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Abstract

There have been many theoretical studies on atom photon interaction in a waveguide which uses
quantum trajectory method or master equations which are intrinsically non-deterministic. By using
real-space Hamilitonian and Bethe-Ansatz, we can derive the deterministic transport properties of

these interactions.

In this paper, we will derive the transport properties of photon in waveguide. By finding out the
response function of the atom-photon interaction, we show that we can understand the transport
properties of mirrors surrounding an atoms and N atoms in a waveguide using the transfer matrix
method. We can also build similar systems with with different kind of atoms(3-level atoms), once
we know the transmission and reflection coefficient. Due to experimental advancement for atom-
photon interactions in a waveguide, it is a rich field which can produce scalable quantum devices

and quantum network communications.
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Chapter 1

Introduction

Controllable atom-photon interaction is of central importance in quantum information process-
ing. There had been many theoretical works done regarding the photon transport properties of a
wavelength-scale cavity coupled to a two or multi-level system. Such systems are usually studied
with quantum trajectory method,[8), [10, 28] with a Monte Carlo approach which is non-deterministic
in nature.[20] Other approaches includes deriving a master equation[I4], which assumes a weak input
coherent state and it has uncontrolled approximations[29]. In this paper we provide a full quantum
mechanical approach to solve the transport properties of photons in a waveguide interacting with

atoms.

Figure 1.1: An atom in an one dimensional waveguide

Motivations for studying waveguide-based atom photon interactions are due to huge leaps in ad-
vancement in experimental progress. There are experimental systems include a metallic nanowire
coupled to a quantum dot[I], which is a nanocrystal made of semiconductor materials that are small
enough to exhibit quantum mechanical properties, a diamond nanowire coupled to a quantum dot, [4]

cold atoms trapped inside a hollow fibre,[5] a one dimensional superconducting nanowire coupled to
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a qubit[6] and a Gallium Arsenic photonic nanowire with embedded InAs quantum dots[6]. Even
though the atom are side coupled to the waveguide in some of the experiment instead of being
embedded in the waveguide mode, it has been experimentally demonstrated that 90% of the spon-
taneously emitted photon has been guided back into the waveguide. This phenomenon happens in

the strong-coupling regime[6].

In this paper, we are going to consider 2-level and 3-level systems coupled to a one dimensional
waveguide. We transform Dicke’s Hamiltonian from frequency domain to real space. Using Bethe-
Ansatz, the transport properties for a single atom-photon interaction can be derived. We then
formulate the transfer matrix for that atom to find bandgap structures for a linear chain of atom
and an asymmetrical lineshape for transmission spectrum when 2 mirrors surround the atom. The
two photon scattering matrix is formulate from Bethe-Ansatz and doing a completeness check of

the two-photon Hilbert space first derived from the ansatz.

The paper is organised as follows, in chapter 1 to 5, we are going to derive the transport properties
of photon and 2 level systems. Starting with single atom and photon, the transfer matrix of the
single atom is built up. Subsequently, we are going to use the transfer matrix method to describe
infinite and finite chains of atoms in the waveguide. In chapter 6, we derive the transmission and
reflection spectra of a driven A atom and in chapter 7, we derive scattering matrix for 2 photons.
In chapter 8, future applications of this waveguide based systems will be discussed followed by the

conclusion.



Chapter 2

Transmission and reflection

coeflicients

In this chapter we will begin solving for the transmission and reflection coefficients for a single
photon incident on an atom in a waveguide. Transmission and reflection coefficients can tell us
the transport properties of the atom. In the transfer matrix method, they can be used to form

composite systems in the waveguide which will be discussed in later chapters.

2.1 Hamiltonian of the system

The interaction between photon and the 2-level atoms is described by Dicke Hamiltonian[12]

1
H =" hweala, + 5hS: + > Vilaf + a)(S+ + 5-) (2.1)
k k
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Figure 2.1: Dispersion relation of a one dimensional waveguide, which can be approximated to be

a linear function in the vicinity of wy.[27]

To rewrite Dicke’s Hamiltonian in real space, we linearise the dispersion relation of the one dimen-
sional waveguide. The typical dispersion relation of a one dimensional waveguide is a quadratic
function. For any frequency, wg away from the cut off frequency, we can approximate the dispersion

relation to,

Wkg < Wr=k, ~ vg(k - ko) +wo = ng'R + wo (2.2)

Wiy, R Wr=—ky = —Vg(k + ko) +wo = —vgkr + wo (2.3)

with the corresponding wave number, +ky and the subscripts R and L are labels for the left and

right branch. After linearising the dispersion relation, we have

Z hwka;r(ak ~ Z ﬁkaaLRakR + Z hwy, aLL Qg (2.4)
k kr kL

To represent Eq. (2.4]) in real space, we have to define the Fourier transform,

ag, = /dx cr(z)eFrT (2.5)
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ol = / da cy(z)etne (2.6)
T

where cp () creates a right moving photon and cg(x) annihilate a right moving photon. The first

term of Eq. (2.4) becomes

Dttt = Dt [ e el )e e
kR kR

dk , /
:/dxdx’c}%(a:)cR(m’) TkaRe’kR(xfx)
m

. 6 dkR 3 LL‘—$,
= /dmdx' CE(ZL‘)CR($/) (wo - wgax> /% ¢ihr(z=2’)
= /d:pdaz/ cE(:c)cR(a:') (wo + ivgaa> §(x — )
T
t .0
= [ dzcy(x) (wo — Wy cr(z) (2.7)

Similarly we can obtain the real space representation for a left moving photon by applying the same

treatment,

.0
ZkaaLLakL = /dx cTL(m) (wo + zvg&c> cr(x) (2.8)
kL

The interaction term can be simplified by rotating wave approximation where only the cross term
is kept. This is a valid approximation when the applied electromagnetic radiation is near resonance

with an atomic transition.

Z VkaLS_ +a Sy = Z aLL S_ +ax, S+ + Z aLRS_ + akgp S+
k kg, kr

_ / A 8() [chy()S + ¢ (2)S- + crl@)S; + ex(2)S: (2.9)

Bringing all the terms together, we obtain the final Hamiltonian in real space
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H = /—ivgc}%(x);xc;{(x) -l—ivgcTL(x)aaxcL(x)
+-v5(x){c;(x)s_-+(44m)5+-+(§(x)5_-+cL(xy9+ da

+E.S,S_ +E,5_S, (2.10)

2.2 Solutions to the Hamiltonian

Assuming a photon is coming from the left with energy Fj, = v,k, the stationary state of the system

can be written as,

B = [ dz [dr(@)ch(@) + onso)e @)] 0.9) + eralay0,9) (2.11)
Where e, is the probability for the atom to be in the excited state. For a photon incident from the

left, ¢r.r and ¢y, 1, take the form,

br.r = €FO(—x) + te 0 (z) (2.12)

b = re” *0(—z) (2.13)

where t and r are the transmission and reflection amplitude, respectively. From the eigenvalue
equation and the commutator relation [cy,/z(7), cTL / g(#")] = 0(x — '), we can obtain the expression

of t and 7.

—ivg(%‘bkﬂ(ﬂ?) +e,Vi(x) + Eydp r(x) = Exdr,r(x)
ivgi%,L(ﬂ?) +epVi(x) + Egop () = Epdp,r(x)

V[Qﬁk,R(O) + (JSk,L(O)] + E.ep. = Frep

When defined as a piecewise constant function, the Heaviside step function is given by
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0 z <0
Olz)=q &+ =0 (2.14)
1 x>0

The equations of motion can be written in matrix form after evaluation. The coefficients ¢, r and e,

can be easily solved using Gauss-Jordan elimination.

—ivg 0 % t 10y
0 —ivy Vv r|l=120 (2.15)
v Vv Vv
7 3 9B/ \a )
We obtain the expression for the probability amplitude, e
. Vv
k= )
V
— — (Q—FE
iy ( k)
-V V2
() +(@Q-E)?
Ug
- sin(b)e™®, b= arctan L (2.16)
Vv T vg(Q2 — Ey) '

By defining the phase difference, b, we can express the transmission and reflection coefficient in

terms of b.

t=cosbe®, r=isinbe®, e = _Vg sin be'® (2.17)
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Figure 2.2: Transmission spectrum (solid line) and the reflection spectrum (dashed line) for an atom

in a one dimensional waveguide. V?2/v, = 0.1

We have shown that in a one dimensional waveguide, when a single photon is incident upon the two-
level system with a frequency on resonance, it results in the photon being completely reflected with
no loss. The wave function of the spontaneously emitted photon will definitely interfere with the

incident wave with no loss, as there are only backward and forward directions in the waveguide.[25]



Chapter 3

Fano lineshape

A Fano resonance is a type of resonant scattering phenomenon that gives rise to an asymmetric
line-shape.[I3] Interference between a background and a resonant scattering process produces the
asymmetric line-shape, the photon modes are not purely in the forward and backward direction.[25]

We can achieve this by surrounding the atom with a pair of partially reflecting dielectric mirrors as

shown in Fig. (3.1)).

Figure 3.1: An atom surrounded by two partially reflecting dielectric slab

To generate the Fano line shape, we need to cascade the transfer matrix of the atom, the partially

reflecting dielectric slab and propagation of the photon in free space.

For the partially reflecting dielectric slab, the transfer matrix can be described as[25]

1 -1 —r
Mslab =

i1 U (3.1)

where r is the amplitude reflectivity of the slab. For the transfer matrix of the atom, we can make

use of the transmission and reflection coefficients derived in Eq. (2.17) and substitute it in the

13
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transfer matrix of an atomic plane

1/t —r*/t*
Matom =
—r/t 1/t
- iv? v
_ g (2 — Ej) vy (2 — L)
- iv?2 1+ iV? (3:2)
vg (2 — Ek) vg (€2 — Ey)
For the transfer matrix for free propagation, we can describe it as
eikd 0
Myrop = 3.3
o= (33)

where d is the distance between the atom and the mirror.

3.1 Response function of mirrors surrounding an atom

We can find the response function of the system by cascading the transfer matrices above.[11] The
order of the matrices is determined by arrangement of the mirrors and atom, If the system if not

symmetrical, we need to trace the path of the incoming photon.

Msystem = MslabMpropMatomMpropMslab (3-4)

For any transfer matrix, the reflection and the transmission coefficients associated with the entire

element are

M. 1
r= ——21, t=— (3.5)
Mag Mas
From Eq. (3.4) and Eq. (3.4), the transmission coefficient is
1— 2
r (3.6)

t = — -
e2ikdr2(1 — jz) + e=2tkd(1 +42) — 2irz
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V2 o . : . .
where z = ————. The transimission spectrum is obtained by squaring the transmission

Ug (Q — Ek)
coefficient.

(a)V? /vy = 0.001(27c/L), @ = 0.175(2mc/L)  (b)V?/v, = 0.001(27mc/L), Q = 0.25(27c/L)
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Figure 3.2: Transmission spectra through the optical system of mirrors and atom. (a)-(c) r = 0.4

(A)-(f) r = 0.8

Without the 2-level atom in the waveguide, Fig. (3.2]) will only consist of Fabry-Perot oscillations,
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Fig. (3.3).

(a)r =0.4
1.0~
0.8
g

0.2
0.0 L . . . 0.0 . L L .

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

freq(2me/L) freq(2mc/L)

Figure 3.3: Transmission spectra through the optical system of mirrors only.

We have shown that in smaller r(< 0.4), the transmission spectra will consist of a Fano lineshape
occurring at the resonance of the atom. It is superimposed on the Fabry-Perot oscillation with
its width proportional to V2 /v,. For larger r(> 0.8), the transmission spectrum shows tunnelling

peaks.



Chapter 4

Linear chain of atoms

By cascading the transfer matrices, we can study the transport properties of a chain of any length
of resonant atoms, periodic or disordered. To implement a chain of periodic atoms, it has been
proposed that we can use fiber-based atom trap, using the evanescent wave of the propagating

photon as the trapping potential.[22]

Figure 4.1: A chain of atoms.

The transfer matrix for an individual cell consisting of the atom plane and free space is given by

Eq. and Eq. ,

Q = MpropMatom

oikd (1 _ iv? > _ikd iv?
_ vg(Q2 — Ey) vg(2 — Ey) (4.1)
, iv? , iv? '
ezk’d e—zkd (1 4 >
g (2 — Ej) g (2 — Ey)

In this chapter, we look at the dispersion relation of an infinite chain of atom by applying Bloch’s

theorem.

17
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4.1 Bloch’s Theorem

According to Bloch’s theorem, the eigenfunctions of the wave equations for a periodic potential
are also periodic in nature.[I7] The wavefunctions described by Bloch theorem is most commonly
an electron in a crystal lattice. It has been shown that analogous bandgap exist when photons

propagate through a periodic potential wells after studies by Yablonovitch and Gmitter.[33]

The dispersion relation can be obtained from Bloch’s theorem which uses the periodic boundary

condition to solve for transmission and reflection coefficients.

Figure 4.2: a and b are incoming and outgoing wave amplitudes on one side of the atom while o’

and b’ are the outgoing and incoming wave amplitudes on the other side of the atom.

By equating the transfer matrix, Q which a single cell of atom and free space, and Eq. (4.2), we

obtain the dispersion relation for the system of infinite chain of atom.

cos(Kd) = %T’F(Q) (4.3)

where K is the Bloch wave vector. When we evaluate the trace of the transfer matrix, we obtain

the dispersion relation,

2

cos(Kd) = cos(kd) — = By

sin(kd) (4.4)
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4.2 Dispersion relation

To plot the dispersion relation between frequency w and Bloch wave vector K, The terms in Eq.
(4.4) are shifted the to left hand side. The plot is obtained by plotting a multi-variable function

with w and K. As the wave number, kd represents the momentum of the incoming photon, we can

transform the variable,

kd =

Sle &€

2DE —~ —

ST

N— "
>

(4.5)

Il
)
3

SIS
N———
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a) b)

Figure 4.3: Dispersion relation between frequency w and Bloch wave vector K.\, = 27mv,/Q and

V2/v,Q = 0.05. a) d/\, = 3.4x 1073 b) d/\, = 3.4x 1072 ¢)d/\, = 6.8 x 1072 d)d/\, = 3.4x 107!

From Fig. , we can see that the bandgap can be tuned by adjusting the distance between
the atoms. The bandgap is large is when the atoms are close to each other with respect to the
resonance wavelength, which is in contrast to a small bandgap when they are further apart. This
can be explained by the constructive interference of the photon waves to form a large bandgap when

the the atom are close enough to be considered to be continuous with a linear density distribution.



Chapter 5

N atoms in a waveguide

In the previous chapter, we discuss the effects of having a linear chain of atom. However, the
calculation done was for a periodic boundary condition which correspond to an infinite number of
atom. From Eq. (4.1), The transfer matrix of the system can be obtained and the transmission and

reflection function can be evaluated.

5.1 Constant periodicity

In a constant periodic system, the reflection spectra is shown in Fig. (5.1). By cascading the
transfer matrix of a single cell, Eq. (4.1]), the transfer matrix of the system is obtained. From Eq.
(3.5), the transmission and reflection coefficient can be obtained. Fig. ({5.1) shows that we can

control the photon transport by varying the coupling constant and the number of atoms.

There is total reflection in the region of resonance energy and with the width proportional to the
coupling coefficient. The result is consistent with Fig. (4.3) where the bandgap occurs around
resonance frequency of the 2-level atom but we can also see bandgaps occuring at frequecies away

from the resonance.

21
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a)N =10, T = 0.01(2rc/L) b)N =50, T = 0.01(2m¢c/L)
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Figure 5.1: Reflection spectra of a system consisting a chain of atom with constant periodicity.

5.2 Randomised periodicity

In the previous section, we considered the photon transport through a waveguide coupled to perfectly
periodic 2-level atoms. We randomise a periodic system by generating a list of random periodicities,
d,, following a normal distribution. After which we substitute into the transfer matrix of each
individual cell, Eq. (4.1). The transfer matrix of the system had been computed by varying the

number of atom over 100 realisation.

The spectra obtained is not similar to Fig. (5.1). There is no bands of allowed transmission like
in the previous plot but only a single bandgap. It is similar to a phenomenon where an electron

moving through a disordered lattice is trapped, which is known as Anderson localisation.[2]
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Anderson localization originated in wave interference between multiple-scattering paths of electrons.
In the strong scattering limit, the severe interferences can completely halt the waves inside the
disordered medium. As a result, the material is transformed from a conductor to an insulator.
Although the phenomenon had been predicted in the context of electrons, it has been experimentally
observed in many different media. Experiments had shown that a non-interacting Bose-Einstein
condensate in a one-dimensional quasi-periodic lattice demonstrates localization][21] and photons

transport can also be localised in an disordered system[3T], 23].

Transmissior

a)N =20, =0.1(2n¢/L)

b)N = 60, T = 0.1(2mc/L)
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2 4 [
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Transmissior
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04

0.0

freq(k)

freq(k)

Figure 5.2: Transmission spectra of a system consisting a chain of atom with randomised periodicity.

By plotting localisation length against the frequency of the incoming photon, we can determine
quantitatively the localisation of the photon. Localisation length, ¥ is the property of the transport
material, which in our case is a single photon and it characterises the spatial extend of its wave-
function. It can be found by equating the eigenvalues of the system’s transfer matrix and equating

them to eN9/? where dy is the mean periodicity of the system. The transfer matrix of the system
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has been computed using N = 100 randomly chosen values for periodicity and each localisation

length over the spectrum has been averaged over 100 simulations.

0.015}

Localisation length

0.010F

0.005

0.000 |, . . . 7
0.0 0.5 1.0 1.5 2.0
w/0)

Figure 5.3: Anderson localisation in a waveguide coupled to random array of atoms.I’ = 1.5€2,
dp = 27e/w

From Fig. (5.3), we can observes that the localisation length of the of the photon tends to zero at
resonance and we have shown that Anderson localisation can be achieved through strong coupling

and random arrangements of the atom in the waveguide.



Chapter 6

Three level atom

In this section, we solve the scattering problem for a single photon and a driven three-level emit-
ter with three internal states.[32] Electromagnetically induced transparency (EIT) is a nonlinear
property of a medium which render medium transparent over a narrow spectral range. It is usually
accomplished in three-level atom where two coherent excitation probabilities interfere destructively

leading to a dark state.[24]

6.1 Hamiltionian of a driven A-type atom

Figure 6.1: A driven A-type atom.

25
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We start with a driven A atom where the excited atomic state |2) is coupled to another level |3) by
a coupling field with Rabi frequency €2 and detuning A. By applying rotating wave approximation

and setting the ground state to zero, the atomic Hamiltonian is given by

Hatom = (Ey —i72/2)2) (2| + (B2 — A —i73/2)[3) (3] + %(!3> (21 +12)(30) (6.1)

where 75 and 73 represents spontaneous emission to other modes. The even and odd mode c.(z) is

introduced is to simplify Eq. (2.1)) which takes on the form,

1

cole) = slen(a) — er(~) (6.3)

Which after the transformation, H), is separated into two modes H, and H,. It can shown that the

odd mode Hamiltonian is non-interacting[27] we therefore only need to consider the even mode H,

H, = —ic /da: cl(x);ce(x) (6.4)

X

The interaction Hamiltonian is given by with S = [2)(1],
Hini =g /dx 6(x) (S_cl(x) + Syce(x))s (6.5)

6.2 Solutions to the Hamiltonian

The scattering eigenstates of the system’s Hamiltonian is given by

L@z/wﬁ@Mumw+ﬁmm+ﬁmw (6.6)

where
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Fulz) = \/127(9(—9;) +tx0(x))et (6.7)

The coefficients can be found by equating H|FE) = E|FE) where E = ck is the energy of the incoming

photon. We obtain the following system of equations

—icgfl () + go(x) fo = ckfi(x)

ox
9F1(0) + (Ba — ina/Dfo + 5 fy = ek
(B2 — A —iv3/2) f3 + %fz =ckfs (6.8)

The transmission coefficient can be found by substituting the third equation of Eq. into the

second. After a simple algebraic manipulation we obtain,

[ck — (B2 — A —in3)][ck — (B — ine) —il'/2] — Q%/4

t, = 6.9
£ [k = (B2 — & — ing)l[ck — (Bz — i) + 1T/2] — 02/ (69)
Given the transmission coefficient, the excitation probabilities can be easily found
1 ic(tk -1
_ 6.10
f2 V2r A/l ( )
1 icQ(ty — 1
fy = (b — 1) (6.11)

/27 2(ck + A)
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Figure 6.2: Transmission (solid line)

different parameters. v = v3/72

28

and reflection (dashed line) spectra of the drive A system for
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From Fig. , we observe that the width of the transparency window is determined by the
strength of the driving field, 2. The two dips in the transmission spectra are controlled by the
coupling strength between the atom and waveguide, I'. The detuning parameter, A causes the
spectra to be asymmetrical, and the spectra is symmetric only at A = 0. The atom can only be
fully transparent only when |3) is a metastable state, y3 = 0. When the  increases, the transparency

of the atom decreases until the EIT window vanishes.



Chapter 7

Two photons in a waveguide

In this section, we study study the scattering problem of two photons in a waveguide interacting
with a two level system. Compared to the single photon scenario, it is harder to understand the
mechanics behind photon-photon interactions in a waveguide. The standard solution was using the
Lippmann-Schwinger formalism where the interaction Hamiltonian was assumed to be switched on
adiabatically from the distant past(t — —oo) and swtiched off after a long period of time(t — o).
The output states and the interacting states at ¢ = 0 were computed using the Lippmann-Schwinger
equations.[19] Using the Bethe-ansatz method, the interacting state is first derived and used to form
the scattering matrix. After which, the input and output states were derived from the interacting

states.[26]

7.1 One mode Hamiltonian

Starting with the decoupled one-mode Hamilitonian of Eq. (6.4) and Eq. (6.5), we apply the same

technique to a single photon eigenstate in the e-mode,

B = /dx {\/127[9(—33) +tk9(x)]eikmcl—|—eks+} 10,g) (7.1)

And we obtain the following equations

30
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—ivg(ty — 1) + Ver =0

1
gL+ tk) = (B — Be)ey
From the equations of motion, we can obtain the transmission coefficient for an e-mode photon,

k—Q—il/2

k—Q+il/2 (72)

tr =

with vy = 1, B, = k, Q = E, — Eg, V2 = T. To convert the transmission coefficient to the left

and right mode, We first define the S matrix which is the linear combination of S matrix the ”e”

9 77

subspace, Se and the S matrix the subspace,

S = Ztk|k>ee<k| + ‘k>oo<k| (73)
k

Where |k)e/, = [dx ¢k, (z) Z/O(x)\o,g> is the normalised in-state in the ”e” or ”o” subspace re-

spectively. For an incoming photon from the right, it can be expressed in terms of |k).,,

k)R = 7(|k> +1k)o) (7.4)

g

the out state is

S|k)r =

(Ztk/|k Yee (K'|K)e +|k>oo<k’!k>>

kl

(tk[k)e + [K)o)

&\H &\

[(tk + DIk)r + (t — 1)| — k) 1] (7.5)

l\DM—l

From Eq. ([7.5)) we can see that the the left and right mode transmission and the reflection coefficient

correspond to the coefficients calculated from the out-state.
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= tk—i-l k—Q
2 k—Q+il)2
=1 —iI'/2

2 kE—Q+4il'/2 (7.6)

which agrees with the previous calculations in Section 1.
7.2 Two-photon eigenstate
The two-photon eigenstate of H, has the following form,

i) = (/da:ldxgg 21, 79) \f ol )cz(x2)+/dxe(x)cg(x)s+) 0, 9) (7.7)

where e(z) is the probability amplitude distribution of one photon while the atom is in the excited

state. From H,|i") = E|i™), we obtain the equation of motions.

<_£ - E) glor,a2) + 2[e<x1>5<x2> T e(w2)d(a1)] = 0 (7.82)
[z;x _(B- Q)} e(x) + \2@(0, 2) + g(x,0)] = 0 (7.8b)

To solve for the equations of motion, we first look at the locations of the interactions, which occurs
at x1,x2 = 0. If we plot the 2 photon wavefunction, the x and y axis will be the boundaries where
the interaction occurs. Applying the equations of motion between the adjacent boundaries where
xo < x1 < 0 and z9 > x1 gives the boundary conditions. It can be achieved by integrating Eq.
over zo over an infinitesimally small interval, {—e, €},

€

€ a ) € 8
lim —1/ dra 5—g(x1,22) — / dry o—g(v1,22) — E [ dzog(21,22)+
e—0 8 8 i
V €

V2 ).
lim _Zaig(xl, €)(2€) — ilg(x1, €) — glx1, —€)] — Egla1, )(2€) + \‘//ie(xg) —0

e—0

dzo [e(ml)é(azg) + 6(1’2)5(1’1)] =0
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ilg(z1,0") — g(21,07)] + \‘//ie(xl) =0

g(z1,0") = g(z1,07) — i\‘//ﬁe(xl) (7.9)

Since we can define g(0,z) = 1/2[g(0",z) + g(07,z)] = g(z,0) = 1/2[g(z,0") + g(x,07)] and
xr = 1 — T2, we can rewrite Eq. (7.8b)),

—z’(;zl —(E-Q)|e(z)) + \2[9($1a0+) +9(x1,07)] =0 (7.10)

By substituting Eq. into Eq. ([7.10), we obtain a first-order differential equation
0 , . . _
ge(:vl) —i(E—Q—iT/2)e(z1) = —ivV2Vg(z1,07) (7.11)
1

Solving Eq. (7.11]) gives us the solution

e(1) = cel(B=DHT/2o1 y i((B-Q)+iT/2)zs /xl dre~ {B=DHT/22] i o1 (01 07)] (7.12)

—00

When the coupling strength is zero, the probability of one of the photons exciting the atom is zero

to, therefore we can say that ¢ = 0.

. . xl . .
e(z1) _ez((EQ)+zF/2)ml/ dwe—{E-DHT 20\ /37 0(3 07)] (7.13)

—00

On the boundary of o > x1 and x3 > x1 > 0, the boundary conditions are,

(07, 29) = g(0~, 22) — i\‘//ée(:cg) (7.14)
i = (B =) e(a) + —=[a(07 ) +.9(07, 2] =0 (7.15)

Using Bethe ansatz, the two-photon wavefunction has the form,
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.
33 eikx1 +ipxo 4 Ag eikzz +ipzx1

In region 3,21 < 22 <0

BzeikzlJripxz 4 A2eikx2+ipx1
g(z1,22) = (7.16)
In region 2,21 < 0,22 > 0

B1 eikxl +ipxa 4 Aleikxg +ipx1

In region 1,20 > 21 >0

The wave function in other regions is defined by boson symmetry, g(xi,x2) = g(z2,21). The

coeflicients of the wavefunction can be found be applying the boundary conditions.

Starting with region 3 where 1 < 9 < 0, we have

g(x1,07) = Bge*®1 4 Ageih2 (7.17)

which we can substitute into Eq. (7.13)) to find the excitation amplitude distribution

B3 eikxl Ag eikml
— V3 1
e(x) = V2V (p—Q+7LF/2+/~c—Q—|—2T/2 (7.18)

and inserting it into Eq. (7.10]) to obtain

g(z1,0") = thgeikzl + t Age’P™1 (7.19)

Therefore, from region 3 to region 2, one can tell that the coefficients changes by a transmission
factor.

By =t,B3 Ay =1t,A3 (7.20)

Physically, it means that from region 3 to region 2, xo interact with the atom which give rise to a
transmission amplitude. We can see that when x9 has momentum p/k, it acquires a transmission

coefficient ¢, .,
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Applying the same technique for the wavefunction in region 2,

g(07, 29) = t,B3eP™ 4 t), Ageih®2 (7.21)

And substituting to find the excitation amplitude distribution

t,BY" t), Ageihe2
=2 Lot 22
e(z2) = V2V (k—Q—I—iF/Zer—Q—i—zT/Z (722)

and inserting it into Eq. (7.14]) to obtain

g(0+, :L‘g) = tptk(Bgeipm + Ageikm) (7.23)
Therefore, from region 3 to region 1, one can tell that the coefficients changes by a transmission
factor.
B = tkthg A = tptkA3 (7.24)
To find the constraints of A3z and B3, we need to introduce another boundary conditions which
involves the excitation distribution
e(0T) =e(07) (7.25)

From Eq. (7.18) and Eq. (7.22)) which are the excitation amplitudes from region 3 and region 2,

we can obtain the ratio of A3 and B3

By  k—p—il/2

A3 k—p+il/2 (7.26)

From the previous calculations of the interacting eigenstate |i*), we can extract information about

the in-state, |i) and the out-state,
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i) = / dary gim,m)éc&xl)cz(wz)\o,m

) = / dryday g (21, 22)—=cl(z1)cl (22)]0, 9) (7.27)

1
V2
7.3 Two-photon bound state

Intuitively, we can see that for an atom at x = 0, the two photon wavefunction for the in-state has
to lie in the quadrant where g;(z1 < 0,22 < 0) and the two photon wavefunction for the out-state

has to lie in the quadrant where g¢(z1 > 0,22 > 0).

i(x1, ) = (AgeihHipTe | Booihwatibei)g(p o) o (Byethaitipez 4 A eiboatipen)g(p, )
o [(k — p+ iT/2)etkartiPr2 4 (p _p 40 /2)eh®2 T P29 (1) — 19)+
[(k — p —i0/2)e*@1+Pe2 o (k — p 44T /2)eF™2TP1)]0(1y — 21)
— (k — p)(ethmrtipvz | gikoatipany | yp(gikortipes _ gikoativer)gon () — 1)

o (k —p)Skp(w1, 22) + iT Ag p (71, 72) (7.28)

where S, (1, 22) and Ay (21, x2) are

1 1 . . ) .
(21, 22|k p) = Skp(r1,22) = %ﬁ(emmpm + etheetiven)
_ 1\}61'(“@@(%1“2)/2 Gilk=p)(@1—22)/2 | e—m—p)m—m)/z]
21 /2
\/Q iBx.

=o€ cos(Ax) (7.29)

and
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(w1, 2| A p) = Ak p(z1,22) = %7(6 1hipry y gikeabipenygon (o)
1 1 ) .
= o \f i k+p) o(w1422)/2 | Jik—p)(x1—22)/2 _ —i(k—p)(z1—2)/2 sgn(z)
= \; e'Fe sin(Ax)sgn(z) (7.30)

where |S/Ag,) = [dx S/Ak,p(:vl,xg)cl(xl)cl(x2)|0,g> respectively. It can be shown that although

|Skp) and |Ay ) are complete, they are not orthogonal to each other.

¢ P
<Sk‘1,p1|Ak2,p2> = ;5(E1 - EQ)(QAZ)AQ AQ (7.31)
where P denotes Cauchy principal value
Similarly, we find the wavefunction of the out-state to be,
g5(x1,22) o tytpgi(x1, z2) (7.32)

7.4 Scattering matrix in ee subspace

We can therefore proceed to build the two-photon S matrix, Se.. We first define the normalised
Wiegmann-Andrei state[3], 30]

1 . 1 )
Whip)ee = CEESE (k= p)|Skp) + il Agp) = WQNSI@H + il A p) (7.33)

Since they are the eigenstate of Sc. matrix, with eigenvalues, ¢;t, which can be easily inferred from

Eq. (7.32), the in and out state are thus

lin) = / darrdivs Wi (1, 9) —= \f ¢t (z1)et (22)]0, 9) (7.34)
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|fz> = /d(L‘lde tktka’p(afl,xg)écl(xl)cl(xg)m,g) (735)

With

Wk,p(xla .’ﬁg) = <$17 $2|Wk,p>ee
2 .
= ;fe’Ezc [2A cos(Ax) — I'sgn(x) sin(Ax)] (7.36)
T
Even though Wiegmann-Andrei state were derived from the Bethe-ansatz method, they are incom-
plete. Therefore, we need to find the remaining eigenstates to span the two-photon Hilbert space.

To check whether |Wj, ,)ee span the two-photon Hilbert space, we can start with the state, |S p)ee

and project out onto all the W}, ,)ee components

|0k,p) = |Skpee — Z (Wk’,p"Sk,p>ee’Wk’,p’>ee (7.37)
k' <p'

if |Wj p)ee is complete, then the state should yield |0k p)ee = 0. The calculation shows that indeed

the Wiegmann-Andrei state is indeed incomplete with |dj ;) < |BE)ee

|Br)ee = / dzydiy Bp(xy, 12) ——cl(21)cl (22)[0, g) (7.38)

L i
—C
\/56

with

Bp(z1,x2) = (21, 22| BE)ee

_ L iBee—/20a)
=\ ¢ (7.39)

From the previous derivation of the Wiegmann-Andrei state, we had assume that the photons
momenta were distinct, k£ < p. Therefore the complete the two-photon Hilbert, we need to consider

the regime where k p or a bound state where the photons are so close together the two level system
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treats the incoming photons as a single photon. One feature of Bg(x1,x2) is that when x — o0,

Bg(z1,x2)| — 0, therefore Bg(z1,x2) is a bound state.

Starting from the ansatz that the two-photon wavefunction in region x1 < xo < 0 takes the form

g((El,.’Bg) _ eiE:cC—(F/Zx) _ ei(E—iF/Z)xl/2ei(E+iF/2)x2/2 (740)

and using the same techniques previously, we can show that the two-photon bound state is an

eigenstate of the S matrix, with eigenvalue

E — 20 —2iT
tp= = A1
E= B o0+ ar (7.41)

To construct the Se. scattering matrix, we use the definition of the S-matrix 3,y | fi)(i[. From Eq.

[F35) and (3

See = 3 thtpl Wip){Wipl + Y t5|Br) (Bgl (7.42)
E

k<p

With the scattering matrix defined, we can find the real-space representation of the out-state in the

ee subspace.

4172
— (E —2Q +iT)2

2
ce(T1, 22| fee = e’Ezc;/ﬂj (tktp cos(Ax) — A2

6z'(E—2Q)|m|/2—1"x|/2> (743)

After obtaining the solution to the scattering matrix in the ee subspace, we need to find the transport
properties of the two photon in the left and right mode. Therefore we need to consider the following

in-state

i) = /dmdx2 55(6 kav+ipey |y ikeo-tip 1)502(@)@%@2”0,9) (7.44)

Using the transformation equations of Eq. (6.2) and Eq. (6.3]), we can decompose the in-state into
ee, oo and eo subspace, which we can compute the scattering states in these subspaces and finally

transform them back to RR, LL and RL spaces.
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[f) = Sli)rr
= See‘i>ee + Soo’i>oo + Seo”)eo (745)

After transforming back to RR, LL and RL spaces, we obtain

dzdxg ta(x, xg)T (%’1)6}%(332) 0, g)

n=|
+/dx1dx27“2 961,962)7 ($1)CTL($2)|0»9>
/

+ [ derdws iz, 22)cf(@1)e] (22)[0, 9)
(7.46)
where
o N2 412 ,
¢ _ LiBx, e Az) — i(E—-2Q)|z|/2-T|z|/2 747
2(w1,22) = T o0 ( bl cos(A2) = o —sa 1 p” (7.47)
, 2 4T :
_ _—iFz, —_— W(E—-2Q)|z|/2—Tx|/2
ro(z1,z2) =€ o (Tk 7p cos(Ax) — AT (E_207 iF)Qe ( )|zl/2=T|=|/ ) (7.48)
1 472 .
¢ — (E/2)x t 2iAzc t —2iAx. i(E—2Q)|z|/2—T|z|/2
i m) = g R 4A? —(E—20+)2°
(7.49)

where tj ¢, and T 7, are the single photon transmission coefficient in the left and right mode, Eq.

(7.6). =21 — 22, xc. = (21 +22)/2, E=k+pand A =(k—p)/2

We can plot |ta(x1,22)|?, |r2(21,22)|? and |rt(xq, 22)|? with 21 — 29 and 21 + 22 as the x-axis. By

varying total energy detuning, 0 = E — 2 and their energy difference, A.



(a) 0E=0,A=0

(a) 0F = 0,A = —0.3T

(a) 6E = 0,A = —0.4T

(a) 0E = 0,A = —0.5

(a) 0F = —1.5T\A =0

(a) 0F = —2.5IA =0

ference,
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(b) 6E =0,A =0

(b) 6E = 0,A = —0.37

(b) 6E = 0,A = —0.4T

(b) 6E = 0,A = —0.5T

(b) 6E = —1.5T\A =0

(b) 6E = —2.50A =0

() 0E=0,A=0

(¢) 0E =0,A =—-0.3T

(¢c) 6E = 0,A = —0.4T

(¢) 0E =0,A = —0.5T

(¢c) 6E=—15IA =0

(c) 6E = —25IA =0
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Figure 7.1: |to(z1,22)|?, |r2(z1,22)? and |rt(z1,22)|? with different detuning, 6F and energy dif-
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ta(z1,22)[?, |ra(w1,22)|? and |rt(x1,22)|? are the probabilities amplitudes of the two photon in
the forward direction, backward direction and two photons going in different directions respectively
after interacting with the atom. From Fig. (7.1)), the probability amplitude of |t2(x1, z2)|* decreases
to zero at |z; — x2| = 0 as we set the 2 photons to be on resonance with the atom and increasing
their energy differences. |ro(z1,72)|? remains zero at at |z; — x3] = 0 when we tune the energy
difference but probability of the two photons moving in the opposite directions is non-zero. Hence

the photons change from bunching to anti-bunching and the atom is able to induce a repulsion in

the two photon.



Chapter 8

Applications

Having solved the scattering problems, we will discuss the applications of atom photon interactions
in a waveguide. In this chapter, we will explore the possibilities of implementing this class of

scattering process in a atomic bragg mirror or even a scalable quantum gate.

8.1 Atomic Bragg Mirror

In a normal optical fiber, the refractive indices of the core and of the cladding do not change along
the length of the fiber. Any deviation from this leads to scattering of the propagating light and
to additional loss in the optical fiber. On the other hand, if we induce a periodic modulation of
refractive index along the length in the core of the optical fiber, such a device, referred to as an

Fiber Bragg Grating(FBG), exhibits very interesting spectral properties.|[16]

When broadband light or a set of wavelengths are incident on an FBG, only the wavelength cor-
responding to the Bragg wavelength will get strongly reflected; the other wavelengths just get

transmitted to the output. It can be shown by plotting the reflection amplitude.[16]

sinh?(Lv/k2 — 02)
cosh?(LvVk2 — 02) — (%)2

where L is the periodicity of the grating and x and ¢ are coupling coefficients.

43
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Figure 8.1: Reflection spectrum plot against wavelength where Bragg’s wavelength, Ap is centered

0
Wavelength

at the origin.

By comparing the spectral properties of Fibre Bragg Grating and N-atoms in waveguide, we can
see that atoms form a ’Bragg mirror’ and function in the same way as the Fibre Bragg Grating.
It can be used for scalable quantum information network as photons are used to relay information

over a network and the atom can be used to store information.[9]

8.2 Scalable quantum gate

A theoretical scheme for a two qubit entangling gate has been shown recently using the Lieb-Liniger
model.[7] Let us rst consider the case of two spinless bosons in one dimension with a delta function

interaction 18]

ok ok

where I' is the coupling strength between the two bosons. The eigenfunctions of the model were
computed by Lieb and Liniger. Using the techniques from the two photons case, we can extract the

eigenvalues of the scattering matrix for the interaction for particles with momenta p; < po
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p2 —p1 — il
S(p1,p2) = ——"— 8.3
(21,2) p2 —p1 +il (8:3)

From the scattering process, we can show that it forms a quantum gate. We can call the photon
moving towards the right as photon A and the photon moving towards the left as photon B. As
we are considering indistinguishable particles labelled by momenta, all right moving photons are
photon A and left moving are photon B even after the interactions. After applying the scattering

matrix to the initial states,

po +po — I’

024008 = 2~ —F 0408 = —0)410) 5

0)411) = 2P 0)4|1) 2 = 10) L)

11410} = 222 1)410) 5 = [1D.al0)

1)al1) = PP 1) 411 = (Dl 8.0

where particles with momentum py is labelled |0) 4 /B and particles with momentum p; is labelled
[1)a/B. We assume the 0 < pgp < I' and p; > T'. From the resultant states of the particles we
can see that the scattering produces a Controlled-NOT gate, which is a maximally-entangled gate

1
which the two photons are initially in the state 5(!0);} +11)4) ® (|0)B + [1)B).

From Eq. (7.42), we can spot the similarities between the scattering eigenvalues. However, it is a
non-trivial issue to map the scattering matrix from the two photon case to the Lieb-Liniger model

due to the bound state term.
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Conclusion

In summary we have introduced the introduced the mechanics of atom-photons in a waveguide in
the interest of quantum information processing and many-body physics. We derived the transport
properties of waveguide with a single photon, 2 level system. Fano-lineshape was produced using
the transfer matrix method when additional mirrors surround the atom which agrees to Fano’s
theory where a asymmetrical lineshape will be produced with a discrete system is coupled to a
continuum. A bandgap with energy proportional to the periodicities of the atom is formed when
there is an infinite number of atoms in the waveguide. For a finite amount of atom in the waveguide,
we found that the spectral properties of the system is similar to that of the Fibre Bragg Grating.
However, when the atoms have random periodicities, we find that the photon is localised and is

largely dependent on the coupling strength of the atoms to the waveguide.

In a driven three level A system, we derived the transport quantities using the same techniques but
we have used a different Hamiltonian and eigenfunction. From Fig. , the properties of EIT
atom still shows when it is embedded in a waveguide. We have derived the scattering matrix for
two photons and found that there is a bound state when we checked for completeness, which gives
rise to the precedence where we should always check for completeness for any kind of system in a

waveguide formulated from Bethe ansatz.

It has been shown experimentally that it is possible to implement a system when the atom is

coupled to the waveguide, the next breakthrough will be to find the map between the scattering

46
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eigenvalues mentioned in the previous chapters. Another possibility can be to create a library
similar to QuTip[I5] in Python to where it will simplify the calculations for different kinds of
systems. The basic mechanism of the interactions are well-understood and we need only to change

the Hamiltonian of the atoms and the scattering eigenfunction.
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