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Abstract

In linear optics, the concept of a mode or eigenmode is well established. Of-
ten these modes correspond to a set of fields that are mutually orthogonal with
intensity profiles that are invariant as they propagate through a given optical
system. More generally, using an eigenmode decomposition, one can define a
set of orthogonal modes with respect to an optical measure given that is linear
in the intensity of the fields or Hermitian in the fields themselves. However,
if the intensity of the light is sufficiently large, the dipole response of an opti-
cal medium includes nonlinear terms that cause the eigenmode decomposition
to break down. In this work, we introduce the eigenmode decomposition in
the presence of these nonlinear source terms by introducing small perturbation
fields whose interaction is mediated by some high-intensity background field.
Unlike the eigenmodes of linear optics, these novel modes correspond to a set of
orthogonal fields that are, in general, distributed across multiple wavelengths.
Here, we study the definition and interaction of these eigenmodes for classical
electromagnetic fields and multiphoton fields. In the context of classical fields,
with our eigenmodes established, we highlight the influence of the high-intensity
background field on the symmetry of the eigenmodes. At the multiphoton level,
we show that the description of multiphoton fields is simplified by using the

propagation eigenmodes while remaining equivalent to the standard approach.
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Chapter 1

Introduction and Motivation

1.1 Introduction

In the physical sciences, the concept and use of a mode (or eigenmode) decomposition is
well established and has been used to solve many problems. In the domain of optics, decom-
posing fields into eigenmodes has been used to describe light propagating in laser cavities
[1], photonic crystals [2], optical fibres and waveguides [3]. Often, these modes correspond
to a set of fields with unique transverse profiles, are mutually orthogonal and propagate
independently of one another as they evolve through the optical system. For example, the
eigenmodes of a waveguide or optical fibre have an invariant field profile that is subject only
to a change in phase while propagating. In a resonator or microdisk structure, however,
the eigenmodes are reproduced after a full round trip of the cavity. More generally, going
beyond the propagation properties of light, one can define a set of orthogonal eigenmodes
with respect to any optical measure that is linear in field intensity or quadratic/Hermitian
in the fields using the method of Optical Eigenmodes [4, 5, 6, 7]. Prominent examples of
such measures include the energy density, optical angular momentum and intensity of the
electromagnetic field. The optical eigenmodes can be thought of as a classical analogue
to the states of quantum mechanics that correspond to the set of measurable configura-
tions of a given system: each with a certain probability of being measured or occupied.
Much like the propagation eigenmodes of free space and waveguides, the optical eigenmode
method exploits the linearity of Maxwell’s equations [8, 9, 10]. Thus, if the intensity of
the incident light is large, the dipole response of a given optical medium includes higher-
order nonlinearities. In this so-called nonlinear regime, the superposition of two solutions
of the propagation equations is not itself a solution and, as a consequence, the method of

eigenmode decomposition and optical eigenmodes breaks down.



In this work, we restore the principle of linear superposition to systems with second-
order, intensity-dependent, nonlinearities by considering the interaction of perturbation
fields that are small in comparison to a high-intensity background field. In the simplest
cases, this is identical to that of the non-depleting pump approximation commonly used
in nonlinear optics and quantum optics. By introducing these perturbation fields, one can
reintroduce the concept of eigenmodes to intensity-dependent optical systems. Unlike the
fields in linear optics, however, the perturbation fields will interact with one another via
a high-intensity background field resulting in eigenmodes which have coupled components
oscillating at different frequencies. These eigenmodes again correspond to a set of mutually
orthogonal fields that do not interact with one another as they evolve - even though they
have components that will, in general, interact. The introduction of these eigenmodes,
along with their interaction and propagation properties, is the subject of the third chapter

of this thesis and is the first result of the work herein.

In general, the propagation of light through linear optical systems is fully characterised by
a scattering matrix [11]. This is also the case for our perturbation fields as they propagate
through a nonlinear crystal. Indeed, the interaction of these fields can be thought of as a
multiwavelength beamsplitter. In the context of quantum optics, the same scattering matrix
defines the input-output relationship of creation and annihilation operators associated with
the perturbation fields. In the quantum case, however, the field amplitudes are interpreted
as probability amplitudes [12]. If the perturbation fields are at the multiphoton or single-
photon level, then we can describe the evolution of the associated photon number states or
Fock states. Indeed, by quantising the perturbation fields, they become operators which
act on the Fock states depending on an effective Hamiltonian derived from the classical

scattering matrix. This is the subject of Chapter 4 and is the second result of this work.

The purpose of the present chapter is two-fold. First, we introduce the basic propagation
properties of light and all of the transverse structured fields that we use throughout the thesis
before, in section 1.4, introducing the method of optical eigenmodes. Second, we briefly
review the current state of research associated with the use of an eigenmode decomposition
in nonlinear systems: discussed in section 1.4.3. Consequently, the present chapter acts as
an introduction to the theoretical methods used throughout the thesis and as a motivation
for the work herein. Finally, a detailed outline of the thesis is given at the end of the

chapter.



1.2 Propagation of Light

In the context of classical physics, light is described as electromagnetic waves that are rep-
resented in three dimensions as vector fields, F(r,t) where r = (z,y, z). In linear, dielectric,
homogeneous, isotropic materials with no free currents or charges, these monochromatic

fields are solutions of the wave equation

1 02
<v2 — 02(9752> F(r,t) =0, (1.1)

where ¢ is the material-dependent phase velocity, and F(r,¢) may correspond to either
the electric or magnetic component of the electromagnetic field. This wave equation is
separable and has a solution which is written as the product of a space-dependent and
time-dependent function as F(r,t) = A(r)7T'(t). Upon inputting this separable form into
Eq. 1.1 we obtain an equation describing the spatial variation and an equation describing

the temporal variation of the field as:
d? 22 d? 2
<dt2+kc) (t) (dt2+w) (t)=0, (1.2)

(V2 + k) A(r) =0, (1.3)

where k is a separation variable called the wavevector defined as k = w/ec, and w is the
angular frequency of the field related to the frequency as w = 2w f. The solution of the
temporal equation, Eq. 1.2, is found to be T'(t) = exp (Liwt).

For the spatial part of the solution, and throughout the thesis, we are concerned with
the propagation of monochromatic, collimated laser light that does not significantly diverge
from the optical axis. Fields that exhibit this kind of behaviour are said to be within
the small-angle or paraxial approximation [13]. This approximation is valid here as we
consider laser light propagating through optical systems with beam widths larger than
the wavelength. Moreover, throughout the thesis, we utilise field profiles derived from a
paraxial wave equation. We do not consider small apertures, lenses or large changes in
refractive index that might cause these paraxial beams to significantly diverge from the

optical axis [14, 15].

Within the paraxial approximation, where the direction of propagation is along the z-axis,

the spatial dependence, with some polarisation vector p, is written

A(r) = u(r)e*p, (1.4)



where we assume that the scalar field amplitude u(r) varies slowly as a function of z com-
pared to its wavelength such that
0* 0
“ul(r)| < k| —u(r 1.5
(e < K—u(r)], (15)
and, as we are within the paraxial approximation
2

| Ju(r) < [Vulr)|. (1.6)

Substituting Eq. 1.4 into Eq 1.3 and accounting for the above approximations we arrive
at the so-called paraxial equation [16] which for the original complex field amplitude is of

the form
0
2 .
(VT + 22k82> A(r)=0. (1.7)

As with the temporal equation, the paraxial equation permits plane wave solutions in
which the field amplitude is uniformly distributed across an infinite plane. However, the
paraxial equation has more interesting solutions with non-uniform transverse field shapes
that will be introduced in the following sections. In deriving these solutions and throughout
this work, we consider fields with constant polarisation and neglect the vector character of

the electromagnetic fields by solving the scalar paraxial equation,

(vZT + 2ik§z> A(r) =0, (1.8)

where VZ is the scalar transverse Laplacian operator and A(r) is a scalar field.

1.3 Structured Beam Shapes

In this section, we introduce the eigenmodes of free space within the paraxial approxima-
tion. Unlike finite systems with well-defined boundary conditions, the solutions of free space
satisfy all possible symmetries - for example rectangular and circular symmetry. There-
fore, we introduce both the Hermite-Gaussian and Laguerre-Gaussian representation of free
space eigenmodes in sections 1.3.2 and 1.3.3, respectively. Throughout the thesis, we use
these solutions to decompose our fields to define eigenmodes of systems in which multiple
monochromatic fields interact with one another. Additionally, in section 1.3.4, we introduce
the eigenmodes of a finite rectangular waveguide which allow us to better understand the

propagation properties of the eigenmodes in such systems.



1.3.1 Fundamental Gaussian Beam

In free space or a homogeneous optical medium, the intensity profile of light will, in general,
change in shape during propagation. However, there exist solutions of the scalar paraxial
equation that exhibit consistency in their complex field profile as they propagate. These
solutions are often called the modes or eigenmodes of an optical system and constitute a set
of mutually orthogonal, non-interfering fields. Indeed, for a field decomposed into a set of

such solutions, E(r) = >, Ej(r) = >, Ej(z,y, 2), we have, for all 2, the following condition

/ E;(Z',y,Z)Ek(.I,y, Z) dxdy:(sj,k (19)

One set of solutions of the paraxial wave equation, satisfying the above condition, are
plane waves with wavefronts that are infinite planes normal to the direction of propagation.
These plane waves, however, do not resemble the transverse profile of a collimated beam of
light in practice. Although not physical, the plane waves can act as a basis on which we

can decompose any reasonable field distribution as [16]
Eo(z,y,2) = / / / & (ki oy, oy et et thoythe2) qp Ak, dk,, (1.10)

where & (ky, ky, k.) is a complex field amplitude distributed across Fourier space [13]. To
determine the form of the spatial field profile given by Eq. 1.10 we begin with a Gaussian
ansatz of the form

ik(z?+y?)

Eo(z,y,2) = Ag e 20 P (1.11)

which, when substituted into the paraxial equation, gives expressions for the functions p(z)

and ¢(z). Indeed, for ¢(z) we find

S S
z N z2

= (1.12)

Zr + ZR

where zp is the distance over which the width of the beam waist, wq, increases by a factor
2

of two. By introducing the wavefront curvature, R(z) = z + 2%, and beamwidth, w(z) =

wo4/1+ %, we find
R

ip(z) _ WO —iyp(2) 1.13

D) = ), (1.13)

where (z) = arctan(i) is known as the Gouy phase. Including the above functions, this
field profile is known as the fundamental mode of the paraxial equation often denoted the

Gaussian mode. Named after German mathematician and physicist Carl Friedrich Gauss.



1.3.2 Hermite Gaussian Beams

In deriving the fundamental Gaussian mode, we assumed that the field profile has the same
symmetry along the x and y axes. In general, however, the field may have different sym-
metries with respect to z and y. Therefore, we introduce an ansatz of the form Agh(x)g(y)
in order to derive higher-order Gaussian modes with more interesting field profiles. Indeed,

inputting this ansatz into the paraxial wave equation, we find

i ;cz 2 . .
Enml(z,y,2) = Ao—2 M, (\@m) H, (Vﬁ?/) ¢S ()it m ) (1)

w(z) w(z) w(z)

where the indices n = 0,1,...,Nmee and m = 0,1,...,Mypq, determine the shape of the

mode and n +m = N is the order of the mode. The functions Hy(7) are the so-called

physicists Hermite polynomials [17] defined as
Hi(r) = (—1)Fe™ = e, (1.15)

If the polynomial index k is even (odd) the polynomial itself is also even (odd) and
in the case that n = m = 0 we find the fundamental mode defined in section 1.3.1. The
intensity profiles of the first 20 Hermite-Gaussian modes are represented in figure 1.1 where
the indices n and m correspond to the order of the Hermite polynomial, Eq. 1.15, along the
x and y axes, respectively. In the figure, the indices start at n = m = 0 in the top left panel
with n increasing from left to right and m increasing from top to bottom where n = m = 3
in the bottom right panel. Like the plane waves, these Hermite-Gaussian (HG) modes
form a complete orthogonal basis such that any monochromatic field can be described as a
superposition of these modes akin to the plane wave decomposition, Eq. 1.10, used to define

them.

1.3.3 Laguerre-Gaussian Beams

If our optical waveguide or cavity is of circular symmetry, the Hermite-Gaussian modes will

no longer be supported. However, by transforming Eq. 1.8 to cylindrical coordinates,

(z,y,2) = (1,0, 2),

the solutions of the equation are found, by separation of variables, to take the following

form

w(z) \ w(z) P\ w(z)?

¢
2 r2 ikr? . .
Epp(r, ¢, 2) = Ag— <@> L, < 0 > T AT e WPl (1.16)



Figure 1.1: Intensity profiles of Hermite-Gaussian modes with hue representing intensity
and colour representing phase. The false colour map is represented in figure 1.3. The indices
(n,m) go from (0,0) top left to (3,3) bottom right where n increases from left to right and
m from top to bottom.

where ¢ = —liagy---,—1,0,1, ... lae and p = 0,1,..., Pimaz; the order of the mode is
2p + |¢| = N. The functions L{(7) are the generalised Laguerre polynomials [17] which are
defined using the Rodrigues formula [18] as

Tt dP
Ly(7) = o ), (1.17)

The index ¢ corresponds to the number of helical wavefronts of the mode often called the
orbital angular momentum [19] and the index p is the radial index corresponding to the
order of the Laguerre polynomial. Indeed, like the indices n and m used to characterise

the Hermite-Gaussian modes along the Cartesian axes, the indices £ and p characterise



Figure 1.2: Intensity profiles of Laguerre-Gaussian modes represented on the phase map,
figure 1.3. The indices (¢, p) go from (0,0) top left to (3,3) bottom right where ¢ increases
from left to right and p from top to bottom.

Figure 1.3: False colour map to represent complex field profiles with hue showing intensity,
|E;|?, and colour showing phase, ¢.
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Figure 1.4: Schematic of a rectangular waveguide.

the angular and radial components of the Laguerre-Gaussian (LG) modes. Furthermore,
these LG modes, shown in figure 1.2, form another complete orthogonal set similar to the
Hermite-Gaussian modes. In both cases, one can write each basis set in terms of the other

as:

LGep=>_ > (HGmm / / HG;, LGy, dx dy> , (1.18)
zJy

n=0m=0
(o) [o¢]
HG,,m = Z Z (LGM / / LG} ,HGym dz dy> , (1.19)
{=—o00 p=0 Ty
where HG,, ,,, and LGy, are of the form of Eq. 1.14 and 1.16 and the overlap integrals
/ / HG? ,, LGy, drdy = / / (LG} ,HGpm)" dazdy
zJy ' zJy ’
take the values
img (52,52 m) s 29+ 1] =+
0 2p+ [l #n+m
with N =n+m = 2p + |[¢| and

(n' +m/ —m)m! 1 d" / /
g(n',m',;m) = \/ SR Tl ol 2 (1 —6)™ (14 8)"]|s=0. (1.20)

Note, the indices of the HG and LG modes are related as £(n,m) = n—m and p(n,m) =
min(n, m). The linear transformations between these mode sets correspond to a rotation of

the initial representation and thus defines the same Hilbert space.

1.3.4 Rectangular Waveguides

Within finite systems, such as waveguides or cavities, the Hermite-Gaussian and Laguerre-

Gaussian modes lose their orthogonality. Here, we consider a rectangular waveguide with



perfectly reflecting walls and maintain the direction of propagation to be along the z-axis.

The fields propagating in this waveguide are vector fields of the form
E = E(x, y)eﬂﬁz, (1.21)

where [ is the propagation wavenumber [20]. The fields in the waveguide evolve according

to Maxwell’s equations:

V-E =0, (1.22)
V-B =0, (1.23)
VxE =-§B, (1.24)
VxB = 59K, (1.25)

where E and B represent electric and magnetic fields and ¢ is the relative permittivity of
the dielectric material in the waveguide. If we are interested in the transverse magnetic
(TM) modes where E = (E,, E,, E.) and B = (B,, By, 0) one can find, for the component

of the electric field propagating along the waveguide, the following equation
OFE.(2,y) + O, E.(x,y) + (K*ni — °)E.(x,y) (1.26)
= 02E.(2,y) + 0, E.(x,y) + k2E.(z,y) = 0,

where k2 = k?n? — 32 and n; = /¢ is the refractive index of the material. The solution of

Eq. 1.26 is separable along the transverse coordinates as E(z,y) = F(x)G(y) with:
F(z) = Asin(kyz — ¢), (1.27)

G(y) = Bsin(kyy — 1), (1.28)

where A and B are amplitudes of the field components. If we impose the boundary
conditions F'(—a) = F(a) = 0 and G(—b) = G(b) = 0, see figure 1.4, we find that the values

of the wavevectors k, and k, are:

nm mm

ky=—, ky=—. 1.29
2a Yo 2b (1.29)
Similarly, for ¢ and ¢, we find:
nm mm
— =20 1.
o="0, =" (130)

where the indices n and m are introduced as the boundary conditions of the waveguide
permit standing wave solutions with an integer number of oscillations n and m along the x
and y axes, respectively. These indices are similar to those of the Hermite-Gaussian modes

in section 1.3.2 except where the fundamental mode is defined for n = m = 1.
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Figure 1.5: Intensity profiles of TM modes represented on the false colour map in figure 1.3.
The indices (n,m) go from (1,1) top left to (4,4) bottom right where n increases from left
to right and m from top to bottom.

Using the above coefficients, we define the cut-off wavevector for a given mode, TM,,;,,

kenm = \/k2n? — 32 (1.31)
Y (e

where the cut-off frequency is fenm = wWenm /27 With wepm = ckenm. This cut-off acts

propagating in the waveguide as

as a lower limit for propagation modes in the waveguide. Indeed, if the frequency, fcnm,
of a given field is less than the operating frequency of the waveguide it corresponds to a

propagating mode; otherwise, it is a non-propagating or evanescent field. If we recombine

11



our fields F'(z) and G(y) the TM modes of the waveguide are defined as

. nm s . mm s
Enm(z,y) = Ep sin (%x — n§> sin <§y — m§> , (1.32)

where Ej is the amplitude at the input, and the fields form an orthogonal basis satisfying

the condition )
a
/ / E (z,y,2)Epm (x,y, 2) de dy = Onn Ommy (1.33)
—aJ—b

for all z, where the amplitude is normalised as ffa ffb |Eo|? dr dy = 1. Note, as the evanes-
cent fields cannot be normalised as described above, we only consider the propagating modes
in this work. In doing so, we neglect any coupling between the evanescent fields that might

generate modes that will propagate along the waveguide.

Unlike the derivation of the Hermite and Laguerre Gaussian modes introduced in the
previous section, the TM modes are not derived as solutions of the paraxial equation.
However, if we choose the propagation wavenumber as 8 = k¢ nm/2 then one can show that
the TM,,,,, modes are solutions of

(V% + 2¢kc,nm§z> E(z,y,z) = 0. (1.34)

The intensity profiles for the first 20 TM propagating modes are represented in figure

1.5. These modes, along with the Hermite and Laguerre Gaussian modes, will be used

throughout the thesis as bases on which we decompose our fields.

1.4 Theory of Optical Eigenmodes

The method of Optical Eigenmodes (OEi) allows one to find eigenmodes of any Hermitian
optical measure in a mathematically rigorous manner. Much like the propagating modes
introduced in section 1.3, the optical eigenmodes correspond to orthogonal solutions of
Maxwell’s equations. However, these eigenmodes are defined with respect to a physical
observable and are thus characteristic of a particular measure of the electromagnetic field.
In this section, we outline the fundamental theoretical considerations that lead one to the
optical eigenmodes. In addition, we review the current state of affairs concerning the use
of an eigenmode decomposition in nonlinear optics and note that if the intensity of the
incident beam is large enough to induce nonlinear effects, the decomposition breaks down.
Using a high-intensity background field, however, we can linearise these systems and define
propagation and optical eigenmodes as described above. Unlike linear optics, the systems we
consider here include terms that allow for the interaction of fields at different wavelengths.

Introducing the optical eigenmodes to these systems is the first result of this thesis and,

12



therefore, this section acts as an introduction to optical eigenmodes and as motivation for

the work presented.

1.4.1 Lorentz Reciprocity and Conservation of Interference

Following [7] it has been shown that for fields to be independent for a given optical
measure, they must be eigenfunctions of an associated Hermitian operator. In this short
section, we introduce these Hermitian operators from the perspective of reciprocity relations
and Noether’s theorem. We begin with Maxwell’s equations in a linear, homogeneous

dielectric material with no free currents or charges as:

V.- €eE =0,

V. uH =0, (1.35)
VxE =—uoH,

VxH =¢oE,

where E and H = iB represent electric and magnetic fields, and p and e are the relative
permeability and permittivity of the dielectric material. The energy density and momentum

associated with the electromagnetic field F' = (E, H) is expressed as:

E(F) =3(cE*-E+pH* -H),
S(F) =i(E*xH+ExH"), (1.36)

where S(F) is the energy flux of the electromagnetic field also denoted the Poynting vector.
The local conservation of energy and momentum in free space is represented with the
continuity equation

V- S(F) + 8,E(F) =0, (1.37)

which simply states that the energy density of a region of dielectric material changes only if
some energy has passed out with or entered the local region in question. This is analogous
to the local conservation of charge where the energy density takes the role of the charge

density and the Poynting vector of the current density [21].

Consider a superposition of fields F' = F; + F, which are both solutions of Maxwell’s
equations, Eq. 1.35. Substituting this superposed field into the continuity relation results
in four relations. One for F} and Fy of the form of Eq. 1.37 and interference terms of the

form:

E(F, F) =

Slg(Fl,Fg) = (E’{ x Hy 4+ Eg X HT), (138)
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where the fields E; and H; come from F; = (E;,H;) and the relations for Eo;(F1, F»)
and So1(F71, Fy) are given by taking the complex conjugate of F1o(F}, F») and Sq2(F1, F3),
respectively. In order for the total local energy density to be conserved for all possible
superpositions, F' = F} + F5 and F' = F} + iF5, the interference terms will satisfy the
continuity relation,

V - Si12(F1, F2) + 0 Er2(F1, F) =0, (1.39)

which describes the conservation of interference between the two fields I} and F5. If one
now considers a linear transformation, &, that leaves Maxwell’s equations invariant then
the transformed field, O'F, is also a solution of Eq. 1.35 with interference terms E19(F, OF)
and Si2(F, OF). According to Noether’s theorem [22], these continuous symmetries are
associated with conserved quantities. These conserved quantities, for a given symmetry &,

are written:
<E12(F))ﬁ=/E12(F, OF) d°r, (1.40)
(S12(F))p = / S1o(F, OF) dor. (1.41)

The simplest example of a transformation that leaves Maxwell’s equation invariant is the
identity operator, I, which is associated with the conservation of energy density, (E12(F))r.
For a field decomposition of the form, F' = ; Fj the individual elements F)j are independent
of one another only if the total energy density is the sum of individual energy densities.
Consequently, for all linear transformations, &, that leave Maxwell’s equations invariant

the fields F; must satisfy the condition

(Era(F <E12 ZFJ‘ >
Z (Epa(F (1.42)

to be independent of the other fields in the decomposition. For the above condition to
be satisfied the field is decomposed onto the eigenfunctions associated with the Hermitian

operator &. This is expressed mathematically as

(E12(F))o = Z Aj(Er2(F (1.43)

where F} is an eigenfunction of the Hermitian form given by Eq. 1.40 and A; are the as-
sociated eigenvalues. As already mentioned, the simplest transformation leaving Maxwell’s
equations invariant is the identity, & = I, corresponding to the energy density. Another

example used in this work is the invariance of Maxwell’s equations with respect to rotations
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about a fixed point - generating the orbital angular momentum of the field. Indeed, in
systems with circular or rotational symmetry as described in section 1.3.3 the fields are
eigenfunctions of the operator & = 04 where ¢ is the azimuthal angle. The energy density

and momentum, in this case, are given as:

E12(F, 18¢F) = % (€E* . 3¢E + pH* - 8¢H) ,

S12(F,i0,F) = % (E* x 9,H + 9,E x H"). (1.44)

In summary, by imposing the condition for independent fields, expressed in Eq. 1.42, one
can introduce the time-dependent energy density operator and orbital angular momentum
operator in the context of electromagnetic fields. Furthermore, given any symmetry that
leaves Maxwell’s equations invariant, one can introduce an associated Hermitian operator:

the eigenvectors of which define the optical eigenmodes of the measure [4].

1.4.2 Optical Eigenmodes

Here, we consider an input scalar electric field E(ry) that evolves through an optical system
giving the field F(r2) at the output plane as depicted in figure 1.6. Note, here we use F(rz)
to denote an electric field. This should not be confused with the electromagnetic fields
used in the previous section. As we are concerned with finite optical systems, our fields
are defined within some region defined by our detector. The fields that are incident on this

region can be described by decomposing the field at the input plane as
N
E(r)) =Y a;E;(r1), (1.45)
j=1

where the fields F;(rq) form a basis with respect to our finite system and are orthogonal.

That is, they satisfy the condition

// Ej(rl)Ek(I‘l)d.’El dyl = 05 k- (146)

Assuming the optical system is constructed with linear elements the corresponding output
field is

N
F(rg) =) a;Fj(ra), (1.47)
j=1

where the complex coeflicients a; are the same as those in Eq. 1.45. Consider now a region of
detection §2 in the output plane that measures some physical quantity ® represented by the
operator &. This measurement is expressed mathematically with the following Hermitian

form
N

e = /QF*(I‘Q)ﬁF(I'Q) dQ) = Z </Q a;FJ*(rz)ﬁFk(rg)ak dQ) = aTMa, (1.48)

j?k
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Figure 1.6: Linear optical system in which the field F(r2) incident on the output plane is
dependent on the input field F(r1) and the optics of the set-up.

where the elements of the matrix M correspond to the cross interaction of all of the probe
fields, M, = [, F 7 (r2)OFy(r2) d€, and the vectors a contain the complex coefficients
and their conjugates, a = (a1, az...ay)’ and al = (a%,d5. .. ay). Diagonalising the cross-

interaction matrix, we define the optical eigenmodes at the input and output plane as:

N

Ek(rl) = kajEj(rl)a (1.49)
7j=1
N

Fk<1‘2> = Z'Ukij(I‘Q), (150)
7j=1

where vy; are the elements of the k*h eigenvector, vy, of the matrix M and ) is the
associated eigenvalue. Regardless of the physical quantity in question, the matrix M is
Hermitian by definition. Consequently, it will have a spectrum of real eigenvalues with an
associated set of orthogonal eigenvectors. These eigenvectors define the optical eigenmodes
as in Eq. 1.49, and the corresponding eigenvalue is the magnitude of the physical quantity

that would be measured for that eigenmode.

In summary, the Optical Eigenmodes allows one to find system-dependent eigenmodes
in a mathematically precise manner. These eigenmodes generalise the concept of non-
interacting fields to a broader scope of structured optical illuminations and light-matter
interactions that go beyond the propagation properties of light. It is one of the main topics
of this thesis to introduce this method in the context of nonlinear systems with the use of
small perturbation fields. As a result, it is instructive to review the current state of affairs

with respect to use of the eigenmode decomposition in nonlinear optics.
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1.4.3 Eigenmode Decomposition in Nonlinear Systems

In the domain of nonlinear optics, the description of the propagation of electromagnetic
fields is mathematically more involved than in the linear regime. Therefore, the tools
for describing fields in nonlinear systems are not as well developed as in linear optics.
This is due to the interaction of intense optical fields that generate light at frequencies
different from that of the initial input field(s) [8]. Moreover, the fields generated by nonlinear
interactions will interact with the input field(s), resulting in a non-trivial link between
the input and output in which the principle of superposition is no longer applicable. As
a consequence, the method of optical eigenmodes introduced in section 1.4.2 cannot be
directly applied to nonlinear systems. Nevertheless, the eigenmode decomposition has been
used in the context of nonlinear optics. Indeed, eigenmodes have been used to describe the
nonlinear propagation of light in photonic crystals and have also been used to model the
third-order nonlinear Kerr effect [23, 24] and second harmonic generation [25]. Similarly,
Fourier modal methods, also known as rigorous coupled-wave theory, have been established
for modelling second harmonic generation [26] and Kerr like nonlinearities [27] in layered
periodic structures. In addition, boundary element methods have been used in this capacity.
These methods are suited towards the modelling of nonlinear scattering effects of nano-

particles [28] and clusters of nanoparticles [29].

Another area of research in which the concept of eigenmodes and nonlinear effects are
brought together is in the study and development of optical fibres for communication sys-
tems. The propagation of light in optical fibres is in practice a nonlinear process; however,
much of the global communications systems involving optical fibres are designed with lin-
earity as an approximation [20, 30]. Yet, chromatic dispersion and the fibre Kerr effect
negatively impact the performance of modern fibre optic systems. Usually, these effects
can be minimised by using compensation techniques, but, as the demand for information
transmission increases, the capacity of fibre systems are approaching their theoretical lim-
its [31, 32]. An alternative approach to linear transmission is to use the nonlinear effects
to model and design fibre optic systems rather than compensating for them. This shift
in paradigm requires a description of transmission from truly nonlinear channels and, con-
sequently, requires knowledge of the nonlinear eigenmodes (usable degrees of freedom) on
which information can be encoded. The existing methods concerned with nonlinear trans-
mission employ the Nonlinear Fourier Transform (NFT) [33] which is an analogue of the
standard Fourier transform. The NFT allows one to address dispersion and nonlinearities
in a way similar to how the F'T deals with chromatic dispersion in linear propagation, i.e., in

Fourier space. However, in the case of the NFT, this is done in a nonlinear spectral domain
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that is essentially an analogue of conventional Fourier space. Information can be encoded
directly onto this nonlinear spectrum by using the associated nonlinear propagation modes.
One approach used to find these modes is to use the discrete part of the nonlinear spectrum
that contains eigenvalues that signify the existence of optical solitons [34]. Solitons have
the propagation invariance required for encoding and transmission and are not disturbed by
the Kerr effect. Using the solitonic eigenvalues in this way to transmit information in the
discrete part of the spectra is known as ‘eigenvalue communications’ and is detailed in [35].
There also exist methods that exploit the continuous part of the nonlinear spectrum [36, 37].
The encoded information can be directly mapped on to the continuous part of the nonlinear
spectrum using an inverse NF'T. This method is called Nonlinear Inverse Synthesis and has

received a lot of attention in nonlinear fibre systems [38].

All of the above methods introduce the concept of eigenmodes into the nonlinear regime
but in most cases only maintain some of the advantages of the optical eigenmodes described
in section 1.4.2 while others remain somewhat underdeveloped areas of research. It is,
therefore, the first result of this thesis to introduce eigenmodes and optical eigenmodes
to nonlinear systems. Similar to much of the research outlined above, we consider field
propagation within the paraxial approximation and the non-depleting pump approximation.
Our concern here, however, is not just with the propagation properties of the eigenmodes
of fields coupled by a nonlinear crystal. We also consider the symmetry of the transverse
field profiles that define these orthogonal eigenmodes and the symmetry of the eigenmodes
with respect to the optical measures introduced in section 1.4.1. Furthermore, much of the
research outlined above is concerned with the interaction and propagation of classical fields.

In this thesis, we extend our discussion to fields at the single-photon and multiphoton level.

1.5 Outline of the Thesis

In this thesis, we introduce the method of optical eigenmodes to systems with intensity-
dependent interaction terms. In particular, we consider the second-order nonlinear effects
sum-frequency generation and parametric down-conversion. This is done by introducing
perturbation fields to the nonlinear system such that one can restore the principle of lin-
ear superposition and, therefore, utilise an eigenmode decomposition. With these optical
eigenmodes defined, we consider perturbation fields that are at the multiphoton level and

analyse the quantum behaviour of the Fock states associated with these fields.
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In Chapter 2, we outline all relevant theoretical considerations concerned with the field
of nonlinear optics. In particular, we describe the basics of nonlinear light-matter inter-
actions and, in section 2.2.2, derive the equations of evolution for fields propagating in a
second-order nonlinear crystal. In section 2.2.3 and 2.2.4, we discuss the phase-matching
conditions of the propagating fields and the symmetries of the second-order susceptibility
tensor. Finally, in section 2.3, we introduce perturbation fields that propagate with each
of the fields in three-wave mixing. From the resulting equations, we highlight two distinct
effects which can be described in the context of the perturbation fields. Namely, sum-
frequency generation and parametric down-conversion. This chapter concludes with a brief

analysis of these two nonlinear effects.

In Chapter 3, the method of optical eigenmodes is introduced independently for both
sum-frequency generation and parametric down-conversion. Indeed, in section 3.2.1, the
mathematical formalism for optical eigenmodes in the context of sum-frequency genera-
tion is discussed in detail. In section 3.3.1, we discuss the computational set-up used in
the thesis, followed by some numerical examples in sections 3.3.2 and 3.3.3. For the nu-
merical examples, we first consider bulk nonlinear material that exhibits rectangular and
circular symmetry. The symmetry and degeneracy associated with the optical eigenmodes
for both rectangular and circular systems are also discussed in the respective sections. In
section 3.4.1, we introduce optical eigenmodes for finite optical systems in the form of
waveguides. Again, we consider systems with rectangular and circular geometry. The prop-
agation eigenmodes in these waveguides are introduced and discussed in section 3.4.4. In
section 3.5.1, we present the formalism of optical eigenmodes for the equations for para-
metric down-conversion and consider numerical examples. Finally, at the end of Chapter 3,
in section 3.8, we outline the set of commuting operators that allow one to uniquely label
optical eigenmodes for circular and rectangular systems for both sum-frequency generation

and parametric down-conversion.

Chapter 4 is concerned with the quantum behaviour of single-photon or Fock states in
the context of our three-wave mixing effects. In all of the previous chapters, we considered
classical fields and their evolution. Consequently, this chapter begins with an introductory
section where we discuss the basic principles of quantum optics that are pertinent in un-
derstanding the rest of the chapter. Indeed, in section 4.2, we introduce the equations of
evolution for quantum states of light in both the Schrodinger and Heisenberg pictures. In
the same section, we briefly discuss expanding the Optical Eigenmode (OEi) method to

the domain of quantum optics via the second quantisation of the electromagnetic field. To
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conclude this section, we introduce the creation and annihilation operators of the quan-
tised fields and the photon number or Fock state representation of the associated quantum
system. In section 4.3.1, we consider the behaviour of Fock states in sum-frequency genera-
tion. In particular, we outline the derivation of an effective Hamiltonian using results from
group theory. Following this, we introduce the propagation eigenmodes defined in the pre-
vious chapter to simplify the quantum behaviour of the system, followed by some numerical

examples. In section 4.4.1, we turn our attention to the case of parametric down-conversion.

Finally, in Chapter 5, we conclude the thesis with a summary and discussion of any
conclusions thereof before outlining potential research avenues to expand upon the material

herein.
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Chapter 2

Introduction to Nonlinear Optics

2.1 Introduction

The field of nonlinear optics is relatively young when compared to the study of the linear
effects of light. The origin of the field of nonlinear optics closely coincides with the invention
of the laser in the 1960s [39]. Before this time, light sources used in experiments were not
intense enough to induce nonlinear optical effects. Even with the coherent, focused light
produced by lasers, the detection of nonlinear signals still proved a challenge in the early
experimental work related to the subject. Indeed, in the paper that first reported the
observation of the second harmonic [40], the signal was so small that the printing press
mistook it for an ink blemish and omitted it from the published article. In the years
proceeding this seminal paper much of the theoretical foundations of nonlinear optics was
established in several articles that form the introductory chapters in many books on the
subject [8, 9, 10, 41, 42, 43]. Although not observed in everyday life, nonlinear effects
have proved very useful in many areas of science and engineering. Indeed, many tunable
lasers make use of frequency mixing and harmonic generation to create coherent radiation
across the electromagnetic spectrum. Furthermore, these tunable light sources and optical
nonlinearities have been utilised in various spectroscopic scenarios [44, 45, 46, 47, 48]. From
a more fundamental perspective, nonlinear effects remain the most useful source to generate

entangled photon pairs [49, 50, 51].

In this work, we are concerned with eigenmodes in the context of nonlinear optical sys-
tems within the non-depleting pump approximation. In this chapter, we outline all of
the theoretical considerations used throughout the thesis associated with nonlinear optics.
Indeed, in section 2.2, we introduce the physical intuition and mathematical form of nonlin-
ear interactions. In particular, we consider second-order nonlinearities giving rise to effects

like second-harmonic generation and sum/difference-frequency generation and introduce the
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coupled partial differential wave equations that describe how the fields in these effects evolve.
In sections 2.2.3 and 2.2.4, we outline the phase matching of second-order nonlinear inter-
actions and the crystal symmetry that allow the simplification of the third-rank tensor that
links the Cartesian components of the fields. Also, in section 2.3, we introduce the concept
of low-intensity perturbation fields that interact with one another via a non-depleting high-
intensity background field. In this non-depleting pump approximation, we describe briefly
the two effects that we are mainly concerned with here, namely, sum-frequency generation

and parametric down-conversion.

In practice, sum-frequency generation has proved a very useful effect in the physical
sciences. In the first instance, by combining two lower frequency signals, one can generate
collimated beams at wavelengths not otherwise accessible with a single source [52, 53, 54, 55].
Further, the use of sum-frequency generation in spectroscopy has proved to be a powerful
technique for probing material surfaces and interfaces between different materials [56, 57].
This technique has also found use in the field of atmospheric chemistry due to the im-
portance of understanding chemical reactions at air-liquid interfaces [58]. Furthermore,

sum-frequency generation has been used in various single-photon scenarios [59, 60, 61].

Parametric down-conversion is an important effect in the context of quantum optics and
single-photon experiments. This is due to the potential for generating entangled photon
pairs [62, 63, 64] and single photons [65, 66]. Consequently, parametric down-conversion
has proved of great importance in the study of quantum information experiments [67],
nanophotonics [68, 69], quantum cryptography [70] and experiments for testing Bell’s in-
equalities [71, 72, 73]. Moreover, due to the high degree of spatial correlations between the
photons generated by parametric down-conversion, these photon pairs can be utilised in
the context of quantum imaging techniques [74, 75]. Due to the connection with quantum
optics, the theoretical and experimental study of these effects still provides fertile ground

for interesting scientific research.

2.2 Wave Description of Nonlinear Optics
2.2.1 Nonlinear Optical Interactions

To understand the interaction of light with matter, we consider the dipole response of the
atoms in the material in which the field propagates. Indeed, consider a single atom in a
dielectric material, the overall charge of which is neutral. If an electromagnetic field is
incident on this atom, the electric component of the field will cause a small separation

between the positively charged nucleus and negatively charged electron cloud generating an
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oscillating dipole moment. The magnetic field will similarly disturb the positively charged
particles in the atoms; however, this is negligible when compared to the influence of the
electric component of the field. Therefore, we neglect the influence of the magnetic field:
this is known as the electric dipole approximation [9]. After being excited, the oscillating
dipole created by the electric field will radiate light in a characteristic dipole pattern at the
frequency of the incident field [76, 77]: this is commonly denoted Rayleigh scattering. If
the light incident on the dielectric material has sufficient intensity, it will induce a nonlinear
response and stimulate the generation of frequency components different from that of the

input field.

In classical optics, we are concerned with the evolution and interaction of electromagnetic
fields in macroscopic materials made up of a large number of atoms. Consequently, we
characterise the response of the material with respect to the density of dipole moments or
polarisation, P(r,t), of the material. If this bulk electric polarisation has nonlinear terms
that are small compared to the linear term, it can be written as a series expansion with

respect to a scalar electric field as [8]

P(r,t) = eo (X(l) E(r,t) +x? B, t)2+x® E(r,t)3 + ... + x) E(r,t)N> (2.1)
= PW(r,t) + PO(r,t) + PO (r, 1) + ... + PN (r,¢),

where x(!) corresponds to the linear electric susceptibility, and the higher-order terms cor-
respond to the second, third and N*" order susceptibility of the material. As the above
expression indicates, the susceptibility is a dimensionless coefficient that describes the de-
gree of polarisation of a given material in response to an incident electric field. Note, we
have assumed that the nonlinear material is lossless and dispersionless such that suscep-
tibility in the polarisation expansion depends on the instantaneous electric field strength.
The first term in the above expansion encompasses all of the effects of linear optics. The
higher-order terms describe various kinds of nonlinear effects. The first nonlinear term of
interest, and the one we are concerned within this work, is the second-order nonlinearity

characterised by the susceptibility tensor x(.

The simplest example of a second-order nonlinear interaction is second harmonic gen-
eration. If we consider a monochromatic field of the form E(r,t) = FEy(r) e ™! + c.c.
with complex amplitude, Fy(r), at the input, then the resulting second-order nonlinear

polarisation is of the form

PO (r 1) = 2e0x P | Eo(r)|? + e0x? (Eo(r)2e %t 4+ c.c) (2.2)
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and is made up of a zero-frequency D.C. term and a contribution at twice the input fre-
quency, 2w. The generation of this second harmonic corresponds to a double excitation
from the field at frequency w resulting in a dipole oscillating at 2w, which will emit elec-
tromagnetic radiation. In macroscopic materials, we have a large number of dipoles and,
therefore, the interactions described above will occur a great number of times as the fields
propagate through the crystal. Thus, the relative phases of the oscillating dipoles should
be such that the emitting radiation interferes constructively creating a detectable signal.

This point is discussed in more detail in section 2.2.1.

More generally, one can consider an input field made up of two distinct frequency com-
ponents, i.e., E(r,t) = Ei(r) e”™1t + Fy(r) e~™“2! + c.c. The second-order polarisation in

this instance is of the form

P (r,t) =gox? (E1(r)?e 21 4 By(r)?e 22! + 2, (r) By (r)e i wrtw2)t (2.3)
+ 2B, (r) B (r)e @192t 4 cc) + 2e0x ) (|B1(r)? + | Ba(r))?) -

Similar to the nonlinear polarisation waves for a single monochromatic field in Eq 2.2, we
find a D.C. term and a contribution at the second harmonic. In addition to these terms,
however, we find dipoles oscillating at the sum, wi + we, and difference, wy — wo, of the two

input frequencies. These components are denoted the sum and difference-frequency waves.

Another important process, especially in the context of quantum optics, occurs when we
consider the annihilation of a photon at the sum ws (= w1 + w2). In Eq. 2.3 we observed that
if a photon at w; and w9 are absorbed by a dipole then a photon at their sum, ws = wi +ws,
can be generated under suitable conditions. Thus, if we consider an input photon at ws,
the reverse interaction is possible and results in the emission of two photons: one at wq
and one at wy. This process - known as parametric down-conversion - is prominent in
quantum optics and is a powerful source of generating single photons and entangled photon
pairs [78, 79, 80, 81]. This effect can be understood in the context of the energy-level
diagrams in figure 2.1. Indeed, if we take a field of the form E(r,t) = Ei(r) e 1t +
Es(r) e~™st 4 c.c. at the input of the nonlinear crystal then the difference term ws — wy
will stimulate the transition generating the field at wy. Similarly, the ws and ws fields have
a difference-frequency term that will stimulate the generation of the w; field. Thus, the wy
field acts to amplify the wo field and vice versa. This process is discussed in more details

in section 2.3.3.
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Figure 2.1: Energy-level diagrams for (a) sum-frequency generation and (b) parametric
down-conversion. As we are off-resonance, the horizontal lines correspond to unobservable,
short-lived, virtual states.

Note, the classical description of the polarisation presented here permits a single reso-
nant frequency for each atom and is only suitable for cases where all of the incident field
components have a frequency smaller than the lowest electronic resonance of the nonlinear
material. For a complete treatment, one must consider a quantum description of the po-
larisation that permits more than one resonant frequency for each atom. This introduces
additional terms to the higher-order polarisation corresponding to cases in which the atoms

can simultaneously exhibit single-photon and two-photon excitations [8, 9, 43].

2.2.2 Wave Equations of Nonlinear Optics

If the incident light is of sufficient intensity to induce nonlinear effects, this will change the
form of the equations describing the evolution of the fields. As a consequence, the paraxial
equation introduced in section 1.2 is no longer valid as it only describes propagation in the
linear approximation. Consider an input field made up of frequency components of the form
E(r,t) =Y E;(r)e ™t + c.c. Each of the complex components E(r)e ™t of this field

exist in a different Hilbert space as
E*(r)Eq(r) / e!Wr=wo)t 4t — 276 (wy — we) EX (r)Es(r), (2.4)

where 0(w; — wy) is the Dirac delta function. Therefore, each of these complex field com-

ponents will satisfy a frequency-dependent wave equation. These wave equations are of the
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form

2 w3 (1) w2 NI
\Y ET(r) + 6726 (WT)ET(r) = _6062 PT (I‘), (25)

where the relative permittivity e(!)(w,) is related to the refractive index as e (w,) ~
n? and PNM(r) = p? (r) + P (r) + ...+ PT(N)(r) is the nonlinear polarisation where
PNL(r t) = PNE(r)e™rt, If we consider a field with three components at the input, we
have three equations; each of which describes the evolution of a field oscillating at one of
the frequencies. Indeed, if we consider a field propagating along the positive z-axis, the

field at the input is written
E(I‘,t) N (r)ei(klz—W1t) + EQ(r)ei(kzz—wzt) + E3(I,>ei(k3z—w3t) + c.c., (2.6)

where k; = (n;w;)/c and we choose the frequencies such that ws = wo+wq with wg > wy > 0.
If we truncate the polarisation up to the second-order effects in which P=3)(r) < P?)(r)
then the terms in PN*(r) will be those o< E(r)?2. Indeed, if we consider first the polarisation
waves that will contribute to the field at w3, we are left with a single contribution of the form
PYL(r) = 29x P By (r) Eo(r)e’*1+*2)2 . Hence, within the paraxial approximation discussed

in section 1.2, we can write the equation of evolution for this field as

d ,
(V% + Qikgaz) E3(r) = —x3E1(r)Ey(r)e'2F, (2.7)

where x3 = (2xPws)/(n3c) and Ak = ky + ky — k3 is the phase mismatch. This is a
paraxial wave equation in nonlinear optics and when compared to Eq. 1.8 is distinct due
to the source term on the right-hand side. Consequently, if £ (r) and E(r) are zero or we
are in free space, i.e. X(Z) = 0, the equation describes a monochromatic field propagating

according to the paraxial equation of section 1.2.

Following the same process as above, for the fields F;(r) and FEs(r), we find a set of

coupled equations describing three-wave mixing in second-order nonlinear materials:

9 ‘
(VZT + QikQaZ) Bs(r) = —x2E; (r) Bs(r)e"4F2, (2.8)

ol .
(7% +2it1 ) Batr) = —xaB3 0 Eatr)e 2 (2.9)

in which x, = (x\®w,)/(2n-¢c). These three equations collectively describe all three-wave
mixing processes in nonlinear materials and are the main equations used in work presented
here. Equations for higher-order nonlinearities can be easily found in the same manner
by including more terms in the polarisation expansion in Eq. 2.1. For this work, how-
ever, we assume that P®)(r,t) to P)(r,t) are negligible compared to the second-order

nonlinearities, P®)(r, ).
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Figure 2.2: Condition for perfect phase matching for (a) collinear propagating and (b)
non-collinear propagating field for k; < ks.

2.2.3 Phase Matching

The phase mismatch in Eqs. 2.7 to 2.9 is an expression of the momentum conservation
associated with the second-order nonlinear effects represented in figure 2.1. In a macroscopic
material, we have many dipoles that may contribute to the propagating fields in the form of
polarisation waves resulting from the terms in P®)(r, t). Each of these polarisation waves
will have some phase that will determine if they interfere constructively with the propagating
fields. The efficiency of this constructive interference is determined by the phase matching,

Ak. In three-wave mixing, one could consider the following field incident on the material
E(r,t) = By (r)e'®ir=e1t) 4 By (r)ellker—wzt) 4 ¢ ¢ (2.10)

where k; = (kj 2, kjy, k:j,Z)T, r = (z,y, Z)T and T denotes the transpose. Substituting this

field into the second-order polarisation, we have the following elements
PO(r,t) = ( 4 2D By (1) By (r)e~uteitatka)r o ) (2.11)

contributing to the propagating fields where we maintain the condition w3 = w1 + wo. For

the polarisation field to generate a useful signal the phase-matching condition
ki + ko = kg (212)

should be approximately satisfied such that the polarisation wave amplitude in Eq. 2.11
has a phase that allows it to constructively interfere with the field E3(r)e?(KsT=«3t)  This is
equivalent to maximising the interaction term in Eq. 2.7, which generates the field at ws.
The condition for phase matching is illustrated in figure 2.2 for non-collinear and collinear

propagating fields.
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In practice, this phase matching is achieved by taking advantage of the birefringence of
a given material. Indeed, in birefringent materials, the refractive index experienced by a
field is dependent on its polarisation with respect to particular crystal axes [82]. In uniaxial
materials, light incident on the material is subject to either the ordinary refractive index,
No(w) = ng(w) = ny(w), or the extraordinary refractive index, ne(w) = n.(w). For three-
wave mixing the largest frequency - in this case, ws - is often chosen to be polarised along the
direction with the lowest refractive index. The crystal axis with the lowest refractive index
depends if the material is positive uniaxial, ne(w) > n,(w), or negative uniaxial, n,(w) >
ne(w). In both of these crystal types, there are two permutations for the polarisation of
the lower frequency fields, denoted type I and type II phase matching. Indeed, for positive

uniaxial crystals, these phase-matching conditions are:

Type I: nSws = nSws + nfws, (2.13)

Type II:  nfws = nfwa + njws, (2.14)
and for negative uniaxial crystals we have:

Type I: nSws = njws + nfws, (2.15)

Type II:  nfws = njwas + njwi, (2.16)

where n¢ and n? are the refractive index for a field of frequency w; along the extraordinary
and ordinary axis, respectively. In order to phase match the crystal, Ak should be as close
to zero as possible where Ak = 0 is known as perfect phase matching. In uniaxial crystals,
this can be achieved by taking advantage of the angular dependence of birefringent materials

using the relation

1 sin?(¢)  cos?(¢)
Ne (¢)2 - ng * n%

where the angle ¢ is the angle between the wavevector, k, and the optical axis with n. =

: (2.17)

ne(m/2) and n, = n.(0). This angle is adjusted to find the appropriate n.(¢) to satisfy
Ak =~ 0. However, this equation is not guaranteed to give a physically meaningful azimuthal
angle in which case, if the material birefringence is temperature-dependent, one can fix the
orientation of the beams incident on the crystal and vary the temperature to achieve phase
matching [83, 84, 85]. Alternatively, one can achieve phase matching by using a material
made up of multiple layers that periodically reverses the crystals optical axis. This technique

is known as quasi-phase-matching [86, 87, 88, 89].
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2.2.4 Permutation Symmetry

In deriving the coupled wave equations in section 2.2.2, we introduced the susceptibility,
x?, for second-order nonlinear effects. However, these nonlinear equations were introduced
in the context of scalar fields, and we thus neglected the tensor character of the susceptibility.
In this section, we briefly describe how we reduce the second-order susceptibility tensor to a
matrix which can then be reduced to a single coefficient, as described in section 3.3.1. Each
of the vector fields in three-wave mixing has three Cartesian components F;(w;), Ej(wr)
and Ejy(w;); the susceptibility tensor describes all possible interactions between these field
components. Indeed, if we consider the polarisation wave Pj(wy, + wy,) generated by the

interaction of the fields E(w,) and E(w,,), we have

Pi(wn + wm) = €o Z Z Xl(?l)c(wn + Wi, Wn, W) Ej(wn) Bk (wim), (2.18)

gk mm
where the sum over n,m is taken such that each frequency can vary but their sum, w, +
Wm, 1s fixed. Note, we initially consider a nonlinear material with dispersion; therefore,
the polarisation and nonlinear susceptibility take an explicit frequency dependence. If
we consider a general three-wave mixing process with fields at frequencies, wi, we and

w3 = w1 + wo then to describe the polarisation we require the following six tensors:

2 2 2
ng]l(wi%wth)? nglz;(w37w27wl)u Xrt(‘jlz;(w2aw3)_wl)7

XE‘]Q]l (w37 _wlv WQ), XEJQIZ; (wla w37 _w2)7 XSJQIE; (wlv _w27 w?)) (219)

and their conjugates in which all of the frequencies are exchanged with their negative.
Each of these susceptibility tensors are of dimensions 3 x 3 x 3 and are made up of 27
components. Fortunately, there are several symmetries associated with nonlinear crystals
that reduce the number of non-zero terms and simplify the analysis of the interactions.
Indeed, we can reduce the number of terms since any a measured field is real and, therefore,

the positive and negative frequency components are related as:

Ei(w'r) = E?k(_w'r)? (2‘20)

Consequently, the polarisation has the following properties:

Pi(w3 = w1 + WQ) = P{"(—w;; = —Wwy — wl), (2.21)
Pj(ws = w1 +ws) = P/ (~w3 = —wz — w1),
Pi(ws = w1 +we) = P;;k(—wiﬁ, = —wy —wi)
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and we only need to consider the six tensors in Eq. 2.19 or their complex conjugates to
describe the nonlinear interaction. We can further simplify due to the commutative nature
of the product Ej(wq)Ej(wz). Indeed, if an atom is first excited by a field oscillating at
w1 and then by a field at wy the resulting dipole is no different from an oscillating dipole
created by the excitation of a field at wo preceding a field at wy. This is known as intrinsic

permutation symmetry and is written in terms of the susceptibility tensors as

2 2

Xgﬂ)c(w:a,wmwl) = ng;(ws,wl,w)- (2.22)
Intrinsic permutation symmetry can be extended such that any of the indices, (4,7, k),

can be freely permuted given the corresponding frequency components are appropriately

interchanged as

XE?;(W37w27wl) = X%(Wlaws, —wy) = Xﬁ)i(Wz, —W1,w3). (2.23)

This is known as full-permutation or Kleinmann symmetry [42] and reduces the number
of coefficients required to describe an interaction to a 3 x 6 matrix with 18 terms. This
symmetry can be understood as an assumption that the response of the nonlinear material
is instantaneous and independent of the order of the frequency components; allowing the
indices to be freely permuted. In practice, depending on the crystal symmetry group, many
of these coefficients are zero: simplifying the analysis further [8, 41, 42]. Combining all

permutation symmetries and assuming a lossless media the polarisation P (w3) is

P;(ws) X111 X12 X13 X14 X15 X16 Ek: Wl)ch(WZ)
Pj(ws) | =260 [ x21 X22 X23 X24 X25 X26 , , ;
Py (w3) X31 X32 X33 X34 X35 X36 E](wl)Ek(m)+Ek(W1)E](W2)
Ej(w1) Ei(w2) + Ei(wr) Ex(w2)
Ei(w1)Ej(w2) + Ej(w1) Ei(ws)
(2.24)

where we have introduced contracted suffix notation for the elements x;;, = X;p according

to table 2.1.

jke | 11122 | 33 | 23,32 | 31,13 | 21,12
p:| 1|23 4 5 6

Table 2.1: Contacted suffix notation for uniaxial media [41]

2.2.5 Manley-Rowe Relations

Systems that exhibit full permutation symmetry are lossless, and in an optical system with

no loss, the total intensity or energy density will be conserved. In three-wave mixing the
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total intensity is defined as the sum of intensities of the fields propagating in the system as

I—Z nTeoc/ EX(r r)dz dy. (2.25)

The variation of this intensity along the direction of propagation is

Z “nregc / / (E*(r)E-(r)) dzdy

— Z nTsoc// (E (r) + E-(r )jZE:(r)) dx dy. (2.26)

With the equations of propagation defined in section 2.2.2; we find for the field F;(r) the

following variation in intensity

nlsoc / / <E1 (r) + Ey(r )jZE;(r)> da dy (2.27)

= icox Py / [ (Bi0) B Eswe 25 - By (1) Bar) B3 (1)) oy,

where

/ EX(r)VZE (r)dzdy = / E.(r)VZE*(r)dz dy. (2.28)

Similarly, for the fields F5(r) and E3(r), we have

— ngsoc// (E; 2(r) + Ea(r )j *(r)> dz dy (2.29)
= ieoxPws / (Ef(r)E;(r)Eg(r)e*iMz _El(r)E2(r)E§(r)eiAkZ) dz dy,

and

4 fngsoc /7 <E3 5(r) + Bs(r )j *(r)) dz dy (2.30)

= ieg X! wg/ E1 (r)Eo(r) B3 (r)etk= — Ei‘(r)ES(r)Ey,(r)e*"Akz) dz dy.
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Using the above equations, we can show that the variation of the total intensity with

respect to the direction of propagation is conserved as

i[ = ieox? (w3 — wy — w1) // (El(r)Eg(r)Eg(r)e*mkz — c.c.) dedy =0, (2.31)

dz
when we have the relation ws = w; +ws. Using Eq. 2.27, 2.29 and 2.30, the conservation of

intensity can be restated in the following way

d Il d <b d ]3
[ =Z2)l==2 ) === (22 2.32
dz (wl) dz (w2> dz (wg)’ (2:32)

which are known as the Manley-Rowe relations [8, 41]. These relations show that the
creation rate of photons with energy Aw; and hws is equal to the rate of the annihilation of
photons at energy Aws in a lossless medium. Thus, although the derivation presented here is

purely classical, it offers insight into the quantum interpretation of nonlinear interactions [9)].

2.3 Small Perturbation Fields

Owing to the nonlinear polarisation waves in three-wave mixing the method of optical
eigenmodes introduced in section 1.4 is no longer valid. In this section, we introduce small
perturbation fields to the nonlinear equations to restore the principle of superposition and
reintroduce the concept of eigenmode decomposition to intensity-dependent optical systems.

We begin with the full nonlinear equations for three-wave mixing:

.0 1 * —i1Akz

—i—Ey(r) = —— V2E(r) + x1E5(r) E3(r)e A%, (2.33)
az le
.0 1 * —i1Akz

—i—Ey(r) = —— V2Ey(r) + xo E; (r) E3(r)e A%, (2.34)
0z ng
~8 1 iAkz

—io—E3(r) = =— V7 E3(r) + x3E1(r) Ea(r)e ™", (2.35)
0z 2k3

where x, = X;Z):‘;T and Ak = ki +ky—k3 is the phase mismatch, as discussed in section 2.2.3.

In a linear system if we have two fields which we label E; ,(r) and E; (r) that both satisfy
the equations of propagation and have the same wavevectors and frequency then their
superposition, Er,(r) + E;p(r), is also a solution. If we input the superposition into the

nonlinear equations we find:

5, (Bra(r) + Bip(r)) = 211~c1 Vi (E1p(r) + Ep(r)) (2.36)

+ X1 (B3 (r) B p(r) + B3 ,(v) B3 (x) + E5 () B3 (r) + B3, (r) B3 (r)) e 2452,

—1
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Figure 2.3: Energy-level diagram where vertical dashed lines correspond to small pertur-
bation fields, E;,(r), and the solid lines denote the background fields, E.(r). As we are
off-resonance, the horizontal lines correspond to unobservable, short-lived, virtual states.

— i (Baalr) + Baplv) = 5 Vi (Baolt) + B, (1) (2:37)

9z K
+X3(B7 (r) B p(r) + Ef 4(r) B3 (r) + Ef ,(r) B3 (r) + Ef ,(r) B3 (r)) e 252,

.0 1
_ Z% (E3’b(r) -+ E3’p(r)) = Tk?’

+ X3 (E1p(r) Ep(r) + B1p(r) B2 p(r) + E1p(r) Eop(r) + Eip(r) Eap(r)) e 2F2.

Vi (B3p(r) + B3 p(r)) (2.38)

As expected, the superposition is not a solution of the nonlinear equations due to the
mixing terms between the two fields. With this mixing, it is not clear how to separate the
above equations for each of the fields in the superposition. In order to progress beyond
this issue, we change the physical meaning of the solutions in the superposition. Indeed,
we assume that the fields E, (r) are high-intensity background fields and that the fields
E; ,(r) correspond to low-intensity “perturbation” fields. Furthermore, we assume that

these perturbation fields are sufficiently small with respect to the background fields such
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that |E;,(r)| < |E;p(r)| and, consequently, the terms that are quadratic in E.,(r) are

neglected. In this approximation Eq. 2.36, for example, is

- i% (E1p(r) + E1p(r)) = 21k1 Vi (E1p(r) + Ep(r)) (2.39)

+ X1 (B3 (r) Bz p(x) + B3, (x) Eap(r) + E3(x) Es p(x)) e 24,
which, for a thin slice of material, is written in terms of finite differences as
El,b(xu Y, AZ) + El,p(xa Y, AZ)

1Az
= El,b(xa Y, 0) + El,p(x7 Y, O) + 7v% (El,b(m7 Y, O) + El,p(xa Y, 0)) (240)

2k
+ in (Eék,b(xa Y, O)ES,b(x7 Y, O) + E;,p(xa Y, O)E?),b(xa Y, 0) + E;,b(xv Y, 0)E3,p($7 Y, 0)) AZ,

where Az is the thickness of the slice of the nonlinear material. As we assume that the

background field is large in field strength compared to the perturbation fields, we have

/ E1y(2,y,0)| dady > / |ELy(2,9,0)] dedy,
and
/ Evy(a,y, A2)| dady > / |E1y(2,y, A2)]| dedy,

from which the conditions:

/ ‘XlE;b(fIf,y,O)Eﬁ;,b(«T,y, O)AZ| d.’l?dy >>/ ‘XlE;p(ﬂU,y70)E3,b($7y70)AZ| dl’d%

[ Bz 0085 dady > [ [ 1B 00,0)Eapl5,0)54] dady,
follow. A consequence of the above inequalities is that any interaction between the high-
intensity background fields and the perturbation fields will disturb the small perturbations
significantly but will influence the background fields a negligible amount. Hence, any in-
teraction between the background and perturbation fields creates photons only in the fields
E; ,(r). If the above conditions are satisfied for each slice of a bulk nonlinear crystal, then

we can factor Egs. 2.36 to 2.38 into the following set of equations:

.0 1 * —i1Akz
—io-Eyp(r) = 5 - VEEL(r) + X1 B3 (1) gy (r)e 7, (2.41)
82; 2k1
.0 1 * —iAkz
— i Eay(r) = 5= V3 Eyp(r) + X2 By (r) Es p(r)e ", (2.42)
0z 2k2
. 8 1 1Akz
— i B3 p(r) = 5= VFE3p(r) + xaE1p(r) Eap(r)e 24, (2.43)
0z 2ks
- ZafELp(r) = %V%El,p(r) +Xx1 (Ez,b(r)E&p(r) + E2,p(r)E3,b(r)) e ik, (2.44)
- 25E27p(r) = %VQTEZP(I') + X2 (El,b(r)E&p(r) + El,p(r)ES,b(r)) e Ak (2.45)
. 0 1 1Akz
—ig Eap(r) = %V%E&p(r) + X3 (B1p(r) Bap(r) + E1p(r) Ezp(r)) e (2.46)
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The first three of these equations are identical to the three-wave mixing equations de-
scribed in section 2.2.2. The latter three equations, however, describe the evolution of the
low-intensity perturbation fields that, although linear, depend on background fields whose
evolution is nonlinear. Vitally, due to the linearity of these equations, we can reintroduce
the method of optical eigenmodes to the perturbation fields. The energy-level diagrams of

all of the interactions associated with these fields are illustrated in figure 2.3.

2.3.1 Energy Conservation of Perturbation Fields

In section 2.2.5, we outlined the Manley-Rowe relations that expressed the conservation of
intensity for three-wave mixing processes. In a similar manner, it is instructive to check the
conservation of intensity of the system with the low-intensity perturbation fields. In this

case, the total system intensity is defined as

=y %nT&?gc / / (B2 (1) Erp(r) + B2 (1) Erp(r) + () Erp(r) + B2 () By p(r)) da .

(2.47)

As mentioned in section 2.3, we assume the perturbations are sufficiently small such that
|Erp(r)] < |Eqp(r)| and the terms that are quadratic in E. ,(r) are negligible. The first
term in the total intensity, Eq. 2.47, involves only the background fields and corresponds
to three-wave mixing with conserved intensity as described in section 2.2.5. The variation

of the total intensity can hence be written as

d 1 oL d
=X g ] B0 Bre) + Ere) B2 0 (2.48)

d

%E;p(r)) dz dy.

. d
+ (1) 5 Brar) + Fry (1)
Using Eqgs. 2.41 to 2.46 and their conjugates we find:

d 1. l * * —iAkz * * —i1Akz
T = yieo o [ [(By B3 (5) Buy()e S5 4 By ) B3 1) Baalr)e ™ (2.49)

T Ef,p(r)Eék,b(r)ES,b(I‘)e_iAkz — c.c.)dzdy,

d

oo

1. * * —1 * * —1

@IQ = §ZEOX(2)WQ //(Elyb(r)Ezyb(r)E&p(r)e inkz 4 EY p(r)E5 ,(r) E3p(r)e iakz - (2.50)
—0o0

+ Ef ,(r)E5 4 (r) Esp(r)e 2% — c.c.) du dy,
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.1 l AR PN
LIy = sieox Py / / (By (1) Ea (1) B (0)e2% + By 4 (1) By (1) B, (1) (2.51)

+ ELp(r)EQ,b(r)E;b(r)eiAkz —c.c.)dz dy.

As the Laplacian operator is Hermitian upon integration over infinite bounds, as in
Eq. 2.28, these terms cancel out in the above expressions. With these relations, we can

show that the total intensity is conserved as

d 1. l * * —iAkz
51 =3 eox? (w — wy —w1) //(E1,b(r)E2,b(r)E3,p(r)€ Ak (2.52)
—0o0

+ B} ,(r)E3 () B p(r)e 25 + B} (r) B3, (r) B3 p(r)e 4% — c.c.) dzdy =0,

where we have assumed full permutation symmetry, see section 2.2.4, such that xy is the
same for all three equations and that ws = w; + wa. From a physical perspective, this is
a reasonable result as we are in a lossless system, and thus there is no mechanism for the

system to lose or gain energy.

2.3.2 Sum-Frequency Generation

In section 2.3, we described the evolution of fields that are dependent on some nonlinear
interacting background fields. As illustrated in figure 2.3, these equations give rise to a
number of interactions between low-intensity perturbation fields and the background. If we
assume now that our input is a high-intensity field of frequency wy with a weaker input at
wo, then these fields will interact to generate a polarisation wave at ws. Indeed, if we have

Esp(r) = E3p(r) = 0 then Egs. 2.41 to 2.46 simplify to the following set of equations:

.0 1
— zaEl,b(r) = TMV%ELb(r), (2.53)
. a 1 2 *
—io-FEop(r) = =V Eap(r) + x2 7, (r) B3 p(r), (2.54)
0z 2k2 ’
.0 1 _,
— i E3,(r) = == V7 E3,(r) + x3E1 4(r) E2 p(r), (2.55)
0z 2]€3

which describe the interaction of two fields mediated by a high-intensity background field
which we denote Ej(r) and, for simplicity, we have assumed perfect phase matching in
which Ak = ki + k2 — k3 = 0. If we had at the input no signal on the field E3,(r) the
interaction between E 4(r) and FEs,(r) would generate a signal at the sum-frequency, ws.
Hence, throughout the rest of the thesis, we refer to this set of equations as those describing

sum-frequency generation.
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In their current form the equations for sum-frequency generation, Egs. 2.53 to 2.55, are
difficult to solve analytically. However, if we are only interested in the variation of intensity
associated with each field and not the transverse field profiles, then one can describe the

evolution of the fields in 1D as:

d ) .

%Elp(z) = ZX2E1,bE3,p(Z)a (2.56)
d .

%E&p('z) = ix3E1pE2p(2), (2.57)

where the background field is constant with respect to the propagation direction. If we take

the second derivative of Eqs. 2.56 and 2.57 we find:

d? s d
@Elp(z) = ZX2E1,b£E3,p(Z) = —“ZEZ,p(Z)a (2.58)

d? d
dzzE?»,p( z) = ixsBip— By p(z) = —k*B3p(2), (2.59)

where £? = x2x3|E1,|?. The general solution for Es ,(2) is
Es ,(2) = Cysin(kz) 4+ Cacos(kz). (2.60)

Inputting this solution into Eq. 2.56 we find

i d ik
Eyp(z) = ——— LBy (2) = —
31p(2) XQET[) dz 2717(2) XQETb

[Cy cos(kz) — Cysin(kz)]. (2.61)

If we assume that we have no signal at ws at the input then C; = 0 and Cy = Es ,(0)

giving the following:

Es,(2) = E2,(0) cos(kz), (2.62)
: iy/X3| Bl b\ .
Esp(2) = ——— 5 5(0) sin(kz) = 2,p(0) sin(kz). (2.63)
P E1 b VX2E;,
In general, Eyp is complex and in polar form is written EY, = |Ey ple” 1 such that
|E1 4|/ B, = €' and
Bap(z) = Y2 B, (0) sin(z)e®, (2.64)

VX2

Figure 2.4 gives an example of how these solutions evolve through a nonlinear material.
It is clear from the figure that the total intensity with respect to the small perturbation
fields Es ,(z) and Es p(2) is not conserved. Indeed, if at some moment we have more energy
in the field E3p(z) than in E5,(2) then the intensity is more than if we had Esp(z) with
more energy than E3,(z) as fws > fiws. We can check this analytically as

I = B (2)Bap(2) + B, (2) Esp(2) (2.65)
= | B, (0))? cos(r2)? + %]E27p(0)|281n(/<z)2
2

2 sin(m)Q) .

wans

ws3n

= ‘E27p(0)’2 (cos(/@z)2 +
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Figure 2.4: Variation of the intensity of fields E3 ,(2) and Es ,(z) for sum-frequency gener-
ation in arb. units.

Evidently, the only condition in which the above intensity is conserved is if the two
frequencies are degenerate, i.e. wo = ws. In the context of sum-frequency generation, this
is only possible in the trivial case where the non-depleted background field is a D.C. field

with wy = 0.

2.3.3 Parametric Down-Conversion

If we assume now that the background field Es ,(r) is non-depleting with E j(r) = Eq(r) =

0 and Ak = 0 then our set of propagation equations are:

.0 1
- zaE&b(r) = %V%Es,b(r% (2.66)
. 8 1 2 *
- Z%El,p(r) = Tk,lvTEl,p(r) + x1E3,(r) Es4(r), (2.67)
. a 1 2 *
- Z@EQW(I‘) = %VTEZIJ(I“) + X2 E7 (r) B p(r). (2.68)

As with the previous section, one can develop insight into these equations by considering
the intensity variation of the two fields Ej ,(z) and E,(z). Again, we consider the 1D

evolution of the complex amplitudes with a constant background giving the equations:

. d .

- Z%El,p(z) = XlEQ,p(Z)E?),b’ (269)
d X

- 2£E2,p(z) = X?ELp(z)E?),ba (270)
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(a) (b)

Figure 2.5: Energy-level diagrams for (a) sum-frequency generation and (b) parametric
down-conversion. As we are off-resonance, the horizontal lines correspond to unobservable,
short-lived, virtual states.

which we refer to collectively as describing the effect of parametric down-conversion. Again,

we take the second derivative of the equations and find:

2 , d .

@Em(z) = ZX1E3,b£E27p(z) = K E1p(2), (2.71)
d? : d 2

2 D2p(2) = ixaBspy - By p(2) = K7 E2p(2), (2.72)

with k2 = x1X2|Esp 2

The general solution of the first of these equations is
E, ,(z) = Cysinh(kz) 4+ Cacosh(kz). (2.73)

If we assume we have E»,(0) = 0 and E ,(0) is arbitrary then we have for E ,(z) a

solution of the form
E (%) = E1,(0) cosh(kz). (2.74)

Moreover, from Eq. 2.69, we can write E»,(z) with respect to E ,(z) as

1K . X2/ E3pl .
Esp(2) = ———F1,(0)sinh(kz) = i~——"—F1,(0) sinh(xz). 2.75
(2) = o B0 sinhne) = LB O (). (275)

The background field is, in general complex, and in polar form, is written Eék,b =

|E3ple”"% such that |E3,|/E3, = '3, Hence the solutions are now written as:

z) = cosh(kz z :i@ sinh(rz)e'®3
Enp(2) = E1p(0) cosh(kz),  Egp(2) \/}EELP(O) h(kz)e'?. (2.76)
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Figure 2.6: Variation of the intensity of the fields E3 ,(2) and Ej p(2) in arb. units.

Figure 2.6 shows the behaviour of these solutions, which are not oscillatory like the
solutions for sum-frequency generation shown in figure 2.4. Indeed, in parametric down-
conversion, there is an exponential growth of the perturbation fields when xz > 1. From
a physical point of view, we can understand the distinction between the two effects with
respect to the energy level diagrams in figure 2.5. In the case of sum-frequency generation,
the polarisation wave oscillating at w3 is generated by an interaction with the field at wo
and the background field at w;. In the case of parametric down-conversion, however, the
field at w3 decays into radiation that contributes to both of the low-intensity perturbation
fields. This leads to exponential growth, as illustrated in figure 2.6. In this case, it is clear

that the intensity is not conserved which can be seen mathematically as

I = B}, (2)E1p(2) + B ,(2) B p(2) (2.77)
= |E1,(0)[? cosh(rz)® + §1E17P(0)\2 sinh(kz)?
1

=|E1,(0) <cosh(,%z)2 + :iZ; sinh(fez)2) .

The two sets of equations describing sum-frequency generation and parametric down-
conversion correspond to the simplest cases of the evolution of the perturbation fields de-
scribed by Egs. 2.41 to 2.46. In these simplified cases, the number of interaction terms
is minimised such that the symmetries associated with the interactions can be easily un-
derstood. Furthermore, by considering sum-frequency generation and parametric down-
conversion, we are describing effects that are commonly used and well understood in the

field of nonlinear optics [8, 9, 10].
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2.4 Conclusions

In this chapter, we have introduced the background associated with nonlinear optics that
is relevant to the work herein. We first outlined how high-intensity light can lead to optical
nonlinearities in the context of oscillating dipoles. With these optical nonlinearities, we can
derive a set of coupled partial differential equations that describe how fields with certain
phase-matching conditions will evolve. In particular, we considered second-order nonlinear
systems from which effects like sum-frequency generation and parametric down-conversion
arise: known collectively as three-wave mixing. Due to the nonlinearity of the equations
describing three-wave mixing, the eigenmode decomposition conventionally used in linear
optics is no longer valid. However, as described in section 2.3, we can introduce low-intensity
perturbation fields which, given the intensity is small enough, evolve according to a set of
coupled partial differential equations that are linear. Therefore, we can reintroduce the
principle of superposition with respect to these low-intensity fields and again utilise an
eigendecomposition to describe the system. Unlike the linear systems discussed in the first
chapter, however, the perturbation fields interact with each other resulting in a non-trivial
relationship between fields at the input and output. Indeed, the equations we introduce for
these fields, although linear, are characteristic of a nonlinear background interaction. In
the simplest cases, where the initial conditions result in a single high-intensity background
field, we recover the two well-known second-order nonlinear effects known as parametric

down-conversion and sum-frequency generation.
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Chapter 3

Eigenmodes of Interacting Fields
in Three-Wave Mixing

3.1 Introduction

In the previous chapter, we saw how the introduction of low-intensity perturbation fields
into nonlinear systems allows one to reestablish the principle of linear superposition and,
consequently, the concept of eigenmodes. In particular, we highlighted two simplified cases
of the mixing of two low-intensity fields corresponding to sum-frequency generation and
parametric down-conversion. In this chapter, we introduce the method of eigenmode de-
composition to both of these effects. Unlike the eigenmodes of linear optics, these novel
modes correspond to a set of orthogonal beams distributed across multiple wavelengths.
With these eigenmodes defined, we highlight the influence of the high-intensity background
field on the form of the modes by considering various examples in systems with circular
and rectangular symmetry. In these examples, we are primarily concerned with the optical
eigenmodes with respect to the total intensity of the fields incident on some region of de-
tection and the propagation eigenmodes of the systems. Finally, in the last section of the
chapter, we discuss the symmetry and degeneracy associated with the optical eigenmodes

for systems with circular and rectangular geometry.

As discussed in section 1.4.3, the use of an eigenmode decomposition has been utilised in
various nonlinear systems. In all of these cases, however, the main concern of the research
was with the propagation eigenmodes. As outlined in section 1.4, the optical eigenmodes
allow one to define a set of mutually orthogonal fields with respect to any Hermitian optical
measure. Consequently, by introducing the method of optical eigenmodes to the perturba-
tion fields, defined in section 2.3, we are expanding the domain of light-matter interactions
in which we have fields of different wavelengths interacting with one another - a behaviour

not observed in conventional linear systems. Furthermore, due to the low intensity of the
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perturbation fields, the systems we discuss in this chapter are well suited to going towards

the single or multiphoton level.

3.2 Sum-Frequency Generation

In the previous chapter, in section 2.3, we introduced a set of equations describing the
propagation of small perturbation fields in the presence of a non-depleting pump field. In
the simplest case of a single background field, we observed two distinct nonlinear effects. In
this section, we are concerned with sum-frequency generation [90]. Indeed, in section 3.2.1,
we introduce the method of optical eigenmodes to this effect before highlighting the char-
acteristic properties of these eigenmodes with numerical examples in sections 3.3.2 and
3.4.3. Later in the chapter, in section 3.4.4, we discuss the propagation eigenmodes of sum-
frequency generation, which we subsequently utilise in the final chapter when considering

the quantum behaviour of three-wave mixing systems.

3.2.1 Optical Eigenmodes in Sum-Frequency Generation

The equations for sum-frequency generation are, as shown in section 2.3, of the form:

.0 1y
— Z&Eb(l') = TlﬂvTEb(I'), (31)
- igEQ(r) = LV2 Es(r) + x2E; (r) E3(r)e "4k (3.2)
0z 2k2 T b ’
. 8 1 1Akz
- ngg(r) = %V%E:s(r) + X3 By (r) By (r)e' 22, (3.3)

where Fj(r) = Ejp(r) is our high-intensity pump field and, for notational simplicity, we
have dropped the p subscript for the perturbation fields. As discussed in section 2.3, we
have the frequency relation wg = wy +ws with wo > w1 > 0. We decompose the perturbation

fields at the input plane as

N
E‘r(rl) = ZaT,jET,j(rl)’ (34)
j=1

where the basis elements, E; ;(r1), form an orthogonal basis at the input of the nonlinear

material satisfying the following condition

/ / / B (01) Epg(r1)e @) dydyydt = 206(wr — wo)Sj1. (3.5)

We choose this as our condition for orthogonality as three-wave mixing conserves the total
intensity and, thus, conserves the above inner product. As observed in section 2.3.2 and
2.3.3, the local intensity of the perturbation fields is not always conserved, however, this

product is suitable for sum-frequency generation after a simple transformation of the field
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Figure 3.1: Optical system in which the field F'(ry) incident on the output plane is dependent
on the input field E(r;) and the x(® nonlinear material.

variables; discussed in more detail in sections 3.4.1 and 4.3.1. Issues do arise when we
consider parametric down-conversion as there is no simple transformation that conserves
the above inner product, as shown in sections 3.6 and 4.4.1. In all cases, this condition
for orthogonal fields is satisfied at the input of the nonlinear crystal. However, due to the
interaction term in the equations of evolution, the modes will interact in a manner such
that Eq. 3.5 is not satisfied for z > 0. Indeed, with the above basis decomposition, Eq. 3.4,

acting as our initial conditions, the equations for sum-frequency generation are written:

N
. 0 1 2 * —iAkz
_ Z@EQJ(I') = Q—kavTEQ,j(I') + kzl X2Eb (r)Eg’k(r)e s (36)
a 1 N ‘
- iaEgyj(r) - 2T{Bv%Eg,,j(r) + ; X3 E(r) Eg 1, (r)e'2F2. (3.7)

As we are not interested in the mode decomposition of the background field the interac-
tion terms that would normally correspond to the tensor product (Ep1(r) + - -+ + Ep n(r))®
(Eri(r)+ -+ E; n(r)) reduces to the product Ey(r) (Er1(r) + -+ E; n(r)). After prop-
agating through the second-order nonlinear material, the field decomposition at the output

plane is
N
FT(I‘Q) = Z aT,ij’(rg), (38)
j=1
where the coefficients a,; are the same as those in the initial decomposition due to the

linearity of the coupled wave equations. In the output plane, see figure 3.1, we define the
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Hermitian form of some observable © related to the operator & in a region of interest €2 as

N
© =3 atyans ( [ FLie2)0F 4(r2)00) = al0a (39)
T gk @
where the eigenvectors of the matrix O define the optical eigenmodes of the measure in
question. A simple example of an optical measurement is the total intensity of the fields.
In the context of sum-frequency generation the total intensity at the output plane for some

region of detection, (2, is defined as

N
* 1 *
1= al ank < / S re0c FT,j(rQ)Fﬂk(rQ)dQ> = a'Ma. (3.10)
, Q
T gk
Similar to section 1.4.2, the elements of the Hermitian matrix M correspond to the cross-
interaction of all of the probe fields. The vectors a and al contain complex coefficients and
their conjugates,
a= (a‘r,lv-"aaT,N7aa,1,~"7ao,N)T (311)

and

*

al = (afy,....alN,ab 1, ahN), (3.12)
where N is the number of independent basis elements in the field decomposition given by
Eq. 3.4. Unlike the intensity operator for linear optics, defined in section 1.4.2, here we

have two fields contributing to the total intensity. With this, we can split the measure into

two distinct contributions to the total intensity, each with its own Hermitian form,

N
1 * * 1 * *
I = Z/Q (2n2€00 a2’ja2’kF27j(r2)F27k(r2) + 5713806 a37ja37kF37j(r2)F37k(r2)> dQ2
j?k

= a;MgaQ + ag;Mgag
= a'Ma. (3.13)

By writing the intensity in this way, we can consider the intensity of the fields at wo or
ws independent of the other field. However, the interaction of the perturbation fields will
influence these frequency-dependent measurements. Collectively, these Hermitian forms
make up the total intensity which does not distinguish between the wavelengths. If we
consider the total intensity, one can diagonalise the cross-interaction matrix and define the

components of the optical eigenmodes at the output and input as:

N
Fri(re) = > vgiFrj(ra), (3.14)
=1
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N

Erg(r) = kajET,j(rl)u (3.15)
j=1

where v; are the elements of the k'™ eigenvector of M associated with the eigenvalue \j.
For each of these optical eigenmodes, the total intensity in the region of detection is given
by
3 /Q Snncoe By (r2)Fr k(r2) A = 5, (3.16)
=

where F, i (r2) is the component of the k*h eigenmode, Eq. 3.89, oscillating at the frequency

Wr.

Due to the interaction between the perturbation fields, the optical eigenmodes introduced
here are, in general, distributed across both wavelengths. Consequently, as the eigenmodes
propagate, there will be an interaction between the components that define them. Nev-
ertheless, as the eigenmodes correspond to an orthogonal set, there will be no interaction
between the eigenmodes themselves. Furthermore, as the interaction of the fields is medi-
ated by the background field, Ej(r), the symmetry and interaction of the eigenmodes will
be characteristic of the symmetry of the background. It is these properties that distinguish
our low-intensity perturbation eigenmodes from the eigenmodes of linear optics defined in

section 1.4.2.

3.3 Numerical Examples

In this section, we outline various numerical examples of the intensity optical eigenmodes
for sum-frequency generation. In all of the numerical examples here, we have used the
computer software Mathematica [91], and all of the nonlinear crystal optics parameters
were calculated using the free software SNLO and references therein [92]. We first consider
the intensity eigenmodes of a bulk nonlinear material with the fields decomposed into a set
of Hermite-Gaussian and Laguerre-Gaussian modes as introduced in sections 1.3.2 and 1.2,

respectively.

3.3.1 System Set-up

As we are in the non-depleting pump regime, discussed in section 2.3, we must ensure
that the field intensities associated with the perturbation and background fields satisfy the
approximation from a numerical perspective. In the case of sum-frequency generation, this
approximation is not as limiting as it is for parametric down-conversion as the sum-frequency
solutions are oscillatory; therefore, there is no exponential gain or loss associated with the

interacting fields. Nevertheless, the background should still be large in intensity compared
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to the small perturbation fields to satisfy the non-depleting pump approximation. In the
examples highlighted in this chapter, we will consider background fields that are 10* Vm™!

larger than the perturbation fields. As we define intensity as

1
I = // SnreocE; (r) B (r) di dy, (3.17)

there will be an intensity difference of 1012 Wm ™2 between the background and perturbation
fields. In the case of sum-frequency generation, a couple of orders of magnitude in the
difference in intensity between the pump and perturbation fields is sufficient to satisfy the
non-depleted pump approximation due to the oscillatory nature of the solutions. The only
additional constraint is that the background field must be of sufficient strength to induce

optical nonlinearities in the crystal [8, 9].

In addition to the field intensity, we must consider the crystal optics of our numerical
set-up. In the examples that follow, we consider the uniaxial crystal Potassium Dihydrogen
Phosphate (KH2POy) that is in the 2m symmetry point group. KHoPO4 or KDP is a non-
centrosymmetric crystal that permits a non-zero (2 and has a high damage threshold [93].
Vitally, this crystal is suitable for sum-frequency generation, as shown in [94, 95, 96]. A fur-
ther benefit of using KDP is that there are only three non-zero elements in the susceptibility

tensor, x14 = x25 and x36 [10]. Indeed, the expression given by Eq. 2.24 becomes

Ei(Wl)EZ'(LL)Q)
Ej(w1)E;(w2)
Py(w3) 000 xua 0 0 EJ( z
Pi(ws) | =260{0 0 0 0 yuu 0 | k(wr) By (w2) | (3.18)
Pi(es) 000 0 0 ) | Pk e
Ei(w1)Ej(w2) + Ej(w1)Ei(w2)

As outlined in section 2.2.3, in uniaxial crystals, it is common for the high-frequency field
to be polarised along the axis with the highest refractive index. In the case of KDP, which
is a negative uniaxial crystal, we assume the field at w3 is polarised along the extraordinary
axis denoted e in figure 3.2. Moreover, if we assume we have type I phase matching, see
section 2.2.3, then the fields at w; and ws are polarised along the ordinary axis which
is denoted o in the figure. As the fields E(w;) are polarised in the z-y plane, we have

Ex(w;) =0, and the above matrix equation can be simplified to

P (w;g) = 2€0X36 [Ei(wl)Ej (wg) + Ej (CL)l)Ei(CL)Q)] . (319)
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Figure 3.2: Type I phase matching for KDP crystal where k1 and ko are the wavevectors
of the fields F(r) and Es(r), which are polarised along the ordinary axis in the z-y plane,
denoted by o. The polarisation perpendicular to k£, and o corresponds to the extraordinary
axis and is denoted by e.

From the diagram, figure 3.2, one can see that the Cartesian components, E;(w,) and
E;(wr), of the fields propagating in the direction of k, are:

Ei(w;) = E-(r)sin (¢), (3.20)

Bj(wr) = B (r) cos (6), (3.21)

where ¢ is the azimuthal angle between the k-vector and the z-axis and E,(r) is a transverse

amplitude of the fields. The polarisation along the direction of the optical axis is therefore

Pr(w3) = 4eox36E1(r) E2(r) sin(¢) cos(¢) = 2e0x36E1(r) E2(r) sin(2¢). (3.22)

If the angle between the direction of propagation and the optical axis is 6 then the

polarisation wave that contributes along k3(= ki + k2) is P(w3) = Px(w3) sin(#) such that

P(w3) = 2e0x36E1(r)Ea(r) sin(6), (3.23)
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where ¢ = m/4. If we assume the crystal has full permutation symmetry, described in

section 2.2.4, then the other polarisation waves are written:
P(w2) = 2e0x36E7 (r)E3(r) sin(0), (3.24)

P(wl) == 2{:‘0)(36EEk (I‘)Eg(r) sin(@), (3.25)

with x3¢ = 0.558 pm/V and for the wavelengths, A\; = 1064, Ay = 740 and A3 = 436.5 nm
we have the refractive indices n{ = 1.525, n§ = 1.527 and n§ = 1.537 which gives an angle

0 = 41.9° at a temperature of 293 K [92].

3.3.2 Rectangular Symmetry

In this section, we decompose our fields into the Hermite-Gaussian modes of free space
outlined in section 1.3.2. As discussed, these fields are orthogonal to each other as they
propagate from the source to the input of the KDP crystal. As these fields propagate
through the nonlinear material, they interact with one another and lose their orthogonality
due to the coupling terms in the equations of propagation. Consequently, the orthogonal
eigenmodes defined at the output of the nonlinear crystal are distinct from those of con-
ventional linear systems that were discussed in section 1.4. In this section, we consider the
intensity optical eigenmodes as an example to illustrate the difference between the eigen-
modes of linear optics and the eigenmodes of our perturbation fields. In particular, by
considering background fields with different symmetries, we observe how the background

influences the eigenmodes.

To calculate the eigenmodes, we consider a basis set of 36 Hermite-Gaussian modes for
all n and m truncated up to the maximal index n +m < 7. As we have two distinct
fields, which we can decompose onto this basis, we have a total of 72 elements that are
orthogonal to one another at the input of the nonlinear crystal. Additionally, we calculate
the output fields using the split-step method, outlined in Appendix A, decomposed onto a
discrete 42 x 42 grid. As a first example, we consider a HGgg background field, as shown
in figure 3.3 (a). Figure 3.4 illustrates the field profiles of the first 20 intensity eigenmodes
ordered with respect to their eigenvalues from top left to bottom right. In this example,
the background field is rotationally symmetric about its origin and, consequently, the eigen-
modes also exhibit this symmetry. Moreover, as this rotational symmetry is not broken by

the intensity operator, we observe degeneracy in the eigenvalues shown in figure 3.7 (a).
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(c) (d)

Figure 3.3: Hermite-Gaussian background fields with indices (a) (n,m) = (0,0), (b)
(n,m) = (0,1) and (c) (n,m) = (1,1) represented on false colour map (d) where colour
denotes phase and hue denotes intensity.

In general, the Hermite-Gaussian intensity profiles are invariant with respect to some

spatial translation or reflection of the z-y plane, V, or V,,, defined as:

x —z

Verlyl =1 v |, (3.26)
z z
x x

Vyily]l = | —v (3.27)
z z

If these symmetries are not probed, it will lead to degenerate eigenmodes as has been

observed with the HGgg example. We can categorise all of the operations that leave the
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(b)

Figure 3.4: The first 20 intensity optical eigenmodes for an HGgg background with compo-
nents (a) Fg(re) and (b) F34(r2). The eigenmodes are ordered from the top left to the
bottom right in descending intensity. First row: Modes 1 to 5 and second row: Modes 6 to
10 etc. Note, corresponding components in (a) and (b) define a single optical eigenmode.
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Figure 3.5: The first 20 intensity optical eigenmodes for a HGy background with compo-
nents (a) Fax(r2) and (b) Fsx(r2). The eigenmodes are ordered from the top left to the
bottom right in descending intensity represented on the false colour map in figure 3.3 (d).
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Figure 3.6: The first 20 intensity optical eigenmodes for a HG1; background with compo-
nents (a) Fo 1 (r2) and (b) Fsj(r2) represented on the false colour map in figure 3.3 (d).
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Figure 3.7: Eigenvalues for the first 20 intensity optical eigenmodes with (a) HGgg, (b) HG1g
and (c¢) HG1; background field.

HG,,;, modes invariant according to the indices n and m as:

VoVy forn=m
Ve : for n # m with odd n and even m
Vy : for n # m with odd m and even n

As we are considering the optical eigenmodes of the intensity operator we are not breaking
or probing any of the above symmetries and, therefore, we observe degenerate subspaces in
which the associated eigenmodes transform into their degenerate counterparts with respect
to a spatial reflection. Furthermore, we observe that all of the degenerate subspaces are two-
fold degenerate, i.e., they consist of two eigenmodes with the same intensity eigenvalue. This
can be attributed to using the same HG mode decomposition for both of the perturbation
fields. Although each decomposition exists in a different frequency space, the field profiles
that define them are the same and, thus, in the context of transverse field profiles, we have

a two-fold degeneracy.

As a secondary example, we consider a HGyy background field that is symmetric for

the operator V. Unlike the HGqo background field, HG1g is symmetric with respect to
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discrete reflections as opposed to continuous rotations. This discrete symmetry, like the
previous example, leads to a number of two-fold degenerate eigenspaces. This is observed
in the eigenmodes shown in figure 3.5, where the corresponding eigenvalues are shown in
figure 3.7 (b). Lastly, if we consider the background field HG11, represented in figure 3.3 (c),
we note that this field is symmetric about the spatial reflections V.., V,, and V,V,. The first
20 intensity eigenmodes with this background field are illustrated in figure 3.6. As with
the previous examples, we see the eigenmodes adopt the discrete symmetry associated with
the background, and we observe some degeneracy in the intensity Hilbert space which is
highlighted in the eigenvalues shown in figure 3.7 (c). Note, as described in section 2.3.2,
the solutions of sum-frequency generation are oscillatory. Due to this behaviour, we may
find accidental degeneracy in which two degenerate subspaces have the same intensity at

certain points in the nonlinear crystal. This is most apparent in figure 3.7 (c)

3.3.3 Circular Symmetry

As described in the first chapter, the Laguerre-Gaussian (LG) modes correspond to a su-
perposition of HG modes. Consequently, by truncating the Hilbert space with respect to
the maximal index 2p + |¢] < 7, we can probe the same Hilbert space used in the previ-
ous section in terms of LG modes. We are interested in the LG modes as, unlike the HG
basis set, these modes have helical wavefronts characterised by optical angular momentum,
¢ [19]. This orbital angular momentum represents a clear way to relate the symmetries of

the eigenmodes to that of the background field.

(a) (b)

Figure 3.8: Discrete Laguerre-Gaussian background fields on 42 x 42 grid with indices (a)
(¢,p) = (0,0) and (b) (¢,p) = (1,0) represented on false colour map figure 3.3 (d).
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As with the previous section, we find a scattering matrix, as outlined in Appendix A,
for each of the background fields and probe our system with 36 Laguerre-Gaussian modes
on a discrete 42 x 42 grid. The LG modes at the input plane are of the form FE(r;) =
Zj E; ;(r1) exp (—ily j¢) where E; j(r1) are as shown in Eq. 1.16, less the angular depen-
dence which we have accounted for explicitly here. The equations evolving these LG modes

are:

2
_ ZaazEb(T‘ Z) 221 <V2 i__vr . fg) Eb(r’ 2)7 (328)
3B <V2 2 )E (r:2) (3.29)
VoL ks 2,j )
N
+ 3" xo By (r, 2) By, 2)e 18k (25 ~t31)9,
k=1
.0 — E5 (T Z) <V2+ -V, — EQ)E (T Z) (3 30)
BT 2k3 72 ) 3 _
N
+ Z X3Eb(7", Z)Ez,k (T, Z)eiAkzei(K&j _ZQ,k_Zb)¢7
k=1

giving the fields Fr(r2) = >, Frj(r2) exp (—ilr ;¢) at the output plane of the system.
As a first example, we consider the background field shown in figure 3.8 (a) where ¢, =
0. In this case, the conservation of OAM reduces to the simple relation f3 = ¢5. This
conservation is observed in the intensity optical eigenmodes of the system - the first 20 of
which are represented in figure 3.9. With no angular momentum on the background field,
the eigenmodes take on the symmetry of the eigenmodes in figure 3.4. This is unsurprising
as the background field in both cases is the same and, as shown in section 1.3.3, the Hermite-
Gaussian and Laguerre-Gaussian basis span the same Hilbert subspace if truncated up to

the same maximal index.

As a secondary example, we consider a background field with ¢, = +1, as shown in
figure 3.8 (b). In this case, the conservation rule for the OAM becomes ¢3 = {5 + 1. In the
previous example, with £, = 0, each element within the set {5 is transformed into an element
in /3 by interacting with the background field. For a background field with non-zero OAM,
however, this is not necessarily the case. Indeed, consider a background field with £, = +1
interacting with a perturbation field at, for example, ¢ ;, = 7. The field from this interaction

will have OAM /3 ; = {5}, +1 = 8 which is beyond the initially considered basis. Therefore,
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(b)

Figure 3.9: The first 20 intensity optical eigenmodes for a LGgy background with com-
ponents (a) Fay(re)e 2x% and (b) Fj(r2)e %3+ represented on the false colour map
in figure 3.3 (d). The eigenmodes are ordered from the top left to the bottom right in
descending intensity. First row: Modes 1 to 5 and second row: Modes 6 to 10 etc.



(b)

Figure 3.10: The first 20 intensity optical eigenmodes for a LGyg background with com-
ponents (a) Fyx(re)e #2+% and (b) F3j(ra)e #3#% represented on the false colour map in
figure 3.3 (d).
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Figure 3.11: Intensity eigenvalues for the first 20 optical eigenmodes with (a) LGgp and
(b) LGyo background field shown in figures 3.9 and 3.10, respectively.

considering the two basis sets ¢o = {—7,...,0,...,7} and ¢35 = {=7,...,0,...,7}, we can
use the relations fo = f3 — 1 and /3 = {5 + 1 to find the following sets:

ly={-8,...,0,...,6},

0y ={—6,...,0,...,8}.

These new basis pairs, fo, ¢5 and ¢4, {3, each corresponds to sets that are closed with respect
to an interaction with the background field when ¢, = +1. That is, all elements in /5 or /3
are mapped to a single component in the set ¢4 or ¢4 via an interaction with the background.
Note, the choice of which basis to shift in the manner described above is somewhat arbitrary.
Indeed, if we choose lo = {—7,...,0,...,7} then we have for the other field the set 62,, as
defined above. If, however, we choose ¢35 = {—7,...,0,...,7} then for the other field we
would have to use £,. In the examples presented here, we choose the basis set o and ¢5. If

we now include the radial index p,, we have the following conditions for our sets:
2p2 + [l <7, (3.31)

2ps + |65] < 8, (3.32)

where ¢4 = {5 + 1, as shown above. More generally, for a background field with OAM, ¢,
we have:

2pa + |€o] <7, (3.33)
2ps + | 65] < T+ Ly, (3.34)

where ¢4 = 05 + {p; this is discussed further in section 3.8.
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In the first example here, we observed symmetry similar to the eigenmodes found in the
first example of section 3.3.2. In this example, we have £, = +1, which can be written in
terms of Hermite-Gaussian modes as

1
V2

Consequently, we observe different symmetries in the optical eigenmodes to that of

LGy = (HG1o — i HGox) .

section 3.3.2, even though the two are related. The first 20 intensity optical eigenmodes
are represented for this example in figure 3.10, with their corresponding eigenvalues shown
in figure 3.11 (b). In these modes, we observe that the OAM conservation rule is satisfied
for all of the eigenmode components. Like the Hermite-Gaussian examples, we observe a
number of two-fold degenerate subspaces. In the Laguerre-Gaussian basis, this degeneracy
is due to rotational symmetry not probed by the intensity measure of the fields. Indeed, if

we consider the intensity of output eigenmodes with components F, x(r2)e~#m+¢ we have

1 . .
M=) / o réoc F 1 (ro)Fr g (rg)em40e™ 4 dgp dry (3.35)
T

1
-y / 51700 2 (1) (1) dgr (3.36)

which is independent of the orbital angular momentum of the fields. Consequently, eigen-
modes with the same total OAM, s} + f3}, may result in degenerate intensity states.
Indeed, if the eigenmode at the output has components Fy j, (r9)e~#24¢ and F3 (1r9)e~Hs.k?
then the intensity is invariant with respect to the transformations £ j, — €3}, and 3, — fo
which leads to, in some cases, a two-fold degeneracy. The lifting of this degeneracy and the
definition of the OAM operators for sum-frequency generation are discussed in more details

in section 3.8.

3.4 Eigenmodes in Waveguides

In the previous sections, we showed some examples of intensity optical eigenmodes in bulk
nonlinear material with basis sets constructed of Hermite-Gaussian and Laguerre-Gaussian
modes. In this section, we will outline the definition of eigenmodes in optical waveguides
with circular and rectangular symmetry. In particular, in section 3.4.1, we derive a 1D co-
efficient form of the equations of evolution that leads to a simple scattering matrix relation.
Moreover, with this coefficient form, we have an analytical description of the interaction
between the basis elements as they propagate. Indeed, in sections 3.4.2 and 3.4.3, we derive
expressions that describe the coupling of the modes introduced in section 1.3.4 and 1.3.3,
respectively. Lastly, in section 3.4.4, we utilise the scattering matrix in order to define the

propagation eigenmodes of this system.
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3.4.1 Coefficient Form

Again, we begin with the set of equations describing sum-frequency generation:

— i Br) = 5 VEEMD) (3:37)
— i Br) = 5 VEER() + B (1) Balr)e 4, (3.35)
—’iaaZEg(r) o — V2 E3(r) + x3E(r) Ea(r)eAk, (3.39)

In the previous section, it was this set of equations that we used to evolve the fields
and calculate the optical eigenmodes. In a waveguide, however, we can assume that the
propagation modes defined in section 1.3.4 and 1.3.3 are stationary, non-diffracting solutions

of the system such that we can expand the fields at the input plane as

N
ry) = ZET,j(I'l Zar,j f‘l',j r1,Y1) ZG’T,] fT,] z,y), (3.40)
j=1

where the fields f; j(x,y) are the propagating modes of the waveguide that describe a Hilbert

space of orthogonal elements with
/// fr i@, y) for(x, y)e Wo W)t Qo dy dt = 276 (w, — W )0 k- (3.41)

The coefficients in the above field expansion evolve according to the following set of

equations:

—i0za2,j(z Z V2,jk2,k(2) + X295k (2)as,k(2), (3.42)
—i0,a3,5(2 Z v3,jka3.k(2) + X395, (2)azk(2), (3.43)
with the matrices:
// 7'] .’E Y vaT k(x y) dz dy, (344)
gjk // Ey(r f2](33 y)fs k(z,y)e TIARE dg dy, (3.45)

where the field Ejy(r) is a solution of Eq. 3.37 and the matrices vj; and g;i(z) describe a
linear phase term and background dependent interaction term. These equations give fields

at the output plane of the form

N
= ZFT,J'(I"Z Zam 22) fr,j (22, y2) Zam 22) fr.j(%,y), (3.46)
j=1

Jj=1 Jj=1
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where 25 is the distance between the input and output plane, see figure 3.1, which have
the same transverse dimensions due to the fixed basis elements f; j(x1,y1) = frj(z2,92) =

fr.j(z,y). Using the above set of equations, one can define the input-output relation with

/
(Z,“) =S (Z“) , (3.47)
3,k 3,k

Qrf = (aT,b ceey aT,k)T - (aT,1(0)7 cee 7a‘r,k(0))T

a scattering matrix as

where

are the field amplitudes of the modes at the input plane and

T T
g = (ahyyvdly) | = (ara(z2), . o ari(22))

are the amplitudes of the corresponding output modes and S = exp ( fz iP(z)dz) where

P(z) = < UQ*,jk X29jk(z)> _ (3.48)
X39kj(2) U3,jk

As the equations are now in 1D, the evolution of the coefficients does not require any

involved computational methods like the split-step method outlined in Appendix A. More-

over, due to the simplicity of the coefficient form, we can gain some intuition with respect

to the interaction of the fields and the propagation properties of the eigenmodes which we

define at the output and input as:

N N

Fri(ra) =Y v Frj(ra) =Y wval i frj(2,y), (3.49)

j=1 j=1

E;k(r1) kaj 7,i(T1) kaﬂme,g(x Y), (3.50)

7=1
where vy,; are the elements of the kth eigenvector of a Hermitian matrix associated with the

eigenvalue \g.

3.4.2 Rectangular Waveguide

We take as a first example, a rectangular nonlinear waveguide with the same boundary
conditions as described in section 1.3.4. The basis elements for this waveguide are of the

form

fom(z,y) = sin (27)3: - ng) sin (n;—cy - g) , (3.51)

where b and ¢ correspond to the transverse lengths of the waveguide shown in figure 3.12.

If we assume our basis to be fixed, as in section 3.4.1, then we can describe the dynamics
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Figure 3.12: Schematic of a rectangular waveguide with a nonlinear, x(?, material embedded
along its length.

of the system by evolving the coefficients c; j(2). The link between the coefficients and the

fields is given by

N
E(r) = Zar,j(z)fr,j($, Y), (3.52)
j=1

where we label the modes with index pair {n;, m;} with a single index j for simplicity. In
coefficient space, the equations of motion are of the form of Eq. 3.42 with matrices v, j
and gji(2) corresponding to a propagation or phase term and the mixing of the fields,
respectively. A benefit of using a basis set of the form in Eq. 3.51 is that the elements of
both of these matrices have a simple analytical form. Indeed, with fields that are normalised
in intensity, %nTac I f;j(a:, y) frk(2,y) = i, we find the matrix elements of vj; as

(bm + enj)*n?
Urjk = — 2 Abe : 6nj,nk6mj,mk‘ (353)

In the case of the interaction matrix, we can write the general form of its elements by
assuming the background is also a mode of the form of Eq. 3.51. Indeed, we find

Cn (1 £ cos (njm) cos (ng)) Gm (1 £ cos (m ) cos (mym)) N
n? + (n2 —n?)? — 2nj2(n% + n))mr? (m;1 + (mf —m})? — Qm?(mi + m2))

gik(2) = ( ;
(3.54)
in which ¢, = 4bnyn;ny and ¢, = 4cmpmjmy. The numbers ny and my, corresponds to the
background field indices, and when they are odd (even), the numerator takes on a positive
(negative) sign. With this interaction matrix, we can explicitly see the interaction between
the basis field elements. Indeed, if we take, for example, the fundamental background field

with ny = my = 1 then the terms
(1 4 cos(n;m)cos(ngm))
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and
(1 + cos(mjm)cos(mym))
are non-zero only when the numbers n;, n; and m;, my are both even or both odd. All

of these symmetries are shown, for the background fields in figure 3.13, in the scattering

matrices of figure 3.14.

To calculate the intensity optical eigenmodes, we again consider a basis set of 36 fields
truncated with respect to n+m < 7. In addition, we use the same system set up as outlined
in section 3.3.1 with the assumption that all wavelengths and fields in the decomposition
are above the cut-off of the waveguide. As a first example, we take the background field
to be of the form of the fundamental TM mode with n, = m; = 1. The first 20 opti-
cal eigenmodes for this background are shown in figure 3.15. Perhaps unsurprisingly, the
symmetry of the eigenmodes follows that of the Hermite-Gaussian modes shown in sec-
tion 3.3.2. Again, similar to the HG modes, we observe degeneracy in the eigenvalues, as
illustrated in figure 3.17 (a). This is to be expected given the discrete symmetries of the
TM modes is similar to the HG modes as described in section 3.3.2. This degeneracy is also
observed for other TM background fields. Indeed, figure 3.16 shows the eigenmodes for a
background field with n, = 2 and my; = 1 with the corresponding eigenvalues represented
in figure 3.17 (b). Again, in both of these examples, we see the influence of the background

field on the symmetry of the eigenmodes.

3.4.3 Circular Waveguide

If we consider a waveguide that exhibits circular symmetry, the system is solved using the
Laguerre-Gaussian modes introduced in section 1.3.3. In a similar way to the rectangular

waveguide, we can expand the fields as described in section 3.4.1 where we have the matrices:

1 1 & (6
Uk = // g 170 (V? Ve 7;) fralr) e Ut dgar,  (3.55)

gjr(z) = / / By (r,2) f5.5(r) fap(r)e(ar—lea=0)og=idkz g qp, (3.56)

where £, ; is the OAM of the 7*" mode of frequency w,. Unlike the rectangular waveguide,
these matrices do not have simple analytical form, but the symmetry of the interactions
can be understood from the perspective of the conservation of orbital angular momentum.
As the Laguerre-Gaussian modes are separable in the variables (7, ¢) we can take just the
angular part of the interaction integral. Indeed, the integral along the azimuthal angle, ¢,

for arbitrary £ is

27 .
/ efz(ég,kffg,j*fbyﬁ d¢ = 27T653,k,52,k+@1,k’ (3.57)
0
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(a) (b) ()

(d)

Figure 3.13: TM modes with indices (a) (n,m) = (1,1), (b) (n,m) = (1,2) and (c) (n,m) =
(2,2) represented on false colour map (d) where colour denotes phase and hue denotes
intensity.

Figure 3.14: Scattering matrix, S, for (a) TM; and (b) TMsy background fields shown in
figure 3.13 represented on the false colour map in figure 3.13 (d) where (n,m), = (n.,m;).
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Figure 3.15: Intensity optical eigenmodes for a TM;; background with components (a)
Fo 1 (r2) and (b) Fj3 ;(r2) represented on the false colour map in figure 3.13 (d).
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Figure 3.16: Intensity optical eigenmodes for a TMis background with components (a)
Fy i (r2) and (b) Fs(r2) represented map in figure 3.13 (d).
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Figure 3.17: Eigenvalues optical eigenmodes with (a) TM;j; and (b) TM;2 background field.

(a) (b)
(c)

Figure 3.18: LG modes with indices (a) (¢,p) = (0,0), (b) (¢,p) = (1,0) and (c) (¢,p) =
(—1,0).
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Figure 3.19: Scattering matrix, S, for LG background fields shown in figure 3.18 represented
on the false colour map in figure 3.13 (d) with indices (¢,p); = ({+,p:).

neglecting any constants of integration. The above integral shows that interactions between
two perturbation fields and the background will only occur if the orbital angular momentum
of the given interaction is conserved. The matrix elements of v, j; can be shown to have

similar behaviour where the dependence on the azimuthal angle is written

2 )
/ e~ illri=tri)® 4 = 214, (3.58)
0

T,j7ZT,k7

which is non-zero if £, ; = £, j.. This is illustrated in figure 3.19, which shows the scattering

matrix for multiple background fields which are displayed in figure 3.18.
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Figure 3.20: Eigenvalues optical eigenmodes with (a) LGoo and (b) LG1o background field.

To calculate the optical eigenmodes, we consider the same probe space as chosen in
section 3.3.3. Namely, a basis of 36 LG modes on each of the perturbation fields truncated
with respect to 2p + |¢] < 7. As with previous examples, we show the first 20 intensity
optical eigenmodes for the background fields in figure 3.18 (a) and (c). Again, similar to
section 3.3.3, in the case of ¢, = 41, we truncate the basis for each of the fields such
that they are closed with respect to the interaction with the background, i.e., we take
by ={-7,...,7} and ¢35 = {—6,...,8}. As shown, from the interaction matrix, the only
fields that interact are those that satisfy a selection rule which is reflected in the optical
eigenmodes. Moreover, similar to the eigenmodes of bulk material shown in section 3.3.3,
there are additional symmetries associated with the system that are not probed by the
intensity operator. The degeneracy in this example arises from the same arguments made

in section 3.3.3. Thus, we do not restate them here.

3.4.4 Propagation Eigenmodes

Hitherto, in this chapter, we have not yet discussed the propagation eigenmodes in a three-
wave mixing scenario. We have already introduced the optical eigenmodes at the input and
the output of a given optical system. However, we have said nothing about the behaviour
of the eigenmodes as they evolve through the system. Using the coefficient form introduced
in section 3.4.1, we define propagation eigenmodes that explicitly describe the evolution of
the interacting fields through the nonlinear waveguide. One can develop some intuition for
these propagation eigenmodes by assuming we have a single mode propagating in each of
the wavelengths such that the matrices v, j; and g;i(2) reduce to the coefficients v, and
g(z). Similarly, the coefficient space in the single-mode case will consist of two elements,

az(z) and as(z). The equations of propagation, in this case, reduce to the following form

o) o) (e @) o
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Figure 3.21: Intensity optical eigenmodes for a LGg background with components (a)
Fo 1 (r2)e” 2% and (b) F3x(r2)e"3+? represented map in figure 3.13 (d).
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Figure 3.22: Intensity optical eigenmodes for a LGjo background with components (a)
Fo 1 (r2)e” 2% and (b) F3x(r2)e"3+? represented map in figure 3.13 (d).
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Note, the matrix P(z) is not Hermitian due to the non-symmetric interaction strengths

associated with the fields, that is, xo # x3 with x, = Xij)“T As the matrix is not Hermitian,

rc

the evolution of the field coefficients is not unitary, and the total energy density is not
conserved. However, by transforming the fields, one can define a unitary matrix in the
context of modified field variables - discussed in detail in section 4.3.1. Indeed, we make
the transformations: .

as(z) = ﬁag(z), (3.60)

ag(z) = —as(z), (3.61)

such that the evolution of the modified field coefficients is

()P -G ). e

where the matrix P’(z) is Hermitian, and the evolution is, consequently, unitary. The
transformations introduced in Eq. 3.60 and 3.61 normalise each of the coefficients with
respect to the coupling strength of the other field such that the energy density which we
define as ) | a-(2)*ar(z) is conserved. This conservation follows directly from the unitarity
of the scattering matrix S = exp (f iP’(2) dz). Indeed, for a Hermitian matrix with the

property P’(z) = P'f(2) we have

StS = exp ( / iP’(z)dz) exp ( / —iP'T(z)dz>
— exp < / z’P’(z)dz) exp ( / —iP’(z)dz> 1 (3.63)

where I is the identity matrix of the same dimensions as S.

To illustrate the coupling between the fields, we consider stationary solutions of the matrix
P’(z). That is eigenfunctions of the operator —id, whose transverse structure is invariant
with respect to the direction of propagation. Note, these solutions only exist in systems with
translation invariance where 0,P’(z) = 0 which is what we observe when the background
field is z-independent, that is, 0,g9(z) = 0. As a consequence of this translation invariance,

field profiles that are eigenfunctions of the operator —id, are found by diagonalising the

P = <U3 9) : (3.64)

g U3

—i0, <Z§Ej§> = <Z§8) . (3.65)

following matrix

where
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The full solution of Eq. 3.65 is found to be of the form

(229) = eowie) (220)) e
where the matrix W(z) is

[ pcos (pz) + ivsin (pz) igsin (puz)
W(z) = < igsin (pz) pcos (puz) — ivsin (,uz)) (3.67)

and, for a crystal of length L, is related to the scattering matrix as S = ¢*W(2)|.—p.

Note, in the matrix W (z) we have made use of the following substitutions:

()
~ (v2+v3)
§ = % (3.69)

and

p=/lgl* + v (3.70)

The argument y in the trigonometric functions in the solution is always real regardless
of the gain associated with the background field, g. Therefore, the solutions always exhibit
oscillatory behaviour while interacting with one another. This is unsurprising as it is the
same behaviour of the solutions found in section 2.3.2, where we considered sum-frequency
generation in 1D. In this simplified case, where we have a single mode on each field, the

eigenvalues of the matrix P’ are of the form
A=0Lp (3.71)

with corresponding eigenvectors given by v = (v + p, g*)T. As discussed in section 3.2.1,
the components of these eigenmodes will interact with one another due to the off-diagonal
interaction terms in the scattering matrix. This interaction is dependent on the overlap
with the background field given by the coefficient g which, for a stationary background
field, is given by

9= [[ B (e o) do dy. (372

Thus, we observe from the above expression that the coupling strength of any two modes
will be dependent on their overlap with the background field: a property that we observed
in all of the intensity eigenmodes introduced in previous sections. Note, the operator —id,
acts to generate linear translations in the positive z-direction corresponding to momentum
or energy transfer. The Hermiticity of this momentum operator follows from the Hermiticity

of the matrix P’, and by summing the eigenvalues of the matrix, >, Ay = 26 = vy +v3, we
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Figure 3.23: Propagation eigenmodes for a TM;; background with components (a) Fg (r2)
and (b) ngk(I'Q).

find that the total linear momentum or energy density is conserved. Indeed, at the input of
the thin slice of nonlinear material, we have no interaction between the fields. Therefore,
if we set ¢ = 0 in the matrix P’, we find that the sum of the eigenvalues is also equal to
vy +wv3. This result is unsurprising as we are in a lossless system in which the energy density

is conserved.

This intuition can be extended to the multimode case in which we have more than one

element in the decomposition for the interacting fields where Eq. 3.65 is now

-0 ()= G ) @) -e(2)- om

Although one cannot derive a precise analytical form of the eigenvalues and eigenvectors
in this context, the behaviour of the eigenmodes in a multimode system is equivalent to

the single-mode case. Indeed, the eigenmodes are orthogonal to one another and have



Figure 3.24: Eigenvalues A; for the propagation eigenmodes shown in figure 3.23.

some propagating term and coupling with the background field that is characteristic of that

particular combination of fields. Indeed, we can make the transformation:

Br(2) = Ut (agp(2),azx(2) ",

where UT is made up of the eigenvectors of the matrix Q = UAUT, such that the equations
of propagation are

Bi(z) = €% B,,(0), (3.74)

where the eigenvalues Aj correspond to the non-zero elements of the diagonal matrix A. If
we take, for example, a rectangular waveguide with the same basis set as used in section 3.4.2
then the first 10 propagation modes for a TM1; background field are as shown in figure 3.23.
The corresponding eigenvalues are illustrated in the bar chart in figure 3.24. As expected,
the eigenvalues behave like that of the single-mode case, that is, of the form of Eq. 3.71
with the sum ), Ay =~ 0.

Although we do not have a precise analytical form for the eigenmodes in the multimode
case; one can, from the full solution given by Eq. 3.67, find the following single-mode

eigenvalues for a nonlinear crystal of length L

A = eF (u cos(uL) £ /= (v2 +|g?) sin(uL)2> , (3.75)

with corresponding eigenvectors

v = (~vsin(uL) £ iv/~ (02 + [g?) sm(uL)%.g"sin(uL)) (3.76)
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The eigenvalues, much like those for the non-diffracting fields described above, have
a phase term independent of the background and an interaction term that depends on
Ey(z,y) with the coefficient g*. These eigenmodes are sinusoidal like functions that interact
with a background field and oscillate between some minimum value at the input and some
maximum value at the interaction length of the nonlinear crystal [8, 9]. If the argument
uL = nrm then sin(uL) = 0 and the low-intensity fields will be decoupled, resulting in
degenerate eigenmodes. Similarly, when pL = n7/2, the eigenvalues are complex, and the
background field has a maximal coupling with the perturbation fields. This interaction is
similar to that described above in which the fields are eigenfunctions of the operator —id,.
Certainly, if we consider the fields propagating through a thin slice of nonlinear material,
they will behave approximately like the stationary eigenmodes. Indeed, if the thin slice is
of length ¢ <« L the eigenvectors given in Eq. 3.76 reduce to the eigenvectors associated
with the eigenvalues in Eq. 3.71. Moreover, for a crystal of length L, one can calculate the
evolution of the fields by concatenating n = eL thin slices of nonlinear material in which

the fields are approximately invariant with respect to the direction of propagation.

3.5 Parametric Down-Conversion

Parametric down-conversion, much like sum-frequency generation discussed in the previous
section, has proved a useful effect in the physical sciences. In this section, we are concerned
with introducing optical eigenmodes to this effect in the same manner as done for sum-
frequency generation in section 3.2.1. Note, although the introduction of optical eigenmodes
in this context is formally very similar to that of sum-frequency generation, we begin the
section by defining the optical eigenmodes for parametric down-conversion. Following this,
we take some examples of optical eigenmodes in waveguides, where the distinction between
down-conversion and sum-frequency generation is most apparent. Finally, at the end of the

section, we discuss the propagation eigenmodes.

3.5.1 Optical Eigenmodes in Parametric Down-Conversion

We begin with the equations:

. 8 1 * —1 z
- ’L&El(r) = mV%El(r) + x1E5(r)Ey(r)e Akz (3.77)
- igEg(r) _ Ly Es(r) 4 xoEj (r) Ey(r)e 14k (3.78)
82’ 2k2 T 1 ’
=i B = L viam) (3.79)
Zaz b - 2]{:3 T b ) .
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where E3,(r) = Ej(r) corresponds to the high-intensity pump field oscillating at ws. Notice,
unlike the equations for sum-frequency generation the above are conjugate linear. That is,
the field Ej(r) is dependent on E3(r) and similarly, Ea(r) is dependent on E(r). Again,
we decompose the fields in the input plane as

N
Er(r1) =) ar;Er (). (3.80)
j=1
The fields E; j(r1) form an orthogonal basis at the input of the nonlinear material,

/// E;"J(rl)Egyk(rl)e*i(“’”*”T)t dzy dyy dt = 276 (wr — we )0k, (3.81)

and evolve according to the equations:

N
) 0 1 * —iAkz
i Bi(0) = G-V (x) + kZ_l LB 1 (1) Ey(r)e 0%, (3.82)
0 1 N ‘
_ ’L@EZ] (I’) = %V%EQJ (I‘) + ; X2Eik(r)Eb(r)e—zAkz’ (383)

resulting in the following decomposition at the output plane

N
Fr(ra) =) ar;Frj(ra). (3.84)
Jj=1

As a proof of concept, we introduce the intensity of the small perturbation fields at the

output as
al 1
I=) > dark </Q Treoc F:,j(lb)FT,k(rz)dQ) — a'Ma, (3.85)
T 4k
where () is some region of interest in the output plane and the vectors a contain complex

coefficients and their conjugates

a= (a’r,h'"7aT,N7aU,17"'7aU,N)T (386)

and
al = (aly,... a0l N abq,... ah y) (3.87)
and N is the number of independent basis elements in Eq. 3.80. We can write the total

intensity as the sum of two distinct components as

N
1 * * 1 * *
I= Z/Q <2n1606 aj ja1 1 FY (r2) F p(r2) + 5 n2c0C a2,ja2,kF2,j(r2)F2,k:(r2)> dQ2
J.k

= aJ{Mlal + a;MgaQ
= a'Ma. (3.88)
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By diagonalising the cross-interaction matrix we define the optical eigenmodes at the

output and input as:

Frk (r2) kaj T.J (r2), (3.89)
N

Erg(r) = kajET,j(rl)a (3.90)
j=1

where vy; are the elements of the k'™ eigenvector of M associated with the eigenvalue \.

Although mathematically similar to the formalism outlined in section 3.2.1, there is a
distinction between the optical eigenmodes of sum-frequency generation and parametric
down-conversion. The most notable distinction is the conjugate linearity of Eq. 3.77 and
3.78. However, when we consider an optical measure, this conjugate linearity is not ap-
parent due to the Hermicity of the related operators. This does, however, have interesting
implications when considering the propagation modes of the system and can be problematic

when we go towards the single-photon level - discussed in more detail in section 4.4.1.

3.6 Optical Eigenmodes in Waveguides

In the context of an optical waveguide, the system is best solved in terms of the 1D co-
efficients as done in section 3.4.1. If we assume, as in section 3.4.1, that the propagation
modes defined in section 1.3.4 and 1.3.3 form our basis, the link between the coefficients

and the fields is given by
Zam (2)fri(,y), (3.91)

where f; ;(z,y) describe a Hilbert space with orthogonal basis elements,
/// fr i@, y) for(z, y)e Wemwr)t qu dy dt = 276 (wy — We )0k (3.92)

If we input this field expansion into the equations for parametric down-conversion we

have:

—10,a1 g Z V1,501, k(2) + X29jk(2)@§,k(z)v (3.93)
—1i0 a2,g Z V2,jkA2, k(2) + X39kj<z)a>f,k(z)v (3-94)
with the matrices
I
vt = [ [ g £sl@0) Vi) do dy, (395)
T
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and
gin(z) = / £ 0) F o (2 9) Bo(a, 1, 2)e % da dy, (3.96)

where Ak = ky + ko — k3 is the phase mismatch. Due to the conjugate linearity of the

equations, the scattering matrix mixes the coefficients and their conjugates. Consequently,

we have
a/
1,k ai,k
a’ as k
Zhl=s |77 (3.97)
ay g a1k
! *
as a2k

where aj, are the field amplitudes of the modes at the input and a , are the amplitudes

of the corresponding output modes and S = exp (fz iP(z)dz) with

U1 jk 0 0 X19jk(2)
0 U2,k X29k;j(2) 0
P(s) — g J . 3.98
) 0 —x195%(2)  —vLgk 0 (3.98)
—Xx295 (%) 0 0 —U2,jk

The above matrix can be reordered and made block-diagonal with respect to the pairs
<a1,ka a; k> and (CfiK ko a27k) with

o, a :( U1,k X19jk(2)> <a1,k) (3.99)
az’k _XQQZj(z) —U2 jk a;k

i, (1 :(_“I’j’“ _Xngj(z)> <aik) (3.100)
as X29kj(2) V2 jk ask)’

*
where one of the above gives the full solution of the system as (al,k, a37k> = (aik, a27k>.

and

The eigenmodes, in this case, are defined at the output and input planes as in Eq. 3.49 and

3.50, respectively.

3.7 Numerical Examples

In this section, we show some examples of optical eigenmodes in the context of parametric
down-conversion using the same set up as in section 3.3.1. As the symmetry associated with
the optical eigenmodes follows the arguments of section 3.3.2 and 3.3.3, we do not include
examples of eigenmodes in a bulk material. Indeed, in order to highlight the distinction
between the two effects, we consider the case of optical waveguides in which the differences

between the two sets of equations can be analysed from a theoretical perspective.
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3.7.1 Rectangular Waveguide

In this section, we consider some numerical examples of the intensity optical eigenmodes
in waveguides for parametric down-conversion. In the first instance, we consider a rectan-
gular waveguide with perfectly reflecting walls, as described in section 1.3.4. Our fields are

decomposed in Hilbert space with basis elements of the following form

from(x,y) = sin <%CE - n%) sin (T;L—:y - m%) , (3.101)

where b and ¢ correspond to the transverse dimensions of the waveguide. Due to the reality
of the basis fields at the input, the matrix elements v, ;; are identical to that of section 3.4.2,

ie.,
(bm; + cnj)?n?

4be

Urjk = — O g Oy - (3.102)

Similarly, the interaction terms, g;i(z), will also be the same as derived for the sum-

frequency generation case,

Cn (1 % cos (njm) cos (ngm)) Gm (1 % cos (mym) cos (mym)) N
e
n;* + (n2 —n)? — 2n3(ni + nZ))mr? (m;1 + (m2 —m})? — 2m?(m% + m2))

gik(2) = ( :

(3.103)
with ¢, = 4bnynjny and ¢, = 4cmymjmy,. Again, the numbers n;, and my, correspond to the
background field indices, which determines the sign of the matrix element. Although the
interaction and phase term matrices are the same as in section 3.4.2, the scattering matrices
couple different modes due to the conjugate linearity of the system. Indeed, this feature
of the effect is what leads to an overall gain in the intensity of the perturbation fields as
they propagate through the material. The symmetry of the intensity eigenmodes, therefore,
can be easily understood with respect to the overall gain of their components. This gain is
determined by the exchange of energy from the background field, and the eigenmodes that
overlap most with the background will interfere more than those with only a small overlap.
This is observed in the eigenmodes presented in figure 3.25, where we consider a TM mode
basis truncated at n+m < 7 with a TM1; background field. The corresponding eigenvalues

are shown in figure 3.26.

3.7.2 Circular Waveguide

As illustrated in section 3.4.3, systems with circular symmetry are best solved with the
Laguerre-Gaussian modes introduced in section 1.3.3. Much like the rectangular waveguide,
the results for the equations for parametric down-conversion are similar to those presented
for sum-frequency generation in the previous section. Indeed, given the same set of basis

elements the matrix v j is identical for both sets of equations. The integral for the matrix
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(a)
(b)

Figure 3.25: SPDC intensity optical eigenmodes for a TM7; background with components
(a) Fq(re) and (b) Fg x(r2) represented map in figure 3.13 (d).
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Figure 3.26: Eigenvalues for the intensity optical eigenmodes shown in figure 3.25.

gjk(z) is slightly different, however, resulting in different selection rules for interactions.
This is unsurprising as the background field is oscillating at a different frequency. For

gjk(2) in a Laguerre-Gaussian basis with fields of the form of Eq. 1.16 we have

gin(z) = / Fr i) 3 (P Eo(r, 2)e (o= t2r—00)0mi8k= qrqg, (3.104)

If we consider the interaction of two of the basis elements, we can evaluate the integral

along the azimuthal angle, ¢, as,

2
/ e~ == g — 975, 4 L4 (3.105)
0

neglecting any constants of integration. Therefore, interactions of fields that obey the
selection rule ¢, = fo+/¢; will exchange energy between one another. Similar to section 3.4.3,
the selection rules for the OAM of the fields are observed in the field profiles of the intensity
optical eigenmodes. To illustrate this, we consider a finite basis of Laguerre-Gaussian modes
truncated with respect to the maximal index 2p + |¢| < 7. In this section, we consider
a single example in which the background field has vortex charge ¢, = +1. Therefore,
to ensure the basis for the two perturbation fields is closed with respect to interaction
with the background, we choose the basis to be o = {—6,...,8} such that we can have
0y ={-7,...,7} and satisfy the relation ¢; + ¢5 = ¢}, for all the elements. A more detailed
discussion of this basis shift is outlined in section 3.3.3. The first 20 intensity optical
eigenmodes for a background field with ¢, = +1 are shown in figure 3.27. In all cases, we

observe the selection rules for the orbital angular momentum.

3.7.3 Propagation Eigenmodes

Similar to section 3.4.4, we can develop some intuition with respect to the propagation

eigenmodes of parametric down-conversion by considering the case where we have a single
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Figure 3.27: SPDC intensity optical eigenmodes for a LG9 background field with compo-
nents (a) Fy x(ro)e #14% and (b) Fq(re)e 249,
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mode propagating on each of the fields. In this simplified case the matrices v, j, and g;x(2)

reduce to single coefficients v, and g(z) such that

oG M) -

In general, the above matrix is not Hermitian, as was the case in section 3.4.4, however,

with the following transformations:

1
ar(z) = ﬁal(z) (3.107)
and
0(2) = ——ay(2) (3.108)

Noa

the matrix is pseudo or quasi-Hermitian [97, 98, 99, 100]. The evolution of the coefficients

)l (i @) e

which for a translation-invariant system where 9,g(z) = 0, has the solution (ay(2), a5(2)) " =
=W (2) (a1(0), a(0)) ", where the matrix

ar(z) is

W(z) = [COS (,uzl + ivsin (uz) igsin (,uz) (3.110)
—ig*sin (puz) pcos (pz) — dvsin (uz)

is related to the scattering matrix as S = €*W (z)|.—r. The solution with respect to the

variables (a%(z),az(z))" is found by taking the complex conjugate of the above solution,

ie., (a*(2),a2(2))" = e ®*W*(2) (a%(0),a2(0))". Note, we have simplified the form of

these solutions by making use of the following substitutions:

oo itva) (3.111)

(3.112)

and

w=/v?—|g|% (3.113)

The last of these substitutions describes two distinct regions in which the behaviour of the
solution is different. Indeed, if v > |g|, then the argument in the sinusoidal functions is real,
and the fields will behave in an oscillatory manner like that of sum-frequency generation as
discussed in section 3.4.4. If, however, v < |g| then p will be complex and the sinusoidal

functions become hyperbolic, leading to exponential growth. This is the same behaviour
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Figure 3.28: Propagation eigenmodes for a TM;; background with components (a) Fg (r2)
and (b) Fs (rs).

observed in section 2.3.3 and is due to the pump or background field continuously transfer-
ring energy to the perturbation fields without depleting. This exponential behaviour is also
manifest in the eigenvalues, which for the single-mode case with a stationary background
field, take the form

A, =0 =% p, (3.114)
with associated eigenvectors vy = (—v =+ ;L,g*)T which evolve as e”*#*. Observing the
form of the eigenvalues, we note that as |g| increases u — 0, and the eigenvalues become
degenerate. Furthermore, if v < |g|, ¢ is imaginary and one of the eigenvalues acquires a
positive imaginary part - leading to exponential decay - while the other acquires a negative

imaginary part - leading to exponential growth.
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Figure 3.29: Eigenvalues \j for the propagation eigenmodes shown in figure 3.28

Again, the multimode case exhibits the same behaviour as the single-mode case. However,
in general, these eigenmodes are not orthogonal to one another as P(z) is only symmetric
if g(z) > v. Thus, for a system with translation invariance, we have the matrix

P = <—27§j gg)’“), (3.115)
which is skew or anti-Hermitian with Pt = —P. In this approximation, the matrix does
have a set of orthogonal eigenvectors with purely imaginary eigenvalues. For example, if we
take the basis used in section 3.7.1, we find the eigenmodes illustrated in figure 3.28 with

their corresponding imaginary eigenvalues shown in figure 3.29. Note, these are for a TMg
background field.

The definition of the eigenvalues in Eq. 3.114 suggests that, for large u, the gain of one
of the eigenmodes will be large. As p is dependent on the coefficient g, a high degree of
overlap with the background field will result in large gain for the eigenmode. Similarly, the
eigenmodes that overlap to a lesser extent with the background field will have a smaller g
value and lower gain. We observe this behaviour with the eigenmodes presented here where
the magnitude of the imaginary part of the eigenvalue is directly related to the gain of the
eigenmode. This can be observed explicit when we consider the z-dependent eigenmodes.

Indeed, using Eq. 3.110, we find, for a crystal of length L, eigenvalues of the form

A = e (u cos(uL) £ /(—=v2 + |g?) sin(,uL)Z) , (3.116)

with corresponding eigenvectors

vE = (v sin(uL) £ iv/(—v? + [g[2) sin(uL)2, gsin(,uL))T . (3.117)
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Again we see a change in behaviour where if v > |g| then p is real and the evolution is
periodic and when v < |g| the coefficient p is imaginary, and the trigonometric functions
become hyperbolic. Similar to the non-diffracting case, these eigenmodes will not be or-
thogonal to one another unless we have the condition that |g| > v. In this case, the matrix

W (z) reduces to the following form

W(2) = o ( cosh(v/g*\/92) i\/‘/gg sinh(\/g>*\/§z)> (3.118)
—i% sinh(v/g%,/92) cosh(v/g%\/92)
such that the full solution is Hermitian,
<a1<z>> _ ( cosh(vgFy/gz) ik sinh(ﬁ*ﬂz)) <a1<o>> (3.119)
a3 (z) —i% sinh(y/g*\/92) cosh(v/g*\/92) a3(0))”

and, for a crystal of length L, has real eigenvalues

A = cosh(/g"V/gL) + sinh (v/g" /gL ) = exp (+1/g" /5L ) (3.120)

with corresponding orthogonal eigenvectors v, = (j:i\/g, @)T
Note, the approximation that |g| > v is compatible with our perturbation fields and
high-intensity background. Indeed, the term v corresponds to a propagating phase term
of the perturbation fields and is dependent on the field strength of these fields: which for
fields of low intensity is small. The term g, however, is dependent on the field strength of
the perturbation fields and the background. If the background field is sufficiently intense,
it will overcome the propagation term of the perturbation fields, and the approximation
lg| > v will be valid. If the approximation is valid, then this section will clearly define the
propagation properties of the optical eigenmodes shown in the previous sections. That is,
the fields will propagate independent of one another and, depending on their overlap and
phase with respect to the background field, will exhibit gain or loss as they evolve. It is
noteworthy, that this approximation is also true for the propagation eigenmodes outlined in
section 3.4.4, however, as we did not require it to define orthogonal propagating eigenvectors

it is left as a special case of the general theory outlined therein.

3.8 Degeneracy and Commuting Operators

In section 1.4.1, we introduced the operators corresponding to physical observables in the
context of classical electromagnetic fields. The eigenvectors of these operators define the
eigenmodes of the associated measure and are an orthogonal set of fields characteristic of a

given optical system. Depending on the symmetry of the system, however, the eigenmodes
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may not be unique with respect to a particular observable. Indeed, the eigenvectors may
share eigenvalues as observed in the intensity eigenmodes introduced throughout this chap-
ter. To deal with the degeneracy associated with these eigenmodes, one must break some
intrinsic symmetry of the system. This symmetry breaking can be achieved through the use
of a secondary observable. For example, one may have eigenmodes that are degenerate in
intensity but have distinct orbital angular momentum. To label the intensity eigenmodes
with respect to their orbital angular momentum, or indeed any other observable, they must
also be eigenvectors of the associated operator. That is, the operators must commute with
one another. More generally, to fully characterise the eigenmodes of a system in this manner
requires a complete set of pair-wise commuting operators. In this work, we have observed
a two-fold degeneracy and, therefore, the complete set of commuting operators consists of
two elements. This set of operators highlight the symmetry of the equations of evolution
of both sum-frequency generation and parametric down-conversion and allow us to lift the

degeneracy found in the intensity eigenmodes.

3.8.1 Pairwise Commutation of Operators

Consider two operators, 01 and 0s, that correspond to two distinct physical observables.

Each of the operators has a set of eigenfunctions or eigenmodes which satisfy the property
O F; = O;FF, (3.121)

where IF; is an eigenmode of the operator & and Oj is the associated eigenvalue. If the
eigenmode on which we project happens to exist in a degenerate subspace, then more
information is required to uniquely determine the measured state of the system. If we first
consider a measurement with respect to €71, we are projecting onto some Hilbert space
characteristic of the operator. In order for the eigenmodes in this Hilbert space to be

additive for 0y, we require
O>01F1 = Oy (OlFl) = 0105F = OlOQIFl, (3.122)

which states that the field [y is an eigenmode of both &1 and 0,. If we consider instead

that we have projected onto the basis associated with &5, then we have a similar relation,
ﬁl ﬁQFQ = ﬁl (OQFQ) = OgﬁlFQ = OQOl]FQ, (3.123)

that is only true if Fy is an eigenmode of both of the operators. Satisfying one of the above
conditions will automatically fulfil the other which suggests that F; = Fo = F. Subtracting
Eq. 3.123 from Eq. 3.122 we find

(ﬁlﬁg — ﬁgﬁl) F= (0102 — 0201) F = 0, (3.124)
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from which we can define the commutator
(01, O] = 010y — O30 (3.125)

If the above commutator is zero, then it is clear that the operators will share an eigen-
space and the physical observables can be used to uniquely label the optical eigenmodes
of a given system. In the context of the optical eigenmodes introduced in the previous
sections of this chapter, we observed a number of degenerate eigenspaces. Moreover, we
noted that this degeneracy was due to some symmetry of the system that was not broken
by the intensity operator. In the next section, we discuss the symmetry that causes this
degeneracy in rectangular and circular waveguides and how the introduction of a second

commuting operator allows us to uniquely label these degenerate eigenmodes.

3.8.2 Discrete Symmetries

As already discussed, when introducing the intensity eigenmodes, any degeneracy can be
attributed to some symmetry or invariance that has not been probed by the intensity
operator. In the example of the rectangular waveguide in section 3.4.2 and the Hermite-
Gaussian modes in section 3.3.2, we observed degenerate eigenmodes which have even or
odd field profiles with respect to reflections in the transverse plane, i.e., V; : £ — —z and

Vyry— —y.

3.8.2.1 Example

(a) (b)

Figure 3.30: Degenerate eigenmodes for a TMi2 background with components (a) Fg (r2)
and (b) F3(r2) in the output plane where k = 1,2 from left to right.

If we take, for example, a TMj5 background field, as in section 3.4.3, we find eigenmodes
that exist in a two-fold degenerate subspace, as shown in figure 3.30. Each of these eigen-

modes is made up of two distinct field components as Fy ;,(r2) and F3 ;(r2) where the total
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(a) (b)

Figure 3.31: Degenerate eigenmodes in figure 3.30 after transformation by V.

intensity eigenvalue in the output plane is the sum of the intensity of these components as

A=A p+A3 ) = // %ngéoc 5 i (r2)Fa 1 (r2) o2 dy2+// %ngsgc 3 (r2)F3 1 (r2) dza dy2,

(3.126)
where for two degenerate eigenmodes A1 = Ao, A21 = Ao 2 and A31 = A32. In this example,
the TM ;5 background field is odd with respect to the operator V, and even with respect to
Vy. Consequently, the eigenmodes themselves are invariant for V,, but not invariant for a

reflection about the z-axis. Indeed, the eigenmodes transform as:
VelFo1(r2) = —Fa1(re), VilF31(r2) = F31(r2) (3.127)

VaFaa(r2) = Fa(r2),  VilF3a(rz) = —F3z(rs), (3.128)
as illustrated in figure 3.31. As the intensity operator commutes with V, and V,, the
operators share an eigenspace. Indeed, the eigenvalues for V, are found by projecting onto

the initial eigenmodes and integrating over the output plane as

& = / / (F5 1 (£2) Vi Fo (1) + T (2) Vs (1)) daa dy, (3.129)

which for the two eigenmodes in figure 3.30 is evaluated using the properties given in

Egs. 3.127 and 3.128 giving

% . 2/\371 2)\2,1
61 = // (—]FQJ(I'Q)]FQJ(I'Q) +F371(I‘2)F371(I‘2)) dxg dyg = @ — @, (3130)
and
. " " . 2)\272 2)\372
& = [[ (Fsalea)Paalre) - Fipra)Faa(ea)) doadyn = 222 = 2292 (3131
where, as Aa1 = Ao and A3 = A32, we have § = —&. Consequently, the eigenmodes

are not degenerate when acted on by the operator V,. This process can be repeated with
all of the degenerate subspaces in section 3.3.2 and 3.4.3. Assuming the degenerate sub-
space consists only of two eigenmodes the result given by Eq. 3.130 and 3.131 is the same
regardless of the background field where the spatial translation breaks the symmetry of the
background field.
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3.8.3 Optical Angular Momentum

In sections 3.3.3, 3.4.3 and 3.7.2, we introduced the optical eigenmodes of the intensity
operator in a basis whose elements exhibited circular symmetry. For these eigenmodes, we
observed a two-fold degeneracy that was attributed to the orbital angular momentum, £,
of the fields. As discussed in section 3.8.2, we can lift this system degeneracy by probing
or breaking the symmetry that causes it. For this section, we drop the notation ¢, used
in sections 3.3.3, 3.4.3 and 3.7.2, to denote the background field as we discuss both sum-
frequency generation and parametric down-conversion. Instead, we maintain the numerical

indices to distinguish between the fields and their orbital angular momentum.

In section 1.4.1, we introduced the orbital angular momentum operator in the context of
classical fields where the transformed field, i0,E-(r, ¢, 2), is itself a solution of Maxwell’s
equations. Given we have some fields E,(r, z)e~ %% that are solutions of our equations for
sum-frequency generation, we can check if the transformed field is itself a solution. Assuming
the fields are of the form of the Laguerre-Gaussian modes used in both sections 3.3.3 and

3.4.3 the equations for sum-frequency generation, with a single mode on each field, are:

4 1 . . .
— 0. (r,2)e 50 = R Balr, 2)e 5 4 o, 2)* By, 2) -0k,
2 ’
(3.132)

1 ) ) )
—V%mb)Eg (r, 2)e" 3 43 E\ (r, 2) By (r, z) e 1209 ci0kz (3 133)

—i0.F3(r, z)e "% = o

where V%r ¢ = <V% + %Vr + T%Vi) is the transverse Laplacian operator in cylindrical
coordinates. If we now input the transformed fields i0yE(r, z)e~ %% into the equations we
find:

. 1 , ¢ . ,
— 00, Ea(r, 2)e 20 = —V2  Fo(r,z)e” 2% ?3"2 Er(r, 2)* By (r, ) e~iltamt1)9omillkz
2

2o - (19)
(3.134)
. 1 . . .
— 10, E3(r, z)e ¢ = —V% s Es(r, z)e Hs® 4 éxgEl (r, 2)Ea(r, z) e Hl2)dgikkz
2k3 Ty fg
(3.135)

which are only the same as the original equations when f3 = /o, that is when ¢; = 0.
However, if we do not have ¢; = 0 the orbital angular momentum satisfies the relation
ls = f3 + £1. In section 3.4.3, we showed that fields interact if and only if the OAM is

conserved. Therefore, we can rewrite the equations as:

, i 1 i by + /4 . o
—i0, Fo(r, z)e 2% = %V%T’@Ez(r, 2)e 2 4 2Tlsz1(r, 2)* Ey(r, z) e a—h)emiAkz
(3.136)
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, 1 . la— ¢ . .
—i0, E3(r, 2)e 5% = 7V%r,¢)E3(T7 2)e 0 4 2L\ By (1, 2) Ea(r, 2) e )0 ik

2]{33 £3
(3.137)

From the interaction term in the above equations, we note that the OAM operator
needs to be corrected for the background field in the instances when ¢; # 0. In sec-
tions 3.3.3 and 3.4.3, when we considered a non-zero background OAM, we shifted the basis
for F3(r, z)e~ 3% such that all of the interactions were closed with respect to the selection
rule 3 = f9 + £1. Therefore, the interaction of any of the elements will not excite higher-
order outwith the considered basis. We can write the conserved quantities in the form of

the following set of operators:
Esy(r,z)e 2% — (i0g + 7v) Eo(r, z)e" 29 (3.138)

E3(r,2)e”"% — (i + (v — £1)) E(r, 2)e ™2, (3.139)

where 7 is a free parameter which reflects the multiple ways in which the asymmetry between
the two basis sets can be introduced. In both section 3.3.3 and 3.4.3, when we considered
a background field with ¢; = +1, we shifted the /3 basis elements by +1. However, we
could have just as easily shifted the /o elements by —1 and achieve a closed set. More
generally, one could shift the ¢35 or £5 basis elements by an arbitrary amount as long as
there is a one to one correspondence between the two basis sets after interacting with the
background. Following the same arguments presented above for the equations describing

parametric down-conversion, we can derive a similar set of transformations:
Eqi(r,2)e” 1% — (id4 + ) Er(r, 2)e "9, (3.140)

E5(r, z)ewm — (10p + (v — £3)) E5(r, z)ewg‘ﬁ. (3.141)

These transformations are the same as those for the sum-frequency generation equation
as they are derived from the same selection rule, i.e., f3 = fo + ¢1. Certainly, as we are
transforming the conjugate fields E3(r, 2)e™*2? where l5 — —{5 we observe that under this
transformation, the OAM selection rule is similar to that of sum-frequency generation.
Similar to the operators in Eq. 3.138 and 3.139 when we have a non-zero background
OAM, we have two choices to ensure the basis set is closed with respect to all possible
interactions. If for example, we have f3 = +1, then we can shift the ¢5 basis elements by +1
or, alternatively, shift the ¢; elements by —1. Consequently, if we choose the appropriate
set of basis elements for the two interacting fields the orbital angular momentum will be

conserved and with the OAM operator, we can uniquely label the optical eigenmodes.
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(a) (b)

Figure 3.32:  Degenerate eigenmodes for a LGgg background with components
(a) For(ra)e 2% and (b) Fz(r2)e”#3+® in the output plane where k = 1,2 from left
to right.

3.8.3.1 Example

If we take, for example, the simple case for sum-frequency generation where the back-
ground OAM is /1 = 0 we observed degeneracy in the eigenmodes shown in figure 3.32

where (3}, = {5, = £1. In this case the orbital angular momentum of the eigenmodes is
gk == // F;k(Tg)emz*k(biaqﬂﬁ‘g,k(7“2)672%2’1“(25 + Fg’k(Tg)eiés*k¢ia¢F37k(7“2)671[3’]“(25 d(f) d?"g
= / 627kF§7k(T’2)F27k(T2) + £37jF§7k(T2)F37k(T2) d¢ dro, (3.142)

where £, is the OAM of the k*™® eigenmode component oscillating at w, and the free

parameter is chosen to be v = ¢; = 0. In the eigenmodes in figure 3.32 we have f 1 = 31 =1

and {2 = {39 = —1 such that we have:
2X21  2X31
= F F I F = — 4+ —= .14
2= [[ 3002 F21(ra) + 5 (r0)Fan(r2)) dodra = 20 4 200 (3143
2X22  2X32
= —IF F — F* IF- dodry = ———m> — —== 144
%) // (=F39(r2)Faa(r2) — F3 o(r2)F32(r2)) dedrs i — (3.144)
where as A2 1 = A2 and A3 = A32 we have £ = —%5. This result is true in general for

all of the degenerate subspaces in section 3.3.2 and 3.4.3 for ¢; = 0 where the eigenvalues
A, are scaled by the total angular momentum of the fields. This kind of behaviour is also
true for examples where ¢1 # 0. Indeed, if we consider the eigenmodes of sum-frequency
generation with £ = +1 as presented in section 3.4.3 we found degenerate eigenmodes with
orbital angular momentum ¢, = 0, /o = —1 and /3 = 1, /3 = 0. Note, in each case we

observe that (3 = l9 + 1. If we choose v = £; we have the following operators:
Fo i (ra)e™2%¢ — (i0y + £1) Fo g (ro)e 249, (3.145)
F(ra)e™ 35 = i04Fs g (ro)e "5+%, (3.146)
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acting on the optical eigenmodes. Indeed, the angular momentum of each of the eigenmodes

is

31 :// F;}l(rg)ei&’l(ﬁ (ia¢F271(T2)€_i£2’1¢ +F2’1(T2)e_i£2,1¢> (3.147)

+F5 1 (r2)e"319i05F 3 1 (ra)e 419 A dry

2\ 2\
= // F;,I(TQ)F2,1(T2) + F§71(T2)F3y1(7‘2) dd) dry = 2721 + 281

na2cgpC 1135067

gg = // F§’2(T2)€i22’2¢ <i8¢F2,2(7’2)67w2’1¢ + F272(7’2)67i€2’1¢> (3.148)

+ F§72(r2)ei£3*2¢i8¢F372 (?“2)6_1[3’2(75 d¢ d’l“Q

= // —IF5 5(ra)Fa2(r2) +F5 5(re)Fa2(r2) d drg = 0.

Note, in the second of the two examples, the total angular momentum is zero. This is be-
cause, for a non-zero OAM background field, the operator acting on the fields ngk(rg)e*”lk‘b
behaves like a conventional orbital angular momentum operator, idys, in a frame of refer-
ence rotating with ¢; = +1. Therefore, if we have {5} = —1, as we do in the example
presented above, the total angular momentum with respect to the operator Eq. 3.145 is
zero. In both examples, we observe that by accounting for the orbital angular momentum
of the eigenmodes, they are no longer degenerate and can be uniquely labelled with respect
to their angular momentum. This can be repeated for any degenerate subspaces in the
intensity eigenmodes shown in the previous sections, for the sake of brevity; however, we

only consider the two examples presented above.

3.9 Conclusion

In this chapter, we have introduced optical eigenmodes in the context of three-wave mixing
within the non-depleting pump approximation. In linear optical systems, the optical eigen-
modes define a set of orthogonal, non-interacting fields characteristic of the measure of a
physical observable in some region of detection. The eigenmodes we define here, however,
although orthogonal to one another, have components that interact due to the presence
of a second-order nonlinear crystal. Indeed, although we are within the non-depleting
pump approximation, the equations of evolution have an intensity dependence that leads
to non-trivial eigenmodes distributed across multiple frequencies. The interaction of these
low-intensity perturbation fields is determined by a high-intensity pump field and, therefore,

the eigenmodes themselves are characteristic of that particular background.
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In the context of three-wave mixing, we described two distinct effects in the form of sum-
frequency generation and parametric down-conversion and their associated symmetries. In
particular, we highlight the symmetry of the eigenmodes with respect to the choice of back-
ground field and how they are linked to the initial field decomposition considered. Indeed,
through several numerical examples, we highlighted the distributed nature of the eigenmodes
in bulk nonlinear material and optical waveguides. In the case of optical waveguides, we also
discussed the propagation eigenmodes for sum-frequency generation and parametric down-
conversion and highlighted the symmetries of the interactions between the low-intensity
fields from an analytical perspective. We concluded the chapter by discussing degeneracy
in the eigenvalue spectrum of the intensity optical eigenmodes and break the symmetry

with the use of another operator that commutes with the intensity measure.
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Chapter 4

Multiphoton Propagation
Eigenmodes in Three-Wave Mixing

4.1 Introduction

In general, the asymptotic propagation of light through a linear optical system is fully
characterised by a scattering matrix [11]. The same is true for sum-frequency generation
and parametric down-conversion in the non-depleting pump approximation introduced in
section 2.3. In the context of quantum optics, this scattering matrix also characterises the
input-output relation of bosonic creation and annihilation operators of the corresponding
classical fields where the field amplitudes are interpreted as probability amplitudes [12]. The
quantum description of these optical systems has been studied extensively in recent years
owing to their close link to the study of quantum computing, information and communica-
tion [101, 102, 103]. Further, the effective Hamiltonian describing the evolution of quantum
states in optical networks can be derived directly from the classical scattering matrix that
characterises the system [104, 105]. In this chapter, we study three-wave mixing in the
context of a linear optical network in which two low-intensity perturbation fields interact
as they propagate. This interaction is mediated through the high-intensity pump field and
a second-order nonlinear material. By quantising the perturbation fields, we introduce a
unitary scattering operator that describes the evolution of single-photon or Fock states,
introduced in section 4.2.3, as they propagate: establishing a link between the classical
fields discussed in previous chapters and single-photon states. With this link, we study
the influence of the propagation eigenmodes on the quantum behaviour of sum-frequency

generation and parametric down-conversion.
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4.2 Quantum Description of Light

In this section, we introduce the theoretical considerations that we require for describing
electromagnetic fields in the context of quantum mechanics. In particular, in section 4.2.1,
we briefly discuss the Schrodinger picture of quantum mechanics and the evolution of states
before introducing Heisenberg’s time-dependent operator picture. We then introduce the
operator solution of the quantum harmonic oscillator that gives rise to the raising and
lowering or creation and annihilation operators. After this, we briefly outline how the
creation and annihilation operator representation is applied to quantise the electromagnetic
field. Using this quantisation procedure, we are in a position to describe not just the state
of the system - described by the Heisenberg and Schrodinger pictures - but the number of
quanta in a particular state. To conclude this section, we briefly outline the method of

optical eigenmodes in the context of quantum operators.

4.2.1 The Wavefunction and the Schrodinger & Heisenberg Pictures

Like electromagnetic fields in optics, the fundamental object of quantum mechanics is the
wavefunction, commonly denoted ¥(r,t). This wavefunction is a mathematical description
of the physical state, at time ¢, of some quantum particle or system and encodes knowledge
of the particle or system that can be accessed via a measurement. If the position-space
wavefunction is interpreted in this way, then it is often normalised to satisfy the following

condition

/V‘I/*(r,t)\ll(r,t) dVv =1, (4.1)
where dV is some three-dimensional region of space. If the above condition is satisfied, then
the sum of all probabilities distributed across space is equal to one. Note, in momentum-
space, the inner product is defined for the functions ¥(p,t) in a similar manner [106, 107].
The position-space normalisation condition was historically introduced to make sense of the
so-called statistical interpretation of the wavefunction [108, 109]. The equation that defines
the time evolution of the wavefunction was first proposed by Schrodinger and is a partial
differential equation of the form

L0 -
i U(r,t) = HU(r, 1), (4.2)

where the notation ~ denotes a quantum operator and H is the Hamiltonian that, when

independent of time, evolves the wavefunction as

U(r,t) = e #1700 (r,0). (4.3)
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For a single particle with linear momentum p = —¢AV the Hamiltonian can be written

in the form
. P> . h? R
H=—+4V(r)= —%W +V(r), (4.4)

2m
where m is the mass of the particle and f/(r) is a potential function. Similar to the solution
for the evolution of classical fields, introduced in section 1.2, we can separate the wave-
function as ¥(r,t) = ¢ (r)O(t) such that

O(t) = exp (—z?) (4.5)

and we are left with the time-independent Schrédinger equation

() = — T 02() + V() = B, (4.6)

T 2m

where the separation variable E corresponds to the energy of the state ¢ (r). Note, the
time-independent Schrédinger equation is linear and so if given two solutions v (r) and
19 (r) their superposition, 11 (r) + 2 (r), is itself a solution. Thus, the solutions of the time-
independent Schrédinger equation are the eigenfunctions of the Hamiltonian operator where
the associated eigenvalue is the energy of that state. As the Hamiltonian H is Hermitian,

these eigenfunctions are orthogonal to one another with the inner product

[ 5we0) =5~ o) (4.7)

where §(7 — o) is the Dirac delta function. These properties are shared with the optical
eigenmodes discussed in section 1.4.1 and 1.4.2, which are themselves orthogonal with eigen-
values associated with some physical observable. Indeed, the optical eigenmodes correspond
to a classical analogue of the eigenfunctions discussed here, where the classical fields obey
Maxwell’s equations and the evolution of the wavefunction is determined by Schrédinger’s

equation.

In the Schrodinger picture, discussed above, the wavefunctions take on an explicit time
dependence and evolve according to Eq. 4.2. According to the Heisenberg picture, how-
ever, one can instead describe the dynamics of a system by endowing the operators with
explicit time dependence, i.e. % (t). The Heisenberg picture is therefore distinct from the
Schrodinger picture where the operators are fixed in time, and the wavefunctions evolve.
Indeed, consider some observable % , the measurement of this observable is expressed in
Dirac notation as

0 = (U(r,t)| O|¥(r,1)), (4.8)
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where (U (r,t)| € |U(r,t)) = [ ©*(r,t)0'U(r,t) dr, which is formally similar to the Hermitian
operators discussed in section 1.4.1 except here we have quantum wavefunctions in place of
classical fields. Using the evolution of the states given by Eq. 4.3, the above relation can

be written with respect to the input state |¥(r,0)) as
0 = (W(r,0)| (G 1) [(r,0)) = (¥(r,0)| 6(t) |¥(r,0)), (4.9)

where the operators take on the time dependence and the wavefunctions are stationary
states: this is analogous to the coefficient form introduced in section 3.4.1. Taking the time
derivative of the operator & (t) returns the following differential equation

do(t) i . 80(1)

7 h[ﬁ, Ot)] + T (4.10)

which is commonly known as Heisenberg’s equation of motion. Given the system is quan-
tised using the Born-Jordan rule [110, 111], the Heisenberg and Schrédinger pictures are
equivalent to one another [112, 113]. Throughout the rest of this chapter, we will utilise
both of these representations to derive an effective Hamiltonian and associated scattering
operator that describes the quantum behaviour of both sum-frequency generation and para-
metric down-conversion. Note, there is an intermediate representation of the Heisenberg
and Schrodinger pictures known as the interaction picture [22, 114]. However, in this work,
we do not utilise the interaction picture as we make use of fixed basis states as described

in sections 3.4.3 and 3.7.2.

4.2.2 Creation & Annihilation Operators

In this section, we discuss second quantisation in which the harmonic oscillator itself is
described in terms of operators. In particular, we introduce the creation and annihilation
operators which raise and lower the energy of the harmonic oscillator. As opposed to being
concerned with which state a given bosonic particle occupies, i.e. first quantisation, we are
concerned with how many bosons occupy a given state: known as second quantisation. With
these operators and the photon number states, which we will introduce in section 4.2.3, one
has a formalism to describe quantum systems in the context of a field decomposition. Indeed,
although we introduce the creation and annihilation operators with respect to the harmonic
oscillator one can show that these same operators arise when quantising electromagnetic
fields [114, 115, 116].
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The mathematical form of the creation and annihilation operators are found from the
operator solution of the quantum harmonic oscillator. The total energy of a 1D harmonic

oscillator is given by the Hamiltonian

N |
H=T+V =% + —muw?
2m 2

2 (4.11)

where T' corresponds to the kinetic energy, V to the potential energy and the mass is defined
as the ratio between average velocity and average momentum as illustrated with Ehrenfest’s
theorem,

d{%)

m—- = (Da)- (4.12)

This Hamiltonian can be factorised with the use of the ladder operators defined with the

canonical observables z and p, as:

1
a= mwi + ipy) , 4.13
57 ( Pr) (4.13)

1
al = (mwi — ipy) (4.14)

vV2mh

where m is the same mass as above, and the position and momentum have commutation
relation [Z, ] = ih which gives [a,a'] = aa’ —a'a = 1. Using the creation and annihilation

operators and their commutator, the Hamiltonian can be expressed as
X N
H=hvw(ada+ 5) (4.15)

With this Hamiltonian, we can calculate the commutation relations [ﬁ ,a'] = hwa' and
[H,d) = —hwa. Using these commutation relations and Heisenberg’s equation, we write the

time dependence of these operators as:
a(t) = a(0)e™, (4.16)
al(t) = af(0)et. (4.17)
Operating on a state, ¥,,, with Ha'l we find
Hi'W, = (hw + E,) alw,,. (4.18)
Similarly, for Ha, we have
HaV, = (—hw + E,) av,, (4.19)

which shows that a¥,, and af¥,, are eigenfunctions of the Hamiltonian of a harmonic os-
cillator with energy E, — hw and FE,, + hw, respectively. So by applying the operator a to
the wavefunction, the energy is lowered by fiw and by applying a! the energy is raised by
the same factor. Therefore, the operators a! and @ are known as the raising and lowering

or the creation and annihilation operators.
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Given the wave nature of the electromagnetic field, it is perhaps unsurprising that one can
quantise light with the harmonic oscillator. To show the equivalence between the harmonic
oscillator and the electromagnetic field we start with the classical free field Hamiltonian

1 . 1,
Hev = | = |eoE'E+ —B*B | dV, (4.20)
v 2 [0
where V' corresponds to the volume of an empty cavity in which the field is enclosed. If we
take the simple case of a monochromatic, linearly polarised electric field propagating along

the z-axis we have
E,(z,t) = Epsin(kz) sin(wt) (4.21)

with the corresponding magnetic field

By(z,t) = % cos(kz) cos(wt). (4.22)

Integrating these fields over the cavity volume, assuming we have a standing wave with

nodes at z = 0 and z = z,4z, the Hamiltonian is rewritten as

| Eol?

v
Hey = — <5O|E0|281n2(wt) +— cos2(wt)> (4.23)
Hoc

4

whereby introducing the two operators

4=/ %EO sin(wt) (4.24)

%EO cos(wt) (4.25)

and

p
can be written in a form reminiscent of the harmonic oscillator as

Hem = = (p* +w?d?), (4.26)

N =

where p and ¢ act like the position and momentum of the electromagnetic field. Indeed,
the above Hamiltonian can be made identical to the harmonic oscillator with the following

substitutions:

q = /mi, (4.27)
P = ——=Dax, (4.28)

which gives the commutator [g, p] = ih. We can recast our creation and annihilation oper-

ators in terms of the electromagnetic field operators p and ¢ as:

1
V2hw
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1
A-i- A~ <A
a’ = wq —1 y 4.30

which allow us to write the Hamiltonian Eq. 4.26 in the operator form

Hey = %m (&Ta + ;) , (4.31)
which is identical to Eq. 4.15. With this, we observe that the quantisation of the quantum
harmonic oscillator can be directly applied to electromagnetic fields. Furthermore, the
above demonstration represents a simple example of so-called canonical quantisation where
a classical theory is quantised by defining field and conjugate momenta operators that have

the same algebraic structure as Egs. 4.13 and 4.14.

4.2.3 Number State Representation

If the states ¥,, are defined as eigenstates of the number operator 7 = a'a we have
n¥, = n¥,, (4.32)

where n is the total number of quanta in the state. We denote these states as the Fock
states and represent them in Dirac notation with the kets |n). The raising and lowering
operators ' and @ act to increase and decrease the total number of photons in terms of

these kets as:

alln)y =vn+1n+1), (4.33)
aln) =+/njn—1), (4.34)

and

al0) = |0), (4.35)

where the Fock states form an orthonormal basis with (n'|n) = 6,/ . The first of the above
properties suggests that the number states can be described as the successive application

of the creation operator in the following manner
1

In) = ﬁm*)" 0), (4.36)

where n! represents the factorial of the number n and the state |0) corresponds to the ground
state in which no quanta of light are in an excited state. The total number of photons in a

system can be found by applying the operator 7 = a'a,

alan) = vna'ln —1) = vny/(n—1)+1|n) = n|n), (4.37)

showing that the number states are indeed eigenstates of the number operator. If we consider

a system with more than one oscillator the operators a, ; corresponds to the creation and
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annihilation operators with properties described by Eq. 4.33 and 4.34. Indeed, for some
basis decomposition, the number states become |n;) ® -+ ® |n,) = |ni,...,ny) where
m is the total number of orthogonal basis elements. The commutation relations for these

creation and annihilation operators are
[aj, a,ﬂ} = b, (4.38)

where the operators a; and &;- act to decrease or increase the number of photons in ;%

mode within some basis decomposition with the following relations:

dj\nl,...,nj,...,nm)
=njng,...,n;—1,...,n,), (4.39)
d}|n1,...,nj,...,nm>

=nj+1n,....,n;+1,...,n), (4.40)

and
a; 0,...,0,...,0)=10,...,0,...,0).

The total number of photons in the j* mode is found using the operator nj = d;&j, and

the total number of photons in the decomposition is given by the sum =2 &;&j.

4.2.4 Optical Eigenmodes for Quantum Operators

With the creation and annihilation operators defined in the previous section, one can quan-
tise the optical eigenmodes in which the coefficients in section 1.4.1 and 1.4.2 are considered
quantum operators. In the context of classical systems, we have two pictures in which we
can evolve the fields as in sections 3.3.2 and 3.3.3 or evolve the coefficients as described
in section 3.4.1. These two representations can be thought of as classical analogues to the
Schrodinger and Heisenberg pictures of quantum mechanics introduced in section 4.2.1. The

link between these two representations is in the field decomposition
N
ET(r) = ZGT,j(Z)fT,j(x7y)7 (441)
j=1

where NNV is the number of elements in the basis and the fields f; j(z,y) describe an orthog-

onal Hilbert space satisfying

1 .
/// 7@ W) for(a y)e ) dady dt = 6(wr — wo)djk. (4.42)
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To quantise this system, we promote the coefficients to operators as:

aij - a7-7j7

ar; — al (4.43)

7-7] )

with the canonical commutation relations
[&m'v aj;k} = e jlif — Gl e = ke (4.44)

In analogy with the operators described in section 1.4 an observable in quantum me-
chanics is described by a Hermitian measure, m, which, in a finite basis, corresponds to a
Hermitian matrix. This measure can be written in the form m = afMéa where the coeffi-
cient vectors are promoted to creation and annihilation operators as described above. As
M is Hermitian, it has a set of orthogonal eigenvectors each with a real eigenvalue asso-
ciated with it - corresponding to the physical observable being measured. In the context
of the statistical interpretation of quantum mechanics, however, these eigenvectors take on
additional significance [117]. Indeed, the eigenvectors correspond to orthogonal states of
the observable, m, where the act of measurement projects the system onto one particular
eigenstate. The probability of measuring each eigenstate is given by the associated eigen-
value. Within this formalism, it would be possible to describe the optical eigenmodes for
three-wave mixing in a quantum context by quantising the system as described here. In
the following sections, however, we restrict our discussion to the propagation eigenmodes

for three-wave mixing and their influence on the Fock state representation of the system.

4.3 Multiphoton Sum-Frequency Generation

In this section, we introduce the effective Hamiltonian describing the quantum behaviour
of sum-frequency generation at the multiphoton level. In going towards this multiphoton
level, we introduce, in section 4.3.1, modified field variables that normalise the coupling
between the low-intensity fields where the conserving quantity associated with the system
is the photon flux. In section 4.3.2.2, we introduce the effective Hamiltonian method that
allows one to describe the quantum behaviour of our system. In sections 4.3.3 and 4.3.4, we
consider the effective Hamiltonian for the single-mode and multimode case of sum-frequency
generation. In each of these cases, we study the influence of the eigenmode decomposition
of the scattering matrix on the quantum behaviour of the system. We conclude this section

with some numerical examples to illustrate the theory previously outlined.
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4.3.1 Sum-Frequency Generation Modified Field Variables

In this section, we describe the equations for sum-frequency generation with respect to
modified field variables. Indeed, when discussing quantum states, it is useful to describe the

~2 g1 In the context of

system in terms of photon number or photon flux, i.e. photons m
the nonlinear equations introduced in Chapter 2, we can do this by normalising the mixing

term in a manner similar to that shown in section 3.4.1. We start with the set of coupled

equations:
—10 Eb(*T Y,z ) ﬁV2Eb(‘II; Y,z )7 (445)
_Za EQ(‘T Y,z ) %v2 EQ(:C Y,z )+X2El>)k($7y’ Z)Eg(.’E,y, Z)e_iAkzv (4'46)
—1i0 E3<l’ Y,z ) %V E?)(x Y,z )+X3Eb(x7y7Z)EQ(x7yaz)eiAkZ7 (447)

where Ak = ky + ko — k3 is the wave vector mismatch and Es(x,y,2) and Es(x,y,z) are
monochromatic electric fields oscillating at wy and ws, respectively. The field Ep(z,y, 2) is

a high-intensity, non-depleting pump oscillating with frequency w; = w3 — ws which evolves

X<2>WT
n,c

independently of the fields E;(z,y,z). The interaction strength is given by y, =

where ¥ is the second-order susceptibility of the system. We can expand the fields as

N
Ere2) = 3 \[ 2 ar (a9, (1.48)
=1 ' 7

where the functions f; ;(x,y) form an orthonormal basis with

]‘ —i(we—wr)t wr Wo * =
[ 5z )\/7: S g2 @ o) dedy dt = 0(r — o). (149)

If we input our expansion into Eqs. 4.46 and 4.47 we derive our equations of evolution in
a coefficient form:

N

Dza2,1(2) = D ivs rag k(2) + igjr(2)az k(2),
k=1
(4.50)
0.a3 (2 Z i3 ka3 k(2) + igy;(2)az k(2),
with the matrices:
o= [[ 55 #2000V frnlay) dody, (451)
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g5k (2) / E;(2,y,2) f3(,y) fa i (z, y)e "2 dz dy, (4.52)

(2)
where y = X— and

The matrix v; ;. is a Hermitian phase term with v, = v*
c nzng 7] oY)

T,kj
gjk(z) describes the interaction of the modes mediated by the non-depleting background

field, Ep(z,y, z). The evolution of the coefficients given by Eqgs. 4.50 are written in terms

(45) = (). s
a3 k a3 g

where a,, are the field amplitudes of the modes at the input plane and a’ , are the am-

of a scattering matrix as

plitudes of the corresponding output modes with the scattering matrix defined as S =
exp ([, iP(z)dz) where

P(z) = (“W gjk(z)). (4.54)

9 (2)  vs i

The matrix g;;(z) is not Hermitian in general; however, the matrix P(z) is Hermitian i.e.

P(z) = P(2). As a consequence of this Hermiticity, the scattering matrix is unitary

STS = exp ( / iP(z)dz) exp < / —iP(z)sz>
— exp ( / iP(z)dz) exp ( / —z’P(z)dz) 1, (4.55)

where I is the identity matrix of the same dimensions as S. From a physical perspective,

the unitarity of the scattering matrix is an expression of the conservation of the quantity

n CEQ
o = Zhw = E* (x,y,2)Er(z,y,2)

—ZCEO . aT,j<z>fT,j<x,y,z>f7,j<:c,y,z>, (4.56)

where .7, = in,eocEx(z,y, z)ET (z,y, z) is the intensity of the field and ® has units propor-
tional to the photon flux - that is, photons per unit area per unit time. If we now quantise

this system by promoting the coefficients to operators as
arj — &7—7]'

and

T
—>a7j

the scattering matrix in terms of the annihilation operators introduced in section 4.2.3 is

<a2 k) =S <a2,k> (4.57)
a3 k g/’
where the unitarity of the system leads to the interpretation that the photon number,

Zw‘ di,jdm', is conserved, where @, ; is the annihilation operator of the j* mode with

frequency w;.
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Figure 4.1: Energy-level diagrams for (a) sum frequency and (b) parametric down-
conversion. As we are off-resonance, the horizontal lines correspond to unobservable, short-
lived, virtual states.

Consider the interaction depicted in figure 4.1, where a photon at w; and ws are anni-
hilated or absorbed by a dipole, and the result is a photon at ws. From this interaction,
we observe that the number of photons in the background field and perturbation field os-
cillating at wy will decrease while increasing the number of photons in the field at ws.
Similarly, to generate photons at ws requires the annihilation of a photon at ws, which will
also increase the number of photons in the background field. In the non-depleted pump
approximation, however, we are not concerned with the photons transferred to and from
the background field and the annihilation of a photon on one of the perturbation fields
is always accompanied by the creation of photons in the other, conserving the number of

photons.

4.3.2 Effective Hamiltonian Method

For linear systems made up of simple optical instruments, the transformation of input field
amplitudes to output field amplitudes is fully described by a scattering matrix [118]. Of
particular interest here, it has been shown that the effective Hamiltonian describing the
evolution of quantum states in optical systems can be derived directly from the classi-
cal scattering matrix that characterises the system [104, 105]. The effective Hamiltonian
method relies on well-known results from group theory which we discuss in section 4.3.2.1.

We then introduce, in section 4.3.2.2, the effective Hamiltonian method for unitary scat-
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tering matrices like that of sum-frequency generation shown in section 4.3.1. Indeed, we
derive an effective Hamiltonian for sum-frequency generation in the single-mode case and
introduce eigenmode operators in the context of the propagation eigenmodes introduced
in the previous chapter. We also consider, in section 4.3.4, the multimode case and show
that the description of multiphoton fields using the propagation eigenmodes simplifies the
Fock state quantum behaviour of the system while remaining equivalent to the standard

approach.

4.3.2.1 Group Theory

In section 3.3.2, we characterised the rotational symmetries of the field profiles of Hermite-
Gaussian modes that lead to degenerate eigenmodes. Similarly, in section 3.8, we discussed
how to lift the degeneracy of such eigenmodes by breaking these symmetries with discrete or
continuous rotations. These discrete sets of symmetries are best understood in the context
of group theory. Indeed, a group is a closed set of transformations that are composable and
have an inverse [119]. Take, for example, the discrete spatial reflections, V,, and Vj;, that we
used to lift the degeneracy in the eigenmodes of section 3.4.2. These transformations are

composable as taking the product, V,V,, defines a third transformation that acts as

x —x
ViVy:ly |l = |—-v |- (4.58)
z z

Also, by applying any of the spatial reflections V, or V, to the above relation, then we
undo the initial transformation, which suggests that V! = V,, and Vy*1 = Vj. This set
of two spatial transformations describes a subgroup of the abelian or commutative group
denoted Zg [120]. For this group a function, 1, is either even or odd under the spatial
translations in the group such that V¢ = ¢ or V9 = — and similarly for Vj,. The group
can consequently be described with the two-element set, Zo = {—1,+1}, which is used to

define the parity and time-reversal symmetry of physical systems [121, 122, 123].

The group of spatial reflections or parity operators is an example of a discrete group.
However, as outlined in section 3.4.3 systems can also be symmetric under continuous
transformations of the z-y plane. If we consider a vector, r = (x,y), in the 2D plane, the
matrix describing a counterclockwise rotation at an angle, ¢, is

_ (cos(¢) —sin(¢)
R(¢) = <sin(¢) cos(¢) ) ’ (4.59)

which for angles ¢ € [0,27) defines the special orthogonal group SO(2). For all R(¢) the

transformation is completely characterised by the angle ¢. Groups that are characterised
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by one or more continuous variables are known as Lie groups [124]: named after Norwegian
mathematician Sophus Lie. The concept of Lie groups leads directly to another important
idea in physics, namely, infinitesimal generators. The generators of elements in a Lie group
correspond to the derivatives of the elements with respect to the parameters that charac-
terise the group. Moreover, the generator of a Lie group is the simplest representation of
the group from which all its elements can be derived [119, 120, 124]. For example, if we

take the derivative of R(¢) with respect to ¢ evaluated at ¢ = 0, we find

d}jlf)M:o _ <(1) —01> 7 (4.60)

which generates infinitesimal rotations in the counterclockwise direction. One can see that,

up to a factor of 4, the orbital angular momentum operators introduced in section 3.8 are

generators of infinitesimal rotations in 2D space.

In general, a group will have N elements whose infinitesimal generator(s) form a vector
space that, if closed under commutation, is called the Lie algebra of the associated Lie
group. So the generator given by Eq. 4.60 is a member of the Lie algebra associated with
the group R(¢). An example of a group with more than one generator are rotations in 3D
space which are defined by the three matrices:

1
Ri:(¢p) = |0 cos(¢p) —sin(9) |, (4.61)
0

Ry(¢) = 0 10 |, (4.62)

and
cos(¢) —sin(¢p) 0
R.(¢) = | sin(¢) cos(¢) 0], (4.63)
0 0 1
with corresponding generators:
00 O 01 0 -1 0
L,=10 0 -1}, L,=10 00O0), L.=(1 0 0], (4.64)
01 0 -1 0 0 0 0 O

that describe rotations about the z, y and z axes, respectively. One can check the commu-

tators of the three generators and find the relations:

[LayLy) = Lo, [Ly,L:] = Ly, [Ls,La) = Ly, (4.65)
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w(m) dg (M)

u(m) 7 u(M)

Figure 4.2: The commutative link between the Lie groups U(m) and U(M) and their
associated Lie algebras.

These commutation relations show that the commutator of two of the generators gives
another generator from the same group. Thus, this set of generators is closed under commu-
tation and correspond to a Lie algebra. This algebra is often denoted so(3) and is related to
the special orthogonal group SO(3) which is a subgroup of the orthogonal group, O(3), with
the additional constraint that the elements have a unit determinant. The link between a Lie
algebra and its group can be made explicit by defining the exponential map exp : g — G.
Consider a small rotation about the z-axis at an angle ¢ < 1. Given this angle is suffi-
ciently small the matrix R.(e) will be perturbed only a small amount from R.(0) and can
be expanded as

dR
R.(g) ~ R,(0) + ad—(;\¢:0 =TI+¢lL,, (4.66)
where I is the identity matrix. To describe a rotation of ¢, we then iterate through the
small angle ¢ a total of n times, where n = ¢/¢, as

R.(¢) = lim (1 + ?f)n = 9Lz, (4.67)

n—o0

where we have utilised
X n
lim (I + > =X
n—oo n

in which X is some generator [120]. This result allows one to recover the Lie group from its
algebra and is central to the effective Hamiltonian method that will be introduced in the
next section. One can check the group properties, i.e. that the elements are composable
and have an inverse, using the properties of the exponential function. A mapping between
a Lie group and its associated algebra while conserving the properties, e.g. commutator, of

the group is a homomorphism [119].
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4.3.2.2 Effective Hamiltonian

In the case of sum-frequency generation, we showed that the total number of photons is
conserved and that the associated scattering matrix is unitary and belongs to the unitary
group U(n). In the context of quantum mechanics, the evolution of states is described by

the Schrodinger equation

|wout> = S ’¢m> 5 (4.68)

where the matrix S also belongs to a unitary group which we denote U(NN). According
to Heisenberg’s picture as discussed in section 4.2.1, the output states can also be found
by evolving time-dependent operators as A’ = StAS where the operators A are the anni-
hilation operators of our quantised perturbation fields with A = (ai,... ,&m)T. Note, to
simplify the notation in the labelling of these operators we have dropped the index 7 that

distinguishes between the two wavelengths such that

(dl, e ,am) = (&271, e 7&2,m27 CAL3’1, e ,d37m3) 5 (469)

where mo+ms = m in which the numbers m3 and ms are the number of modes in the decom-
position, Eq. 4.109, for each field. Using the scattering matrix introduced in section 4.3.1,

we can write the corresponding output operators as

~ ~

A’ =SA. (4.70)

The annihilation operators, as described in section 4.2.3, are associated with each of
the modes that propagate through the system. From a physical perspective, if we were to
consider a small number of photons that are coupled to particular perturbation fields, then
the interaction of the photon states depends on the mixing of the fields to which they are
coupled. Consequently, for the scattering operator S to describe the quantum behaviour of

the system, it should agree with the classical mode transformation as

SA = STAS. (4.71)

From the perspective of group theory, this suggests that one can define a homomorphism,
which we denote ¢, between the groups U(n) and U(N). The derivative of ¢ forms a map,
d¢, that allows one to move to and from the associated Lie algebras, u(n) and u(N) [101].
As briefly outlined in section 4.3.2.1, the Lie algebra is - for an abelian group - a vector space
of generators of a given Lie group that is closed under commutation. Moreover, we noted
that the Lie group could be recovered from its associated algebra via the exponential map.

In the context of the scattering operator, the exponential map is written S = exp (iﬁegg).
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Note, as the scattering operator characterises the link between the input and output, the
variable o corresponds to the fractional depth of the optical system. As we are not interested
in fractional depths, g is set to unity such that the scattering operator is defined as S =
exp (iﬁeﬁ‘>. Similarly, the scattering matrix, S can be expressed with the exponential map
as S = exp(iH) where the differential map, d(, allows one to write an effective Hamiltonian,

H.g, in terms of the matrix H as illustrated in figure 4.2. The differential map, d¢, between

u(N) and u(n) can be expressed with the so-called Jordan-Schwinger map [125]
Hog = (a{,...,&f )H . | = ATHA, (4.72)

where the Hermiticity of ﬁeﬁ“ follows from the Hermiticity of H. Within the nonlinear
crystal, there is an intermediate interaction in which the atoms in the material are excited
before decaying back to their initial state by the emission of photons. As a result, H.g is
not a true Hamiltonian but an effective Hamiltonian [126]. This approach is equivalent to
the one presented for photon conserving systems described by unitary scattering matrices as
described in [105]. However, this method can be expanded to more general optical systems

that include mechanisms for gain and loss [104, 127].

4.3.3 Single-Mode Case

If we take the case where we have a single mode propagating in each of the perturbation
fields, described by Egs. 4.50, with a stationary background field 9,9(z) = 0. Then the

scattering matrix, S, for an optical device of unit length can be written

_ s [ Hcos () + dvsin () igsin (p)
S=c¢ < ig*sin (p) pcos (p) — dvsin (M)> ) (4.73)

where the coefficients v and ¢ are the same as those defined in section 3.4.4 with
1=/1g|* +v2

The scattering matrix is related to the Hermitian matrix H by the exponential map S =

exp (¢H) with

H= (“i 9) : (4.74)

g v3

from which we can derive the effective Hamiltonian,
e — woata S PRSPy 4
off = V2lyG2 + U3a3G3 + g Gya3 + gasas, (4.75)

that describes the quantum behaviour of the operators associated with the quantised per-

turbation fields with § = eifler satisfying Eq. 4.68. Moreover, using the Hamiltonian in
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Heisenberg’s equation will, up to a factor of A, return the equations of evolution described
by Eq. 4.50 for the single-mode case. This Hamiltonian, much like the equations of evo-
lution, is made up of phase terms and mixing terms between the mode operators. Of
particular note, the mixing terms in the Hamiltonian show that the creation or annihilation
of a photon in one perturbation field is always accompanied by the annihilation or creation

of a photon in the other - conserving the number of photons.

If we take, for example, a system with a single photon then we have three possible
Fock states including the vacuum as |ng,n3) € {]0,0),[1,0),]0,1)}. The creation and

annihilation operators are consequently 3 x 3 matrices of the form:

010 00 1
aio=(00 0], az=[0 0 0 (4.76)
00 0 000
and
00 0 00 0
al=1 100, ah={00 0], (4.77)
00 0 100

with the usual raising and lowering properties discussed in section 4.2.3 acting on the states

|n2, ng). The Hamiltonian Eq. 4.75 in its matrix form is then

R 0O 0 O
Heg = 0 v2 g y (478)
0 g° w3

such that the scattering operator, S, is written

1 0 0
S=10 €9 (ucos(u) + ivsin (1)) ie' gsin (1) , (4.79)
0 i€ g* sin () e (ucos (p) — dvsin (1))

in which the 2 x 2 block in the bottom right of the matrix operator is equal to the initial
scattering matrix, S. We thus observe, that in the case of unitary systems consisting of
a single photon, the scattering operator S reduces to the classical scattering matrix. This
result indicates the significance of the fields to which the single-photon states are coupled.
Indeed, if one was to prepare a photon in the state |1,0) which we can represent as the

vector (0,1,0)" then the state at the output is
[Yout) = € (pcos (1) + ivsin (1)) |1,0) + ie”g* sin () [0, 1) , (4.80)

which is made up of two components: one that gives the probability of the photon remaining
in the first mode and the other the probability of being measured in the second mode. From

a classical perspective, the terms in front of the kets are amplitudes and determine how much
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energy the mode at ws transfers to the mode at ws. At the single-photon level, however,
the terms preceding the states, |ng, ng), correspond to probability amplitudes for a single
photon to remain in the initial mode or to interact with the material and the background
field and create a photon in the other mode. The distinction between these two perspectives
comes from the fact one can predict the amount of energy transferred between the modes
as the classical limit of the probability amplitude, but one cannot say with certainty how
a single photon will behave as it propagates. Indeed, if we prepare a photon in the state
|1,0) we can only predict with a certain probability if that photon will be measured in |1, 0)
or |0,1) at the output, as described by Eq. 4.80. Note, this behaviour is an effect of second
quantisation and not sum-frequency generation. The values of the amplitudes are, however,

dependent on the interaction of the fields in the nonlinear crystal.

In section 3.4.4, we introduced the eigenmodes of propagation for the scattering matrix
similar to that of Eq. 4.73. These eigenmodes correspond to a distributed set of fields with
components oscillating in both of the perturbation fields and are orthogonal to one another
as they propagate. As shown in Eq. 4.55, the scattering matrix is unitary and therefore can

be represented using an eigendecomposition of the form
S = UDU', (4.81)

where U corresponds to a unitary eigenvector matrix whose columns are the eigenvectors

of the scattering matrix. For the single-mode case, this eigenvector matrix is

vt dcse(u)y/ = (Igf? + 02) sin(p)? v
7 v — icse(u)y/— (gl + v?) sin(u)”

with cse(p) = sin(p) ™!, UTU = UUT =T and Iis a 2 x 2 identity matrix. The matrix D

U= . (4.82)

contains the eigenvalues associated with the eigenvectors in U and has the form

eos(p) — /= (1gl? + v2) sin(u)? 0

D=
0 eos(p) + 1/~ (1gl? + v?) sin()?

(4.83)

Using this eigendecomposition, we can introduce a scattering matrix for the eigenmodes.

Indeed, if we consider the transformation of the annihilation modes defined by Eq. 4.81

. a
(a’z> = UuDUf <a§,> : (4.84)

then we can define a scattering matrix for the eigenmode operators which we define at the

which we now write as

input as:

by = vy — i csc(p) \/— (lg]2 + v2) sin(p)?as + gas, (4.85)
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by = vig -+ i cse(p)y (912 + 02) sin() g + gia, (4:36)

and similarly for the output where a, is replaced with @ in the above expressions. Like the
original operators, a,, the eigenmode operators, BT, have bosonic commutation relations,

(b, I;L] = d;,. By rearranging Eq. 4.84 as

/\/ A~
uf (?2) — pU' (‘fz> , (4.87)
a/3 a/3

it becomes clear that the scattering matrix that maps the eigenmode operators from the

() () s

where the eigenvalue matrix D, which now acts as a scattering matrix for the eigenmode

input to the output is

operators, is diagonal as there is no mixing between the fields associated with the operators.
With this new scattering matrix, we can derive an effective Hamiltonian that describes the
behaviour of single photons coupled to the propagation eigenmodes. Following the method
outlined in section 4.3.2.2, where the scattering matrix for the eigenmode operators is

replaced by the eigenvalue matrix D, we find the following effective Hamiltonian

~

Hy ot = —iln (,u cos(p) + \/— (lg]? + v?) sin(u)2>b;32 (4.89)

—iln <u cos(p) — \/— (l9]? + v?) sin(,u)2> 6;133, (4.90)

in which there is no mixing between the eigenmode operators b, and the system is therefore
decoupled. If we consider a system with a single photon, then the creation and annihilation
operators BT and I;i are the same as those defined in Eq. 4.77 and 4.76. The scattering

matrix in this case is

1 0 0
Sp=10 peos(u)— \/— (lg[? + v?) sin(p)? 0 , (4.91)
0 0 preos(i) + /= (1gl? + v?)sin(j0)

where we have introduced the subscript b to describe the transformation associated with
the b operators. If we consider the state |m,ms) = |1,0) at the input - where my, denotes
the number of photons in the k*" eigenmode - then the output state will also be measured
as |1,0) with probability 1. The same is true for any eigenmode Fock state, |mq,ms).
Therefore, by transforming the classical fields into an eigenmodes basis, the evolution of the
Fock states is decoupled such that the states |m1, my) are eigenstates of the system. As with

the scattering matrix S the 2 x 2 block in the bottom right of S, is equal to the scattering
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matrix which, in the context of the eigenmode operators, is D. This simple single-mode case
illustrates how the eigenmode representation of the classical scattering matrix simplifies the
evolution of the Fock states. This can be extended to the case where we have multiple

modes propagating on each of the fields.

4.3.4 Multimode Case

If we have multiple independent modes propagating on each of the wavelengths, then the
scattering matrix linking the annihilation operators of the output modes A’ to the annihi-

lation operators of the input modes A as
A’ =SA, (4.92)

with A and A’ defined as A = (a1, ...,a,)" and A’ = (@},...,a,)", where the symbol T

r'm

denotes the transpose of the vectors and m = mg + mg is the total number of modes in the

decomposition. The Fock states, in this case, are written

W> = ’77,271,. <y N2mo, M3 15 - - 'an3,m3> = |7’L1, ce 7nm>7

where n; is the total number of photons in the 7™ mode. The states, |n1,...,nm), written

in terms of the creation operators are

n1, . mm) = [ ] — 0,...,0), (4.93)

which evolve to the output plane as

S’\nl,..., H

highlighting the link between the evolution of the photon states, |ni,...,nm,), and the

ZSZ{; 0,...,0), (4.94)

evolution of the classical fields to which the photons are coupled. This is most apparent

when the system consists of a single photon such that Eq. 4.94 is now written

m

S10,..me=1,...,0) = [ d_Spzal | [0,...,0), (4.95)
j=1

where the input states on the left-hand side will have zero photons on all of the modes

except the k™ mode. Regardless of the number of independent modes in the system, the

scattering matrix is still unitary and the decomposition Eq. 4.81 is still valid. Indeed, the

eigenmode operators in this instance are at the input and output defined as

B =UA, (4.96)



B' =U'A/, (4.97)

where U is the m x m eigenvector matrix. As with the vector A, we define

N N N T
B-= (bl,...,bm) :

as the annihilation operator for the eigenmodes at the input with elements

b= Ujay. (4.98)

. . ~\T
Similarly, we define B’ = < oo, b;n> as the operator associated with the output eigen-
modes. Using this, we can introduce a new scattering matrix for the eigenmode operators

starting with Eq. 4.92 which we rewrite as

A= (UDUT ) A, (4.99)
which can then be rearranged to give

UTA/ = (DUT) A (4.100)

and using the transformation defined in Eqgs. 4.96 and 4.97 the input-output relationship is

simplified in the same way as the single-mode case as

A~

B’ = DB. (4.101)

The eigenmodes operators introduced in Eq. 4.98 have bosonic commutation relations
[0, 8}] = bb]. = Blb; = .

These operators decouple the state evolution as described in Eq. 4.101 as D is a diagonal
matrix with elements |D;;| = 1. Therefore, by transforming the classical fields into an
eigenmode representation, the Fock states associated with the eigenmodes correspond eigen-
states of the quantum system unlike the states given by Eq. 4.94, which are distributed
across the Fock state basis. In short, using the eigenmode decomposition, we replace the
Fock state coupling by classical field coupling. Indeed, if we make use of the transformations

described in Eq. 4.96 the evolution of the Fock states in the eigenmode basis is written

Nk

ZDjka 0,..,0)

S’b N1, )y =

g 0,000, (4.102)
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where the subscript | ), is introduced for states in the eigenmode basis, and Sy is the
scattering operator derived from the diagonal scattering matrix D. This scattering operator

Sy is diagonal, which we can show explicitly by substituting the input states,

bi™ 10,...,0), (4.103)

‘17 , N m

into Eq. 4.102 such that the matrix elements of the scattering operator become
) ) m
(nh,...,nl, ZnSb|n1,...,nm>Z": HDZ,’; (4.104)

Given the link between A and B, we can write the states with respect to either of the

operators in either of the associated Fock spaces

1

T if0,...
Igmk ’Ov ’0>
17

Ing, ..., nmﬁ“

s

ZUkﬂ 0,...,0), (4.105)

where the vacuum state is the same for both representations. This expression gives us a
direct way to transform between both representations in the context of Fock states and
ensures the photon states correspond to the same physical states regardless of how they
are represented. However, the propagation eigenmodes greatly simplify the evolution of
Fock states. From the perspective of quantum field theory [22, 114] one can imagine the
perturbation fields with their transverse structure as states that the single photons can
occupy. Indeed, the same can be said for the propagation eigenmodes. However, in the
case of the eigenmodes, the photons will remain coupled to the same state as it evolves
through the system. It is, therefore, useful to consider not only the evolution of single or

multiphoton states and how they evolve but also the fields to which they are coupled.

4.3.4.1 Numerical Examples

As a numerical example, we consider the set-up described in section 3.3.1. Namely, we
have a KDP nonlinear crystal with ng) = 0.558 pm/V for perturbation fields of wavelength
Ao = 740 and A3 = 436.5 nm with the background field at wavelength )\, = 1064 nm.
Further, to simplify the model, we consider the case of type I perfect phase matching,
Ak = 0, in which the fields at Ay and Ao are polarised along the ordinary axis of the crystal,
and the field at A3 is polarised along the extraordinary axis. For the example shown here,
the background field considered, Ey(z,y, z), has a beam waist w, = 20\, and average power

010

of 10 nW which is equivalent to 10'° photons s~!. Therefore, the background field will not
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Figure 4.3: Scattering matrix for LGgy background field represented with the false colour
map shown in figure 1.3 with indices (¢,p), = (¢+,p7).

be perturbed by the presence of the other two fields. From an experimental context, one
could detect single photons by using suitable notch filters allowing one to investigate each

frequency component of the mode by attenuating the other component and the background.

For example, we can choose a finite basis set of Laguerre-Gaussian modes on which to
decompose the low-intensity perturbation fields. To visualise the results, we truncate the
Hilbert space defined by the Laguerre-Gaussian modes to a maximal index of 2p + |¢| < 3
and, in this case, we consider a background field with ¢, = 0. The classical scattering matrix
in this basis is illustrated in figure 4.3, which we observe to have a block-diagonal structure.
This is due to the selection rules associated with the OAM of the fields, f3 — {5 = £,
which for a background field with ¢, = 0 reduces to 5 = f3. This selection rule remains
true for all radial indices, illustrated in the 4 x 4 blocks in figure 4.3. This scattering
matrix defines a scattering operator, as outlined in section 4.3.4, shown in figure 4.4. The

scattering operator is shown up to a maximum total photon number of Ny.x = 2 where the
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O a1 7?2

Figure 4.4: Unitary scattering operator S for LGoo background represented with the false
colour map shown in figure 1.3. The labels H" correspond to the n-photon number Hilbert
space.

matrix blocks highlighted with the grid lines correspond to the n-photon Hilbert spaces. As
shown in Eq. 4.55 and 4.56, the number of photons is conserved, and therefore there are no
amplification or loss mechanisms in the optical system. Consequently, the n-photon Hilbert
spaces do not interact with one another, hence their block structure. Each of these total
photon number blocks is further block-diagonal due to the symmetries associated with the
OAM, as illustrated in figure 4.3. Additionally, due to the non-interacting nature of the
photon Hilbert spaces, a scattering operator calculated to higher photon number, Npax,
will leave the matrix shown in figure 4.4 unchanged. The truncation of the Fock state basis
requires one to use truncated creation and annihilation operators and the details on how

we construct these operators is described in Appendix B.
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Figure 4.5: Propagation eigenmodes in the output plane for a LGgy background field with
components (a) Fy i (ra)e~#2+% and (b) Fs j(r2)e~*s.+9,
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O a1 7?2

Figure 4.6: Unitary scattering operator Sy, for LGoo background represented with the false
colour map shown in figure 1.3. The labels H" correspond to the n-photon number Hilbert
space.

Utilising the decomposition of the scattering matrix, as described in section 4.3.4, we
can introduce the propagation eigenmodes of the scattering matrix, shown in figure 4.5.
The scattering matrix transforming these eigenmodes from the input to the output is the
diagonal eigenvalue matrix D. From this scattering matrix, we can derive a scattering
operator, Sb, describing the evolution of the Fock states with respect to the propagation
eigenmodes. This is represented in figure 4.6, and like the scattering matrix from which
it is derived, is diagonal. Therefore, by utilising the eigenmode transformation defined in,
Eq. 4.96, the Fock states associated with the eigenmodes of S will evolve as eigenstates of
the quantum system. Consequently, in this eigenmode basis, a single photon coupled to one

of the eigenmodes will remain coupled to that eigenmode as it evolves through the nonlinear
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Figure 4.7: Scattering matrix for LGyp background field represented with the false colour
map shown in figure 1.3 with indices (¢,p)r = (¢+,pr).

material.

As a secondary example, we consider a background field with OAM ¢, = +1 with a basis
of Laguerre-Gaussian modes truncated to some maximal index. However, as highlighted in
section 3.3.3, choosing the same basis as used in the example for £, = 0 will not be complete
with respect to the conservation rule 3 = fs + ¢;,. Indeed, if we consider the field with
OAM /5 = 3 interacting with a background which has £, = +1 then the field resulting from
this interaction would have OAM ¢3 = +4: which is out with the truncated basis for the
previous example. Therefore, in order to keep all possible interactions closed with respect

to the basis, we truncate the basis elements as described in section 3.3.3.

The scattering matrix for this example is shown in figure 4.7. Again, the matrix is
block-diagonal due to the conservation associated with the orbital angular momentum of

the fields, i.e. f3 — fo = f,. Similar to the example presented above the scattering matrix
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0 ! 72

Figure 4.8: Unitary scattering operator S for LG1 background represented with the false
colour map shown in figure 1.3. The labels H" correspond to the n-photon number Hilbert
space.

contains all of the symmetry associated with the system and is the same as the associated
scattering operator if the system consists only of a single photon, i.e. when N4, = 1. This
is indeed observed in the scattering operator for this example, which is depicted in figure 4.8.
By changing the OAM of the background and truncating the basis fields appropriately, the
eigenmodes of the scattering matrix encode all of the symmetry in the system. Consequently,
if we diagonalise the scattering matrix as described in section 4.3.4, we find a diagonal,
unitary scattering operator, §b, that acts on the Fock states, as shown in figure 4.9. Thus,
the eigenmode Fock states are eigenstates of the system in the context of the classical

propagation eigenmodes of the scattering matrix, which are shown in figure 4.10.
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0 ! 7?2

Figure 4.9: Unitary scattering operator Sy, for LG1g background represented with the false
colour map shown in figure 1.3. The labels H" correspond to the n-photon number Hilbert
space.

4.4 Multiphoton Parametric Down-Conversion

In this section, we turn our attention to the quantum behaviour of Fock states in the
context of parametric down-conversion. As shown in Chapter 2, the effects of parametric
down-conversion and sum-frequency generation are closely related. In the approximation
where the pump field is non-depleting, these effects describe, as discussed in section 2.3,
two interacting fields with rather different behaviour. Indeed, in the case of sum-frequency
generation, the interacting fields transfer energy between one another in an oscillatory
manner. In contrast, parametric down-conversion shows the fields to be exponentially in-

creasing in energy density. Consequently, the scattering matrix defined for sum-frequency
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(a)

(b)

Figure 4.10: Propagation eigenmodes in the output plane for a LG1g background field with
components (a) Fy i (rg)e~#2+% and (b) F j(r2)e~*s.+9,
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generation, in section 3.4.4, is unitary and that which describes down-conversion, defined
in section 3.7.3, is not. Therefore, the method for deriving an effective Hamiltonian as
outlined in section 4.3.2.2 is not valid for the case of parametric down-conversion. In this
section, we outline how to introduce an effective Hamiltonian in the context of parametric
down-conversion. As in section 4.3.1, we first describe the system with modified field vari-
ables that have units of photon flux and quantise the system by promoting field amplitudes
to creation and annihilation operators. As an example, we consider the single-mode case
introduced in section 3.7.3 and use it to highlight the incompatibility of the conditions
required to define orthogonal eigenmodes of the scattering matrix and those required to

preserve the canonical commutation relations of bosonic operators.

4.4.1 Parametric Down-Conversion Modified Field Variables

Following the same procedure outlined in section 4.3.1, we find the following closed set

of equations in the context of modified field variables:

—i0za1 j( Z v ka1, (2) + gjk(2)as k(2), (4.106)
i0,a5 J Z U27jka2 w(2) + gzj(z)al’k(z),
with the matrices
1
vt = [ [ g £s(@0) Voo do dy, (1107)
and
gjk(z // £ @) f3 (@, y) By(, y, 2)e 2% da dy, (4.108)

where again we have y = ﬁ, /% as the interaction strength and y® is the second-

C

order nonlinear susceptibility of the propagating material. The coefficients in Eqgs. 4.106

are related to the transverse field profiles via the expansion

[wr
E (z,y,z —am ) fri(z,y). (4.109)

where again the functions /wr/n. frj(x,y) form an orthonormal basis satisfying the fol-

lowing condition

/// 5 e~ Hwo—wr)t \/77' Wcrf . (z y)fak($ y)dady dt = §(w, U)éjk. (4.110)
s
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The evolution of the coefficients given by Eqs. 4.106 are written in terms of a scattering

/
R (“3’“) , (4.111)
a9 g, g i

where a ), are the field amplitudes of the modes at the input plane and a , are the ampli-

matrix as

tudes of the corresponding output modes and S = exp ([, iP(z)dz) with

V14 (2

P(z) = < Lik 9ik( )> : (4.112)
95 (2) vk

If we now quantise this system by promoting the coefficients to operators as, ar; — ar ;

and a7 ; — d: ; the scattering matrix in terms of the creation and annihilation operators is

& p
KE =83, (4.113)
Qg p, Aok

wherein the case of parametric down-conversion, there is mixing between creation and

annihilation operators not observed for sum-frequency generation.

4.4.2 Effective Hamiltonian for Parametric Down-Conversion

As the matrix P(z) is not Hermitian, the scattering matrix S is not unitary but quasi-
unitary [100]. As shown in [104], scattering matrices that are quasi-unitary can be trans-
formed into a unitary space by introducing an appropriate metric [128, 129]. Indeed, if
we transform P(z) into a Hermitian form, then the unitarity of the scattering matrix will
follow. As shown in the previous section the P(z) matrix for parametric down-conversion

is of the form

P(z) = < Y,k gj’“(z)) , (4.114)

—g?;j(Z) —U2,jk
where P(z) # P(2)f. If we simplify this and assume that the gain is sufficiently high such

that v, ;i < gji(2) then we are left with a skew-Hermitian or anti-Hermitian matrix of the

form )
0 gjk(z )
= : 4115
a0 Y (4.115)
in which Q(z) = —Q(z)". As discussed in sections 3.6, this system does not conserve

energy density due to exponential gain of the low-intensity perturbation fields. Therefore,
the photon number is not conserved such that a suitable quantum description of the effect
cannot follow from the method in section 4.3.2.2, which is valid for unitary scattering

matrices.
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In order to find the quantum behaviour of this system, we require a transformation that
modifies the inner product space such that the matrix 7nQ(z) defines an exponential map
that is unitary with respect to the metric operator n, which we assume to be real. In

particular, we require

Q) (1Q(2) _ (~iQE) +nQ(=) _ |

which is satisfied if Q(2)'n — nQ(z) = 0. We can re-write this condition as the following

Q(2)" =nQz)n~", (4.116)

where to map the matrix Q(z) to a Hermitian form we need to find the metric operator
7. In general, finding this metric can be a difficult problem to solve, as highlighted in [130,

131, 132, 133]. However, in this instance, using Q(z) we have the relation

Q) (1t 1) = (M 1) g, (4.117)

21 122 21 722

that, upon inputting Eq. 4.115, we find the following set of matrix equations:

gik(2)n21 — gip(2)ma = 0 (4.118)
gik(2)m1 + gjk(2)n22 = 0 (4.119)
9ix(z)m1 + g (2)m22 = 0 (4.120)
gik(z)me — gjx(2)n21 = 0 (4.121)

which gives 112 = 121 = 0 and 711 = —122. Although we have not yet chosen the form of 7,
using the Hermitian matrix

H =1Q(2)

we can find an effective Hamiltonian in the same manner as shown in section 4.3.2.2 that

describes the quantum behaviour of the system.

4.4.3 Single-Mode Case

If we consider, as a first example, the case in which we have a single mode propagating on
each of the wavelengths with a stationary background field then the matrices g;i(z) and
111 reduce to single coefficients which we denote g and 1, respectively. Consequently, the
matrix H in the previous section, where v, j; < g;i(2), reduces to a 2 x 2 form. With
this single-mode Hermitian matrix, we can use the Jordan-Schwinger map introduced in

section 4.3.2.2 to find an effective Hamiltonian of the form
Heg =1 (9&1&5 + g*dldz) . (4.122)
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Notice, the term inside the bracket is Hermitian so 9 must be real; for the purposes of this
section, we choose ¥ = 1. The above Hamiltonian can be checked by inputting it into the
Heisenberg equation introduced in section 4.2.1 where one will derive the original scattering

matrix relation Eq. 4.113 where S = exp ( fZ iQ(z)dz). Therefore, the following equality

&]_ o /\T &]_ A
(%) =51 (%) az

where § = exp <z’f[eff), is satisfied. Consequently, the effective Hamiltonian does indeed de-
scribe the quantum behaviour of parametric down-conversion in the context of the effective
Hamiltonian method. From a physical perspective, the metric 7 is related to symmetries
of the equations of evolution via the matrix Q(z). In particular, if the eigenvalues of the
quasi-Hermitian matrix are real or come in conjugate pairs, the metric can be attributed
to the parity-time symmetry of the system [134, 135, 136, 137]. For the purposes of this
work, we are only concerned with the result that the Hamiltonian describes the quantum
behaviour of the system in a manner that links it to the initially defined scattering matrix.
The same can also be done when the approximation v, j; < g;1(2) is not valid. However,
as outlined in section 3.7.3, this simplification allows us to define orthogonal propagation

eigenmodes.

4.4.4 Eigenmode Operators and Bogoliubov Transformation

In section 4.3.3, we showed that in the single-mode case for sum-frequency generation,
we can diagonalise the scattering matrix to define eigenmode operators that subsequently
diagonalise the quantum operator. The scattering matrix associated with the single-mode

case here, as shown in section 3.6, is of the form

S_ ( cosh(v/g*\/92) i\/‘/gi sinh(\/QT\/gz)>
_i% sinh(v/g*\/9%2) cosh(v/g*\/9%2)

(4.124)

and is Hermitian with S = ST. As the scattering matrix is Hermitian, it is unitary diago-
nalisable as
S = UDUT, (4.125)

where U is a unitary matrix made up of the eigenvectors of S and the matrix D is diag-
onal and consists of real, positive eigenvalues. In section 4.3.3, we found that the unitary
eigenvector matrix defined a set of eigenmode operators subject to bosonic commutation

relations. In the most general case, the unitary matrix U can be written
A B
U= <_€i9B* eiHA*> ) (4'126)
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where |A|? 4 |B|? = 1 and the determinant is det(U) = €. This matrix gives rise to the

following eigenmode operators:

by = A*ay — e Bas, (4.127)
by = B*ag + e~ Aas, (4.128)
dy = A*a; — e " Bal, (4.129)
dy = B*ay + e~ Aal, (4.130)

where the operators b, are for sum-frequency generation and d, describe parametric down-

conversion. The above are related to the a, operators as

~

<Z;> = Ut <Z§) (4.131)
@i) = Ut (Zi) . (4.132)

In order for the eigenmode operators to be interpreted as bosonic creation and annihi-

and

lation operators, they should have the same canonical commutation relations as defined in

section 4.2.2. Indeed, here we find for the operators by
[BT,EL} =01, (4.133)
and for the d operators

[drdb) = (147 = |BP?) [ar.at] (4.134)

As already discussed in section 4.3.3, the eigenmode operators for sum-frequency gener-
ation have bosonic commutation relations. Therefore, they can be interpreted as creation
and annihilation operators acting on underlying, orthogonal, classical fields: this was the
result of the previous section. As for the case of parametric down-conversion, we observe
that we cannot define orthogonal eigenmodes of the scattering matrix while conserving the
algebraic relations. Certainly, the condition for the commutation relations Eq. 4.134 to be
bosonic contradict the conditions imposed on the unitary eigenvector matrix. Indeed, one
can define eigenmode operators, for our two-mode system, that satisfy the commutation

relations in the form of a Bogoliubov transformation [138]:
G1 = udy + va, (4.135)
G} = udb + vy, (4.136)
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where |u|? — [v|> = 1. With these eigenmode operators, we can interpret them as a set
of creation and annihilation operators. However, the Bogoliubov transformation is not
unitary but is instead symplectic [139, 140, 141]. The defining property of a symplectic
transformation is the following

MQM = Q (4.137)

o ()

If we write M in terms of the Bogoliubov operator coefficients in Eq. 4.135 and 4.136

M = (“ ”) (4.138)

where 2 is of the form

vou

then we have the following conditions for M to be complex symplectic:

u'v —uv* =0, (4.139)
vu* — v u =0, (4.140)
wru— vt =1, (4.141)

These conditions are required for the operators to have bosonic commutation relations.
Thus, in order to have appropriate commutation relations and orthogonal fields, one needs to
find a decomposition of the scattering matrix, as done in section 4.3.1, that is simultaneously
unitary and symplectic. Indeed, the symplectic matrix M is only unitary if the inverse M~!
is identical to the Hermitian conjugate M such that M~'M = MM = I. Which is only

true if we have u and v satisfying:

w4 uwvt =0, (4.142)
vu* +v'u =0, (4.143)
uru 4 vt =1, (4.144)

which is in contradiction with the conditions required to preserve the commutation algebra
in Eq. 4.139 to 4.141. So, we find that by simply decomposing the scattering matrix
for parametric down-conversion we do not preserve the canonical commutation algebra
of bosonic creation and annihilation operators. If we choose suitable operators that do
perverse the commutation relations, we observe that the classical fields that these eigenmode
operators act on are not orthogonal to one another. Therefore, we cannot, in terms of a
unitary decomposition, define a set of bosonic operators corresponding to the propagation

eigenmodes in the context of parametric down-conversion.
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To conclude this section, we remark that the link between the classical field representa-
tion and the quantum states in the context of parametric down-conversion is not as elegant
as observed for sum-frequency generation. Indeed, we have shown that it is not trivial to
maintain the canonical commutation relation algebra and the orthogonality of the underly-
ing classical fields and that this cannot be achieved with a unitary eigendecomposition of
the scattering matrix. It is possible that this issue can be remedied by modifying the inner
product space with a different metric [100, 130, 131]. However, this metric is required to
map to a Hermitian effective Hamiltonian from our classical scattering matrix to constitute
a valid quantum description of the system. Therefore, to progress, one would need to define
an inner product space with the symplectic symmetry that renders the bosonic operators

orthogonal in a classical context and also allow for unitary evolution in a quantum picture.

4.5 Conclusion

In this chapter, we have considered the quantum behaviour of sum-frequency genera-
tion by the introduction of an effective Hamiltonian. Indeed, using a high-intensity, non-
depleting background field, we linearise the equations describing three-wave mixing in non-
linear materials. In this linearised system, the transformation of input mode amplitudes to
the output amplitudes is fully characterised by a scattering matrix. In the context of quan-
tum optics, this scattering matrix also describes the input-output relation of the creation
and annihilation operators. Using the Jordan-Schwinger map, we define a unitary operator
that describes the quantum behaviour of the system that is dependent on the initial classical
scattering matrix. In the non-depleting pump approximation, we have restored the princi-
ple of linear superposition to the nonlinear system allowing us to define a set of orthogonal
propagation eigenmodes. These eigenmodes differ from the general modes used in linear
optics as they describe a set of orthogonal fields that are distributed across multiple wave-
lengths. Utilising these eigenmodes as a representation for our low-intensity perturbation
fields allows us to define a scattering matrix that decouples the evolution of the associated
quantum states. Initially, we consider the case where we have a single mode propagating
on each of the wavelengths before generalising to the multimode case and showing some

numerical examples.

In addition, we consider the quantum description associated with parametric down-
conversion. Unlike sum-frequency generation, the scattering matrix for down conversion
mixes the creation and annihilation operators. Therefore, in order to derive a suitable ef-

fective Hamiltonian that is Hermitian and preserves the canonical commutation relation
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algebra, we introduced the metric operator 1. We then considered the effective Hamilto-
nian for the single-mode case for parametric down-conversion and introduced the eigenmode
operators using the eigenmode decomposition of the scattering matrix. However, we ob-
served that a unitary decomposition could not preserve the canonical commutation relations
required to interpret the eigenmodes as bosonic creation and annihilation operators. More-
over, given a decomposition that does preserve the commutation algebra, we find that the
underlying classical fields are not orthogonal to one another. Future work exploring the fun-
damental physical and mathematical link between classical fields and quantum states for

parametric down-conversion would provide further insight into the work presented herein.
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Chapter 5

Concluding Remarks

In this thesis, we have discussed the eigenmodes of three-wave mixing for classical low-
intensity perturbation fields and in the context of multiphoton states. Here we provide a
summary of the work presented, set it in the context of other work in the field, and finally

suggest potential future research.

Using a high-intensity background field, we reintroduce the principle of superposition to
optical systems constructed with nonlinear materials. In particular, we consider systems
with second-order, x(?), nonlinearities which include effects like sum-frequency generation
and parametric down-conversion. In both of these effects, the background field mediates
the interaction between two low-intensity fields that we denote perturbation fields. As the
principle of superposition has been restored to the equations of propagation describing three-
wave mixing, the eigenmode decomposition used for conventional linear optical systems is
applicable. Unlike optical systems constructed by purely linear components, the perturba-
tion fields interact with one another via the high-intensity background field, and therefore,
the associated eigenmode decomposition is distributed across multiple wavelengths. These
novel eigenmodes remain orthogonal to one another and propagate independent of each
other, however, the components of which the eigenmodes are constructed interact through-
out the nonlinear material. With these eigenmodes, we highlight the influence that the
symmetry of the complex background field has on the Hilbert space at the output plane
of different optical systems. Indeed, by decomposing the background field, we find a char-
acteristic Hilbert space for each basis element, assuming they are non-depleting. The field
profiles, and consequently the physical observables, associated with the eigenmodes are thus
dependent on the choice of the background field. The propagation properties of these eigen-
modes are also dependent on the choice of background field and are analysed for waveguide

structures with circular and rectangular symmetry.
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Future work associated with the classical eigenmode decomposition in terms of three-
wave mixing could go beyond the approximations used here. Indeed, the non-depleting
pump approximation allowed us to reintroduce the principle of superposition to our system
and utilise the eigenmode decomposition. Lifting this approximation, however, is not so
trivial. In the first instance, the mechanism for probing the system would no longer be
linear but quadratic such that the interaction of two fields with a given wavelength would
excite higher-order modes in the third wavelength. From a mathematical perspective, the
vector product in the mixing term of the fields used in this work would become a tensor
product with multilinear properties. Therefore, a multilinear probing mechanism should be
implemented to define the components of a rank-3 tensor which would take the place of the
scattering matrices used in this work. This is a non-trivial exercise given that the number
of orthogonal modes is not conserved in nonlinear systems and as such a basis set cannot
be appropriately truncated, i.e., we cannot choose a basis that is closed with respect to the
interaction. From this perspective, the eigenmodes discussed in this work correspond to a
first-order approximation of the full nonlinear eigendecomposition. Further research in this
direction would provide insight not just into the concept of additive fields in the context
of nonlinear systems but also offer new decomposition techniques for higher-order tensors.
Moreover, the optical eigenmodes introduced in section 1.49 when defined for fully nonlinear
systems would provide a method for optimising all-optical set-ups and offer insight into the

representation of the fields when the number of degrees of freedom is not conserved.

In this thesis, we have also explored the eigenmode decomposition for sum-frequency
generation at a single or multiphoton level. In our linearised system, the transformation
of input mode amplitudes to the output amplitudes is fully characterised by a scattering
matrix. In the context of quantum optics, this scattering matrix also describes the input-
output relation of the creation and annihilation operators. For sum-frequency generation,
using the unitary Hermitian homomorphism, we can define a unitary operator that satisfies
Schrodinger’s equation and hence describes the quantum behaviour of the system. Using
the distributed eigenmodes as a basis for our fields, we define a new scattering matrix and
observe that the evolution of the quantum photon states is decoupled. In particular, in a
Fock state basis, the photon number states associated with these eigenmodes correspond
to eigenstates of the quantum system. In addition, we briefly discuss the quantum descrip-
tion associated with parametric down-conversion and show that one cannot simultaneously
preserve the canonical commutation relation algebra and the unitarity required to define
orthogonal propagation eigenmodes. Indeed, we observe that defining a set of eigenmode

operators with a Bogoliubov transformation is associated with a set of classical fields that
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are not orthogonal and similarly, by decomposing the Hermitian scattering matrix we define
a set of orthogonal eigenmodes that do not have bosonic relations. This is due to the sym-
plectic nature of the commutation relations being at odds with the unitarity of the complex

eigenvector matrix that allow us to define orthogonal propagation eigenmodes.

Future work on the quantum behaviour of the three-wave mixing effects could study the
fundamental physical relationship between classical fields and quantum states in the context
of parametric down-conversion. Indeed, in the last chapter of the thesis, we briefly outlined
some of the stumbling blocks that make this link more complicated than sum-frequency
generation. The difference between the two effects is, in the first instance, that the scattering
matrix for down-conversion is quasi-unitary and not unitary. Therefore, the correspondence
between classical field amplitude and probability amplitude is not as elegant as observed
for sum-frequency generation. This is due to the fact that parametric down-conversion
mixes the creation and annihilation operators, making the Fock state representation more
complicated than that of sum-frequency generation. Given that parametric down-conversion
is the most common source for generating entangled photons, the results of this work would
be interesting. Further future work could also be concerned with the full treatment of
optical eigenmodes in the context of quantum operators, as done in section 4.2.4, for three-
wave mixing. Indeed, in the final chapter of the thesis, we limited our discussion to the
propagation eigenmodes of three-wave mixing and did not discuss any optical measurement
process. The propagation eigenmodes correspond to a set of mutually orthogonal solutions
of the equations of evolution; however, unlike the optical eigenmodes, they are not associated

with any physical observable or measure.
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Appendix A

Split-Step Method

In calculating the optical eigenmodes in a given system, the more degrees of freedom one
can excite, the better. If our basis is large, however, the computational intensity quickly
becomes too large for the Mathematica’s built-in numerical integration, NDSolve, to manage
in a reasonable time with suitable accuracy. Consequently, for calculations in bulk material,
we introduce the split-step method for solving the partial differential equations of three-
wave mixing [8, 9, 10]. We start by considering the evolution of the perturbation fields in

sum-frequency generation,

1

— 10, Es(r) = Q—I{;QVQTEQ(r) + x2E; (r)Es(r), (A.1)
— ZazEg(I') = 2]1<:3V2TE3(I‘) + X3Eb<r)E2(I'), (A2)

which we can rewrite in an operator form as
—i0,E(r) =L -E(r)+ C:E(r), (A.3)
where E(r) = (Ea(r), B3(r))" and,

1 2

\Y% 0

L= <2k20 r 1 %> (A4)
3

and

0 x2 B (r)
= (umw i) (a9

describe the diffraction of the fields and the nonlinear interaction. If we take a small step,
Az, along the direction of propagation, then we can consider the solution of each of the
parts of Eq. A.3. In the linear term, there is no interaction between the two fields such that
each field can be treated independently with

1

—iazET(r) = ﬁ

V2B, (r). (A.6)
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These equations are simplified greatly by utilising the fast Fourier transform [13] as
5 k2, 4+ k2, -
—i0,E1(r) = 22—V (v), (A.7)
2k
where E.(r) = .Z[E,(r)] is the field in Fourier space and .# denotes the Fourier transform.

In Fourier space, it is trivial to find the solution

s . k2L K2,
E.(z,y,z) = E-(z,y,0) exp ZTZ , (A.8)
1
which for each small discrete step, Az, is written
. _ k2.4 k2,
E-(x,y,z+ Az) = E-(z,y,2) exp ’LTAZ . (A.9)
1

The linear step is found in terms of the initial field by taking the inverse Fourier trans-

form, F|E;(z,y, z)], of the above solution. If we recombine these solutions, we can write

the solution in terms of the vector E(r) as
E(z,y,z + Az) = Z YRZ[E(z,y, 2)]], (A.10)
where E(z,y, 2 + Az) = (By(z,y, 2 + Az), B3(z,y, 2 + Az))' and the matrix R is a diag-

2k,
perturbation fields, this linear term is also used to propagate the background field.

. . k2 k2 . . .
onal matrix with elements exp <’LMAZ). Although this derivation starts from the

We can now solve for the interaction terms associated with the perturbation fields. Unlike
the linear term, the matrix C, has off-diagonal elements such that we have to solve the full

equation which, in our simplified vector form, is
—1i0,E(r) = C- E(r), (A.11)
with the solution
E(z,y,2) = E(z,v,0) exp (iCz) . (A.12)
Again, if we are considering finite discrete steps, this solution is written
E(z,y,z + Az) = E(z,y, 2) exp (iICAz). (A.13)

With the solution to the linear part of the equation and the interaction part, we can

propagate the fields one full step as
E(z,y, 2 + Az) = F Y RZ[E(z,y, 2)]] -exp(iCAz), (A.14)

which describes an approximate solution to the initial partial differential equations. Here we
have defined the solution such that the linear operator acts first followed by the interaction
terms. This is noteworthy because, in general, the two operators do not commute with one
another. However, if the step size is small enough, the error associated with treating them

as commuting operators is oc Az
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Suppose we decompose our fields in the z-y plane onto a discrete grid of N x IV pixels, then
the operators acting on our fields in Eq. A.14 are finite matrix operators. This is apparent
for the interaction term, C, due to its dependence on the background field. For the linear
term, the continuous Fourier transform now takes its discrete form, and the matrix R has
wavevectors k; and k, specified for each point on the grid. Given all of the operators are

matrices, we can write a discrete step, Az, in terms of a single operator
E(z,y,Az) = [(,?D ‘R- ﬁgl) exp(iCAz2)] - E(z,y,0) = P(Az) - E(z,y,0), (A.15)

where the operators .#p and .7, ! are the 2D discrete Fourier and inverse Fourier transforms,
respectively. To propagate through the whole optical system requires a number of small
steps like that of Eq. A.15. If we have a total of IV steps, then the length of the material is

Zmaz = NAz, and we have
E(z,y, NAz) = P(NAz) - E(z,y, (N — 1)Az). (A.16)

Using Eq. A.15, we know how the fields evolve dependent on the previous step. Con-
sequently, we can concatenate all of the matrices describing a discrete step such that the

solution at the output can be explicitly written in terms of the input field
E(z,y, zmaz) = [P(NAz) - P((N — 1)Az)...P(Az)] - E(z,y,0) = Q- E(x,y,0). (A.17)

Or more simply we have
Eout = Q- E;p. (A.18)

So by using the split-step method, we can not only write an approximate analytical
solution to the partial differential equations but also define a scattering matrix that charac-
terises the whole optical system dependent on the background field, Ep(r). Moreover, the
input-output relation does not require one to choose a basis in order to define it. All that

is required is for a background field to be defined across the whole domain of propagation.
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Appendix B

Numerical Implementation of
Creation and Annihilation
Operators

In this section, we outline the numerical considerations not included in the main text. In
section 4.3.4.1, we outlined an example of a truncated basis of OAM fields in a circular
waveguide. In this example, the Fock state space was also truncated with respect to some
maximum total photon number, N,,... As a consequence, we also truncate the creation and
annihilation operators such that they are closed operations in our finite Fock state space.
If we have an input state, |ng2,n3), then the ay and as operators should satisfy the following

properties:

as |n2,n3) = /na|ng — 1,n3),

as |ng,n3) = \/nz|n2,n3 — 1), (B.1)

If we write the output state as, |nf, n}), then using the above properties, we can write

the matrix elements of the annihilation operators as:

<n,27 ng‘ as |n2a n3> =V n25n271,n’25n3,nga

<7’L/2, né‘ dS ’nQ; 7”L3> =V n35n3—1,n’35n2,n’2' (B2)

If we take for example two modes with the maximum photon number, N,,.. = 2, we have

the Fock state basis elements,
|n2, TL3> € {’07 0> ) ‘170> ) |Oa 1> ) |27 0) ) ’17 1> ) ‘07 2>} (BS)

In order to calculate the effective Hamiltonian, however, we use creation and annihilation

operators calculated up to Ny,q. + 1 with the following basis elements
|n27n3>ext € {|07 0) ) ’17 0> ) ‘07 1> ) |27 0> ) |17 1> ) ‘07 2> ) ‘370> ) |27 1> ) ’17 2> ) ‘07 3>} (B4)
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In this case, the annihilation operators are of the form

>
coocoloco oo oo
coocoloo oloolo
oooooooo&o
coocoloco oo oo
oooooo&ooo
ooooo&oooo
coocol~ooloolo
coocoloco oo oo

O OO OO O OO O
OO O OO O OO0

ooooooo&oo

ooooo&oooo

coooloo oo oo
coooloo oo oo
coooloo oo o
coooloo oo oo
coooloo oo o
coooloo oo oo
coooloo o oo
oooo&ooooo

We use these operators to calculate the effective Hamiltonian and scattering operator so
to account for states with N = 3 that might contribute to states with NV = 2. Indeed, take,
for example, the state |3,0) that is not in the truncated basis, however, as |3,0) = v/2|2,0),
is an element of the basis. With the correct Hamiltonian calculated, we then truncate to
the appropriate dimensions to agree with the basis at Np,q = 2. We calculate all of these

matrices and the numerical examples with Mathematica computer software [91].
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