaginary components

of the normalized complex �eld amplitude, and are thus measurable quantities. For
the case of shared idler (θ = π/2) we get the quadratures for the signal 1 as

Xsignal1 =
1

2
√

2

(
âs10 + â†s10 + âs20 + â†s20

)
cosh(κ

√
2t) +

âs10 + â†s10 − âs20 − â†s20

2
√

2

+
i

2

(
â†i0 − âi0

)
sinh(κ

√
2t)
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Y signal1 =
i

2
√

2

(
âs10 − â†s10 + âs20 − â†s20

)
cosh(κ

√
2t) +

âs10 − â†s10 − âs20 + â†s20

2
√

2

− 1

2

(
â†i0 − âi0

)
sinh(κ

√
2t)

The quadratures for signal 2 di�er from the expressions for signal 1 only in the
sense that the initial values of the two signals are interchanged, which does not a�ect
the phase. The phases of signal 1 and signal 2 are completely correlated.
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Chapter 4

Experimental realization

This chapter will report on the experimental realization of spontaneous parametric
down-conversion in a two dimensional QPM structure. To investigate the phase cor-
relations and entanglement properties of the down-converted light, one �rst needs
to �nd a working point for the particular process of interest, i.e identify the correct
frequencies and propagation directions of signal and idler, as well as the right exper-
imental conditions to allow this particular process. Here, the process of particular
interest is the shared idler SPDC. A periodically poled hexagonal lattice is used,
and the focus is on �nding the conditions that allow shared idler SPDC, and thus
produce two correlated signal beams emitted symmetrically around the symmetry
axis of the 2D lattice, as described in the end of section 2.

For applications in quantum communication, photons at telecommunication wave-
lengths around 1500 nm are convenient since optical �bers today are optimized for
these frequencies. Similarly, many quantum detection schemes have high sensitivity
around 800 nm, making these wavelengths interesting. In this work, the geometry
of the QPM structure is chosen as to produce signals at 800-850 nm, and idlers at
1450-1550 nm, allowing e.g. coherent twin idlers to be transmitted through optical
�bers, heralded by the detection of a signal. The crystal is pumped at 532 nm.

This chapter is structured in the following way. First, some of the expressions and
relations derived in previous chapters will be expressed in terms of variables that
can be controlled or measured experimentally. From this, numerical calculations
allow an estimate of the working point, the frequencies and propagation directions
of the signal and idler �elds, as well as an estimate of the gain and e�ciency of the
processes. This is followed by a description of the experimental steps as well as the
material and optics used in the measurement setup. In the end of this chapter the
experimental results will be presented.

4.1 Properties of a 2D QPM system

To realize SPDC in a nonlinear crystal the system has to satisfy the conditions for
momentum conservation in eq.2.2, to match the phases of the electromagnetic �elds
participating in the interaction and thereby permit the down-conversion process. In
what follows QPM is achieved by 2D periodic poling to form a hexagonal lattice
with period Λ, as illustrated in �gure 2.3.
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The coupled wave equations describe the evolution of signal and idler �elds in
classical electromagnetic theory. By normalizing the complex �eld amplitudes Am
according to am =

√
nm/ωmAm, as described in section 2.3, we can write out the

normalized coupled wave equations, assuming monochromatic plane waves, as:

das(x)

dx
=− iκa∗i (x)e−i∆kx

dai(x)

dx
=− iκa∗s(x)e−i∆kx (4.1)

where the no pump depletion approximation has been used, so that the pump �eld
is assumed constant and has been incorporated in the coupling constant κ. The
approximation is valid as long as the conversion e�ciency is low, which will be true
for low pump intensities. The coupling constant κ is given by

κ = 2π

√
2πc

nsninpλsλiλp
deffap(0) (4.2)

The refractive indices of the nonlinear medium nm = n(ωm), for m = p, s, i, are
frequency dependent. The constants µ0 and ε0 are the permeability and permittivity
of vacuum and c is the speed of light in vacuum. The e�ective nonlinear optical
coe�cient deff depends on QPM lattice parameters, and can be found by considering
the mathematical description of the lattice. As described in section 2.3, the spatially
varying nonlinear susceptibility of the QPM structure can be expanded in a Fourier
series. In a 2D lattice, the spatially varying nonlinear coe�cient then takes the form

d(x, y) = d33

∑
l,m

Flm exp(iGlm · r) (4.3)

The Fourier coe�cients Flm are determined by the geometry of the lattice, and
the modi�cation of d is dependent on the QPM orders l,m of the reciprocal lattice
vectors Gl,m active in the SPDC process, as illustrated in �g. 2.3 and 2.4.

Inserting eq. 4.3 in the coupled wave equation leads to a new expression for
momentum conservation, in vectorial form.

∆keff = kp − ks − ki −Gl,m = 0 (4.4)

Where keff is the e�ective momentum mismatch. In the following we will be working
with the lowest order RLVs, namely G1,0 and G0,1, from now on referred to as
G1 and G2 respectively. The magnitude of G1 and G2 is |G| = 4π/

√
3Λ. The

grating period is chosen to be Λ = 8.3µm to allow for production of signal and
idler at the wanted wavelengths, and the duty cycle D = 50% describes the relative
size of the motif and the grating period as depicted in �gure 4.1. As mentioned
above, the nonlinear coe�cient that will be used is d33, which is valid for vertical
(z) polarization of all three pump, signal and idler �elds. The e�ective nonlinear
coe�cient for a hexagonal lattice, using the lowest order RLVs and 50% duty cycle,
is deff = F1,0d33 = F0,1d33 = 0.29d33 [22].
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Figure 4.1: a) χ(2) domain inverted 2D grating of period Λ, where the parameter s
gives the duty cycle D = 2s/Λ. b) The reciprocal QPM lattice with RLVs G1,0 and
G0,1. The hexagon at the bottom represents the standard 1st Brillouin zone. To
the right, momentum conservation illustrated by closing the wavevector diagram in
the reciprocal QPM lattice. The RLVs G1 = G1,0 and G2 = G0,1 make up for the
momentum mismatch ∆k. c) Shared idler SPDC in the symmetric case, θp = 0◦. d)
Shared idler SPDC in a non-symmetric case, i.e. θp 6= 0◦. e) Two uncoupled SPDC
processes, in the symmetric case, with idler and signal colinear.

4.2 A numerical model for 2D SPDC

The purpose of the numerical analysis is to gather insights on the device response
and design accordingly the experimental setup, and investigate the impact of ex-
perimental control parameters - such as pump incidence angle, sample temperature
and pump power - on the signal an idler properties. The numerical model provides
guidelines for the experiments by predicting the wavelengths and propagation an-
gles of signal and idler, which simpli�es the experimental procedure as well as the
analysis of the measurement results.

The numerical model is based on the vectorial condition for momentum conser-
vation in eq. 4.4, as well as the electric �eld amplitudes and the coupling constant
κ from eq. 4.2. The Sellmeier equations as reported in [23] were used to calculate
the refractive index dispersion of the material.

4.2.1 Spectral angular response

The spectral angular response, that is the complete set of signal and idler �eld
frequencies and output angles from the SPDC process, is calculated from the two
scalar components of the vectorial QPM condition for momentum conservation in
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eq. 4.4, given the properties of our QPM crystal. It provides the working point in
terms of signal and idler wavelengths and output angles, for any particular process
that we are interested in.

In �gure 4.2 the idler propagation angle is plotted against the idler wavelength,
and the signal propagation angle against the signal wavelength. Blue and red curves
imply quasi phase matching processes using the reciprocal lattice vectors G1 and
G2 respectively.

All propagation angles are de�ned in relation to the lattice symmetry axis so
that θsym = 0◦. The angles given in the plots are internal to the crystal, i.e the
actual measured angles will be larger by a factor of the refractive index nm, for
m = p, s, i, according to Snell's law. For the crystal used here the refractive indices
are nm ' 2.15. The sample temperature is set to 80◦C.

The situation when the pump propagates along the lattice symmetry axis so that
θp = 0◦ will be referred to as the symmetric case. In the symmetric case the shared
idler will be collinear with the pump, and the twin signal beams will be emitted
symmetrically on each side of the pump (and idler) beam. The twin signals are
always emitted symmetrically around the lattice symmetry axis, but with di�erent
propagation angles depending on the wavelength.

According to �gure 4.2 the shared idler (SI) wavelength is in the symmetrical
case λSIi = 1444 nm. From energy conservation, ωp = ωs + ωi, it follows that the
wavelength of the twin signals is λSIs = 842 nm. The internal propagation angles
for the twin signal beams are θSIs ± 1.6◦, which translate into θSI,externals ' ±3.4◦

after exiting the crystal (ns ' 2.15). In the symmetric case we expect also a shared
signal (SS) at λSSs = 833 nm, with twin idlers at λSSi = 1472 nm. The focus in
the experimental part will be on tracking the twin signals expected at 842 nm,
coupled through the shared idler at 1444 nm, since �nding the working point for
this process would allow us to design a measurement scheme for quantum phase and
entanglement measurements. It will also directly allow us to qualitatively investigate
the expected gain enhancement of the SI and SS processes.

4.2.2 E�ciency

Assuming momentum conservation, the coupled wave equations in eq. 4.1 reduce
to the same form as the quantum mechanical equations of motion 3.2 for θ = 0.
Consequently, the solutions are on the same form as well, and we exploit this fact
to get an expression for the signal and idler output intensities. For a crystal length
L, the signal and idler normalized �eld amplitudes can then be written (from 3.4)

as(L) = ia∗i0 sinh(κL) + as0 cosh(κL)

ai(L) = ai0 cosh(κL) + ia∗s0 sinh(κL)

The photon �ux φs of signal photons is then given by the expression below. In
the limit of large gains κL� 1, the �ux of signal photons grows exponentially with
κL.

φs ∝ |as(L)|2 = |ai0|2 sinh2(κL) + |as0|2 cosh2(κL)
−−−−−→
κL� 1

|ai0|2 + |as0|2
4

e2κL
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Figure 4.2: Numerical calculations from QPM conditions. Plots show the relation
between wavelength and propagation angle for the idler (top) and the signal (bot-
tom), for pump angle θp = 0◦ (left) and θp = 0.5◦ (right) in relation to the lattice
symmetry axis. T = 80◦ and Λ = 8.3µm. Sellmeyer eq. from [?].
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For low gains the growth is quadratic in κL. The signal intensity at the output
in the exponential gain regime can be calculated from the following expression.

Is =
1

2

√
ε0
µ0

ωs|as(L)|2 ' 1

2

√
ε0
µ0

ωs
|ai0|2 + |as0|2

4
e2κL (4.5)

where the normalized �eld amplitude am0, m = i, s, relates to the input intensity
Im0 through

am0 =

√
2

ωm

√
µ0

ε0
Im0

Following this, calculations of the gain coe�cient κL and simulations of the
expected output power of signal and idler were performed, with the parameters of the
experimental setup (details in section 4.3.3). To reach the exponential gain regime
the gain coe�cient κL should be signi�cantly larger than 1. The gain parameter
can be expressed in terms of measurable quantities:

κL = 2π

√
2

nsniλsλi

√
µ0

ε0
Ip(0)deffL� 1 (4.6)

Inserting in equation 4.6 the parameter values of our experimental setup, de-
scribed in detail in the next section, the theoretical gain coe�cient can be calcu-
lated, and is found to be well above the limit for exponential growth, namely κL ' 40
pV/m. For the particular frequencies of interest, and the QPM lattice properties of
the crystal used here, reaching the exponential gain regime corresponds to reaching
a continuous wave (CW) pump power satisfying ICWp � 50 W. This implies that a
pulsed laser is needed to obtain high conversion rates.

The conclusion to draw from these calculations, considering the relatively high
value of the theoretical gain parameter, is that the damage threshold of the crystal,
rather than the laser power available, will be critical for reaching the regime of
e�cient down-conversion. Even though the crystal chosen for this work has relatively
high optical damage threshold, this is always a limiting factor. Details on the
measurement conditions are presented in section 4.3.

Since the signal and idler input powers originate from vacuum �uctuations, a
more rigorous model would be needed to predict output powers more precisely.
Here, the aim of the simulations is to give a clue on the order of magnitude of the
power output.
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4.3 Experimental Procedure

The focus of the measurements was on identifying the experimental working points
corresponding to the generation of twin signal beams at wavelength λSIs , quasi phase
matched by the G1 and G2 RLVs and coupled by a shared idler at λSIi , and verifying
the predictions of section 3, in particular the gain enhancement for shared idler
(signal) processes. The spectral angular response calculated above was used as a
guideline for the experimental investigations.

4.3.1 The nonlinear crystal

The QPM lattice used in the SPDC measurements is made on a z-cut stoichiomet-
ric LiTaO3 substrate, doped with 1 mol% MgO and periodically poled to form a
hexagonal 2D structure as in �g.4.1 (hexMgSLT, Oxide Corp.). The sample is 20
mm long (x direction), 4 mm wide (y) and 0.5 mm thick (z), and the QPM period
is Λ = 8.3 µm.

Several factors motivated the use of MgSLT for the 2D QPM structure, notably
the high second-order nonlinearity [24], high optical damage threshold and thermal
conductivity [25], which allow for higher pumping. Also, the large transparency
range LiTaO3 (280-5500 nm) makes LiTaO3 interesting for a large spectrum of non-
linear optics applications.

The QPM period Λ was chosen as to get the signal wavelength around λs =800
nm and idlers at λi =1500 nm.

4.3.2 Laser properties and Damage threshold

The QPM crystal was pumped with a pulsed Nd:YAG laser (Litron lasers, Nano
T series) with an additional frequency doubling crystal converting its output from
1064 nm to 532 nm. See table 4.1 for details. Incorporated in the laser system is an
adjustable attenuator transmitting 10-100% of the laser light.

Wavelength Pulse energy Rep. rate Pulse duration Peak power
532 nm 60 mJ 20 Hz 10 ns 6 MW

Table 4.1: Nd:YAG, Litron Nano T, properties

The literature can not provide a clear answer on the damage threshold for the
hexMgSLT crystal, since it depends on many factors: the state of the crystal surfaces,
focusing conditions, laser properties such as peak and average powers, pulse duration
and wavelength. However, some clues can be found e.g. in a paper by Kitamura et
al. [26] where MgSLT is shown to cope a peak power density of 0.57 GW/cm2 when
pumped at 1064 nm with a 9 ns, 30 Hz pulsed laser, which is similar to the laser
used here. Damage threshold generally scales with wavelength [27], inferring that a
peak power density of 0.28 GW/cm2 at 532 nm would be tolerable for the MgSLT
crystal.

The starting point here was to stay within a reasonable margin to this value. In
the measurements producing the results presented here, the pump peak power was
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0.07 MW. The beam diameter at the laser output was 4 mm, and it was focused
using a f = 500 mm spherical lens to produce a beam spot with a 1/e-diameter
of D = 85µm in the crystal, according to theoretical estimates. The peak power
density was then reaching a theoretical maximum of 1.3 GW/cm2.

4.3.3 Setup

The experimental setup for the measurements producing the results in section 4.4,
was as in �gure 4.3.

Nd:YAG

OD1f=500mm
BP

QWP

MgSLT

f=35mm

APD CC

PCCI

DM
T control
θpcontrol

θs

Figure 4.3: The experimental setup. The pump is �ltered through OD1= opti-
cal density �lter and BP=bandpass �lter at 532±3 nm, polarization change with
QWP=quarter wave plate, temperature control and pump angle control in the crys-
tal mount, coupling into �ber on translational stage, detection by ADP=avalanche
photo diodes, dark counts removed by CC=coincidence counter. PC=photon
counter, CI=computer interface.

The pump power was reduced with a neutral density �lter (OD1), and unwanted
frequencies in the pump �ltered out by a band pass �lter transmitting at 532±3
nm (some lasers have excess light at wavelengths around 800-850 nm, same as the
expected signals here). The originally horizontally polarized pump beam was pass-
ing through a quarter wave plate to obtain circularly polarized light. The d33 ' 17
pV/m, which is the largest of the nonlinear optical coe�cients for MgSLT, is ex-
ploited when using vertically polarized light (we didn't have a half wave plate in
the lab, so we basically only made use of half of the pump power). Vertical and
horizontal positioning of the beam is controlled by the two metallic mirrors. The
crystal is placed on a copper oven, controlled by two Pelletier elements connected
to a temperature controller. The oven is mounted on an xyz micropositioning stage,
allowing micrometer control in the vertical and horizontal direction, as well as �ne
angular adjustments in the horizontal plane.

After the crystal, the pump was rejected by a dichroic mirror, while the trans-
mitted light was focused by a f=35 mm spherical lens located one focal distance
away from the crystal. The signal output was then collected with a �ber in the
Fourier plane of the output focusing lens. The �ber was mounted on a translational

26



stage, allowing translation in both x, y and z direction with 10-micrometer control.
After trying a few di�erent con�gurations we settled for free space coupling, using
a multimode �ber with a 62.5 µm core.

The detection was done with silicon avalanche photo diodes (APD), with e�-
ciency of 55% at λ = 830 nm. Since the responsivity of the APD is restricted to the
400-1000 nm range, only the signals could be detected. The APD recovery time of
30 ns is longer than the pulse length of 10 ns, i.e it can only detect one photon per
pulse, resulting in a maximum possible count rate of 20 counts per second, following
the pump repetition rate is 20 Hz. Connected to the APDs is a monochromator,
remote controlled from a computer interface, allowing to choose frequencies and scan
over a large spectrum.

To reduce noise a coincidence counter was inserted between the APD and the
photon counter. The coincidence is made between the detected photons and the
electric signal from the laser system, announcing the departure of a pump photon.
Only letting through the detected photons matching a signal from the laser reduces
dark counts to virtually zero (pdark < 10−6). A delay generator was used to adjust
for the time delay originating from the departure time di�erence of pump photon vs
laser system, and the di�erence in path lengths.

4.3.4 Measurement

A �rst experimental attempt was made with a small 50 mW CW laser at 532 nm.
Although no conversion could be detected, it allowed optimization of the optical
path; focusing, �ltering and �ber coupling. For the �nal experiments and the results
presented below, a pulsed Nd:YAG laser at wavelength λp = 532 nm was used.
Detection was �rst made with a semiconductor detector (Newport Power Meter).
However, the short, low frequency laser pulses could not be properly registered by
the detector, so the data for the results presented in section 4.4 was collected using
avalanche photo diodes.

With everything in place and aligned, the sample was positioned on the stage and
heated to 80◦C. The laser power was adjusted to a suitable value - 103 attenuation
of the maximum pump power in the beginning (see table 4.1). The spectral response
is very sensitive to changes in the pump incidence angle, so �nding the symmetric
position, i.e pump collinear with the lattice symmetry axis, is not a straightforward
task. To overcome this challenge and achieve correct angular positioning of the
crystal, we made use of the fact that in the symmetric case the shared signal (SS)
also propagates along the lattice symmetry axis. By measuring the spectrum in
the pump propagation direction, for di�erent values of θp as shown in �gure 4.4,
and identifying the SPDC signal output, close to symmetric positioning could be
achieved. At θp = 0◦, the shared signal should be collinear with the pump, which
can be seen in �gure 4.4 where λSSs = 830 nm (black). For larger pump angles
the shared signal is no longer collinear with the pump, but we can instead see two
signals separated in wavelength, shown here for θp = 1◦ (blue) and θp = 2◦ (red)
external (measured) angle. In the spectral-angular response plots the pump angle is
marked in red. This is where the spectra are measured. Figure 4.4 also allows us to
calculate the o�set in frequency of the numerical model against reality, by reading
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o� the di�erence between the predicted value of the shared signal λSStheory = 833 nm
and the measured peak centered at λSSexp = 830.5 nm. This result is useful in the
following to �nd the working points for particular processes.
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Figure 4.4: Spectrum measured in the propagation direction of the pump for θp ' 0◦

(black), θp ' 1◦ (blue) and θp ' 2 (magenta) external angles (the spectral-angular
plots show internal angles). Since the SS and SI are always collinear with the crystal
axis, but only collinear with the pump in the symmetric case, this allows very close
to correct positioning of the crystal in relation to the pump.

After identifying the symmetric position, the strategy was to �nd the working
point for generation of twin signal beams, coupled by a shared idler, with the help of
the numerical predictions of wavelengths and propagation angles from section 4.2.1.
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4.4 Experimental results

The twin signal beams in the symmetric case, θp = 0, are shown in �gure 4.5. They
were measured at external angles ±3.4◦ and the peaks are centered at wavelength
λSIs1 = 840 nm and λSIs2 = 840.5 nm respectively. The bandwidths of both are ∆ ' 1
nm (FWHM). The twin beams should of course be centered at the same wavelength
if they are coupled to the same idler. The origin of the frequency shift is not known,
but a plausible reason is temperature �uctuations, changing the spectral-angular
response between the two measurements. The maximum temperature �uctuations
measured were ±1.8◦C, which corresponds to wavelength �uctuations of ±0.6 nm.
Since an in�nite number of signal wavelengths are actually produced, with a contin-
uous spread in propagation angle, the frequency shift can also be the result of the
measurements being taken slightly o� the main propagation axis of the SI signals.
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Figure 4.5: The symmetric case θp ' 0◦: The SI (shared idler) twin signal peaks
centered at λSIs = 840 and 840.5 nm, at external angles θSIs ' ±3.4◦. The band-
widths of the peaks are 1.0 and 1.1 nm respectively (FWHM). The λ-shift between
the two peaks probably originates in temperature �uctuations or slightly o�-axis
measurements.

The experimental results support the conclusion from analytic derivations in
section 3 that the amplitudes are at a maximum for the coupled shared idler/signal
SPDC processes. However, the reality is not as simple as the model, but some
processes, among them the SS/SI processes, were enhanced, and some were not
seen at all. High conversion was found mainly at the higher end of allowed signal
wavelengths (in the curved end of the spectral-angular response plots in �g 4.2), and
at the central SI/SS area. One example of a strong peak is the case where θi = θs,
i.e when signal and idler are collinear, the case which is shown in �gure 4.7. More
extensive analytic and numeric models are needed to get a more realistic overview
of the spectral response.

The shared signal, shown in �gure 4.6, was centered at λSSs = 830.5 nm, but the
bandwidth is quite large, ∼ 4 nm in the symmetric case (θp ' 0◦), and was slightly
disturbed by noise originating from the pump.
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Figure 4.6: The symmetric case θp ' 0◦: SI twin signals centered at λSIs = 840 and
840.5 nm at external angles θSIs ' ±3.4◦, and the shared signal (SS) peak centered
at λSSs = 831 nm and θSSs ' 0◦. The SS spectra is collected slightly o� the pump
propagation direction, for noise reduction reasons, resulting in a slightly lower count
rate and, possibly, broadened spectrum.
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Figure 4.7: The symmetric case θp ' 0◦: SI twin signals at wavelength λSIs ' 840
nm and external angle θSIs ' ±3.4◦, and in the case where signal and idler are
collinear, found at λcolls = 844 nm and external angle θcolls ' 1◦. The signal/idler
collinear process also shows enhancement in relation to random SPDC processes,
but are slightly weaker than the SI processes.
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The results from the measurements are in general in good compliance with the
numerical model, with only slight shifts in wavelengths.
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Chapter 5

Discussion

The experiments were successful, the experimental working points allowing the gen-
eration of twin signals were found, and critical aspects were identi�ed and analyzed
to enable further improvement of the measurement setup and process. The gain en-
hancement of the coupled processes was clearly visible, together with certain other
processes. A multimode numerical treatment of the problem could provide greater
insight into the relative strength of concurrent processes.

We have a working numerical model that can be used to predict the spectral-
angular response in 2D QPM experiments. The slight shift in wavelength between
the measured peaks and the numerical model is a common phenomenon which re-
lates to uncertainties in the Sellmeier equations. Deviations might also originate in
temperature �uctuations, since the temperature control was not stable. The biggest
measured deviations were ±1.8◦C, corresponding to shifts in the spectral response
of ±0.6 nm. In addition, the di�culty of determining the pump angle in relation
to the lattice symmetry axis resulted in an estimated uncertainty of ±0.1◦ on the
pump incidence angle. Measurement abnormalities also arise from the coupling
optics. The down-converted light is emitted not from a point source but from a
�nite volume, which complicates the coupling and adds to the spectral and angular
broadening of the measured peaks. Fiber alignment is critical to obtain a correct
representation of the response, and it is a factor that can be further optimized for
future measurements.

A large peak at λ = 826 nm was found in several of the spectra collected in the
direction of pump propagation. This peak is not a product of SPDC (con�rmed by
two independent checks: changing to horizontal polarization and bringing the crystal
out of the optical path), and it might be an excess product from the pump source. In
a very narrow angular range around the pump propagation direction, a lot of noise
in the frequency range λ > 826 nm was also observed. The level of the noise varied
during the measurement process and might have its origin in interactions between
the pump and the detection system, but it can not be veri�ed at this time. This
noise might play a role in the broadening of the shared signal, which points at the
critical role of the choice of source for the experiments. The large SS bandwidth
could also be explained by the uncertainty in pump angle, implying the measured SS
peak is in fact two signals only partially overlapping, creating a broader peak. This
could relatively easily be investigated experimentally with further measurements.
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The fact that the crystal could cope with higher power densities than predicted -
1.3 GW/cm2 without any visible damage - is promising for future applications using
MgSLT.

According to the theoretical model, the phases of the twin beams are entirely
correlated, and anticorrelated to the idler 3.5. Investigating this experimentally
through phase measurements (e.g. interferometry) would be a natural continuation
of this work. Partially, it has already been done by Jin et al., described in their
paper from July 2013 [17]. However, the non-degenerate case, as the one considered
in this thesis with signals/idlers at 800/1500 nm, has not been covered, and there
remains a lot of interesting questions to be answered.

To exploit the possibilities of 2D QPM structures, a more extensive characteriza-
tion of the spectral-angular response is suggested, both numerically and experimen-
tally. The bandwidths found here should be checked against theoretical predictions
(beyond the scope of the model described here), to assess the possibilities of further
narrowing of the bandwidths. A few changes and optimization of the setup and de-
tection systems would enable an estimate of the conversion e�ciency of the SPDC
process. The photon collection and detector setup used for this work did not allow
appropriate e�ciency measurements.

The quantum mechanical model derived in chapter 3 allows analysis of the SPDC
process for varying degrees of overlap of two idlers or signals. A deeper insight into
this would be interesting as it could provide means for controlling the degree of
entanglement between two signal or idler modes. Further development of the model
could allow us to explore the possibilities of entanglement in di�erent degrees of
freedom, and possibly forming a strategy for multi-photon state production with 2D
SPDC. Also, a multimode treatment of the problem could be of interest. Further-
more, investigating whether correlated phases also entails correlated phase noise,
could lead the way for e.g interferometry noise reduction.

Besides quantum optics applications, the phase correlations can �nd interest-
ing applications in classical optics, as it provides a source for two entirely phase
correlated beams, today achieved by phase modulators and interferometric systems
[28].
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Chapter 6

Summary and Conclusions

This is a study of the properties of light produced by spontaneous parametric down-
conversion (SPDC) in a two-dimensional nonlinear lattice. The focus is on the
quantum mechanical properties of the down-converted light, and the coupling be-
tween several electromagnetic modes. The products of SPDC, referred to as signal
and idler, can be quantum entangled in multiple domains (frequency, polarization
etc.), and 1D QPM structures are popular as entangled photon pair sources for
quantum optics applications.

In this work, a quantum mechanical model is formulated for SPDC processes
in a 2D QPM lattice. The model is then solved for the general case, and analyzed
for the particular case when two modes overlap, i.e. when two SPDC processes
are degenerate in idler frequency and spatial propagation direction. As a result,
two signal modes are coupled through the shared idler, generating a twin beam
signal output symmetrically around the lattice symmetry axis. To investigate the
shared idler process in a physical system, measurements were made on a hexagonally
poled LiTaO3 crystal. A numerical model of 2D SPDC was built preceding the
measurements, to predict the spectral-angular response and e�ciency, and provide
guidelines for the experimental setup.

According to the analytic model, signals coupled through a shared idler are cor-
related in phase and amplitude, and they form a single photon entangled state.
In addition, the gain coe�cient of the coupled processes is larger by a factor

√
2

compared to uncoupled processes, which was qualitatively con�rmed in the measure-
ments showing enhanced intensities for the shared idler (and shared signal) modes.

Possible continuations of this work includes experimentally investigating the
phase correlations, and more extensively characterize the spectral-angular response
of the 2D QPM crystal. Also, further development and analysis of the quantum me-
chanical model is suggested, to map correlations and di�erent types of entanglement
produced by SPDC in 2D QPM lattices.
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