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Abstract

In this thesis, a general formalism is developed to investigate effective nonlinear photon-
photon interactions for a system of multiple quantum emitters coupled to a waveguide. Two-
level quantum emitters and a weak input coherent state field incident on one of the sides of a
1D waveguide is considered. The input field propagates along the waveguide and interferes
with the emitted photons, giving rise to a rich range of nonlinear effects. In particular,
the second-order correlation function and nonlinear output intensity are calculated, both
of which in this method are not restricted by the number and placement of the emitters,
nor the combination of light-matter coupling constants, which may differ depending on
the propagation direction. The introduced approach is then used to investigate robustness
of chiral waveguides due to imperfections — the coupling to the suppressed propagation

direction.
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Chapter 1

Introduction

Strong nonlinear photon interactions are necessary to build new optical devices operating
on a level of a single quantum of light, such as a single-photon transistor [1] or a photon-
photon gate for optical quantum information processing [2]. In vacuum, photons interact
only due to quantum mechanical fluctuations [3], an effect which is far too weak for that
purpose. Very well known nonlinear optical effects can be obtained in nonlinear optical
media [4] due to the higher-order dependence of electric polarization with respect to the
external field. However, these effects are small at low intensities. Recently, tremendous
progress has been made in the field of nanophotonics [5], where the electromagnetic field is
confined in the length scale of optical wavelengths and results in strong light-matter coupling.
Such devices were used to demonstrate a quantum optical switch [6] and a photon-photon
gate [7], where the strong light-matter coupling results in effective nonlinear interactions
between photons at a single-photon level.

In particular, emitters which couple strongly to nanophotonic waveguides are promising
systems for scalable quantum networks. Photons emitted into a guided waveguide mode
with a near unity probability [8] can be used as propagating qubits, connecting stationary
qubits of a quantum network. Effective nonlinear interactions of photons in a system of
a quantum dot coupled to a photonic crystal waveguide was demonstrated [9], as well as
a three-level system [10], a hybrid organic molecule-superconductor system [11] and a few
quantum emitters coupled to a waveguide were investigated [12] among other works. Also,
chiral waveguides — waveguides that couple only to one propagation direction — have been
investigated [13, 14] and are promising systems for engineering on-chip quantum networks
[15].

Recently, a coupling of a large number of cesium atoms (~2000) to an optical glass

fiber waveguide was demonstrated [16, 17]. Theoretically, it is difficult and computationally
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demanding to investigate the nonlinear properties of a system with such a large number of
emitters. A method to do this efficiently is then necessary, as it is interesting to investigate
how nonlinear photon interactions scale for a large number of emitters and how that can be
useful for further work in the field.

In this thesis, we thus present a general formalism that can be used to investigate effective
nonlinear photon interactions for emitters coupled to a waveguide with different parame-
ters, such as the number of emitters, placement of emitters and light-matter couplings. In
particular, we consider a weak coherent state input field incident from one of the sides of
a 1D waveguide, which is coupled to quantum two-level emitters. The coherent field is a
superposition of different photon number states and thus can be used to derive nonlinear
properties of the system. We then use that to calculate the second-order correlation func-
tion and nonlinear output intensity, both of which are a measure of the effective nonlinear
interactions between photons. The presented method is then used to investigate rigidness of
chiral waveguides due to imperfections — couplings to the suppressed propagation direction.

The thesis outline is then as follows:

e Chapter 1. Presents current status of the field and the motivation of this thesis

(current chapter).

e Chapter 2. Introduces necessary concepts of quantum mechanics and quantum op-

tics.

e Chapter 3. The approach of this thesis is presented, the second-order correlation
function is derived and general second-order coherence properties of the system are

investigated for different parameters.

e Chapter 4. The method of this thesis is modified to calculate nonlinear output

intensity and general simulation results are discussed.

e Chapter 5. The formalism is applied to parameters of an experimentally viable chiral

waveguide system and rigidness of such a system due to imperfections is investigated.

e Chapter 6. Conclusions of this work and an outlook is provided.



Chapter 2

Preliminaries

In this chapter, we present concepts of quantum mechanics (section 2.1), quantum optics
and properties of waveguides (section 2.2), which are necessary for the understanding of the

formalism which we present in later chapters.

2.1 Basic Quantum Mechanics

State Vectors

In quantum mechanics, a state of a physical system is described completely by a state
vector in a Hilbert space [18]. The Hilbert space is spanned by a complex number space C.
In Dirac bracket notation, a state vector of a state 1 is denoted as a ket (bra) — [¢) ((¥]).
Bra and ket are related by a conjugate transpose operation: w‘T = [¢). |¢) multiplied with
a complex number ¢ is another ket ¢|i)). However, it represents the same physical state, so
only rays of Hilbert space are of significance. An inner product between states is defined
as (¢ |1) and the result is a complex number in C (it is analagous with a dot product in
vector calculus). The inner product has the following properties:

1) Positivity: (p|¢) > 0;

2) Linearity: (| (@ |¢1) + b)) = a (| ) + b | 1)

3) Antisymmetry: (¢ |1) = (¥ | )"

4) Completeness: (¢|¢) = [¢|* (analogous to the magnitude of a vector in vector
calculus).

Two kets |1)) and |¢) are said to be orthogonal if

(¥ p) =0. (2.1)
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Also, since |¢) and c |¢) represent the same physical state, it is convenient to consider

normalized kets:

) = T w o5 (2:2)

Observables

Observables are properties of a quantum system that can, in principle, be measured.
In quantum mechanics they are represented as Hermitian operators, which act on kets.
Operator A acting on a ket [¢)) results in another ket: A [¢)) = |¢). Of particular importance
are kets which have the property

Ay =o' |9y, A"y = 9" [9"), ... (2.3)

where 1/, 4", ... are numbers (for Hermitian operators they are real). Such kets are called
eigenkets of an operator A and the numbers are called eigenvalues. Any other state vector

can then be expanded in the basis of eigenkets as:

o) = cw |9, (2.4)
'(/)/
where cy/ are complex coefficients, known as probability amplitudes. Dimension of the

Hilbert space is then given by a set of orthonormal eigenkets of an observable:

WY = dyryr. (2.5)

An expectation value of an observable is defined as <cp ‘ A ‘ g0>. Upon measurement, the
state of a system collapses to one of the eigenstates of the observable. Expanding a state in

eigenkets with eq. (2.4), we get

(Pl Alp) = Z@/J!cw, (2.6)

where, for normalized state vectors, |c¢/‘ is then a probability of measuring the value v’ in
an experiment for an observable A.
Time-Evolution

Time-evolution of a state vector with a time independent Hamiltonian is given by the

Schrédinger equation:
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. d -
i [9(1) = H[¢(1)) - (2.7)

In this form, all time dependence of the system is included in the state vector and all oper-
ators are time independent. This description of system dynamics is known as Schrodinger

picture. The state vector at any given time is then

_ iHt

[9(t)) = e 7 [¢(0)). (2.8)

The expectation value of an operator A then evolves as

iHt ~ _ iHt
en Ae n

(60| 4] vv)) = (9(0)

v(0)). (2:9)
Note that in above equation we can define fl(t) = o' Ae """ and evolve the operator
instead of the state vector. The case where time-evolution is defined in operators and the
state vectors are time independent is known as the Heisenberg picture. Time-evolution of

an operator is then given by the Heisenberg equation:
ih— A(t) = [A(), H] . (2.10)

Rotating Frame

Consider a state vector [1(t)) in the Schrédinger picture. We define a new state vector

(1) =T [0(1)), (2.11)

where U T(t) is a unitary operator. We would like to get an equation of motion for the newly

defined state vector. Taking the derivative of the state vector:

m% W (t)) zih; (UT(t) |¢(t)>) — RO (0 [(8)) + RO (1) ’¢(t)> (2.12)
=0 ()T (&)U () [ (1)) + T HU (T (1) [(1)) (2.13)
= (000 (1) + T OAT ) [9(1)) (2.14)
—H (1) [ (1)) 2.15)

So we have obtained a new equation of motion, similar to the Schréodinger equation, but
with a new Hamiltonian H(t) = ihUT(#)U(t) + UT(t)HU(t), for the state |¥(t)). This is

known as time-evolution in the rotating frame, in which the phase that would be present
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in the Schrodinger picture has been absorbed into the new Hamiltonian and state vector.
Note that the new Hamiltonian is not necessarily time independent, in which case both the
state and the operators have time dependence.

Consider a time-independent Hamiltonian, which can be written as H=Hy+H,. Ifin
the above rotating frame derivation we use UT(t) = e~tHot then = UT(t)H, U (t). That
is, we move to a picture that absorbs the time evolution of Hy both into state vectors and
operators. This special case of the rotating frame is known as the interaction picture. This

approach is also valid if Hj is time dependent.

Second Quantization

For multiparticle systems, containing identicle particles such as photons, it is inconve-

nient to keep track of what state each particle is in. Instead, we define a new state vector

|n1,n2,...,ni,...>, (216)

where n; specifies how many particles there are with eigenvalue k;. In this way, we instead
follow how many particles there are in a particular state, an approach which is known as
second quantization. This new vector space is called Fock space. Two special cases of such

states are the vacuum state of the system and the single-particle state with eigenvalue k;:

0,0,...,0,...) = |0), (2.17)

10,0, ...m; = 1,...) = |k;). (2.18)

We then introduce the creation and annihilation operators aj» and a; that respectively create

and annihilate a particle in a state with eigenvalue k;:

al10) = [ki), (2.19)
ai [ki) = |0), (2.20)

so that
ailks) = 85 10) (2.21)

For photons and bosons in general, the commutation relation for annihilation and creation

operators is then given by:
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lai, 0] = [al,a]] (2.22)

[ai, a” = 5” (2.23)

2.2 Basic Quantum Optics

Quantized Electromagnetic Field

For a cavity with perfectly conducting walls, a single-mode electromagnetic field satisfy-
ing Maxwell’s equations and boundary conditions, assuming the cavity is along the direction

z and the electric (magnetic) field is polarized in = (y) direction, is given by [19]:

2

By (2 t) = ffa]q(t)sm(kz), (2.24)

By(z,t) = (,u(;:o> ‘/‘Zg)p(t)cos(kz), (2.25)

where the electromagnetic field takes the form of a standing wave and w is the frequency
of the mode, k = ¢ is the wavenumber, V' is the volume of the cavity, o (po) is the
permittivity (permeability) of free space. ¢(t) and p(t) = ¢(t) are time dependent factors,
which respectively correspond to canonical position and momentum. Classical field energy

is then given by:

H= % (p2 + w2q2) , (2.26)

which is equivalent to a harmonic oscillator. The quantization is performed by defining ¢

and p as operators ¢ and p, which satisfy the canonical commutation relation:

[4,5] = ih. (2.27)

Annihilation and creation operators are defined as:

o) = V2hw (wg + ip) (2.28)

which have the bosonic commutation relation, given by eq. (2.22) and (2.23), the electric

field and the Hamiltonian is given by:

Ey(z,t) = & (d + &T> sin(kz), (2.29)
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N 1
H = hw (a*a + 2) , (2.30)
where &) = ‘%"O. We denote |n) as the eigenstate of the Hamiltonian:
H|n) = E, |n), (2.31)

where E,, = hw(n+ %) and n describes how many photons there are in a state with frequency
w. Then we can define a'a = 7 as the photon number operator.

Annihilation and creation operators then act on |n) as

aln)y =+nin—1), (2.32)

atln) =vn+1|ln+1). (2.33)

So we see that the annihilation (creation) operator creates (annihilates) one photon in the
system with frequency w, which is an example of second quantization discussed previously.
Note that (n| E; |n) = 0, so this is a highly non-classical state, since, for a classical electric

field, we do not predict vacuum if there are photons present in the system.

Coherent States

From eq. (2.29) we see that for an expectation value of an electric field to be non-zero,
we define a new state, which is an eigenstate of the annihilation operator. Such states are

known as coherent states |a):

ila) = ala), (2.34)

where « is a complex number. The coherent state can be expanded in the previously

introduced number states as

a) = ezl 3 2 , 2.35
|a) ngomH (2.35)

so that a coherent state is a superposition of photon number states. The expectation value

of coherent states is (using a = || e®):

(] Ey(z,t) | @) = |a| V2Esin(wt — kz — 6), (2.36)
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which looks similar to a classical field amplitude. In fact, a coherent state is the most
“classical” quantum state of electromagnetic field. Also, the average photon number for a
coherent state is given by:

(o] ] a) = |af?, (2.37)
so that for |oz|2 < 1 the coherent state consists mostly of vacuum and single photon number
states. The coherent state can also be represented as

@) = D(a) |0), (2.38)

where ﬁ(a) is a unitary operator, known as displacement operator, given by:

D(a) = ead'—a"a, (2.39)

The displacement has the property
Di(a)aD(a) = a +a, (2.40)
D(a)aD' (o) =a — a, (2.41)

so that it “displaces” the annihilation operator. A similar property holds for the creation

operator.

Jaynes-Cummings Model

Interaction between quantized electromagnetic field and atoms is described by the Jaynes-
Cummings model. We consider a single mode electromagnetic field in a cavity and two levels
of the atom: ground state |g) and excited state |e). The Jaynes-Cummings Hamiltonian is

given by:

H = H, + Hy + Hyy, (2.42)

where H, is the free atomic Hamiltonian, H; is the free field Hamiltonian and Hiy is the

interaction Hamiltonian:

A

H, = hweg le) (e], (2.43)

H; = hwa'a, (2.44)
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Hy = —d- E, (2.45)

with H, given in terms of the transition frequency weg between states |g) and |e), and having
d as the dipole moment operator. Here we assumed that the dipole moment and the electric
field polarization is in the same direction. A general approach can be used by considering
them as vectors. We can expand the dipole moment operator in the basis of the atom states

as:

d = (l9) (gl + le) {el) d (g) (9] + le) {el)- (2.46)
Due to parity considerations (dipole moment is odd under parity transformation), only off-
cf’ e> = 0. Defining d = <e ‘ ci‘g>, Gij = %) (Jl

assuming that d is real and using eq. (2.29), we can write the interaction Hamiltonian as:

diagonal terms are non-zero: <g ’ d ‘ g> = <e

Hin, = hg (6eg + 6g) (@ +a') (2.47)

where g = —d—gosm(kz). Note that in the above Hamiltonian we have terms 689&T and G gea,
which respectively correspond to emitting a photon while having a transition from ground
state to excited state and absorbing a photon while going from excited state to ground state.
These terms do not conserve energy and vary in time with a larger frequency than the other
terms, so they can be neglected, which is the rotating wave approximation. The interaction
Hamiltonian between a quantized electromagnetic field and a two-level atom is then given
by:

If]int =hg (6eg& + &T&ge) . (248)

Correlation Functions

Correlation functions give information about coherence properties of the electric field.
The first-order correlation function ¢(*) can be used to calculate coherence time and length
of radiation. In this thesis, however, we are interested in the second-order coherence, which
is given by the second-order correlation function ¢g. Second-order correlation function
gives insight about the statistical properties of the field, since it is a measure of what

photon-photon correlations are present. It is defined as:

GO(t +1,1)
GOt GVt + 7t +71)

g?(r) = (2.49)
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BS D2

D1 ( !
VTD ce

Figure 2.1: Hanbury-Brown and Twiss setup. The incident field is split by the beam splitter
(BS). Coincidence rate is measured by a coincidence counter (CC) for detector D2 registering
a photon at time ¢ and D1 at time ¢+ 7 with an electronically variable time delay (VTD) 7.

where GO (t + 7,t) = (I(t + 7)I(t)), GV (t,t) = (I(t)) and T is some time delay. It shows
how intensities at two different time points are correlated. In terms of the annihilation and

creation operators, it can be written as:

af (Hal(t+ r)alt + 7)a(t))
@ _ &
970 = GR@a) @+ a7y (2.50)

In this form, the ¢ is given specifically for a quantum mechanical state and shows corre-

lations between photons. The ¢ can be measured by having the field split with a beam
splitter into two single-photon detectors with an electronically variable time delay, which is
known as Hanbury-Brown and Twiss setup (fig. 2.1). This setup measures the coincident
detection rate for one detector registering a photon count at time ¢ and the other at time
t+T.

For a quantum mechanical state, the value of ¢g(®(0) is in the range 0 < ¢®(0) < oo
(in the classical case, it is in the range 1 < ¢(?(0) < o0) and several cases are of particular
importance:

1) ¢@(0) = g®® () = 1: if the second-order correlation function has the value of 1 at any

time delay, it is equivalent to factorization of the numerator as <&T(t)?ff (t+m)a(t + T)&(t)> =
<&T(t)d(t)> <dT(t + 7)a(t + 7')>, so that photons are not correlated and they reach the de-

tectors at random time intervals. An example of this is light in a coherent state.
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2) g2 (0) > ¢g@(7): photons tend to arrive in pairs, which is known as photon bunching:
for example, this effect is seen for ¢(2) measurements of chaotic light.

3) ¢?(0) < ¢@(7): a quantum mechanical effect — photons arrive evenly spaced in
time. The probability to measure coincident photons is less than for a coherent state. For
a single-mode field in a number state |n), ¢ (0) = 1 — 1 (excluding vacuum), so a value of

n
g®(0) = 0 constitutes a true single-photon source.

Enhancement of Light-Matter Interactions in 1D Waveguides

The spontaneous emission rate of emitters is not an intrinsic property of the emitter and
it can be enhanced by the emitter’s surroundings, which is known as the Purcell effect. One
way of seeing this is considering Fermi’s golden rule for transition from excited to ground
state of the emitter, which is proportional to the density of final states. By confining the
electromagnetic field, the density of final states can be enhanced. The enhancement, in

general, can be given as [5]:

an

r,w,eq) = ——=Fp(r,w, éq), 2.51
p( d) 37203 P ( d) (2.51)
where p is the local density of states for an emitter at position 7, electric field frequency
w and dipole moment direction &4, n is the refractive index of the material and Fp is the

Purcell factor. The Purcell factor is then given by:

Frad('r'a w, éd)
Fhom(w) ’

rad

Fp(?‘,w,éd) = (2.52)

where the Purcell factor is a ratio between spontaneous emission rates for radiative decay
of the inhomogeneously designed material to the spontaneous emission of the same emitter
in a homogeneous material with a refractive index n. In a 1D waveguide, an emitter that
is optimally positioned with a dipole moment in the direction of the electric field has a

maximum Purcell factor of:

2 n2
P () = (;n - /a> ne(e), (2:53)

where ) is the wavelength of the electric field, Veg is the effective mode volume per unit cell,
a is the lattice period and ng(w) = c¢/vg(w) specifies the retardation of group velocity v,.
From the above expression, it can be seen that two effects contribute to the enhancement
of spontaneous emission: a slow group velocity and a small effective mode volume. A slow
group velocity can be achieved due to the highly dispersive nature of some waveguides and

a small effective mode volume is achieved by confining light in two dimensions. The emitter
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upon decay then can reach a near unity probability of emitting a photon into the guided
mode of the waveguide, which results in strong light-matter coupling.

Moreover, when the electric field is confined in two dimensions, a longitudinal polar-
ization is present for the field [14]. The longitudinal polarization has a £+7/2 phase shift
compared to the transverse modes, and the sign depends on the propagation direction. The
resulting field has an elliptical polarization and possesses a spin angular momentum. The
spin angular momentum flips sign depending on the propagation direction. Upon decay of
an emitter, spin angular momentum has to be conserved, so the emitted photon would have
either propagation direction depending on the dipole orientation.

Using this effect, a waveguide can be designed in a way that would suppress coupling to
photons propagating in a certain direction, resulting in chirality of the waveguide. In the
Jaynes-Cummings Hamiltonian, given by eq. (2.48), this would result in different coupling

constants g depending on the propagation direction.



Chapter 3
Second-Order Quantum Coherence

In this chapter, the method for calculating the second-order correlation function (g(2)) is
explained for any number of two-level quantum emitters in a 1D waveguide. For simplicity,
we start with the investigation of a single emitter in a waveguide in section 3.1. The
method is then expanded for any number of emitters in section 3.2. Finally, in section 3.3
we simulate the dynamics of the emitters numerically and present our findings on the second

order coherence.

3.1 Single Emitter in a 1D Waveguide

To investigate nonlinear photon interactions in a 1D waveguide and discuss the method
used for calculating the system dynamics, it is first better to consider a single emitter. A
single emitter in a waveguide is sketched in figure 3.1. In this thesis, a coherent state input
field is investigated. The field is incident from one of the sides of the waveguide. Since the
input field travels along the waveguide, the emitted photons can interfere with it, giving rise
to interesting effects. Upon decay of the emitter’s excited state |e) to the ground state |g),
a photon can be either emitted into the mode supported by the waveguide (decay into the
waveguide) or into any other modes (decay outside the waveguide). These are described by
decay rates I''p r, I'ip,1, and I"". Here I'" is the decay rate for emitting a photon outside the
waveguide and, since decay rate into the waveguide can be dependent upon the direction
that the photon is emitted, I'pr ([1p,1) corresponds to a decay rate of emitting a right
(left)-propagating photon into the waveguide.

15
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The System Hamiltonian

Interaction between the emitter and a quantized electromagnetic field is described by
the Jaynes-Cummings model as described in Chapter 2. The corresponding Hamiltonian in

the Schrédinger picture is

A

Hie = —hyg / dk (Gegine™ + afggee*5) (3.1)

where z, is the emitter position, g is the coupling constant, ay (dL) is the annihilation
(creation) operator for a mode with a wavenumber k and 63 = |i) (j|. The full Hamiltonian

of the system in the Schrodinger picture then can be written as

I:IS - I:Iside + ﬁa + f{f + f{inta (32)

where f[side is the term describing decay outside the waveguide, ﬁa is the free atomic

excitation Hamiltonian and H; is the free field Hamiltonian:

~ il

Hside = _h76ee7 (3'3)
H, = hegbee, (3.4)
Hi=h / dkwyal ay,. (3.5)

24

Figure 3.1: Single two-level emitter in a 1D waveguide with the transition frequency between
ground and excited states as weg. Upon decay of the excited state, the emitter emits a left or
right-propagating photon into the waveguide, or a photon is lost from the system by emission
outside the waveguide. The corresponding decay rates are respectively I'pr, I'p,1, and I".
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Here weg is the transition frequency between states |e) and |g) of the emitter and wy, is the
frequency of photons with wavenumber k. Note that for now we treat the decay outside
the waveguide as a non-Hermitian Hamiltonian term ﬁside. As will be seen later in the
derivation of the equations of motion, this non-Hermitian term will result in a decay for
excited emitter states. This is sufficient for ¢(?) calculations as long as we do not need
to follow the amount of photons being emitted outside the waveguide. Also, only field
frequencies close to the emitter transition frequency will be considered, so it is assumed
that the linear dispersion relation holds over those frequencies: wy, = v |k|, where v, is the
group velocity of the field.

Any further analysis of the system is simplified by transforming into the interaction

picture. The unitary operator used for transformation is given as

U = e w(Hat )t (3.6)

The details of the transformation of the Hamiltonian from the Schrodinger to the interaction
picture are described in Appendix A.1, with the resulting Hamiltonian given as:
A il N iAgttikza o At A iDpt—iks
H= _hT ce — hg [ dk(Gegare * 4 Ay 0ge€ ), (3.7)
where Ay = wy — weg is the detuning of the photon frequency with respect to the emitter
transition frequency. Since we are interested only in near-resonant photons, we can treat
left- and right-propagating photons as separate quantum fields [1], such that apethra —
dekeikza + dkae_i’”a, &Le_ikza — &R’/,ge_ik";a + deeikZa. Also, we consider detuning with
respect to the central frequency of the incoming electromagnetic field for near-resonant
photons: A — A, with A = w — wg, where w is the central frequency of the incoming field.
With these considerations, the Hamiltonian in the interaction picture is then given by:
a i’ A A A —tAt+ikz, A —1At—ikz,
H = - 7’17 ee — N | dk {aeg(gRapMke + grar ke ) (3 8)
+ (9r a% B oidt—ikza 4 L &TL 7keiAt+ikza) &ge)},

where we also include separate coupling constants for right (left)-propagating photons gg/r,).
It is most convenient to analyze this system with respect to real space operators, so we

define the following slowly-varying operators:

1 A~ i(k—ko)z
ERr(z) = Nor- / dkag pe' ko) (3.9)

A

1 .
EL(z) = or / dkay, e~ ko) (3.10)
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where kg = f)—egg. The commutation relation for these operators is then given by:
Eu(2),El(2)| = |Er(2), Bl (2)| = 6(z — 2 (3.11)
L et WY R » —~“R )

|Br(2), B (2)] = [Ev(2), B ()] =0, (3.12)
while the interaction picture Hamiltonian in real space can be written as:
. T . o . o
H = - h%ﬁee — hv 271'/(:12’6(2 - Za) |é’eg (gRER(Z)e—ZAt—i-zkoz + gLEL(Z)e—zAt—Zkoz)
ol iAt—ikoz il iAt+ikoz | 4
+ (QRER(Z)G + 9By (2)e )UgE]-
(3.13)

Since the initial state of the system is a steady input coherent field («y is time indepen-

dent), which is represented in the interaction picture as

[U(t = —o0)) = D(ewy) [g0) , (3.14)

where, assuming the input field is incident from the left side of the waveguide:

D(ay) = oS dk(af, yar—agar.r)) (3.15)

i

it is convenient to change the initial wavefunction state as

¥(t)) = DY) [9(1)), (3.16)

while performing a rotating frame Hamiltonian transformation as described in Appendix

A.2, resulting in the final Hamiltonian:

ES T ~ ) .
H = - E%Aee — hV2m / dzd(z — za) [5eg (gRER(Z)ezAt+zkoz
+ gRge—iAt-i-ikoz + gLEL(Z)e—iAt—ikoz> + (gREA'E{(Z)eiAt_ikoz (3‘17)

)

+ gRg*eiAt—ik‘oZ 4 gLEE(Z)eiAt+ikoz) a_ge

with &€ = [ dkayeik—ko)z  Egsentially, this change of basis maps the initial state of the

system to vacuum, while the right-propagating photon operator transforms as ER(Z) —
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E’R(z) + £. This simplifies the wavefunction ansatz, as we do not need to include states

containing the input field.

Dynamics of the System

To derive all the dynamics of the system that we are interested in, the following method
is used: first, we make a wavefuction ansatz, containing all the relevant possible states of
the system; time-evolution equations are then derived for all the states; equations of motion
are solved numerically and finally, all the quantities we are interested in can be calculated
from the dynamics of the states, as long as the necessary states are included in the antsatz.

In this thesis, we are interested in photon-photon interactions. We investigate how two
excitations in the system evolve, resulting in two photons being emitted. Correspondingly,
we need to include states with two excitations in the wavefunction ansatz to follow such
dynamics. However, we consider only weak input fields: 7 = |£]* < 1. Therefore, we
do not need to include states with three or more excitations, because the probability for
having that many excitations in the system is very low. Taking this into consideration, we

construct the following wavefunction ansatz for a single emitter in a 1D waveguide:

B(0) = cult) 50) + o) e0) + [ Atudun(t, 1) Eh ot 1) + 22) )
+ /dte¢eR(t,te) Sl (vg (= te) + 2a) [€0)
+ /dteZ /dte1¢RR(ta te2, tel) A;(Ug(t - teZ) + Za) A}E(vg@ - tel) + Za) ’g0>

4 / dtes / Ater dre (1, teas ter) Bl (05 (t — ten) + 22) B (vg(t — te1) + 2a) |20)

4+ R+ L
(3.18)

where R > L indicates similar states to the ones presented, with left and right-propagating
photon creation operators and corresponding state amplitudes exchanged. The probability
amplitudes in the ansatz correspond to: cy() — ground (excited) emitter state amplitude;
Pgr(r)(t,te) — a state amplitude at a time ¢ where a right (left)-propagating photon was
emitted at time t., with the emitter in the ground state; ger()(t;te) — same as dgr(1),
but with the emitter in the excited state; ¢rr(rr)(t, te2,te1) — two right (left)-propagating
photons emitted at times teo and te1; ¢rr, and ¢rr — two-photon state amplitude, where
both photons were emitted in different directions, corresponding to either the left or the

right-propagating photon being emitted first. Note that the wavefunction consists of state
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amplitudes, which have dependence on emission time ¢.. We include this parameter, because
when we evaluate the wavefunction, it would look different depending on when the emission
occured. For example, if t < te, emission has not occured yet, so any state amplitudes
containing emitted photons are equal to 0. The wavefunction at any point in time is then
given by considering all emission times (mathematically it means that we integrate over ¢.).

Time-evolution of the wavefunction, in the basis of eq. (3.16), is given by

m\@(t)> :ﬁ‘\if(t)>. (3.19)
Using this, we derive the equations of motion for ansatz states by projecting into a corre-

sponding state in the following way:

ih <g0‘\i/(t)> = <g0 H \If(t)>
(3.20)
= ihég(t) =  — hgrV2rE*e TR0z (1),
Similarly, we derive the equations of motion for all the other states:
¢(t) =igrV2mE e Aeq(t), (3.21)
. TV ran /2 .
Ge(t) =igrv2mEe Mey(t) = co(t) + RV ET bor (¢, t)e At
Ug
. 5 '
4 LVET (e A (3.22)
Ug
der (t,te) =igrV2mCe(te)d(t — to)e'™e +igrV2mE M Per (t, te), (3.23)
. , y r
¢eR(ta te) =igrV2n&e zAtgbgR(ta te) - §¢6R (ta te)
LRV 2 , L.gRV 2 :
+ IV prp (b 1, te)e A + T o (8 t, 1)
Ug Vg
_ A o /3 ‘
4 LY Lt te, t)e A IEV I b (8,8, te)e ™AL, (3.24)
Ug Ug
deL(t,te) =igrV2mce(te)d(t — to)e'™ +igrV2mE M ey (t, te), (3.25)
: , y T
Qel, (ta te) =igrV2n&e ZAtQZ)gL (ta te) - EﬁbeL (tv te)
o /3 ' o '
+ it 7T¢LL(t, t, te)e_lAt + M¢LL(t, te, t)e_ZAt
Ug Ug
L.gRV 2 » LJRV 2 .
+ IRV (bt to)e A 4 TV g (8, e, t)e Y, (3.26)
Ug Ug
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ORR (t, te2, te1) =igR V27 per (tea, te1)d(t — tez)e e, (3.27)
OLR (L, te2, te1) =igLV2mPer (tez, te1)d(t — tep)e o2, (3.28)
ORL(t, tea, te1) =igrv2mder (tea, te1)O(t — tez)e™ 52, (3.29)
PLL(t, tea, te1) =igr,V2mder, (tez, te1)d(t — teg)e' e, (3.30)

The position of the emitter in the above derivation was set to z, = 0. To simplify the
equations, we change to a dimensionless time variable ( = I't (where emission times are
also dimensionless (o = I't.), where I' = I'p g + I'ip 1, + I is the total emitter decay rate,

2
QWgR(L)

dimensionless variables: & = %8, gr(L) = VIVgler(L)s Per(L) = VI'VgPer(L)s PROLRML) =

~ < r / .
Togdriirmy: A = $.6rr) = —24 Y, Byae = &+, noting that Bg + B + Bsiae = 1. The
equations of motion are then changed to the ones given in Appendix A.3.

with decays into the waveguide defined as I'ip g(1,) = , and specify the following other

We consider the emitter to be initially in the ground state, so that ¢, = 1. Note that
¢gr and ¢g1, have a term containing ce(te)d(t — te), as seen in eq. (3.23) and (3.25). So
the derivative of these two state amplitudes get a contribution only after evolution time ¢
has crossed the emission time t.. All the other state amplitudes, which describe states with
emitted photons, then evolve as ¢gr(L) = Per(L) = PR(L)R(L)- Lhis can be used to split the
time-evolution of the system into two time windows: 0 < { < (o+¢ and (.+e < { < oo where
¢ is an infinitesimal dimensionless time period. These two time windows then correspond to:
0 < ¢ < (e + € — from the initial state to the evolution time right after the emission of the
first photon; (. + ¢ < { < oo — everything after the first photon emission. As will be seen,
the equations of motion for emitter states and for the states containing emitted photons can
then be uncoupled. For 0 < { < (, + ¢, where we use the dimensionless variables introduced

previously:

Ser(C,C) = iv/BrCe(Co)3(C — Co)eldle,

- - (3.31)
¢gL(C7 Ce) = 1 BLCe(Ce)(s(C - Ce)elACC‘

These equations can be formally integrated with respect to ¢ and give
er(C,G) = iVBre(QO(C — e, 5

B (C,C) = iv/Bree(O)0(C — Co)e'™E.

Plugging in this result for the evolution of excited emitter state, we get
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5side

c(C) = i\/ﬁ;Réeimccg(C) Ty ce(C) +iv/Brder (¢, C)eiAC +iv/BLoeL(C, C)eiiAC
Bside

= iv/Brée By Q) - P el0) — Bree(O0(C — Go) — ALee(O)O(C — Go)
— iv/BRe () - eeld),

(3.33)
where we have used 6(0) = 3 and g + 1 + Bside = 1. Summarizing, for 0 < ( < (e + ¢,

the time-evolution of the system is given by the following coupled equations of motion:
() = iVBRE X e(Q),
) . 5 iR 1
Q) = ivBrEe Beg(Q) — Seel€).
This result is simply interpreted as follows. There are two processes that affect the evolution

(3.34)

of emitter states right up until the point when an emission occurs: excitation of the ground
state by the input field (the terms proportional to £ in eq (3.34)) or decay of the excited
state into any channel, given by —%ce.

Similar derivation is done for the time span (. + ¢ < ( < oo. Formal integration of the

two photon states, containing a right-propagating photon, gives

FRR(C, G2 Co) = iV BROR(C, Ce1)O(C — Co)eiAC,

éLR(Ca Ce2a Cel) = i%éeR(Ca Cel)e(C - CeQ)GiAcy (3'35)

PRL(C, Ceas Co1) = iV BRGeL(C, Ce)O(C — Cen)e ™.

Plugging this in for the gﬁeR equation of motion, we get

Son(6.G) = i/ B (C.6) ~ P (G, )+ iV b . €. e

+ iVBRIRR(G, G O 4 ivBLdRL(C, Cer O + iV BLOLR(C. G, Ce)o T
= iVBRET PR (G 6 — Hher (o)

(3.36)
Note that in the above equation ¢rg (¢, Ce, ¢) = ORL(C, (e, ¢) = 0, which can be seen from eq.
(3.35), because ¢er(C,¢) = der (¢, ¢) = 0 (right at the emission time these state amplitudes
are 0, as were given by initial condition). Now the time-evolution is described by the

following system of equations of motion:
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ber(C¢) = iVBREEAGer(C, o),
qgeR(Ca Ce) = i\/ﬁiRge_iACQBgR(Ca Ce) - %éeR(Ca Ce)'

Notice that this is exactly the same set of coupled equations as in eq. (3.34). That is to

(3.37)

be expected, because, once an emitter decays and a photon is emitted, the emitter states
for one emitter evolve the same way until the second photon emission. Also, note that the
initial condition for eq. (3.37) is given by eq. (3.32).

The equations of motion for 0 < { < (. + ¢, given by eq. (3.34), will reach a nearly
steady-state after some time because we are considering a steady input field. We describe
it as a nearly steady-state, because, in this description, the input field is treated as being
infinitely long, and there is a constant decay of the excited state. This means that after
reaching a steady-state, the states have a slow linear decay, proportional to a higher order
of the input field £. This problem will be discussed in detail in Chapter 4 for calculating
output intensity. Second order coherence, however, is normalized, so any higher-order errors
can be ignored by going to sufficiently low input fields without loss of generalization. In
such a limit, we can assume that all states of the system reach a steady-state at some point.
After a steady-state is reached, the initial condition for photon-states, given by eq. (3.32), is
independent of the emission time. This means that to calculate dymanics of the system for
all emission times, it is enough to consider just one emission time, which is sufficiently large
so that the emitter state amplitudes ¢, and ¢, have reached a steady-state. This, of course,
significantly reduces simulation time, since it is not necessary to repeat the calculation
multiple times with different (.. Taking this into cosideration, we continue with the g(?
calculation.

The second-order coherence function for the state, described by eq. (3.16), at the output

of the waveguide for a field incident from the left, is given by:

G2 (td/, td)

P 10) = G 14, 10) GO 1) (339
where
0P (ta,ta) = |(Brlzen) +€) (Bnler,) +€) [0 .
W(tat)) = |(Brlz,)+&)|#D)| |

Here z;, = vy (T'—tq) + L, which can be understood as follows. We evaluate the wave-
function at time 7', which is big enough so that all the two photon processes have occured

and the photons have already left the waveguide. Then, this photon “wave packet * travels
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in free-space until it reaches the detector at position L. Depending on the detection time
tq, we would see different parts of the “wave packet”. This way we measure the intensity

fluctuations at time tq — 7.

. . - 1 1
R d a’ = ) s bes Le - g s e
(Brz1) +€) (Br(z1,) + ) ;w)>_< ORR (T, Ty te) + —-Edgn (T )
% s (3.40)

+ UisqbgR(T, thy + cg(T)\5\2> |20) + O(E?),
g

where t, = tq — Lg

An example of terms proportional to third order in the input field O(£3) in the above
equation is: (;gSQSeR(T, te) + ié’gf)eR(T, L) + ce(T)|5|2> le0). There are other terms in the

higher-order of the input field, but since we consider only a weak input field (|€]? < 1),

those terms can be safely neglected for the ¢(?) calculation. Similarly,

(ER(ztd) + 5) ]@(T)> = (;g(pgR(T, te) + cg(T)5> |20) + O(E%), (3.41)

the absolute square of which is G(!)(tq,t4). Switching to dimensionless variables, ¢(®) can

be written as:

‘QERR (rs G5 Ce) +gq~5gR(<T’<e) + Edgr (Cr, L) + ca(Cr) |<‘j|2’2
[Gen(Cr.G) + o] |Ban(Cr. € + ealCr)é]

where (7 = I'T. Using the previously derived equations (3.34), (3.35) and (3.37), it is seen

that there are all the terms necessary to calculate g(? from eq. (3.42). Beforehand, however,

(¢l Ce) = . (342)

note that photon coherence is independent of the first photon emission time, since we look
at the steady—state solution for the emitter states, as was mentioned previously. So we can
write g (¢, &) as g ('), where ¢’ = I'r, with 7 = t, — t,.

Numerical simulation results for a single emitter in a 1D waveguide are presented in fig.
3.2. It may be immediately seen that the results match for a chiral case and a non-chiral
case. This is to be expected, because for one emitter there are no interference effects for
left-propagating photons and they can be treated as losses with respect to the output field.
Thus, for one emitter it is enough to consider a chiral waveguide with one parameter Sr to
get the full overview of possible coherences in such a system. We see that for Sg < 0.25

photon anti-bunching occurs. This can be interpreted as follows. For such low emitter
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Figure 3.2: ¢® simulation results for one emitter coupled to a 1D waveguide (A = 0). a)
— equal coupling factors for both the left and right emission directions 8y, = Bgr; b) — chiral
(61, = 0) waveguide. Results for chiral and non-chiral waveguide simulations match, because

decay to the left can be treated as losses for a single emitter with respect to the transmitted
field.
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to waveguide coupling, only few of the incoming photons would interact with the emitter.
Those that do interact would take some time to be emitted, so this would result in a time
delay between the photons, even if a two-photon number state is incident. Note for g = 0.25
that g(®(0) = 0, which is most likely due to interference effects between the emitted photons
and the input field. Such interference effects are difficult to interpret, which only shows that
even one emitter in a 1D waveguide produces non-trivial coherences between photons. For
higher values of Sg, initial bunching occurs, which is followed by anti-bunching. Value of
9(2)(0) ~ 1 is observed for low coupling factors, dropping to 0 at Sg = 0.25 (anti-coherence
mentioned previously). For stronger couplings, g(2)(0) > 1, peaking at Sg = 0.5.

In the next section, we generalize the description presented here for any number of

emitters.

3.2 Multiple Emitters

Now that we are familiar with the method used for calculating g(® for one emitter in a
1D waveguide, we can generalize the approach for any number of emitters. It will be seen
that even two emitters produce a range of completely different effects than in one emitter
case. This is due to the fact that emitters can get excited by a photon that was emitted by
another emitter. We can therefore expect that photon coherences will be highly dependent
upon the distance between emitters, because a photon acquires a phase while propagating,

and the coupling for left-propagating photons.

Dynamics for N Emitters

We start the derivation by specifying the Hamiltonian for the number of emitters, N. We
omit the “~” for operators and the wavefunction, which was used to distinguish the basis,

keeping in mind that from now on we work in the basis given by eq. (3.16):

A X N A R o
H = - h% Geo — DV QWZ/dzé(z —z) [&ég <gRER(z)e_ZAt+’kOZ
i=1 i=1
b gpEe-iAttikoz | gLEL(z)e—iAt—ik0z> n (QREE{(Z)eiAt—ikoz (3.43)

+ gRg*eiAtfikgz + gLEE(z)eiAtJrikoz) a-ée

We also construct a new wavefunction ansatz, containing all the possible system states

truncated up to two excitations:
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U(t)) = cg(t) [0) + i ci(t) |eigV10) + S i)

=1 1<J

+ /dze/dte¢gR(tatea Ze) A12(”%(25 - te) + Ze) gN0>

eigN_10>

eiejgN720>

N
+ 30 [ dee [ dtedin(tter ) Ef vt — t0) + =)
=1
+/dze2/dZel/dte2/dtel¢RR(t>t62atelaZeZ>Ze1)

Bl (vg(t — teo) + 2e2) Ef (v(t — te1) + 2e1) ‘gN0> (3.44)
+ /dzez / dze1 /dtez /dte1¢RL (t, te2, te1, Ze2, Ze1)

- Bl (vg(t — tea) + 2e2) B (vs(t — ter) + 2e1) ‘gN0>

+R < L.

Note the following changes from the wavefunction ansatz of one emitter: 1) state c¥ is
included, since two emitters can be excited at the same time by two photons from the input
field; 2) states that include emitted photons now have to be integrated over the emission
positions, to describe where a photon was emitted from.

Equations of motion for each probability amplitude are presented in Appendix A.4. As
in the single emitter case, we define two time windows 0 < ( < (¢ +ecand (¢ +e < (< 0
to uncouple some of the equations. For 0 < { < (. + ¢, the detailed derivation is done in
Appendix A.4. The resulting equations of motion that govern the dynamics of the system

in the time window 0 < { < (¢ + €, using dimensionless variables introduced previously, are

given by:
N ~ X . .
) =iv/Br Y IR (), (3.45)
i=1
i ) G o —iACFikozi 1 * 1 ikozj .ji
6(Q) =iv/Brfe AR ey () — el (Q) +iv/Br ) £t i)
J<t
4 Z’\/]@Zg*eiAC*ikozjcgg(c) _ /BRZC}]; ezko(zi zj) /BLZCJ zko z]le) (346)
1<j j<i i>i

¢(¢) =iv/Brée 80 () + iv/Brée” ’A<+’k°%’(€“) cd(0)
— Br Z Cg;i( zko(z] z;1) /BRZC zko (zj—zy)

J'<i J'<g,3'>1

- /BR Z cé’ej( zko (zi—z) ﬂL Z CZ] zk:o(zj/—zj-)

i/ <4, Jj'>j
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N N
= By eld (Ot =) — g 37 el (el ). (3.47)
i'>4,4' <j i'>j

Having the equations of motion in this final form, we can investigate what processes
are present that were not in the single emitter case. We see that time-evolution of ¢, is
unchanged — the only process is the excitation of emitters by the input field. For ¢, states,
however, apart from excitation from ¢; and the decay term (first two terms), we observe
new processes: since there is more than one emitter, another emitter can get excited with
the system changing to one of the cee states (terms proportional to cee); one of the emitters
can decay emitting a photon, which is absorbed by another emitter (last two terms), with
a phase difference that the photon acquires during propagation between the two emitters —
etk0(#i=2j)  Note that due to the last process described, depending on the distance between
the emitters, there can be many distinct interference effects that can completely change the
coherence between photons. This will be illustrated by considering a two emitter case at
the end of this section. Also, note that similar processes are seen for cee time-evolution:
excitation from ¢, states and decay (first three terms); reabsorption of a photon, emitted
by another emitter (all the other terms).

For the time window (. + ¢ < ( < o0, we perform a similar derivation for the state
amplitudes, which contain right-propagating photons and are given in Appendix A.4. We
formally integrate the state amplitudes &RR, &RL, qBLR and plug in the result to the equations
of motion for ¢er. The system dynamics for (. +¢& < ¢ < oo are then described by the

following time-evolution equations:

2 N ~ Y . ~
égR(Ca Ce7 Ze) - Z V ﬁR Z g*eZAC_ZkOZi éR(Ca Cev 26)7 (348)
i=1
L. ~ X ) ~ 1-~.
¢ZeR(§7 Cea Ze) = 1 V BRge_ZAC—HkOZi ¢gR(C> Ce7 ZE) - §¢2R(<7 Cea Ze)
- fBr Z égR(ga Ge; Ze)eikO(Zi_zj) - B Z &ZR(C’ Ces Ze)eiko(zj_Zi)' (3'49)
j<i >

Here, again, notable changes from the single emitter case are the last two terms in eq. (3.49),
which describe interaction between emitters by emission and reabsorption of photons.
When looking at the output field of the waveguide, we are interested in the total pho-
ton “wave-packet”, which can consist of photons emitted at various positions. Mathe-
matically, this means that we should integrate over all emission positions z.. In order

to do this, we now define new variables, distinguished by a superscript “z”, which indi-
cates position integrated variables: qﬁg(em(g, Ce) = fdzeng(e)R(Ft, Ces Ze), QBZRR(C, Co25Ce1) =
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[dzea [ dzelquR (€, Ce2y Cely 262, Ze1)- In terms of these new variables the equations of motion

for time window (., + ¢ < { < oo can be rewritten without dependence of z. as:

. N ~ e . ~ .
PR (¢, Ce) = Mﬁ}ZS*eZ“%’W%zg(c,<e>, (3.50)
G (C.C) N ee—’M*“ﬂUquﬁgR(c C) — ¢§§<c C)
D (S zﬂ—ﬂLzssti{(c,ce)ei’fO(zf—z”, (3.51)
J<i j>t
N ) . ‘
Par(C. G, Ge1) = iVBR Y. O (Ges Ge1)0(C — Cop)et S Ho%, (3.52)
=1

The initial condition for these equations are then given by:

N X .
GEER(Ce +e,6) = 2\/5732 (A (3.53)
On(Cotet) = ivBr Z (Co)eiBéethoz 4 4\ /By Zc o )eidemikoz; (3 54)
Jj<i j>t

Also, note that the calculation of these integrated variables is faster numerically because
we do not need to consider a separate state amplitude for each emission position. Having
derived all the equations of motion, we can proceed with the g(z) calculation for IV emitters.

g?) is given by the same form as in eq. (3.38) and (3.39). Using the N emitter wave-
function ansatz (eq. (3.44)), calculating G®), G() and omitting higher order terms we

get:
GA(GhiGa) = ‘ [tz [ dadun(ar i - 1 L rt )
+ [ a-1" ) (3.55)
+ / dze€gr (Gr, ¢ — FL;;‘U + e (Cr) € 2
GG, ¢G) = ‘ / dzebon(CryGa— T2 _gZe> +cg(Cr)€ 2 (3.56)

Note that the above equations contain emissions times like {q — I" L;—:e Since we will be

considering distances between the emitters around the wavelength of photons, the maximum
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time difference (in dimensionless units) for a photon to travel through the waveguide is
r NT;‘O It is easily seen that I’ Nv—;‘o = %, where v = 52. The electronic transition
frequencies for atoms are usually near the optical range - hundreds of THz, while the decay
rates are in the range of MHz. So I % < 1 as long as we do not consider millions
of emitters, and we can safely discard terms such as Fj—;. In doing so, we can change to

position integrated variables that were introduced before and write G and G as:

2

GO, G) = |GRr(CrCCe) + EQER(Cry Ce) + EQEr(Cr, €) + g (Cr)IEI . (3.57)

V(G = |Fr(er )+ eslca)é] | (3.58)

where (o = (q — Fé as in the single emitter case. Now that ¢(® can be calculated, we
first present the results for two emitters in a waveguide to get an intuitive idea of what to
expect for NV emitters, and in the next section the results are presented for large numbers

of emitters in many different cases.

Photon-Photon Coherences for Two Emitters in a Waveguide

As mentioned before, to illustrate how photon-photon coherences are influenced by in-
teractions between emitters, which are mediated by emitted and reabsorbed photons, we
now consider a two emitter case. For 0 < ¢ < (o + &, we use eq. (3.46) to construct the

following system of equations presented in a matrix form:

¢ = MG, (3.59)

where
Cg
1
C
C = 5 | (3.60)
Cg
Cor
0 i/BrE BC—ikoz /B ExeiB(—ikozs 0
i /IBRge—iAC-i-ikon _% _IBLeiko(zg—zl) i\/@g*eiAg_ikon
Mc = .y , e
1/ ,BRgeflACJ”kOZQ —ﬁRelkO (~22*21) — %~ i\/ﬁiRS*eZAC*ZkOZI
0 i /ﬂRge—iAC-H'ko@ i /IBRge—iAC—l-ikozl 1

(3.61)



CHAPTER 3. SECOND-ORDER QUANTUM COHERENCE 31

We clearly see from these equations the effect that was mentioned before: the excited
state of the first emitter ¢ is coupled to the second emitter with coupling factor By, and
the other way around with Sg, with the phase that a photon acquires during propagation.
For (. + ¢ < ¢ < oo we use eq. (3.49) to construct a matrix equation describing the system

after the first photon was emitted:

P = MpP, (3.62)

where

i
P=| a3t | (3.63)

ik

O 7, /BRg*eiAcfikozl Z BRg*eiAcfikQZQ
Mp=| i \/ﬁiRg’e—iéchik‘ozl -1 — Bpetho(z2=21) : (3.64)
Z’\/BiRgefiAC%*ikozz _/BReikQ(szzl) _%
with initial condition given by:

Oir(Co +2,Ce) =iv/Br (cb(Co)eSmomt 4 (Ip)eiBeihozz ) (3.65)
i (Go + £, Go) =iv/Brege (Co)e ooz, (3.66)
S (Co+ €, Ce) =in/Brel2(Go)etBethozn, (3.67)

Notice that the matrix Mp is the same as Mg apart from the terms describing evolution
of the two-emitter excited state amplitude. That is, of course, due to the truncation of our
wavefunction to second-order in excitation — if a photon is emitted and two emitters are
excited, it would give three excitations in the system, which we neglect. By using eq. (3.57),
eq. (3.58) and

PRR (€, Co2s Ce1) =iv/ PR (Cez, Ge1)O(C — Ce)e™ ¢ Hox1
+ v/ BrOGR (Cezy G )B(C — Cep)e! 071, (3.68)
we calculate ¢ and present the results in fig. 3.3 and 3.4.

We first discuss the chiral waveguide case (fig. 3.3, panel (a)). Note that for a chiral

waveguide, photon correlations are independent of the distance between emitters. For a
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Figure 3.3: ¢(® simulation results for two emitters in a waveguide (A = 0): (a) — chi-

ral waveguide; (b) — waveguide with coupling 8 factor equal in both directions (and with
distance between emitters in phase kgAz = 7).
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Figure 3.4: ¢ simulation results for two emitters in a waveguide with different parameters
(A=0): (a) - fr = B, = 0.15; (b) — fr = BL = 0.25; (¢) — Br = B = 0.49.
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small coupling (fgr = 0.15), we get a similar result as in the single emitter case — anti-
bunching. However, a different and interesting result is observed for g = 0.25. Initial
bunching is followed by a short period of antibunching and then another slight increase in
correlations, while in the single emitter case, complete initial anti-corellation was observed
(9(2) = 0). This suggests that the destructive interference between emitted and transmitted
photons in the single emitter case is altered by the second emitter. The slight second increase
in coherence might be a result of a process where the first emitter emits a photon and the
second emitter absorbs and reemits. Stronger couplings result in a strong initial bunching
(peaking at Sr = 0.5, not shown).

We next discuss cases with equal coupling for the left and right-propagating photons.
A good example of interactions between emitters, mediated by emitted photons is for a
distance between emitters kgAz = 7w (fig. 3.3, panel (b)). We see that coherences are very
similar to the single emitter case. That is because photons, emitted from different emitters,
interfere constructively. Due to this, the system for such spacing between emitters behaves
like an atomic Bragg mirror [20].

For small Sg and [, couplings (fig. 3.4, panel (a)), anti-bunching is observed, inde-
pendent of the distance between emitters. For fgr = B, = 0.25, a bunching is followed by
anti-bunching and slight increase in coherence again, as in the chiral case, with higher am-
plitude. For g = fr, = 0.49, strong initial bunching is observed, with correlations peaking
around 27'7.

In the next section, numerical ¢(2) simulation results are presented for higher number of

emitters.

3.3 Simulation Results

In this section, we discuss ¢ numerical simulation results for multiple emitters. In the
previous section it was seen that photon coherences are non-trivial even for a single emitter.
Also, for two emitters, interference effects were shown to give a rich range of distinct photon-
photon correlations. It is interesting to see how these effects scale for a large number of
emitters.

We start with the results for a waveguide with equal g factors for both directions — fig.
3.5. First of all, note that for kgAz = = (fig. 3.5, panels (a) and (b)), we observe the
same effect as in the two emitter case — due to constructive interference between emitted
photons, the system behaves as a single emitter. However, ¢(? reaches a steady value faster
for a larger number of emitters — it takes around 0.31'7 for 50 emitters. It is interesting

to note that an emitter decays with a total rate of I" — a frequency, which characterizes
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Figure 3.5: ¢(® simulation results for multiple emitters in a non-chiral waveguide (A =0).
(a) — fr = L = 0.25 with a distance between emitters of kgAz = 7; (b) — fr = S, = 0.45
and kgAz = 7; (¢) — fr = pr. = 0.15 and koAz = 7/2; (d) — Br = pr. = 0.45 and
koAz =m/2; (e) — fr = B = 0.45 and koAz = 7/4; (f) — fr = fr, = 0.15 and kgAz = 7 /4.

A system with kgAz =

7 shows nonlinear properties similar to the single emitter case.

Smaller distances between emitters result in strong bunching of photons and oscillations of

the second-order correlation function.
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Figure 3.6: ¢(® simulation results for multiple emitters in a chiral waveguide (A = 0). (a)-
(d) — comparison between analytical results [21] and numerical simulation results; (e)-(f) —
small coupling is added for the left-propagating photons in a chiral waveguide with uniform

emitter placement, showing that this changes the chiral waveguide behaviour.
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system dynamics, but we get an effect in a higher frequency than that. Another interesting
scaling effect can be seen for low coupling factors Sg = B, = 0.15, both for kgAz = 7/2 and
koAz = /4 (fig. 3.5, panels (c¢) and (f)). In the single and two emitter cases, low coupling
resulted in anti-bunching, independent of the distance between emitters because the input
field would rarely interact with emitters. Here, however, multiple periods of strong coherence
are seen. This can be explained as follows — as the input field propagates through more
emitters, there is a higher probability for interaction, even for a small light-matter coupling.
The peaks in coherence after initial bunching are most likely the delayed photon emission
due to reabsorption. Finally, for kgAz = 7/4 and strong coupling (Sr = fr, = 0.45, fig. 3.5,
panel (e)), distinctly rapid and high amplitude oscillations occur in g@. Note that in all
cases correlations oscillate faster for a larger number of emitters, suggesting that collectively
emitters are more effective at “squeezing” photons in time.

In fig. 3.6, the second-order correlation function results for a chiral waveguide are
presented. In panels (a)-(d), numerical simulation results are compared against analytical
results [21]. The results match, showing strong initial bunching ocurring in all cases, with
secondary peaks in correlations for a smaller coupling (Sg = 0.1). For a higher coupling
(Br = 0.9), only a single coherence peak is observed. It is interesting to see how correlations
change if a coupling for left-propagating photons is added (panels (e)-(f)). The results are
then dependent upon the distance between emitters. For kgyAz = m/2, similar oscillations
occur in ¢@ with a smaller amplitude, however, the secondary peak in correlations vanishes
for higher values of fr,. For kgAz = m, the coupling to the left completely changes the
second-order coherence, leading to initial anti-bunching instead of bunching. Thus, the
coherence effects for a chiral waveguide are susceptible for small couplings to the other

propagation direction for uniform emitter placement.



Chapter 4
Output Intensity

In this chapter, we discuss how output intensity can be calculated for any number of two-
level emitters, with a similar method that was used for second-order coherence calculation.
It is not straightforward for a few reasons, which will be discussed in this chapter. In section
4.1, the dynamics of the system will be derived. In section 4.2, a workaround method used for
speeding up numerical simulation time will be discussed. Finally, in section 4.3, numerical

simulation results will be presented.

4.1 System Dynamics for Output Intensity

Apart from second-order coherence, investigating output intensity gives additional in-
sight into the nonlinear response of the system. We expect transmission for single photons
to follow the optical depth relation T' ~ e AN . However, it is interesting to see how non-
linear transmission scales for multiple emitters. Since we truncate our system up to two
excitations, we can only investigate the two-photon component in the input coherent field
expansion. That is sufficient for a weak input field, since the probability of three or more
photon states would be small. However, when we were calculating the second-order coher-
ence function, not all of the processes that can contribute to intensity were not included.
An example of such a process is illustrated in fig. 4.1, where one photon is lost to the
environment, while another right-propagating photon is emitted into the waveguide. This
photon still contributes to the output intensity, so it is necessary to include such states if

we want to calculate transmission for the two-photon state.

38
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Hamiltonian and Wavefunction Ansatz

To derive dynamics of state amplitudes with a photon emitted outside the waveguide,

we first need to modify the Hamiltonian, given by eq. (3.43):

N
H = —hv QWZ/dyé(y) /dzé(z —z) [&ég <gRER(z)e_iAt+ik0Z + grletAttikoz
i=1

4+ 4+ gLEL(Z)e—iAt—ikoz + gsideES,m(y>e_iAt) + (gREA’E(@eZAt_ikOZ

b greredtiRo g B (o)eidthikoz | gsideEA';m(y)eiAt) &ée] '

(4.1)

As can be seen, instead of an effective non-Hermitian term —z'g as before, we specify decay
outside the waveguide as coupling between the emitter and the side-propagating field (Eg))
with a coupling constant gsiqe- To follow which emitter decayed outside the waveguide, we
use an index m for the separate side-propagating photon annihilation (creation) operators
E‘gzn for each emitter m. Also, note that we introduce another propagation direction y for
photons that decayed outside the waveguide. The commutation relations for these operators

are then given by:

s (), B )] = 0y — /) (4.2)

Figure 4.1: Ilustration of a process when one photon is emitted outside the waveguide (ET),
while the other one is emitted into the waveguide as a right-propagating photon (E};) The
right-propagating photon still contributes to the total output intensity, so it is necessary to
include such two-photon states in the description of system dynamics.
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To describe decay outside the waveguide properly, we must henceforth include all possible
states of the system that have photons emitted to the side in the wavefunction ansatz and,
as was mentioned in Chapter 3, we truncate it up to two excitations in the system. Taking

this into consideration, we can write the new wavefunction ansatz as

N
() =100} + 3= [ dtstusin(ts ) L, (1elt = ) [g™0)

+
M=

N
Z/dts s (t 1) B, (vg(t — 1)) |esg™~10)

=1

3
&

"
™ =

N
Z /dts2 / dtsl¢S,m’S,m(ta ts2, tsl)E;m/ (vg(t - tsQ))Eg m('Ug(t - tsl ‘g 0>

’

m/=1m=1
N 1 R .
+ 3 / dt / At m(t. s o ) EL, (0g(t — 1) B (vg(t — 1) + 22) |V0)
m=1
N A
+ > /dt /dteqsLSm(t ts,te, 2e) BL L (vg(t — 1)) B (vg(t — te) + ze) gNO>, (4.3)

Il
—

m

where |U(t)) is the wavefunction ansatz that was used in the second-order coherence calcu-
lation, given by eq. (3.44). The newly introduced probability amplitudes correspond to the
following states: ¢gg m(t,ts) — emitters in the ground state and a photon emitted outside
the waveguide at tg; ésm(t,ts) — same as ¢gg,m(t,ts), but with emitter ¢ in the excited
state; ¢g m’s.m(t, ts2, ts1) — two photons emitted outside the waveguide at emission times ¢y
and tgo; ¢R(L)S7m(t, ts,te, 2ze) — one photon emitted outside the waveguide at ¢5 and another
emitted into the waveguide as (left) right-propagating photon at time ¢, and position z,

(corresponding to the example in fig. 4.1).

Equations of Motion

The time-evolution of probability amplitudes is given by:

ih [W(t)) = H (), (4.4)

where the Hamiltonian is given by eq. (4.1) and the wavefunction by eq. (4.3). We define di-
mensionless variables, so that ¢eg m (¢, ts) = /vl ¢gsm (t,ts) <Z>esm (t,ts) = \/vgl' ¢eSm (t,ts)

bsmsm = Vel b8 msm(t,ts), PR m = UgF¢RS,m(tats) Bside = v, where I'" = 2”19)%’ and
we use the same dimensionless time (( = I't, (s = I'ts, (¢ = Fte) and other variables,
as were defined in Chapter 3. We then derive the equations of motion for the probability

amplitudes, which contain photons emitted outside the waveguide:
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. - A N ~ Y . ~

Das.m (G ) =iv/BeideCl (G)8(C — Co)e 6 /PR Y EXeATihngic (¢,¢), (4.5)
=1

Vism(G:6) =iv/Briaecti ()3(C = G)e' ™% +i/Braebs ism (€, €, G4

+ i/ Buide@s.ism (G, Gor e 4 in/Brée A g (€, 6)
iV [ dzednsm(G, G ¢+ T2 )emiBeritos

Ug
iVBR [ dzebrsm(G, G ¢ = PZE2 s amidcihos, (4.6)
g
CZ)S,m’S,m(Cy CsQa gsl) =i Vv Bsideqye%’,m(CsQa gsl)(s(g - CsQ)eiA<527 (47)

. N o
éRS,m(C, Gs» Ces Ze) =iV Or Z Q%S,m((ea Cs)5(< - Ce)eZACS_ZkOZi
=1

+ iy Bsidqure?ll:{(CSa Ges Ze)é(g - Cs)eiAcea (4-8)
. N . X .
ﬁgLS,m(C, Gs» Ges Ze) :Z\/EZ d)és,m(Ce, <s)6(< - Ce)ezACS—HkOZi
=1
i/ Beide Bl (G Cor 20)8(C — Co)e™ e, (4.9)

Similarly to the second-order coherence derivation done previously, we define two dimen-
sionless time windows 0 < ( < (s+¢ and (s+¢ < ( < co. Note that these time windows are
for emission time outside the waveguide (s, instead of emission time into the waveguide (e,
which was used previously. Since emission outside the waveguide can occur before emission
into the waveguide, we need separate time windows to uncouple the equations of motion
given above. In Appendix B.1, it is shown that for 0 < ¢ < (s + €, the time-evolution
equations for excited emitter state amplitudes (¢, and cee) are the same as were derived in
the second-order coherence calculation, which are given in Appendix A.4. This shows that
the non-Hermitian Hamiltonian term Hygge = —h% Z?Ll 6t, in the previous chapter was
chosen correctly to give an effective description of decay outside the waveguide.

In the second-order coherence calculation, for a time window of (, + ¢ < ( < oo, we
formally integrated the equation of motion of the two-photon probability amplitude ((Z)RR)
and plugged that in to the equation of motion for gzzéR, which resulted in the decay and
interactions terms of the excited emitter states (eq. (3.49)). We would like to carry out
a similar procedure in this case as well with probability amplitudes containing photons
emitted outside the waveguide for the time-window (s + ¢ < { < o0, i.e., formally integrate
time-evolution equations of ¢g s m, q@Rsm and &Ls?m, and use the result for the q~5

)
eS,m

equation of motion. However, notice that the time-evolution equation for QNSRs,m and éLsm
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(eq. (4.8) and (4.9), respectively) have two distinct in time delta functions §(¢ — () and
0(¢ —¢s). These terms result from the fact that a state that has one photon emitted outside
and one emitted into the waveguide can occur in two ways — either we first have decay
outside the waveguide and then into the waveguide or the other way around. As will be
shown later in this section, it is enough to only consider the first case, when emission outside
the waveguide occurs before emission into the waveguide. We can then only investigate a
time window (s + ¢ < ¢ < (., + ¢ instead of (s + ¢ < { < co. Then the terms containing &g’%{

and ¢ in eq. (4.8) and (4.9), are not present and we can formally integrate the equations

of motion for &Sm/&m, <ZBRS,m and QELS,m as:

éS m’S m(c CsQa gsl :i Vv Bsidenggm C CSI)Q(C - <s2)eiA<7 (4'10)

GRS .m(C, Gss Cor 20) =iv/Pr Z Gl m(C.CIO(C — Co)el Ao ihoz:, (4.11)
=1
N X .

éLS,m(C7 Css Ces Ze) =iy BL Z gEéS,m(Cv CS)Q(C - Ce)eiAC—HkOZi : (412)
i=1

Plugging this into the derived equations of motion for égs,m and ¢! we get the following:

eS,m’

2 N ~ A . ~.
Gasm(C:66) =1/Pr DN is (6,6, (4.13)

Pete i (€.

tsm(C,Gs) =iv/Brée” lACHkOZ’Gﬁ s,m(C,Gs) —

% )eiko(zifzj)

_BRZQSeSm € Cs

- 5[4 Z (beS ,m C CS U;%)eikO(Zj_Zi)a (414)

g

with the initial condition given by

Basm (G + £, Gs) =i/ Baiael(¢)e'2C,
Pl m(C+e,G) =iv/Bsidec (C)e™ .

Using 6(0) = 2, we simplify eq. (4.14) and get the coupled equations that govern the system
dynamics for (s +e < ( < (. + e
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. N ~ - X . ~
bas.m(C, ) =iv/Br Z A N () (4.15)
Bism(Cy Go) =iv/Brée BCHkomig o (¢, ¢,) — esm<< Gs)

— ﬁRZ Bl (€, G)eoET2) — gy Z Pl (G, Go)ekoli=70), (4.16)
J<i Jj>i
From the above equations, we see similar processes that were observed for probability am-

plitudes qSéR in the second-order coherence derivation: since ¢és,m

is a probability amplitude
for an emitter in the excited state and one photon emitted outside the waveguide, the ex-
cited state can decay into any channel, which is described by the term —%(ﬁésm(( ,Cs); an
emitter can emit a photon into the waveguide, which can be reabsorbed by another emitter,

and this process is described by the last two terms in eq. (4.16).
Output Intensity
Output intensity in photons per second, for an input field incident from the left, is given

by:

Tour(Ga) = vg | (Bac,) + ) 1w (4.17)

where z¢, = vy ({7 — (q) + L, with (7 = I'T and (g = I't4, so that we “freeze” the wavefunc-

tion at some large time (7, where all two-photon processes have occurred and the resulting
photon “wave-packet” propagates in free-space until it reaches the detector at position L
and detection time (4, which is same as the way that second-order coherence was calculated.

It is most convenient to expand the above equation as:

Iowt =Igg g + IEge + Iepy + lgs, (4.18)

where

L i, =vg (W (1) | Bl (2¢,) Br(2c,)
Inge =ve (W(1)| Bl (2, |0 (1)),
Lem, =vg (U() | Br(zg,) | ¥(1)),

Iee  =vg (U(t)| EEW(1)) = vg|E°,

U(t)),
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as it will simplify some derivations later on. As was mentioned before, since we truncate the
wavefunction ansatz up to two excitations, we only consider terms with fourth-order in the
input field & for output intensity. We also define a dimensionless output intensity I = I /T,
which gives the number of photons in a time period 1/I". The output int2ensity for each
component in dimensionless units (except I¢e, since that is always just ’5‘ ‘ ) is then given
by:

T g (Co) ‘%R qr, Ce

CT7 Ce

¢RR CT7 Cea Ce)

—l—/d(e

++ fag brater o + [ ¢t o, g c|
N
+ o+ faclinien ] + [ a6 3 [ e el (4.23)
=1

N

fERE(Ce) —d)gR(CTaCe gcg (r) Z CTaCe 5@ e(Cr)

+ / ¢ (G Cor C)EFR (G C1) + / AL (Crs €Ly C)EFoR (G C)
+ / dgé(l;ﬁL(CTy <ea Cé)gﬁggL(CTv Cé) + /dCéqgiR(CTv Cév Ce)ggggL(CTa Cé)

N
[ 463 s G, s CE s (G, ) + O(ED), (4.24)
m=1
jSER(Ce) :INERS7 (425)
where the additional superscript “z” is used to indicate emission position integrated ( | dze)

variables and (¢ = (q — I L, as was introduced in Chapter 3. For two-photon probability
amplitudes, we see terms w1th integration in the first or second photon emission time. These
terms can be understood as follows. We evaluate instantaneous output intensity by fixing
the emission time of one of the photons to (.. The second photon can then be emitted either
before or after (.. We then need to consider all possible emission times of the other photon,
which corresponds to integration over either first or second photon emission.

In Appendix B.2, it is shown that %Imt = 0, for {7 > (. +¢ (for simplicity, it is shown
for a single emitter in a chiral waveguide). This means that we have a steady-state value
of intensity as long as the “freeze” time of the wavefunction (r is larger than the emission
time (e; this is illustrated in fig. 4.2. Since the value of the intensity does not change, we do
not need to follow what happens after the fixed photon emission (., and can set {7 = (. + ¢.
In this way, we integrate over [d({, and [d({s in eq. (4.23), (4.24) and (4.25) until the

emission time (.. This corresponds to the following: for two-photon probability amplitudes,



CHAPTER 4. OUTPUT INTENSITY 45

d
CT: Ce tE, d_c_r'fout =0
I It 1 e
| 1 | v

0 (e ZT C

Figure 4.2: For (7 > (. + ¢, dC%IOUt = 0, so it is enough to consider (7 = (. + €. The
shaded region shows how much we need to integrate over [d¢, and [d(s in eq. (4.23),
(4.24) and (4.25). Since {p = (e + ¢, it is enough to consider decay outside the waveguide

before emission into the waveguide.

one photon is emitted at (. and we only need to consider the other photon having been

emitted before it.

Intensity Extrapolation

We now have everything that is necessary to evaluate output intensity to second-order
in input field and this formalism holds as long as € < 1. However, there is another problem
that requires attention. In all previous derivations, we do the following: 1) evolve emitter
probability amplitudes until the first photon emission; 2) evolve emitter states again, but
with new probability amplitudes, which have the previously emitted photon; 3) find the two-
photon probability amplitudes and calculate the expectation values that we are interested
in. In this way, we ignore the system dynamics after two-photons are emitted in the system.
This was not a problem in the second-order coherence calculation, since it is normalized
and we can decrease the input field as long as it makes sense numerically without loss of
generalization. However, as we start increasing the input field, even for € < 1, there comes
a point when the system is constantly emitting photons and getting reexcited again, since
we consider an infinitely long steady input field. When we reach this point, it is physically
incorrect to ignore the system dynamics after two photons are emitted. Numerically, it
means that we see the behaviour of probability amplitudes, which is seen in fig 4.3. The
probability amplitudes decay without reaching even a nearly steady-state, so calculating
steady-state output intensity requires a different approach.

This can be overcome by evaluating output intensity at sufficiently low input fields, so
that the probability amplitudes reach a nearly steady-state and extrapolating the results to
higher input intensities. The output intensity can be expanded as:

Tout = ALy, + BI?

wm?

(4.26)
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Figure 4.3: Probability of the excited emitter state for a single emitter. ‘5‘ =0.01 (Br =

)
0.9, A1, = 0), so the condition ’5 ’ < 1 still holds. However, the probability amplitude

decays without reaching even a nearly steady-state. It shows that, for stronger input fields,
dynamics of the system cannot be ignored after two photons have been emitted.

where I;, = I" ’g ’2 is the input intensity in photons per second, while A and B repsectively
correspond to transmission of single and two-photon number states of the input coherent
field. We then evaluate output intensity as a function of input intensity. We do this at
sufficiently low input fields so that the probability amplitudes reach a nearly steady-state
and extract parameters A and B by fitting the data to eq. (4.26). We can then use the
extracted parameters to extrapolate output intensity for higher input intensitites. This
extrapolation is correct as long as € < 1, so that three-photon processes are not probable
in the system.

Also, previously we showed that we can set {7 = (. + € for the “freeze” time of wave-
function. However, output intensity is still a function of emission time (., as seen from eq.
(4.23), (4.24) and (4.25). (, should be sufficiently large so that the intensity reaches a nearly
steady-state, as illustrated in fig. 4.4. Even for large (., output intensity has a slow decay
of the order O(&%), which appears due to the truncation of the wavefunction ansatz up to
two excitations, however, this can be discarded for £ < 1. Taking this into consideration,
we can evaluate output intensity by choosing a large (., setting (7 = (¢ + € and solving the

equations of motion numerically and then using eq. (4.23), (4.24) and (4.25).
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Figure 4.4: Output intensity for a single emitter as a function of emission time (. (for

€ =0.001, Br = 0.2). To evaluate output intensity, (., has to be chosen sufficiently large,
so that a nearly steady-state is reached. Inset — on a smaller scale it can be seen that
intensity slowly decays with order of O(£°), which appears due to truncation up to two
excitations (the system can decay to states with three excitations, which are not included
in the wavefunction ansatz, as was shown in Appendix B.2).

4.2 Workaround for the Initial Dynamics of the System

As discussed in the previous section, to evaluate output intensity (eq. (4.23), (4.24) and
(4.25)), we need to integrate the two-photon probability amplitudes over one of the two
photons being emitted before (.. In order to be able to do this, we need to numerically
calculate evolution of probability amplitudes for each emission time with a sufficiently small
step, so that the numerical integration would be precise. It is clear that this process is
computationally demanding, since the calculation would have to be repeated multiple times
with different initial conditions. To avoid this, we would like to do something similar to
what was done in the second-order coherence calculation. In that instance, we only had to
consider one emission time large enough so that the emitter probability amplitudes reach
a nearly steady-state. In a nearly steady-state, the probability amplitudes only decay with
a higher order of the input field, which can be discarded for & < 1. However, to calculate
output intensity, we need to consider that a photon can be emitted at any time before (.
from the time that the input field starts exciting the system. i.e. from ( = 0. So we

have to perform integration backwards for two-photon probability amplitudes as fOCeJr€ d¢l
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Figure 4.5: Probability of excited emitter state for a single emitter as a function of evolution
time ¢ (£ = 0.001, Bg = 0.2). Crossed region indicates a nearly steady-state, where it is
enough to consider just one emission time, since the slow linear decay is of a higher order of
the input field than the rest of dynamics. Initial dynamics before the steady-state, however,
cannot be ignored.

and f0°+5 d¢s in eq. (4.23), (4.24) and (4.25). Note that such integration was not present
for the second-order coherence. At integration times close to ¢ = 0, the initial dynamics
of the excited emitter probability amplitudes are present, as illustrated in fig. 4.5. Since
the initial condition for state amplitudes containing emitted photons is dependent on the
excited emitter states (eq. (3.53), (3.54)), these initial dynamics of the system cannot be
ignored, since this would result in data fit errors using eq. (4.26).

The initial dynamics of the system can be overcome using the following workaround. We
first evolve the emitter states sufficiently long time (until some time (), so that a nearly

steady-state is reached. Then we renormalize emitter state amplitudes as:

1
5g = ﬁcg(Css%
g = \%cie(gss), (4.27)
éij - ! ije(éss%

ee ﬁc

where
N
2 2
—1—2 el .

1<j

N
C=legl” + > |c% (4.28)
=1
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Figure 4.6: Probability of excited emitter state for a single emitter as a function of evolution
time ¢ (£ = 0.001, Br = 0.2). After using a different initial condition (eq. (4.27)), initial
system dynamics are overcome and only higher order decay is observed, which can be treated
as a steady-state.

We use these renormalized emitter probability amplitudes as a new initial condition
for emitter states, instead of ¢, = 1. The emitter state amplitudes with these new initial
conditions then evolve as shown in fig. 4.6. Initial dynamics are subdued — time-evolution
shows only a higher-order decay. It is now enough to simulate system dynamics for one
emission time (.. Probability amplitudes at different emission times (. + ¢’ are then given
by:

PLr(C G+ ) = dr(C— (), (4.29)

with the same relation for other probability amplitudes containing emitted photons.

4.3 Simulation Results

In this section, we present output intensity simulation results for multiple emitters. The
output intensity was calculated at lower input fields and fitted to eq. (4.26) — transmission
coefficients A and B were extracted. In fig. 4.7, output intensity was extrapolated for
an input field of 1 MHz in photons per second and a total decay rate (I") of 27 - 5 MHz:
‘g ‘2 = Ijp/I" = 1/10m. The results were checked against analytical results [21]. As was
expected, we see exponential decay of linear transmission, which matches the optical depth

relation. For higher number of emitters, transmission of the two-photon state is dominant,
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Figure 4.7: Transmission dependence on number of emitters in a chiral waveguide with

different coupling factors (’g ‘2 = 1/10m, A = 0). Tjinear corresponds to a single-photon
transmission from the coherent field expansion (coefficient A in eq. (4.26)), Tiorqr is trans-
mission of the total output field: Tiotar = Iout/Lin, Where Iy is given by eq. (4.26). For
higher number of emitters, two-photon number state transmission is dominant. Numerical
simulation results were checked against analytical results [21].

which can be seen as an effective interaction between photons mediated by emitters. This
is further encouraged by the increase of nonlinear transmission with the coupling factor
Or. However, nonlinear transmission consists of probability amplitudes of different states
(for example, two emitted right propagating photons; one emitted left and one emitted as
right-propagating; one photon passing through and another emitted as right-propagating;
etc.) which interfere, so it is non-trivial to investigate which of the states is dominant at the
output. It is interesting to note, though, that for Sg = 0.5, linear transmission coefficient
A — 0. This shows that for fg = 0.5, single photons are completely lost, but pairs of
photons can still be transmitted.

In fig. 4.8, simulation results for a non-chiral waveguide with uniform atom placement
are shown. For fr, < fr (fig. 4.8, panels (a) and (b)), we find that transmission coeffi-
cients are not strongly dependent on the distance between emitters, with an exception of

koAz = m. In this case, a slight increase in linear transmission and a slight decrease in
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Figure 4.8: Dependence of transmission coefficients A and B on the number of emitters for
Br = 0.2 with uniform emitter placement (A = 0). Panels (a) and (b) — 5, = 0.05; panels
(c) and (d) — B, = 0.2. For kgAz = m, linear transmission is strongly enhanced, while
nonlinear transmission is decreased. An opposite dependence is seen for kgAz = 7/2. This
suggests that output intensity can be strongly influenced by emitter placement.
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the nonlinear transmission is observed. As was mentioned in Chapter 3, emitted photons
interfere constructively when emitters are placed with distance kgAz = 7w between them and
then the system behaves as an atomic Bragg mirror [20]. Since §;, < Ogr, the interference
effect is partial and only slight changes are observed.

For equal coupling factors in both directions (f;, = fr), emitter placement strongly
influences output intensity (fig. 4.8, panels (¢) and (d)). For kgAz = 7, linear transmission
does not seem to follow the optical depth relation with a strong increase in amplitude,
which shows that for full constructive interference effects between emitted photons, the
system completely changes its behaviour and the linear transmission is dominant. For
koAz < 7/2, however, an opposite effect is observed — linear tranmission decreases, while
nonlinear increases (the effect peaks at kgAz = 7/2).

In conclusion, we see that for a large number of emitters, the nonlinear transmission
is dominant most cases — in a chiral waveguide and a reciprocal waveguide with kgAz <
/2 distance between emitters, pairs of photons are more likely to transmit, while single
photons are mostly lost. Only in the case of a reciprocal waveguide with kgAz = 7 is
the linear transmission is higly dominant. In comparison with the second-order coherence
results discussed in Chapter 3 (fig. 3.5 and 3.6), we see that in the cases where nonlinear
transmission is dominant, strong initial bunching of photons is observed, while for the
linear transmission dominant case an antibunching results. However, this still shows that it
is possible to change between linear and nonlinear transmission dominant output intensities

by considering a reciprocal waveguide with different emitter placements.



Chapter 5

Experimental System With
Multiple Emitters

In this chapter, we present simulation results for currently available multiple emitter
systems which are experimentally viable [17, 16]. The waveguide-emitter systems in such
experiments are typically formed by an optical glass fiber stretched across a glass chamber
with a gas of cesium atoms. The fiber has subwavelength diameter and acts as a 1D
waveguide for the incoming field. Since the diameter is smaller than the wavelength of
light, an evanescent field is present outside the waveguide. When cooling of cesium atoms
is performed, they submerge on the fiber and couple to the evanescent field. In this way,
interaction with ~2000 atoms can be achieved. Nearly chiral properties of this system are
possible (Br ~ 5%, B ~ 0.5%, [22]), so it is in particular interesting to see how chiral
properties are preserved under weak coupling to the other direction and random emitter
placement. It should be noted that so far we only considered uniform emitter placement.

In fig. 5.1, we present our findings for the second-order correlation function with random
emitter placements. Average results over 100 runs of the simulation are shown in the figure.
Br = 0.05 for all simulations and several coupling factors for the other direction were
considered: fr, = 0.005 (panel (a)), f1, = 0.025 (panel (b)) and Fr, = 0.05 (panel (c)). In fig.
5.1, we also show the random deviations of the second-order coherence with maximum and
minimum results obtained during the runs of the simulation. It can be seen that for all values
of pr,, the average results closely match the chiral behaviour of the second-order correlation
function. Also, as expected, for higher values of fr, the random deviations in amplitude
compared to the chiral case are found to increase. However, behaviour of the oscillations
was found to be the same in all cases, which suggests that the coupling 1, averages out for

a large number of emitters with random placement, so that it can be treated as an effective
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decay outside the waveguide.

Nonlinear transmission was extracted for N = 50 and A = 0 by calculating output
intensity for different input fields and fitting the data to eq. (4.26). The fit parameters were
found to depend on [, as presented below.

1) For f1, = 0.005: linear transmission coefficient A was found to deviate in the range
of 2.68-107° < A < 2911075 with the average of A = 2.68 - 107> (in the chiral case
A = 2.66 - 107%); nonlinear transmission coefficient B deviated in the range 3.24 - 1074 <
B < 3.6-107* with the average of 3.49 - 10~ (in the chiral case B = 3.5 - 107%).

2) For B, = 0.025: A was in the range of 2.32- 107> < A < 3.86 - 1075 with the average
of A =2.74-107%; B was in the range 2.48 - 107% < B < 3.93 - 10~* with the average of
B =3.56-10"%

3) For B, = 0.05: A was in the range of 2.08 - 107® < A < 5-107° with the average
of A =284-107% B was in the range 2.01 - 107% < B < 4.68 - 10~* with the average of
B =3.76-10"".

The summary of above results is the same as for the second-order correlation function:
average values closely match the chiral properties of linear and nonlinear transmission, while
there is an increase in deviations for higher values of fr,. In conclusion, g(2) and output
intensity results suggest that effective chiral behaviour is observed for a high number of
emitters and random emitter placement even if the waveguide is reciprocal. Since experi-
mentally ~2000 cesium atoms can be coupled [17], we can expect that the shown deviations

would be negligible for such a large number of emitters.
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Figure 5.1: ¢ simulation results with random emitter placement for N = 50 (A = 0).
(a) — Br = 0.05, By, = 0.005; (b) — Br = 0.05, B, = 0.025; (a) — Br = 0.05, B, = 0.05.
100 simulations were performed and average, minimum and maximum results with respect
to the amplitude of second-order correlation function are shown. Average dynamics closely
match the chiral case. In general, the behaviour of ¢ is preserved over all runs, with
changes only in amplitudes of oscillations. This suggests that for random emitter placement
left-propagating photon coupling averages out and can be treated as effective decay outside
the waveguide.



Chapter 6

Conclusions and Outlook

6.1 Conclusions

In this thesis, we developed a method to investigate nonlinear photon interactions in
a system of multiple quantum emitters coupled to a waveguide. At its core, this method
is designing a wavefunction ansatz and modifying it for a specific purpose. Any number
of emitters, combination of coupling factors and emitter separations can be described, as
well as detuning of the input field with respect to the transition frequency of the emitters.
In particular, the second-order correlation function and nonlinear transmission for a weak
coherent input field were calculated.

The second-order coherence at the output of a reciprocal waveguide was found to show
that the emitter placement strongly influences nonlinear properties of the system. For
uniform separation between emitters with kgAz = =, constructive interferences between
emitted photons result in an effective single-emitter behaviour of the second-order coherence.
The largest bunching of photons was found to be for distances between emitters kgAz < /2.
In all cases, larger number of emitters resulted in higher frequency oscillations of the second-
order correlation function, which shows that collectively, emitters more effectively “squeeze”
photons in time. Also, it was found that chiral waveguides are sensitive to small couplings
in the other propagation direction if the emitters are placed uniformly.

Output intensity gave additional insight into the nonlinear properties of the system. It
was shown that nonlinear transmission is mostly dominant when the number of emitters is
large. This suggests that single photons incident on the waveguide are lost, while a two-
photon state can propagate through. The only case when linear transmission is dominant
was found for kgAz = m, which agrees with the second-order coherence results. Also, a

method to speed up numerical simulations was developed.
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Finally, we investigated the rigidness of a chiral waveguide. It was found that random
emitter placement helps preserve the chiral behaviour of the system when couplings to
the other propagation direction are present. This shows that non-chiral interference effects
average out due to random phases that photons acquire while propagating between randomly
placed emitters. Thus, the coupling to the other propagation direction can be treated as an

effective decay outside the waveguide.

6.2 Outlook

Many interesting nonlinear properties of the system were found in this work with the
formalism that we introduced. It would be interesting to see this work carried further. In
this section, we present some directions of what could be investigated next.

First of all, the robustness of waveguides could be investigated further. Experimentally,
it is a challenge to align emitters in a way that they would feel the same local electric field.
This results in broadening of the emitter transition frequencies, known as inhomogeneous
broadening. Our method can be used to investigate how limited the system is under this
effect.

Secondly, it would be interesting to see more details regarding output intensity. As was
shown, output intensity is mostly dominated by nonlinear transmission. However, part of
the nonlinearly transmitted field is a state with one photon lost to the environment. A
ratio between such states and states with pairs of photons could give more insight into the
system. Parameters could potentially be found, for which the transmitted field consists of
only photon pairs. This would be of interest, as a system with such properties could be
used as an efficient two-photon filter.

Finally, there are two straightforward ways that the formalism itself could be expanded.
Either emitters with more levels could be considered, or truncation of the wavefunction
ansatz with up to three excitations could be examined. It can only be imagined what

richness of effective nonlinear photon interactions that would give.



Appendix A

Details of the Second-Order

Coherence Derivation

A.1 Interaction Picture Transformation

The Schrodinger picture Hamiltonian for a single emitter coupled to a 1D waveguide
was introduced in Chapter 3 and is given by eq. (3.2). We transform to an interaction
picture with respect to the free energy terms of the Hamiltonian, that is, H, and H;, which
are respectively given by eq. (3.4) and (3.5). The corresponding unitary transformation

operator is then given by:
Ut) = o # (HatHp)t
As was shown in Chapter 2, the Hamiltonian describing the dynamics of the system in
the interaction picture then is:
Ij[ = UT(t) (I—AIside + ﬁint) U(t)>

where Hgge and Hiy are respectively given by eq. (3.3) and (3.1). The Hamiltonian
term ﬁside commutes with the unitary operator U (t) and is thus unchanged under this
transformation. To transform the interaction term of the Hamiltonian fiint, we use the
Baker-Haussdorf lemma [18]:

dPac — avafed]+ () [efe.a]
v (D) e e A ]
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where A and G are some Hermitian operators and A is a real number. This lemma can be
immediately applied to transform the interaction term of the Hamiltonian by using A= ﬁmt,
G =H, + H; and \ = ¢. Using

/dk/dk’ lafax, )| $/dka

and

[‘A’eev 6eg(ge)} = £00og(ge)
the transformation results in:
o (ot o= I — — g [ b (degine™ + af Gyee™=) -
A A dkza . AT A —ikza [
— hg/dk ae age"™* (—iApt) + a0 gee (zAkt))

YANA ) iALE)2
_ hg/dk. (Uegdkezkza —1 k) +&La_ eflkza (Z k ) )

2! 2!

a zkza ZAkt) At A —zkza (ZAkt)n
~ hg / dk ( R 4 ] gee it LR
n: n:

:hg/dk a'e A 1Akt+zkza+ Ta_ zAktfikza)’

where A, = wi — wg.

A.2 Rotating Frame of the Displacement Operator

We perform a rotating frame transformation of the interaction picture Hamiltonian in
real space with respect to the displacement operator, given by eq. (3.15). As was presented

in Chapter 2, the rotating frame Hamiltonian is then given by:

H = ihD' (o) D(ay,) + D (a) HD(a),

where H is given by eq. (3.13). We consider a steady input coherent field, so the first term
on the right-hand side of the above equation is zero, since ﬁ(ak) = 0. For the second term,
we use the property of the displacement operator introduced in Chapter 2, which “displaces”

the annihilation operator and gives:

Dl (o) / k" D(ay) = / dk (g + o).
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Defining £ = [ dkayeik—ko)z the resulting Hamiltonian is:
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A.3 Equations of Motion for a Single Emitter With

Dimensionless Variables
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A.4 Coupled Equations of Motion for a Multiple Emitter

System

Keeping in mind that we use dimensionless variables in the same way that we did in

the single emitter case and omitting

“~” which was used to indicate that, the equations of

motion for the probability amplitudes of a system with N emitters are given by:

N
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As in the single emitter case, we define two time windows 0 < { < (¢4 and (o +¢ < { < 00,

to uncouple some of the equations. For 0 < { < (.+¢ we can formally integrate the equations
for ngRJ (Z)g[n QZ%R and (ZSéL
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Plugging this in to equations of motion for ¢! and c¢%, we get the following:

() =iv/BrgeidCHibomiq () = Peide iy 4 /B ZS* iAC=ikoz, o1 (¢)

2 1<t
N L
i/ Y 7T — B ) QBT el
i<j j<i Vg
o /BL ch ) iko(z;— zl)
j>i /Ug

ceh(Q) =in/Bree™ 2 R0% () + in/Bree M () — I'ed(€)

N N N o
— Br Y (OO A I oz _ g S ()p(r B g0z~
J<i Ve j’>i Vs
N
_ i’ Zi T Fil N iko(zi—zy) ~ Zj iko(z—z;)
/BR Z Ceé (C)H(F ) BL Z C )e J
i <j Vg i vg
N
¥ 2 T A et (zir—2 " TR ko (2 —24
- /BL Z Céej(C)H(FT) ko i) /BL Z " )e ko( i z)'
& g

i'<j >



APPENDIX A. DETAILS OF THE SECOND-ORDER COHERENCE DERIVATION 64

Using the above derivation, the equations of motion that completely describe the dynamics

of the system in the time window 0 < { < (. + € are given by:

N
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Appendix B

Details of the Output Intensity

Derivation

B.1 Emitter Probability Amplitudes With Decay Outside the
Waveguide

Using eq. (4.1), (4.3) and (4.4), time-evolution of the probability amplitudes for the
excited emitters states (ground emitter state has no dependence on states that have photons

emitted outside the waveguide, so its equation of motion is unchanged) are given by:
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For 0 < ¢ < {s+¢, we can formally integrate equations of motion for probability amplitudes

Qggs,i and quSm(g , (), which are given by eq. (4.5) and (4.6), respectively. Integration gives
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Plugging this back in to above equations of motion for ¢! and ¢, we get
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which matches the equations of motion derived with an effective decay to the side Hamilto-

nian, given in Appendix A.4.
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B.2 Steady-State Output Intensity

For (r > (e + ¢, the derivative of ouput intensity gives (considering a chiral waveguide

and a single emitter for simplification):

d B d 9
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iv/Bade [ ACsbiR (Cor Co)O(Cr—Co)e % Grg (Cr, o, o) = 2382 | der (G, Co) * and fude+ O = 1

(for a chiral waveguide there is no coupling to the left-propagating photons) was used. Also,
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4 / ACeins (Crs Cor o) Eiv/ BRE T Gus (G, Co)
- / AC Bhr (G ¢l C)EiVBRE DT Ger (Cr, o)
+ /dCSQ;;{S(CTa CS? Ce)gi\//@g*eiACT QgeS(CT7 Cs),

where iv/Br [ dCoiR (€L C)O(Cr — (e 2 Edgr (1, C1) = Brg (1 Ce)Ece(Cr) and
z\/ﬁf dds ~:R(<Sage)5(CT - Cs)e_mcsgégS(CT,Cs) = /3side<l~5:R(<T,Ce)5Ce(CT) and fiqe +
Or = 1 was used.

We see that the derivative is non-zero for I Ere- However, notice that the leftover terms
are of the order O(£%). The most we can investigate with this formalism is O(£?), since we
truncate our wavefunction up to two excitations. These leftover terms are most likely due to
the truncation, since some states can decay to a higher order, which is not included in our
description. For £ < 1, we can in any case discard terms of order 0(56) and approximate
ﬁ] Ere(Ce) = 0. Similarly, since Ie Er(Ce) = ng ¢, the same description holds and we can
treat the total output intensity as steady for (7 > (. + €.
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