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Abstract

Recent experimental progress has realized strong, efficient coupling of effective two level
systems to waveguides. We study the scattering of multimode photons from such emitters
coupled losslessly to the confined geometry of a one dimensional waveguide. We develop
novel techniques for describing the scattered state of both single and multi-photon
wavepackets and explore how such wavepackets interact with arrays of emitters coupled to
a one dimensional waveguide. Finally, we apply these techniques and analyze the capability

of two particular systems to act as a quantum conditional logic gate.
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Chapter 1
Background and Motivation

1.1 Motivation and experimental progress

Light-matter interactions are of fundamental interest, as this sub-field of physics
contains many interesting phenomena and underlies much of the technology that enables
rapid, long-distance communication. At one time, strong light-matter coupling was
primarily achieved through cavity quantum electrodynamics. In recent years, however,
there has been an extraordinary amount of experimental progress made in controlling and
confining single photons within waveguides and other one-dimensional structures. Various
media have been used to accomplish this task, including nanowires [1], photonic crystals
[2], and microwave waveguides. Additionally, aside from strongly coupling two level
systems to guided modes (with some strengths reaching the regime where a
Jaynes-Cummings Hamiltonian no longer applies [3]), high coupling efficiencies between the
quantum systems and the guided modes have been achieved in excess of 90% [4].

The highly confining geometry of the waveguide combined with strong, controllable
interactions between light and matter immediately suggests that such systems present a
rich opportunity to explore new nonclassical effects and build useful devices for quantum
information processing tasks. Both of these factors motivate the work presented here. We
will develop novel methods of approaching both the single and multi-photon scattering
problems to better understand and describe how photons interact with matter at the
fundamental level. Additionally, we will analyze how to use this interaction to construct a
quantum logical conditional phase (CPHASE) gate between two photons, where the
presence of a control photon imparts a phase of 7 on a target photon.

This is by no means the first work to study the scattering of photons from emitters in
one-dimensional geometries. Much of the earliest work was done by Shen and Fan using a

scattering matrix formalism [5]. Their approach involves calculating the scattering



eigenstates of the Hamiltonian and has been successful in describing the scattering of single
photons from a number of scatterers [6] and two photons from two scatterers [7]. Other
authors have used a Lippmann-Schwinger formalism that amounts to finding the poles of a
Green’s function, each of which constitutes a particular path a photon can take [8]. Still
others have approached the few-photon scattering problem from the perspective of
counting all possible events and have developed diagrammatic approaches [9, 10]. Finally,
the authors of [11] derived (concurrently to our work in [12]) the scattering of N photons
from a single two level emitter (TLE) using a physical, time-domain approach. This last
solution appears to provide identical results and scalability to our technique presented later
in Chapter 3.

In this text we will primarily be concerned with describing the final, scattered state of
the photons after they interact with an array of effective two level systems. In considering
this, we are ignoring the rich entanglement that can arise between multiple atoms as a
result of the absorption and re-emission of photons. Such entanglement has been
considered in [13, 14], and much of the work by Baranger’s group (see [15]) explores photon
statistics as a function of time. The reason for ignoring such behavior is that we are,
ultimately, looking to analyze the system’s potential for functioning as a quantum logic
gate. In such a context, two photons will interact with some sort of quantized system and
leave to interfere with other photons at a later time in the computation. Thus, the
behavior of the system itself only matters insofar as it modifies the properties of the two
photons in the long time (scattering) limit.

We note that we will often use the term “atomic” to describe the system that the
photons interact with. We use this term out of convenience rather than necessity, as our
results are valid for any two level system that can be accurately described by a
Jaynes-Cummings Hamiltonian [16, 17]. Such a system could certainly consist of trapped
ions or cold atoms near a waveguide. It could also be accomplished by using

superconducting circuits, quantum dots, ring resonators, nitrogen vacancy centers in



diamond, or anything else that has an effective two level structure. We will similarly treat
the term 'waveguide’ loosely. As mentioned above, there are many techniques used for
confining light propagation to one dimension. When we refer to a waveguide, we are
considering any system in which photons are constrained such that they can only
propagate in one dimension.

Finally, one of the most important aspects of this work is its treatment of photons as
wavepackets. Much of the research in quantum optics deals with single-mode photons, i.e.
photons defined by only one frequency. This idealized version of a photon can be very
useful and provide insight into many physical systems. It does not, however, describe
realistic photon sources, as a single photon will have a finite duration and uncertainty in its
frequency. These characteristics become especially important when considering photons as
carriers of quantum information. When a photon interacts with an atomic system the
frequency distribution comprising what we call the photon changes. If this change is
significant enough, when it moves on to another step in the computation and interferes
with a second photon they may not accurately perform the desired quantum information
task. Additionally, when multiple photons interact simultaneously with an atomic system
their wavefunctions can become highly entangled. Adding in this consideration has led to
the failure of certain proposals to build quantum logic gates (see [18] and [19]). Ultimately
this fact motivates the work here, as in Chapter 6 we will consider a system that passively
and deterministically acts as a CPHASE gate between two photons after accounting for the

effect of spectral entanglement.

1.2 Theoretical assumptions and general formalism

1.2.1 Field modes

All calculations that follow will make some basic assumptions about the systems in
question and the quantization of the electromagnetic fields. We will not present a rigorous

derivation of quantizing the electromagnetic field in general, leaving it to books, such as



[17] to describe the process. We will, however, provide some background on how to
formally quantize the field in Appendix B, and we note a recent, interesting approach to
quantization in [20] that essentially posits the existence of traveling photon modes from
experimental results. Regardless of how the field is quantized, we will assume all photons
are confined to move in one dimension within a waveguide and that this field can be
accurately described by left and right traveling field modes.

The positive component of the electric field in the waveguide will have the form

EM(t,2) =/ hor /dwe—i(”F+w)t+i(kF+w/C)zdw
a ’ 260
[T ~ - ;
Byt 2) = 26: /dwe_z(“FJ“w)t_z(kFJ“w/C)zbw (1.1)

where G, and b, are the annihilation operators for to photons travelling to the right
(corresponding to spatial dependence /¢ or to the left (corresponding to spatial
dependence e~™#/¢) respectively. Frequencies are measured relative to wp, the central
frequency of the incoming photon wavepacket. w is the deviation from this frequency so
that at w = 0 the field has the frequency of wg. Following the lead of other authors, we are
also assuming that the bandwidth of the wavepacket is sufficiently narrow so that there is
no dispersion in the waveguide, that is wp = cky for all frequencies. As usual, ¢ represents
the phase velocity of the photons in the waveguide and, with the aforementioned
assumption, will be equal to the group velocity. We will also assume that all systems are
lossless, that is all photons remain in the waveguide and all atoms emit only into the
guided photon modes. The photon annihilation operators a,, and b, have commutation

relationships

~ ~

G, @) )] = [bo, bT,] = 6(w — ') [y, b)) = [b, @] = [, ] = O (1.2)

w’ w

As mentioned in the preceding section, we will be treating the photons as wavepackets.



In the frequency basis a single photon is described by

) = / " dwf(w)il)o) (1.3)

Here the function f (w) represents the frequency distribution of the photon pulse. Note
that the limits of integration run from —oo to oo: we are extending the lower limit from
—wp to —oo for mathematical convenience. Such an approximation is well justified because
we have assumed that the photons have a fairly narrow frequency spectrum. Combined
with the fact that they must exist somewhere, that is [ dw|f(w)|? = 1, the probability of
finding the frequency far from wg (corresponding to a large £|w|) is vanishingly small,
allowing the extension of the limit of integration from —wpg to —oo. Additionally, while this
state is fundamentally a linear superposition of an infinite number of possible frequencies,
we will still describe it as a single photon due to the fact that one can construct a detector
to register a single click for this wavefunction.

With this description of a photon wavepacket, a two-photon state is given by

) = % /dwldwgf(wl,WQ)&LI&LQ\O) ) = /dwldef(wla(’UQ)dI}li)Lg‘O) (1.4)

Note that there is a coefficient of \/Li in front of the state containing two photons in the
same mode. This is a normalization factor that arises from the action of the photon
operators. Here the function f (w1, ws) describes the frequency spectrum of the wave packet
just as in the single photon case.

Throughout this paper we will also refer to a second set of photon modes, the standing

wave modes. These are superpositions of the travelling photon operators and are given by

dw + l;w 7 Ay — bw
7 7 (1.5)

Aside from being a second mathematically convenient, orthogonal basis of photon modes,

Cw

these can also be directly excited by using a beamsplitter to transform traveling wave
modes into standing wave modes. An arrangement of such a setup is shown in Fig. 1.1.

Here an incoming travelling wave mode given by ¢;, is transformed by the beamsplitter



into the superposition of (a + l;) /v/2. When the travelling wave modes @ and b arrive back
at the beamsplitter, they are transformed into ¢, = (a + b)/+/2. This is in the same mode
as ¢;, but is travelling in the opposite direction. A similar transformation occurs for a
photon in the din mode, but, due to a phase difference imparted by the beamsplitter,

photons in this mode will acquire a phase of . Thus we have that a?m = —cim.

Figure 1.1: A diagram showing how to excite the standing-wave modes in a waveguide.
Incoming travelling waves in the ¢ and d modes are converted by the beamsplitter into
standing waves given by the operators (a + I;) /v/2 and (4 — l;) /V/2, respectively. In the
absence of any scatterers in the waveguide, each incoming mode will leave in the same port
of the beamsplitter it entered, with an overall phase difference of m between them.

Finally, we will often refer to waveguides that are ‘unidirectional.” This means that the
atom only interacts with one set of travelling modes and, as a result, photons will only
propagate in one direction. Such a feat can be accomplished in several ways. One is to add
a mirror at one end of a waveguide, place the atom very close to the mirror, and use
nonreciprocal elements to separate the incoming and outgoing photons. The mirror ensures
that all light leaves in the same way it entered, and if the atom is placed close to the mirror,
and at an integer number of wavelengths away, it will couple strongly to the field. We have
explored the field modes of this realization of a unidirectional waveguide in the appendix of
[12]. Another way is to create a system in which scatterers couple asymmetrically to
waveguide modes so that photons are only able to travel in one direction. An example of

this has been studied in [21], where atoms will emit photons of different polarizations in



different directions. Finally, using the standing wave modes and beamsplitter arrangement
in Fig. 1.1 along with a nonreciprocal element to separate incoming and outgoing photons
also allows one to create an effective unidirectional waveguide. This is because an atom
placed correctly in the waveguide will only interact with the ¢ or d modes and the photon
will always leave the beamsplitter in the same port it entered.

The opposite of this is a bidirectional waveguide, which is a structure that does not
preferentially favor propagation in one direction or another and in which the scatterers
couple equally to both left- and right-travelling photon modes. Most of the work presented

here will focus on bidirectional waveguides, as they are far easier to construct.

1.2.2 Two level systems

The Hamiltonian for a single two level system interacting with the quantized waveguide
modes (in a suitable interaction picture) can be given by Eq. 1.6. This is a typical
Jaynes-Cummings interaction modified to account for the multimode nature of the

incoming photons.
H; =hg [eikFijl(t — z;/c) + e kI B(t + zi/c)] e_iéta;[ + H.c. (1.6)

Here 0 = wp — wy is the difference between the central frequency of the incoming pulse and
the atom’s transition frequency, z; is the location of the atom along the waveguide,

JJT = |e);(g| represent the raising operator for the j atom, and g is the coupling strength
between the atoms and the field. We are making the Wigner-Weisskopf approximation by
assuming that the photons are spectrally narrow enough that the coupling is proportional
to /wa rather than /w4 + w and thus is constant.

For compactness, we have introduced the field operators

At) = \/%/dwe_wtdw B(t) = \/%/dwe_wti)w (1.7)

which satisfy commutation relations [A(t), AT(t')] = 6(t — t) and [B(t), BI ()] = 6(t — t').



Additionally, as A and B represent different right-travelling and left-travelling photons
respectively they commute with one another.

One point to note is that, technically, this Hamiltonian represents an atom with an
infinite bandwidth. It has the same coupling for all input photons fields regardless of
whether they are on resonance or not. In our treatment, the bandwidth is enforced by the
finite width of the photon wavepackets seen in Eq. 1.3 and 1.4, as we will use functions
that are normalized to one and that decay sufficiently fast so that only frequencies close to
resonance will contribute to the overall solution.

Finally, while we will ultimately be concerned with describing only the state of the
photons in the long time limit, while obtaining solutions we will be working with the atomic
basis as well. As a result, we will be writing the total state of the atom-photon system in
terms of products of the form of Eq. 1.8, presented for a single photon and multiple atoms.

N
() = [%y(0) @ |G) + Y () © 1) (1.8)
j=1
The state |G) = |g) ® |g) ... ® |g), is a tensor product of each atom being in the ground
state. Similarly, the state [j) =|g) ® ...|e)... ® |g) is a tensor product of the states of all
atoms being in the ground state and the jth atom being in the excited state. Each of these
states is associated with a corresponding photon wavefunction [¢;(¢)) which, for a system

containing only one quantum of energy, can be written as

() = [ do(fultwas + it )0 Ui(0) = L0 (19)

where the state may have photons in both the a and b modes. Ultimately it is these
functions, and particularly the function corresponding to the ground state of the atomic

system, that will describe the scattered state of an incoming photon wavepacket.



1.3 Conditional quantum logic

In Chapters 2-5 we will develop and analyze photon scattering from two level systems
coupled losslessly to a 1-D waveguide. In Chapter 6 we will use the results to analyze how
one may use an array of atoms coupled to a waveguide to construct a quantum logic gate.
Quantum logic opens up new possibilities; the ability to perform logical operations on
superpositions of states, in principle, enables massive parallelization of computational
tasks. Additionally, the logic present in quantum mechanics allows for certain algorithms
to scale more efficiently than on a classical computer. These benefits have been practically
challenging to achieve, however, as measurement of the output provides only probabilistic
information about the final state of the computation. Quantum systems are incredibly
sensitive to noise, and quantum computation typically requires pure quantum systems in
which the experimenter has the maximum information allowed about the system. (See [22]
and [23] for more on quantum computation and quantum information). In order to address
the sensitivity issue, photons have been considered as carriers of quantum information.
They can preserve their quantum state over large distances as they can be confined to
materials where they interact weakly with their environment. Moreover, systems with
strong light-matter coupling at the single photon level have been experimentally realized.
This controllable interaction, along with the small timescale of photon processes, provides
an ideal medium for quantum information processing (QIP).

The challenge associated with using photons for QIP lies in engineering a robust way
for them to interact with one another. This is necessary for universal quantum
computation, which requires a set of single photon operations and at least one conditional

logic gate. The transformation we will be interested in is a conditional phase (or CPHASE)



gate. In terms of logical quantum states, this transformation is given by

0) ©1[0) = 10) ©0)
1) ®10) — e'*[1) @ |0)
0) ® [1) — €'*]0) @ [1)

1) @ |1) — € 2]1) @ |1) (1.10)

where the state |1) ® |0) represents a two qubit state with one qubit (carrier of quantum
information) in the |1) and the other in the |0) state. An ideal CPHASE gate will impart a
conditional phase of m only when there are two photons present, given by ¢, — 2¢; = 7,
though in principle any phase difference between ¢; and ¢, would enable universal
quantum computation with photonic qubits. Such an operation requires nonlinear
photon-photon interactions; a linear process will simply give ¢ = 2¢1, leading to no useful
phase shift for computation.

Many methods have been proposed to achieve this operation between photons. Some,
such as [24-26], use active elements or atomic systems controlled by classical fields to
construct a CPHASE gate. This has the downside of being difficult to scale to large
numbers of gates, as each gate requires a significant amount of resources to construct.
Others, like that presented in [27], use only linear optics combined with destructive
measurements and post-selection of certain events. The issue with this approach is that it
successfully performs the desired operation in a probabilistic manner, requiring a
computation to be redone multiple times to arrive at a correct result.

Many other designs to construct a CPHASE gate rely on nonlinear crystals. In these
crystals, two photons can be absorbed simultaneously and re-emitted. Unfortunately, as
shown by J. Shapiro [18] and J. Gea-Banacloche [19], if the photons are considered to be
wavepackets rather than single-mode fields, the shape of the photons are significantly
distorted by the entanglement introduced in the interaction. This distortion poses a

problem for QIP tasks as, in later steps of the computation, photons which have interacted

10



will interfere differently than photons that have not interacted. Both [18] and [19]
demonstrated that there is a fundamental trade-off between having a gate succeed at
performing the CPHASE operation and the amount of phase shift.

Some have considered using two level or three level systems as phase gates. In [28] the
authors pointed out that the nonlinearity present in the scattering of two photons from a V
system could be leveraged to construct a quantum conditional-phase (CPHASE) gate. The
difficulty that arises with this gate is that the entanglement created between the photons
again tends to destroy the gate operation. Removing it would require reflecting the
photons many, many times through the system to arrive at a phase shift of 7. Additionally,
Nysteen et. al. [29] studied the ability of a single two level emitter to act as a conditional
phase gate. The highest operating fidelity they could accomplish was around 84%, again in
part due to the spectral entanglement created between the photons by their interaction
with the atom.

Recently, Brod and Combes [30] demonstrated that an array of approximately 20 atoms
in a particular 1-D unidirectional setup could perform the CPHASE operation passively
and deterministically, while preserving the spectral shape of the photons. Their work shows
that it should be possible, in principle, to passively remove the effects of entanglement
between the photons while still allowing them to interact. The challenge posed by their
system is again one of scaling: the system they propose, which we will describe in more
detail in Chapter 6, requires many non-reciprocal optical elements to ensure that photons
continue to travel in the same direction. This would be incredibly difficult to construct
experimentally without adding significant losses. We will show, however, that it is possible
to use a transparency window between pairs of atoms to construct a CPHASE gate that
works identically to the gate proposed in [30], but in a more experimentally achievable

setting.
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1.4 Entanglement

The final topic to address in this chapter is our working definition of entanglement. The
study of entanglement is a very illuminating and complicated field, but the majority of
entanglement measures (such as concurrence, three tangle, logarithmic negativity, etc.) do
not easily extend to describe multimode photon states. They are generally defined for
discrete quantum systems, such as the atomic basis introduced above.

The scattered states of photons will be entangled in two different senses; their spectral
distributions will have components that are non-separable, and the final state will be a
linear superposition of different terms. To see what we mean, consider the following
wavefunction and its spectral distribution f (w1, ws), which, in Section 3.4, will be shown to
be the scattered state of two counter-propagating photons from a single two level emitter

positioned at the origin.
) = /dwldwzf(wl,WQ)&leL2|O> (1.11)

) 1 ] ) ) ) 1.
flwi,wa) = 7 t(wr) fwi)t(wa) f(we) + r(w) fw)r(we) fwa) + §fent(wlaw2) (1.12)

This state is obviously entangled because it is a linear superposition of three different
components, t(w:) f (w1 )t(ws) f(ws), r(wr)f(w)r(ws)f(ws) and %fent(wl,m). The state is
also entangled as the final term % fent(wl, wsy) represents a non-separable, spectrally
entangled component of the wavefunction, whereas the first two can be separated into a
product of functions of wy; and w,. For multimode photons, separable states have a form
similar to Eq. 1.13a, where the two photon state can be expressed as a product of single
photon states. On the other hand, Eq. 1.13b represents a non-separable, and thus

entangled, state, provided that it is not possible to write the function f (wy,ws) in terms of
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functions of w; and w, separately.

) = ( / dwlfa<wl>dil|0>) ® ( / o )b, 109 (1.13a)
) = / deordon (o1, 2)il B, [0) (1.13D)

In what follows it is this non-separable part of the wavefunction that we will refer to as
the entangled component of the wavefunction. We make this choice because the term arises
from an entangling process between two photons that correlates either their arrival times or
their frequencies. Additionally, it is this spectral, non-separable entangling term that leads
to the failure of many of the proposals to perform quantum logic operations between

photons and that is removed by the gate described in [30].
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Chapter 2
Scattering of Single Photons From Many Atoms

2.1 Introduction

Single photon transport through materials has been extensively studied and, as of this
writing, is an ongoing area of research [5, 31-36]. As a result, this chapter will focus on
describing a new way to calculate single photon transmission coefficients, to explore the
effect of dipole-dipole interactions on photon transport properties, and to study one
particular transmission window that appears for a large number of unequally spaced atoms.
Note that many of these results have already been presented in [37], specifically Sections
2.3.1, 2.4.1, and 2.5. This chapter begins by following a derivation of the single photon
scattered state presented in [32]. After some analysis of this solution, we then connect it to
a solution derived by considering the scatterers as mirrors with frequency-dependent
transmission and reflection coefficients. Finally, we will use these approaches to analyze

photon transport properties through multiple atoms.

2.2 Exact N-atom solution

2.2.1 Calculation of the scattered state

We begin with solving the scattered state of a photon from a system consisting of N
identical atoms, at arbitrary positions, coupled to a 1-D waveguide supporting transport in

both directions, as illustrated in Fig. 2.1.
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Figure 2.1: A diagram of the system being considered. All photons are constrained to move
in one dimension in a waveguide coupled to an array of n atoms at arbitrary positions. In
what follows, z will denote the distance along a waveguide with z=0 being the location of
the center of the atomic array.

The interaction picture Hamiltonian for such a system is given by
N
2 —ié 2T ié
H= hgz (gzﬁj(t)e ta} + gzﬁ;e tUj) (2.1)
j=1

where the operators J} and o; raise and lower the j atom and qgj is a superposition of the

left and right traveling modes at position z;.

~

Oy(t) = €75 At — zy/c) + e M B(t + 2, )c) (2.2)

A(t) is the same as Eq. 1.7. These combined operators have the commutator

[6,(1), 9L (t1)] = erGim=)§ (t — ¢, — 272 4 emhr(=2)§(¢ — ¢, + Z72) . For a single

photon, the state of the system at any time in the interaction picture can be expressed by
Eq. 1.8, reproduced below.
N
[6()) = [we(8)) ®G) + Y 15(1)) @ |5) (2.3)
j=1
Substituting this into the Schrédinger equation and exploiting the orthogonality of the

atomic basis yields differential equations for the photon states [1,(t)) and |¢;(¢)) of

(1)) = —ig 3 o)™ (1)) [3(1) = —igd; (e ™y (1)) (24)

At this step we can formally integrate the ground state as

t

() = on) = ¢* [t Y dhen)e™ n(t) 25)

15



and substitute it into the excited state. Note that [¢);) represents the initial state of the
photon field, and in this case is given by |¢;) = fdwf(w)(adi, + BZA)L) |0) where f(w) is a
normalized function describing the spectrum of the wavepacket and |a|? + |3]? = 1. This
describes a single photon that has (possibly) been sent down two different spatial modes by
a linear element such as a beamsplitter. We have chosen to write the initial state in this
form so that it will be easy to modify the final state to describe a photon incident from the
left or the right. We are also assuming that the atoms are all initially in their ground state.

The differential equation for the j* excited state then becomes
. N t
i = —iody et =3 [ andy 0 ) (20
k=1Y 7

Normal ordering the photon operators (;3]- and applying their commutator gives the

equation
(1)) = —ig;(t)e " ibr) — g Z / dt19} (1) (£)e 1) [y (1))
Nt ; zZj — 2 ; zZj — % ;
—g Z/ dty [elkF(Zj_Zk)fs(t —t — ]Tk) +e st — 1 + %)} e P 4 (41))
k=177

(2.7)

With this, several terms in the expression will vanish. ¢;(¢)[x(t1)) = 0 as the field is in the
vacuum mode for this term. Additionally, as ¢t > t;, only delta functions where the position
term is negative will contribute. Note also that if j = k£ the delta function is only satisfied
at the upper limit of integration, adding an extra factor of 1/2 to this term. All this leads

to the differential equation
' A N
[05(8)) = —igd; (t)e " r) — g7 Y PR g (b — |25 — 2l /) (2.8)
k=1

Here, following the work of [32], we transform to the Fourier domain. Doing so, [1);(t))

becomes

(0) = <= = [ due i)y w) (2.9)
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Similarly, the initial state can be written as

—qub]( ) 16t|¢1 /dw' —i(w'+6)t |:O{€i<kF+w//c)Zj +/Be—i(kF+w’/c)Zj:| f(w)

_ QW/dwe iwt |:Oé€ i(kp+(w—0)/c)z; +66 i(kp+(w— 6/cz}f~( ) (21())

where we have defined w = w’ + 0 in this case. Transforming the last term of Eq. 2.8 to the

Fourier domain and removing all the integrals and factors of e~™? from the equation, we

are left with
—iw|i;(w)) = —ig [Oze itk Hw=0)/e)z; 4 geilkrHw=0)/e)z | (1 — §)

N
o 92 Z ez‘(kp-i—(w—é)/c)\zi—zﬂ|¢j(w)> (2‘11)
k=1

We now define a matrix [, (w)) of atomic states, a matrix f(w) containing the phase
terms (both given below), and a j x j matrix M(w) that has elements

N (w — 6) = eflbrt@)/elei—=],

Wl(w» ) eilkrtw/c)z
el =1 )= | 2.12)
[ (w)) pilkr-+w/c)zn

With these definitions Eq. 2.11 becomes

—iwlipe(w)) = —ig[ab(w = 8) + 50" — 0)] f(w = ) — ¢’ M(w = 8)[de(w))  (2.13)

In terms of the matrix state, the solution to this equation is

[Ge(w)) = ~ig[i? M (w — 6) = iwl] " [af(w — ) + 60" (@ — )] flw—8)  (214)

Eq. 2.14 can be substituted into Eq. 2.5 after similarly translating the ground state to the
frequency domain. We are primarily concerned with the long time limit ({ — oco) when the
photon has left the system and all atoms are in their ground state. This scattered state is

given by
n(00)) = [ dw(fu@)il + )10 2.15)
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and the spectrum functions f, and f;, describe the final state of the photon after

interacting with the system. This leads to scattered spectrum functions

falw) = af(w) — 20T (W) [*M(w) — i(w + 6)I] ' [ab(w) + 80" (w)] f(w)

folw) = Bf (W) — ¢07 () [¢*M (w) — i(w + 0)I] " [ab(w) + 40" (w)] f(w) (2.16)

where 07 (w) is the transpose of 6(w).

From a computational perspective, it is useful to write this as a sum over the
eigenvalues of [gQM (W) —i(w+0)I | ~'. As the term containing (w+9) is already diagonal,
we diagonalize M as M(w) = P(w)D(w)P~!(w). Using the fact that
P(w)P~Yw) = P (w)P(w) = I, as it is made of normalized eigenvectors of M (w), the
whole matrix inverse becomes

1

[? M (w) —i(w+8)I] " = P(w)[¢°D(w) — i(w+ 0)I] ' P (w) (2.17)

As written, the inverse [gzﬁ(w) —i(w+ )1 ] ! is diagonal and will have nonzero
elements

1

92N (w) — i(w + ) (2.18)

where each \;(w) is an eigenvalue of M(w). Now the matrices can be converted to sums

over the different eigenvalues so that the final spectrum becomes

N N . . . _ N S5—17-
Y€ i(krtw/c)z; [ae%(kp+w/0)2k + Be l(kF+W/C)Zk]P[J7Z] ()P~ 1[i, k)(w) \ -
_ 2 ,
fa(w) = <O‘ g ; . 92 (w) —i(w +9) J()
N N . S0y (L e . ~_ .
E - eilkrtw/c)z; [aez(kp-&-w/c)zk + Be Z(kF"FW/C)Zk]PL%d (w)P 1[@, k-] (o.)) -
. 2 ,
folw) = (5 g ; : P Ai(w) —i(w + 0) f)
(2.19)

where P[j,1] refers to the 7, element of P.

Assuming that the photon begins in the A mode (input in the waveguide from the left)
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a =1, =0, and the output spectrum has the form

N N e
falw) = (1 -9 2k

ilkr+w/e)(z=2) P[j, ] (w) P~1i, k) (w)
AT~ +0)

y e g €T Pl ] (w) P K (w)
Jo(w) = <—9 ; : PNi(w) — i(w + 6) )

(2.20)
where t(w) and r(w) are frequency-dependent transmission coefficients with the property
that [t(w)|* + |r(w)]* = 1.

That the interaction can be described by two coefficients is a significant result that we
will use to develop alternative means of deriving the transmission and reflection coefficients
of the scattered photon. This occurs primarily because of the fact that the
Jaynes-Cummings Hamiltonian only contains energy-conserving terms and, while the
photon’s overall wavefunction can be modified by its interaction with the atom, each

individual frequency (i.e. a,) must be mapped to either the transmitted or reflected field.

2.3 Cavity solution

The fact that photon scattering from arrays of atoms can be described by
frequency-dependent transmission and reflection coefficients suggests that one could treat
the atom as a frequency-dependent beamsplitter and then apply techniques from classical
optics to deal with the scattering of the photons. Here we present two different ways of
conceptualizing what happens, the first by summing up all the possible events and the
second by treating the system as an array of cavities. We note that the idea behind these
methods underlies the transfer-matrix approach to photon scattering, which has been

presented for N scatterers in [6, 33].
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2.3.1 Summing events

The first technique presented is to sum a series of all possible reflection and
transmission events for a photon initially in the a,, or b, mode. By solving Eq. 2.19 for a
single atom with the photon in either the A mode or the B mode it can be shown that only
the reflection coefficient depends on the position of the scatterer. The coefficients are given
below

g2€21(k‘F+w/C)ZO g26_27’(kF+w/C)ZO Z(w + 5)
_2— TL(ZO) = — B - - — 2 .
g> —i(w+9) 9% —i(w+9) > —i(w+9)

rr(20) = (2.21)

where 7 and rp correspond to reflections from right-traveling left-traveling photons
respectively and ¢ is the frequency-dependent transmission coefficient. These are related to

the final spectrum of the photons by

freﬂected(w) - TR,L(ZO>.f<w) ftransmitted(w) - tf<w) (222)

For the case of a pair of atoms centered at z = 0 and with separation d we will define
r=rg(—d/2) =r(d/2) and " = rp(—d/2) = rg(d/2), as the symmetry in the position of
the two atoms makes the reflection and transmission coefficients symmetric as well.
Assuming that the photon is incident from the left, by summing up all reflection and

transmission coefficients we get that the total reflection coefficient is

t27"/

'r’—i—t21”'—i-1527°"3—l—...:r—l——l_r/2

(2.23)

It is a simple matter from here to plug in the defined expressions in Eq. 2.21 to
demonstrate that the reflection coefficient is identical to f;, from Eq. 2.20 for the same

atomic positions. Similarly, the overall transmission coefficient is

t2

2 2 12 o

(2.24)

and this yields precisely f, when Eq. 2.20 is again evaluated with two atoms.

The possibility to view the two atoms as a “cavity” helps to explain why the atomic
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separation affects both the amplitude and phase of the reflected and transmitted fields (or
why it effectively changes the coupling and detuning of the system). Changing the
separation between atoms modifies which frequencies are in resonance with the cavity, thus
changing the transmitted and reflected spectra. “Atomic cavities,” that is, cavities where
the “mirrors” are atomic systems (generally consisting of more than two atoms), have been
studied for various uses by a number of authors [38-40]. Additionally, a “cavity” formed by

only two atoms has been studied by Gonzalez-Ballestero, Garcia-Vidal and Moreno in [41].

2.3.2 Coupled atomic cavities

Figure 2.2: The fields used to consider the system as a series of interactions.

The second technique presented is to envision an array of atoms as a series of coupled
cavities and to apply methods from classical optics to find the total reflected and
transmitted fields. To begin, we define left and right traveling fields inside each atomic
‘cavity’, as shown in Fig. 2.2. The fields in the j** cavity can then be connected to the
fields in the other cavities by the reflection and transmission coefficients defined in Eq. 2.21

via the recurrence relationships
Eff =tE" | 4 rg(z)Er
Ef =tEl\ | +ri(z)Ef (2.25)
A photon initially in the A mode (coming from the left) will have boundary conditions

Eft =1 and EL = 0 and the reflected and transmitted fields are, respectively, given by E}

and E¥. It is possible to write the solution to these two fields in terms of several matrices,
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though it is not presented here as the general form provides little insight. This method also
does give precisely the expected form for Eq. 2.20 for two atoms.

The real advantage of this method in finding the scattered state of a photon is that it
can much more easily deal with multiple, nonidentical atomic systems. The first method
presented in this chapter, solving the Schrodinger equation directly, becomes significantly
more complicated when the resonant energies of each of the scatterer is different. The
second method of summing transmission and reflection events becomes challenging when
dealing with more than two systems, as it requires dealing with multiple sums. This last
method provides the most generality, as one can network any number or type of systems,
provided the spectrum is only multiplied by a frequency-dependent reflection or

transmission coeflicient.

2.4 The Markovian approximation

Before analyzing the transmitted and reflected spectra of a single photon from an array
of scatterers, we first explore a simplifying approximation. By using a coupling that is

constant in frequency in our Hamiltonian we are assuming that the pulse is spectrally

narrow enough that vw + ckr ~ Vckr(1 + 35-) ~ V/ckr. This suggests that the frequency
component in exponential terms such as e/*#+«/9)% may be too small to make a meaningful
contribution to the solution. While it is tempting to approximate the exponentials as
eilkrtw/)z o eikrzi the fact that the complex exponential is periodic means that for
certain values of z;, “z; may be on the order of 27 or greater. When this is the case, a
small change in w can lead to a significant change in the overall phase of the term. The
characteristic length for this depends on the spectral width of the pulse, which we will
represent as o,,. If the pulse bandwidth is on the order of a GHz, for O(0,2;/c) ~ 27 the
separation between atoms must be on the order of a meter. If the bandwidth is on the
order of a MHz, for this term to be of order 2, z; &~ 10°*m = 1km. For optical experiments

with closely spaced atoms (often on the order of pum) these terms will certainly vanish.
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Even for microwave experiments with a central frequency on the order of a GHz,
sufficiently narrow band photons can still require separation on the order of 100-1000m,
well beyond the length scale of most experiments.

Despite the rather large separations required to achieve a regime where terms like wz;/c
will significantly modify the spectral distribution of the photon, there has been much
interest in studying non-Markovian behavior. The validity of this approximation has been
considered in several papers, notably in [41] where the authors explore this question in
depth, and in [39, 40] where the non-Markovian properties are explored for particular
systems. As mentioned in [41], there is a further consideration; if the coupling is on the
order of the central frequency of the waveguide (¢? ~ ckr in our formalism) then the
Markovian approximation is no longer valid. This is not typically a problem, as the
majority of atomic systems coupled to guided photon modes will have couplings on the
order of a MHz or GHz, whereas optical photons will have frequencies on the order of
500THz.

In what follows, we show the numerical agreement between the Markovian and
non-Markovian solutions, and visualize the difference between the two. To see how the
system responds to a single photon it is useful to define an intensity transmission
coefficient T (w) = |t(w)|?, where t(w) is defined in Eq. 2.20. The utility of such a definition
is that it is independent of the choice of input pulse shape and describes the atomic
response to a monochromatic input. Note that in all figures we are choosing parameters
that optimize transmission. The choice of parameters will be justified in section 2.4.2, but
we present results here to show how well the Markovian approximation works for the

transmission window we will be studying.
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Figure 2.3: A comparison of the full intensity transmission coefficient 7 = [t(w)|? for N = 2
atoms as a function of dimensionless parameter w/g?. The parameter o,z;/c represents the
scaling of the position between the atoms. In this plot 6 = ¢ and the atoms are spaced at

a distance d = fT’;. Percent error is between the Markovian and full solutions.
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Figure 2.4: The same plots as Fig. 2.3 but with N = 12 atoms. The atoms have been
spaced to optimize transmission, as will be described in Fig. 2.12
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Figure 2.5: The same plots as Fig. 2.3 but with N = 100 atoms. The atoms have been
spaced to optimize transmission, as will be described in Fig. 2.12

For a pulse of frequency bandwidth on the order of a GHz, a scaling factor of o,,2;/c of

order 10~° would translate to a separation of 3 micrometers between each atom. If the
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pulse is on the order of a MHz it would correspond to 3 mm between atoms, which is
significantly larger than many experimental setups for quantum objects. As can be seen in
these figures, the Markovian approximation and the full solution agree very well even as
the number of atoms becomes very large. When o,,z;/c is of order 107° the percent error
between the exact and approximate terms is of order 1% or less in the region of high
transmission. For N = 100 atoms, it is clear that the Markov approximation does not
describe some of the periodic structure, but the magnitude of this difference becomes very
small when transmission is high. As such, overall transport properties of a photon will not
be significantly modified by ignoring Markovian effects.

This suggests that for spectrally narrow pulses interacting with quantum systems there
is no need to consider the full, non-Markovian solution even when dealing with many
atoms. Thus, in the following analysis we will make the Markovian approximation and
neglect terms on the order of o,2;/c. In practice, this means neglecting anything

multiplied by z;/c, as it will be too small to contribute meaningfully to the final solution.

2.4.1 Transport properties of one and two atoms

For a general arrangement of atoms it is impossible to derive an analytic solution for
the transmission and reflection coefficients in Eq. 2.19 due to the need to invert a matrix.
As such, we will present analytic results for the transmission properties of a single photon
through one and two atoms, describe general properties of the solution for N atoms, and
present some results for higher numbers of atomic systems. Note that in this section,
unless otherwise specified, we will assume that the photon is initially input from the left
(the a, mode).

From Eq. 2.21, in the Markovian approximation a single photon scattering off a single

atom from the left will have its spectra modified by

lw+46) B sy g2elikrzo
_mf(w) folw) = rp(z0) f(w) = —57—F—=f(w) (2.26)

fa(w) :tf<W) = _g2_z‘(w+5)
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This formula has been extensively studied [5, 12, 42|, but for the purposes of this work
it has two important properties. First, as mentioned before, the scattered state can be
described by frequency-dependent reflection and transmission coefficients. Within these
coefficients, the parameter g2 gives the strength of the coupling between the atom and the
waveguide photon modes and the parameter § represents the detuning between the central
field of the photon and the atom’s transition frequency. Second, a reflected photon will
pick up a phase dependent on its position (and frequency when the Markovian
approximation cannot be applied).

We will analyze the behavior of this system using the intensity transmission coefficient
T (w) = |[t(w)[>. Fig. 2.6 shows how this parameter changes with respect to dimensionless
variables w/g* and §/g*. As expected, on resonance (6 = 0) transmission is zero and by

changing the detuning of the photon, the location of this zero point can be shifted.

Figure 2.6: A plot of single photon transmission through a single atom in terms of dimen-
sionless parameters w/g* and §/g*. Note that detuning the photon from the atom merely
shifts the location of the transmission minima.

For two atoms centered at position zy and separated by a distance d, the scattered
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spectrum becomes

[92(1 + e—ikpd) +Z((JJ +5) N g2<1 _ e—ikpd) —l—z(w + 5)
92(1 + eide) —i(w +0) g2 (1 - e““Fd) —i(w+9)
[92 (1+ e7™rd) +i(w+ ) B *(1— e *r?) +i(w +6)

92(1 + e“de) —i(w+9) 92(1 — e““Fd) —i(w+9)

| Fw)

1
2
% ]QQiszojE(w)

(2.27)

This is slightly different than the form we presented in [37] and that was presented by
others in [15, 32, 36, 41]. We have chosen to represent the scattered spectrum from two
atoms as above to connect it to the eigenvalues of M, the \;(w) terms in Eq. 2.20. As
pointed out in [33], a chain of N atoms will have collective coupling and detuning rates
given by the poles of Eq. 2.18. In the notation presented here, then, the effective coupling
rates of a system are given by Re[g?)\;(w)] and the effective detuning are § — I'm|[g*\;(w)].
Without the Markovian approximation this leads to an infinite number of poles, as A;(w)
contains the periodic term e*%/¢. When the Markovian approximation is applied the
periodic functions vanish, however, and the number of poles reduces to just N.

These poles can be clearly seen in the denominator of Eq. 2.27; the terms
g*Re[l + €*rd] and 6 £ g?Im|[e?*r?] correspond to the two effective couplings and detunings
respectively. For two atoms, these factors represent the coupling of the system to the
different standing wave modes given by Eq. 1.5, provided the pair is centered at the origin.
As the traveling wave modes can be written as superpositions of the standing wave modes,
it comes as no surprise that the final spectrum can be written as above. Finally, for
comparison, we also give the same form presented in other works for the transmitted and
reflected spectra, where we define ¢ = krd, as in the Markovian approximation all

positions act effectively as phases.

- (w+0)?
) = =i+ oy — g )
. ‘ o2i% il _ 922 _
Fiw) = —greo x LECNT — o 2 0) Z 29 g (2.28)

(7 — il + ) — gheto

The addition of a second atom opens up new transmission possibilities as compared to a
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single atom. In agreement with other authors [15, 33, 43], we find that the intensity

transmission coefficient 7 (w) for the two-atom system has the form of

B (w+6)*
T(w) = (w+ 0)* + 4¢* ((w + 0) cos(kpd) + g2 sin(kpd))? (2.29)

As noted by other authors [15, 33, 40], the presence of a second atom opens up a new
transmission window so that on resonance (w = 0), unlike for a single atom, 7(0) = 1. This
condition occurs when tan(krd) = —d/g?. At this point, the transmission coefficient

becomes

T~ ™ 6/0%) = 1 (2.30)

As can be seen in Fig. 2.7, when §/¢? is small, the transmission window is narrow and
moderately asymmetric. As 6/g* approaches 1 the window broadens and becomes

significantly less symmetric.
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Figure 2.7: The transmission coefficient 7T (w) for various §/¢? as a function of dimensionless
variable w/g* with ¢ = krd = m — arctan(d/g?) (right) and ¢ = kpd = with w = 0 (left).

In the limit when ¢?/o,, > 1, provided the system is tuned to this transmission window,
the probability of reflection becomes virtually zero and the transmission coefficient

becomes approximately

t(w) = EXp{iArg

(w+0)?
a <g2 —_ Z(w + (5))2 — g4ef2iarctan(5/g2) (231)
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If g?/0,, =~ 1000 or greater this can be written simply as a phase.

t(w) ~ _€2iarctan(5/92)+2iw92/5 (232)

This result is interesting, as it implies that two atoms can effectively provide a
frequency-dependent phase shift to a photon while not modifying its direction of
propagation. This behavior suggests that it may be useful for quantum information
processing, a question that we will explore in Chapter 6. We also note that this limit,
g*/o,, > 1, corresponding to either strong coupling (g% > 1) or a very narrow pulse

bandwidth (o, < 1) is commonly referred to as the adiabatic limit.

2.4.2 Transport properties of N atoms

In general, evaluating the transmission properties for N atoms at arbitrary positions is
an incredibly complicated task. There is one instance where the task becomes simple,
however; if all atoms are separated by a distance that is a multiple of one half of a
wavelength. This translates into a phase difference between atoms of kr|z; — z;| = nx for
all pairs. When this condition is satisfied, all but one the eigenvalues of M vanish. The
remaining eigenvalue leads to the reflection and transmission coefficients (in the Markovian
limit) of

Ng?
Ng? —i(w+0)

_i(w+9)
Ng? —i(w+0)

t(w) = r(w) = (2.33)

This has the same form as 2.26, but with the coupling increased by a factor of N. Since
the atoms are spaced at a multiple of half a wavelength, they will all experience the same
magnitude of the electric field and thus act collectively. This result was also discovered in
[33].

We now focus on maximizing the transmission of a single photon through an array of N
atoms. The rationale behind this is that, as will be shown in Chapter 6, if a single photon

can transmit with unit probability, the inherent nonlinear nature of a two level emitter
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should enable the system to act as a passive, deterministic, phase gate for two
counter-propagating photons. Looking for high transmission, we first consider the case
where all atoms are identical and separated by the same distance d. With these conditions,

Tsoi and Law in [33] found that transmission maxima can be found by

2

cos(qm/N) = % sin(krd) + cos(kpd) (2.34)

as a function of N, where ¢ is an integer that runs from 1 to N — 1. We will also consider

m—arctan(d/g?)+2mm
kp

pairs of atoms, with each atom in the pair separated by a distance d =

/ . . . .
a= W;ﬂ This is inspired
F

and the centers of the pairs separated by a different distance,
by the transmission window for a single pair; if a photon will transmit through a single pair
with high transmission, it is reasonable to suppose that it might transmit through multiple
pairs of atoms. We also note that in the Markovian approximation the factors of 2ms in

the definitions of d and a will not contribute. As such, from this point forward we will refer
to ¢g = krd as the phase difference between two atoms in a pair and ¢, = kra as the phase

difference between any two other pairs. A visual representation of these distances is given

in Fig. 2.8.

Figure 2.8: A diagram of the system of pairs of atoms with the pair distances labeled with
¢4 corresponding to the distance between two atoms in a pair and ¢, between successive
pairs.

The first question we are concerned with answering is how the transmission window for
two atoms depends on the spacing between successive pairs. In order to answer this, we

first perform an analytic analysis of the transmission coefficient. As has been shown, a
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single pair exhibits high transmission when tan(¢4) = —d/g?. By treating a single pair as

an individual scatterer with reflection and transmission coefficient defined in Eq. 2.27 and
using the approach of Section 2.3.2, we derived an analytic form for two pairs (four atoms)
separated by a distance a = ¢,/kr. A plot of the reflection coefficient (R(w) = |r(w)|?) for

this system is given below.
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Figure 2.9: A plot of the reflection coefficient of two pairs of atoms as a function of dimen-
sionless parameter w/g? and ¢, for §/g* = 1. The dotted line is given by Eq. 2.35

As can be seen, on resonance the photon is never reflected. The reflection coefficient

will also be zero when

52(5 + w)? + g4 (w? +25w—w2)> (2.35)

a — T — t
QS s arctan ( 2g2 (63 n (g4 n 62)w)

In the adiabatic limit, the pulse will be spectrally narrow; to achieve a high transmission
probability, the reflection coefficient must be minimized near resonance. At this point
(when w = 0), the ¢, that satisfies the above condition reduces to ¢, = m — arctan (%).
For the choice of §/g? = 1 this gives an optimal spacing of ¢, = 7. That this choice
minimizes transmission in the adiabatic limit can be seen clearly in Fig. 2.10 where we

e—w?/(402)

have calculated the reflection probability for a Gaussian pulse of f (w) = N From
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this figure, where reflection probability is calculated with ¢g?/o,, = 100 (so the system is in
the adiabatic regime), ¢, = 7 leads to a minimum reflection probability for four atoms.
Interestingly, at ¢, = 2¢,4 the reflection probability becomes quite high. This is likely due
to the fact that the phase difference between all atoms becomes the same and the system
becomes more like a Bragg mirror. This same choice of ¢, = 7 also minimizes the reflection
probability of larger numbers of atoms, provided that they have all been arranged into pairs

with phase ¢4 between atoms in the pair and phase ¢, between centers of successive pairs.

w4
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= 200
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Reflection Probability
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Figure 2.10: A plot of the reflection probability as a function of ¢, for various numbers
of N atoms, assuming that the atoms are arranged into pairs with separation ¢4 and that
each pair is separated by ¢, from its nearest neighbors. All calculations were done with
g*/o., =100 and 6/g* = 1 using a Gaussian input pulse.

Next, we consider how the reflection probability depends on the value of g%, In Fig.
2.11 we plot this quantity as a function of g2. Reflection probability peaks around ¢* ~ 1.
When the coupling is low the reflection probability is correspondingly low, as the photon
does not significantly interact with the atom. As g becomes very large the probability of
reflection becomes smaller and smaller and appears to be even lower for multiples of four
atoms. This is consistent with Fig. 2.9, as the feature corresponding to zero reflection is
centered around w/g* = 0. If 0, < ¢?, it will be well within the window of low reflection

seen in Fig. 2.9 for four atoms.
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Figure 2.11: A plot of the reflection probability for a Gaussian initial state as a function of
g*/o,, for various numbers of N atoms. For all curves §/¢? = 1.

We can actually decrease the reflection probability further. As described above, for two
pairs the optimal difference in phase in the adiabatic limit is given by ¢, = 7 for §/¢* = 1.
Using these parameters, we defined reflection and transmission coefficients for the
optimized four atom system. Using the methods of Section 2.3 we used these coefficients to
arrive at an analytic form for an array of eight atoms where the phase difference between
the two arrays of four atoms was undefined. We then optimized this spacing and defined
new reflection and transmission coefficients for the array of eight atoms. This process was
used twice more to analytically optimize the separation for up to thirty two atoms for
§/g* = 1. Tt turns out that with this process, the optimal spacing to reduce reflections
consists of a unit cell of four atoms. As depicted in Fig. 2.12, the cell consists of atoms
separated by ¢4, ¢4/3, and ¢4 in that order. The closest atoms between each successive cell

are then also separated by ¢g.
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Figure 2.12: A diagram of the optimized position spacing for §/¢g*> =1 and N = 12 atoms.
The values given are for the phase differences between successive atoms. Note that all phases
can have a factor of 2mm added to them and that for the parameters chosen ¢4 = 37 /4.

In Fig. 2.13 we plot the reflection probability as a function of N. Here one can see that
the reflection probability remains small even though the number of atoms becomes large
whether one uses the optimized positions shown in Fig. 2.12 or uses an equal spacing of
¢, = m between pairs. The optimal spacing spacing leads to a significantly lower reflection

probability than simply separating each pair by a phase of ¢, = 7, however.

l.u......

-4 L PPTL L EL A LR LT LY TN T

10 ..F'. - "._.:.'cc.cnbw'
2:‘ " Stepeanto®
— o'
'= -
2 10 " ]
E * Spacing:
E o ® Equal
2 107 & & o
= A T T T LI S T e = Optimized
2 i
=
w y
o 107

50 00 150 200
N Atoms

Figure 2.13: A plot of the reflection probability as a function of N atoms with ¢4 = m —
arctan(d/g?), 6/g*> = 1, and ¢*/o,, = 100. The points labeled “Equal” correspond to pairs
that are evenly spaced at a distance of ¢, = 7 and the ones labeled “Optimized” correspond
to the optimal spacing described in the text.

Finally, in Fig. 2.14, we compare the reflection probability of the transmission maxima
given by Eq. 2.34 when all the atoms are separated by the same distance, the optimal
spacing of Fig. 2.12, and the equal pair spacing where all pairs are separated by ¢, = .

When ¢?/0,, becomes large, the reflection probability dramatically decreases for the
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optimized and 7w-pair cases as compared to the situation where all the atoms are

periodically spaced. As expected, the optimized spacing has a lower reflection probability.
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Figure 2.14: A plot of the reflection probability as a function of ¢*/o,, for different inter-
atomic distances. The points labeled “Equal” correspond to pairs that are evenly spaced at
a distance of ¢, = 7, the ones labeled “Optimized” correspond to the optimal spacing shown
in Fig. 2.12, and the grey curves represent the different maxima given by Eq. 2.34 for an
array of equally spaced atoms.

From all of this it would appear that, at least for a photon that initially has a Gaussian
frequency distribution, if the positions between atoms are chosen carefully an array of
atoms may be able to function as a frequency-dependent phase shifter. To explore this, we
posit that, if the atoms have been placed using the optimal spacing or as pairs separated
by a phase of 7, in the adiabatic limit of g*/o,, > 1, the transmission coefficient for N

atoms should have an effective form of

(w+ )2
a <92 — Z(w —+ 6))2 — g4e*2iarctan(6/g2) (236)

This is simply the transmission coefficient that would result from a photon transmitting

t(w) = Exp{ giArg

through N/2 pairs of atoms, picking up a phase given by Eq. 2.31 at each site. To explore
the validity of this approximation, we plot the magnitude and phase the transmission
coefficient from the full solution in Eq. 2.20 for the optimized position spacing and a
pairwise spacing with a phase of © between each pair, along with the approximate form of

Eq. 2.36.
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Figure 2.15: The absolute value of the intensity transmission coefficient 7 = [t(w)[?* (left
column) and phase of t(w) (right column) for N = 12 atoms (top row) and N = 100 atoms
(bottom row). The curve labeled “Optimized” corresponds to the full solution to #(w) when
the atoms have been spaced as given in Fig. 2.12, “m Pair” corresponds to the case where
each pair of atoms is separated by a phase of 7w, and “Approx” is the transmission coefficient
given in Eq. 2.36. For all plots /g = 1. Note that the limits of w/g* differ between the
left and right columns.

As can be seen from Fig. 2.15, the approximation presented in Eq. 2.36 is certainly
valid provided that the pulse is narrow enough in frequency. In terms of the bandwidth of
the incoming photon this translates into ¢g*/o,, > 10, as transmission is effectively 1 and
the phase is nearly identical for |w/g?| < .1. This window is very narrow, however; if
w/g* < —.2 transmission becomes negligible. Additionally, it would appear that the
transmission profile from the optimal position described in this text is more square around
w/g* € [—.1,.1] than the 7 pair case. The phase of all three calculations similarly matches
well in this region. Comparing the case where there are 12 atoms to the case where there
are 100 atoms it is clear that as the number of atoms increases the phase of the photon is
modified more.

It is worth noting that this high transmission window is also dependent on the value of
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§/g?. If this ratio becomes small (say .1), the transmission window becomes incredibly
narrow. Increasing 6/¢* will broaden the transmission window, though as the photons
become more and more detuned from the atomic resonance their interaction with the atom
also becomes weaker. The most physically interesting regime is around §/g? ~ 1, as such a
choice still allows for a nonzero interaction between the atoms and photon (seen most
clearly in the fact that transmission can vary significantly in Fig. 2.15) but still maintains
high transmission.

The behavior of an array of N atoms coupled to a one dimensional waveguide studied in
this section implies that, in the adiabatic regime, the system can be made to be effectively
unidirectional, in the sense that a single photon will transmit with near-unit probability,
with a nontrivial phase added based on the number of pairs of atoms. This will become
more important when we begin analyzing this system’s ability to function as a passive,

deterministic CPHASE gate in Chapter 6.

2.5 Dipole-dipole interactions

We now consider how the transmission spectra of a single photon can be modified by
the presence of exchange- (or Forster-) type interactions [44]| between the atoms. In order

to deal with such a process, we introduce the interaction Hamiltonian

Hy = hA(leg)(ge| + |ge){eg]) (2.37)

where the term A describes the strength of the interaction and the terms |eg) and |ge)
correspond to the leftmost atom being in the excited state and the rightmost in the ground
state or vice versa. Such a Hamiltonian has been used to model the interaction between
neutral atoms [45-47] but can also describe other systems such as closely-spaced quantum
dots or superconducing circuits. We note that there was a recent paper by Cheng, Xu and
Agarwal [36] in which the authors study a model of the same form as Eq.2.37.

Additionally, Liao, Nha and Zubairy [34] recently have considered a model for the
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dipole-dipole interaction mediated by both the waveguide and non-waveguide modes. Their
model does not appear to be equivalent to the form of Eq. 2.37 but qualitatively shares
some features with our solution.

To derive the reflected and transmitted spectra of a single pair of atoms, it is most
convenient to solve the Schrédinger equation directly using the standing wave photon
modes and the atomic basis |+) = \/Li(|eg> + |ge)), as Hy is diagonal in this basis. By
moving to a new interaction picture, the final scattered state can be found in the same

manner as Kq. 2.20. This gives transmitted spectra of
£w) 1[g2(1+e—i¢d)+z’(w+6—A) G*(1—e™) +i(w+ 0+ A)
a\W) = —% - ; - ;
2L g?(1+¢%a) —i(w+d—A) (1 —e) —i(w+d+A)
1[g2(1+e—i¢d) +ilw+d—A)  g*(1—e ) +i(w+5+A)
2

| 7w

_ . 2ikpzo £
folw) = (1 + ei%a) —i(w+0— A) g?(1 —e%a) —i(w+ 6+ A) ]e J()
(2.38)
and thus a transmission coefficient of
B 4g* (A + (w + 8) cos(dg) + ¢* Sin(qbd))2> -1
Tlw,¢) = <1 N (=A% — 2Ag?sin(pg) + (w + 5)2)2 (2:39)

where ¢4 again refers to kpd, the phase acquired by a photon moving from one atom to the
next.

The presence of A here opens up a new transmission window; for any non-zero value of
A it is possible to achieve unit transmission on resonance, provided that ¢4 is chosen

appropriately. The condition on ¢4 is
A+ 6cospg+ g*singg =0 (2.40)

We note that this condition has also been derived in [36], where the transmission peak is
presented as an instance of Fano interference.

Fig. 2.16 plots T (w) for § = 0 and various values of A/g* where ¢y = — arcsin(A/g?)
has been chosen to satisfy the above condition to maximize transmission. We also plot how

T depends on ¢ at resonance (w = 0).
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Figure 2.16: The transmission coefficient 7 (w) for various A/g? as a function of w/g* with
¢ — arcsin(d/g?) (right) and ¢ with w = 0 (left). For both plots ¢ = 0.

The most striking aspect of 2.16 is that when A = ¢ and ¢4 = 37/2 (or A = —g? and
¢ = /2, if negative values of A are possible) the transmission curve becomes spectrally
flat. This means that a single photon pulse will be entirely transmitted no matter what
shape. This is, of course, only true as long as the Markovian approximation holds.
Additionally, Fig. 2.16 shows that the dependence on ¢, is fairly broad, meaning that
near-unit transmission will occur with high probability even if the spacing between atoms
does not exactly match the condition given in Eq. 2.40.

The origin of this high transmission can be thought of as an example of quantum
interference. When ¢4 = 37 /2 the incoming travelling-wave photon can be written as a
superposition of the standing wave photon modes, and will equally couple to both |+) and
|—). By also controlling A so that it cancels out the g?¢’® terms in Eq. 2.16 the coupling
and detuning to each of the standing wave modes will be identical. This leads to perfect
transmission, as the A mode is the sum of the standing wave modes, and no reflection as
the B mode is the difference of these two identical processes. The final transmitted photon

pulse has the form

< _g2+i(w+5)

fulw) = ST @ (241)

This spectrum is identical to that for a single photon scattering from an atom in a

unidirectional waveguide (where the photons are constrained so that they must propagate
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in one direction) or a standing-wave photon interacting with an atom (such as the setup
shown in Fig. 1.1), but in this context it appears in the bidirectional geometry. This result
is highly nontrivial, as it requires a second atom to work.

Furthermore, this behavior remains as the number of pairs of atoms increases. If N
atoms are arranged so that every pair of atoms is separated from each other pair by a
distance of at least several wavelengths, the exchange interaction will only occur between
the atoms in each pair. Then, using the same arguments as in Section 2.3.2, the
transmission coefficient for a photon passing through the entire system will be

o, N/2
t= ( — %) and the reflection coefficient will be rg = rp = 0 for every pair. This

leads to a transmitted spectrum of
) P+,
falw) = <— m) f(w) (2.42)
Note that the exponent is N/2, as each transmission coefficient arises from the photon
interacting with two atoms. This result suggests that by building a system with a strong
interaction, one can create unidirectional (or chiral) behavior in what would typically be a

bidirectional geometry.

2.6 Conclusions

In this chapter we explored different ways of looking at the scattering of a single photon
from an array of two level systems coupled to a one-dimensional waveguide. Following the
solution in [32], in Eq. 2.19 we presented the general transmission and reflection
coefficients for a single photon scattering from an array of N two level systems at arbitrary
positions. The most important feature of this solution is that the effect of the entire
scattering process can be accurately described by a frequency-dependent transmission and
reflection coefficient. Using this, we explored different approaches to the solution that treat
the system as an effective cavity created by atomic ‘mirrors’ and argued that these lead to

the same solution found using the method of [32].
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We also explored the transport properties of a system of one, two and N atoms. Here
we found that the presence of a second atom opened a transmission window when
tan(kpd) = —6/g*. We explored the behavior of this transmission window as the number of
pairs of atoms increased and demonstrated that a single photon will transmit with very
high probability, provided that the atoms have been arranged appropriately. We will
explore this further in Chapters 4 and 5 as we will consider whether this window enables
high transmission for two photons. Finally, we found that if one includes the effect of
dipole-dipole interactions a pair, or array, of atoms is able to transmit a photon with unit
probability while the photon acquires a nontrivial, frequency-dependent phase. Again, we
will explore this window further with two photons in Chapter 4 and in Chapter 6 will show

how it can be leveraged to construct a conditional logic gate.
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Chapter 3
Scattering of Many Photons From One Atom: Space-time Description

3.1 Introduction

In this chapter we will pursue a different approach to the problem of photon scattering
by using a spacetime description of photons. For the most part, studies of scattered
photons describe the photons in terms of a wavepacket in either a frequency or position
basis. Authors publishing works in this vein use techniques such as the S-matrix approach
[5], finding scattering eigenstates [8, 48|, input-output methods [49], Langevin equations of
motion [42], or direct integration of the Schrédinger equation [50, 51]. Here we will follow
the same procedure as the last two authors and solve the Schrodinger equation directly for
an N photon wavepacket interacting with a single two-level-emitter (TLE) at the origin.
The results and method presented in this chapter have been published in [12] and goes
beyond most other analytic treatments of multiphoton scattering, as we can accurately
describe the interaction of any number of photons with a single TLE. We also note that
our solutions appear to be identical to that derived concurrently to our work by Roulet et
al. in [11].

This chapter is organized as follows. We first demonstrate how to describe our system
in the time domain. We next present an analytic result for the scattering of an N-photon
wavepacket from a single TLE in a unidirectional waveguide. We convert the solution to a
bidirectional geometry and explore how the shape of the photon wavepacket is modified by
its interaction with a single TLE. Finally, we connect this to the work of other authors by

presenting our results in the frequency domain.

3.1.1 Introducing the time domain

The Hamiltonian presented in Eq. 2.1 is written in terms of time-dependant operators.

As such, we choose to quantize the field in terms of the A(t) and B(t) operators, which
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correspond to creating a photon at time t in either the left-going or right-going modes of
the waveguide. Formally, these connect to the frequency basis by a Fourier transform,

given in Eq. 1.7 and reproduced below for A(t).

dwe™™"a,, (3.1)

=l
a,, is the single-mode right-traveling field operator. As before, these operators satisfy
Gy, @) ,] = 6(w — w'), which leads to the commutator of [A(t), AT(')] = 6(t —t!).
We now show that this choice of basis fully describes a multimode, multiphoton
wavefunction. The positive-frequency component of the electric field operator of a

traveling-wave, multimode, one-dimensional field (defined by Eq. 1.1) can be written as
ED(r) = Se‘inT/e_Z“wa — Ee T\ A(T) (3.2)

where 7 =t &+ z/c, depending on the wave’s direction of travel, and & = \/m. We
define wr to be the central frequency of the field, and again assume that the bandwidth of
the photons is narrow enough that any dependence of £ on w is negligible.

For such a field it is well-known [52] that the probability to detect two photons at

different space-time points 71 and 7, is given by

P(r,m) o [|ED ) EQ ) | o | Am) Aoy | (33)

Recall from Chapter 1 that in general a two-photon wavepacket is given by

\/—//dwldwf wi, wp)a, al,|0) (3.4)

Provided that the two photons are in the same mode we can, without loss of generality,
assume that f (w1, ws) is symmetric in wy, ws, as photons are indistinguishable. When the
photons are in different modes f (w1, wz) may not be symmetric in w; and we. As long as
both photons are guaranteed to be travelling in the same direction we can also assume that

the integral of | f|? is equal to 1.
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With all this, the action of A(r,)A(7,) on |1) can be shown to be
A(ra) A(m) ) = V2 (70, ) 0) (35)
where

1 . -
f(tla tg) _ %//e—z(w1t1+w2t2)f(w1,w2) dwldw2 (36)

is the two-dimensional Fourier transform of f (w1, ws), the frequency distribution of the
photon wavepacket. As a result, P(7,,7) of Eq. (3.3) is directly proportional to |f(7,, 7)[*.
This allows us to interpret f(7,,7,) as an effective “two-photon wavefunction” in the time
domain.

While it is certainly true that photons do not, strictly speaking, have wavefunctions in
the Schrodinger sense (as one cannot construct a position operator for them), thinking of
Eq. 3.3 as a wavefunction is a good approximation. In all of this work we, like most
treatments of quantum optics, are tacitly working in the coulomb gauge and assuming that
the electric field is purely transverse. This allows for an effective decoupling of the field
that is produced (the photon) from its source. Additionally, this sort of description of a
photon as having a wavefunction is consistent with experimental devices, as many kinds of
photo-detectors will measure the arrival time of a photon rather than its frequency [53].
Finally, f(¢1,t2) clearly contains all the information on the state of the field, as it is
proportional to f (w1,wsq) and its square is always normalized to 1, as is required by a

probability distribution.

3.2 General scattered state for a multi-photon pulse

Here we will derive the scattered wavefunction of an N-photon Fock state interacting
with a single two-level atom in a unidirectional, or “one-sided,” waveguide, meaning that
photons will only travel in one direction. While such a system is nontrivial to create (an

example of such a atom-waveguide system is given in [21]) the mathematics describing the
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interaction are much simpler and, as will be shown, the solution is identical for the
standing-wave modes of a bidirectional, or “two-sided” waveguide.

In the interaction picture, the Hamiltonian takes the form
H = —ilig(c"A(t) — 0 Al (1)) (3.7)

where we have defined ¢ and o to be the raising and lowering operators of the atom and
A(t) to be the traveling-wave modes of the unidirectional waveguide. Note that here we
have dropped the subscript for the atom used in Eq. 2.1 (as there is only one).
Additionally, g is the frequency-independent coupling constant. In writing Eq. 3.7 we are
assuming that the central frequency of the field is equal to the atomic transition frequency
(i.e. 0 = wp —w, = 0) and that the atom is located at the origin (z=0). In Chapter 4 we
will show how to account for significant detuning between the photon and the atom in the
time domain (this has already been taken into account in Chapter 2) and in Chapter 5 we
will generalize the approach to deal with systems that are not centered at the origin.

As the atom only has two levels, the total state of the system can be given, for any
time, by 1) = ) ® |e) + |by) @ |g), where |e) and |g) represent the excited and ground
states of the atom and |¢.(t)) and |¢,4(t)) correspond to the field states. We also define the
coupling constant I' = ¢?/2 (which has dimensions of frequency) that is proportional to the
inverse of the interaction time. With this, the equations of motion from the Schrédinger

equation are

[dy(1)) = V2DAT(t)[0e(t)) (3.8)

[e(t)) = —V2LA() (1) (3.9)

In the following derivation we will assume that the atom is initially in the ground state

and |¢) is the initial photon wavefunction. We then integrate Eq. 3.8 to obtain

a0 = ) + VI [ an A A0t (3.10)
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where Eq. 3.10 is then substituted into Eq. 3.9 to obtain

t
(o) = =20 [ Al 0) - VAW (3.11)
From here we normal order the operators Af(t;)A(t) and evaluate the resulting delta
function (noting that a factor of 1/2 appears as d(t — t1) # 0 only at the upper limit of
integration). Doing so yields
t
[¥e(t)) = =T[e(t)) — 2F/ dt AT () A(t)|[ye(t)) — V2D A(H) ) (3.12)

Eq. 3.12 can be solved using an integrating factor of e'* and substituted into itself,

becoming

1he(t)) = —V2T / t dtre T A () |pr) — 2T / t dt, / " dtye " AT (1) Aty [0e (£2))
h - - (3.13)
This represents the beginning of a recursive solution that will eventually truncate after
N — 1 iterations, where N is the number of photons in [¢)7). The process leading to such a
solution is as follows; first, one must substitute Eq. 3.13 into itself. Next, one places all
photon operators in normal order using the commutator [A(t), AT(#)] = d(t — #'). If the
difference in the time indices is more than one, the term containing the delta function will
vanish due to the limits of integration.
As an example, consider substituting Eq. 3.13 into itself once. This will yield the

following expression;

t t1 to t3 R N N ~
+ 412 / dt, / dty / dts / dte V=t =ta) AT (1)) A(t)) AT (t5) A(ts) [1he(t4))
(3.14)

Normal ordering the operators A(t1)A(3) will lead to an integral of the form

t t1 to t3
/ ity / dts / dts / dt6(t1 — 1) (brs o, s, 1) (3.15)
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This can be re-written in terms of step functions as

/ dtydtydtsdty©(t — t1)O(t; — 15)O(ty — t3)O(ts — t4)d(ty — ts3) f(t1, ta, ts, ty)  (3.16)

—o0

Integrating with respect to t3 yields the step functions
Ot —11)O(t; — t2)O(ty — t1)O(t; — t4). This restricts integration to the region where the
inequality ¢t > t; >ty > t; is satisfied. This inequality will only be true at one point, where
ty = t;. As such, when the t; integral is evaluated it will yield zero and the entire term will
vanish. This cancellation will always occur provided that the time indices are separated by
more than one.

The vanishing of all delta function terms means that under the integrals the photon
operators will effectively commute. Therefore, at the k' iteration there will be k lowering
operators acting on the initial state and |¢.). Once k = N all further iterations will yield
zero as there will be more lowering operators than excitations to remove. We present the

first few terms of the iteration below.

t
et =~V [ e 0G0
t t1 to N .
(2T / it / dts / dtge*F@*tﬂe*F(trtS)AT(t2)A(t1)A(t3>|¢I>

tq
—(2I)%/2 / dt, / dts / dts t4 dts

A

Tt 1 (1) A1 (1) A1) Alt) Alt) o)+ (3.17)

The coefficient in front of the k& term is given by (2I")¥72(—1)**! and each successive

term will add an extra Af(t,)e "¢+ ~tk+1) A(t,, ). This can in turn be used to write down

|1h(t)) for an arbitrary |¢;).
We now substitute Eq. 3.17 into Eq. 3.10 and let ¢ — oo to find the scattered state of
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the photons after all interaction with the atom has ceased. This is given as
[e%¢] t1 R R
y(o)) = fun) =20 [ty [ de M A0 At )

0o t1 to t3 R N N ~
+(2I)? / dt, / dts / dts / dtye T =t2) o= Pla=ta) AT(1) AT (£5) A(ty) A(ts) [¢0r)

. ) t1 to t3 tq ts
—(21)? / dt, / dts / dts / dty | dts dte
e~ Ttmtz) o= Tlta—ta) o =Tlts—to) AT (1) AT (4) AT (£5) Ats) Ats) Ate)|ebr) + . ..

(3.18)

As we will show in the next section, this equation allows one to easily obtain the
scattered state of the photons. We also note that Eq. 3.17 and Eq. 3.18 can be used to
obtain the evolution of the excited state of the atom and the field as a function of time by
not letting ¢ — oo in Eq. 3.18, though generally obtaining such results will require
numerical integration.

Additionally, while we are not considering the case of far-detuned photons here, as we
will show in Chapters 4 and 5, if the photon is significantly detuned from resonance the
solution will have exactly the same form as presented in Eq. 3.17 but with I' = ¢*/2 — 4,
where ¢ is the frequency difference between the atom and the incoming photon. This is
also the same form as the the effective coupling and detuning of a pair of atoms described

in Section 2.4.1.

3.2.1 The single photon case

Starting with Eq. 3.18 we first consider the scattering of a single photon from a single

emitter. In this case, the initial photon state has the form

jon) = [ g A'(2)0) (3.19

with f(t) describing the space-time profile of the photon as would be measured by a

photo-detector. Substituting this into Eq. 3.18, only the first two terms survive, as all
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other terms contain two or more lowering operators. This leads to

|¢Q(OO)> = |¢[> =2 /oo dtl/l dtQQ_F(t1—t2)AT(t1)A(t2)|¢[> (320)

Evaluating this expression gives a final, scattered state of

46y(00)) = / def (1) AT (1)]0) — 21 / Tt / e T ) AT (321)

The spacetime profile f,(¢) of the scattered state of the photon, related to the overall state

by [uy(00)) = [ dtf,(t)AT()|0), is then
f,(t) = £(t) — 20Gr(1) (3.22)

where we have defined the function Gr as

Gr(t) =e / t e f () dt (3.23)

—c0
which, by the first term in Eq. 3.17 is (up to a factor of \/Z_F) the single-photon excitation
probability amplitude. The expression in Eq. 3.22 then is simply the sum of the
probability amplitude that the photon does not interact with the atom (f(¢)) with the
probability that the atom was excited. As we are working with a unidirectional waveguide
the photon is guaranteed to scatter into the same spatial mode, and this function
represents the distortion to the space-time profile caused by the interaction with the atom.
It is also worth noting that the frequency representation of this interaction is exactly

equal to Eq. 2.41, that is

L s (3.24)

I' —iw

FIf, (1) = % / " dtet (1) =

In terms of frequency, a single atom in a unidirectional geometry will add a

frequency-dependent phase but not modify the overall distribution of the photon.
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3.2.2 The two photon case

We now turn our attention to the particular case where the initial state consists of only
two photons. In terms of the space-time description previously described, [¢)7) can be

written as

[Wr) = %//dtldtzf(tl,tz)AT(tl)AT(t2)|0> (3.25)

where f(t1,t5) represents the space-time profile of the pulse as would be measured by a

photo-detector. Using this initial state in Eq. 3.18 yields
1 00 [e%S) R .
aloe)) = 5 [t [ dtafan, )10 A1 1))
00 00 to “ ~
—2\/51“/ dtl/ dtg/ dtse T270) (¢ £3) AT(t)) AT (4)|0)
') t1 ;200 ;:O - R R
+4v/2T? / dt, / dty / dts / dtye "=t o =Tlta=ta) £, 1) AT(1) AT(25)]0)  (3.26)

Here, the first term corresponds to the photons not interacting with the atom at all, the
second to only one photon interacting with the atom, and the third to the case where both
photons interact with the atom. Because of these three separate processes, we express the
final scattered space-time profile in terms of f,(¢1,t2) = f(t1,t2) + fi(t1,t2) + fo(t1,t2). For
a particular form of f, the component f(t1,t2) is easy to evaluate, as it corresponds to a
single integral. It is given by

t1 t

2
filty, ty) = —2T / dt'e TG f (4 ty) — 2T / dt' e V= f (g 1) (3.27)

This result has a physically intuitive interpretation. It represents the process in which
one of the photons does not interact with the atom while the other photon is absorbed at t’
and emitted at a later time, with the separation in time being governed by the exponential
decay rate of I.

Note that this expression is explicitly symmetric in ¢; and ¢, while the integral in Eq.

3.26 is not. We have chosen to present it this way in order to highlight the fact that the
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final wavefunction must be symmetric. Physically, this arises because the two photons are
indistinguishable, as they are travelling in the same direction and have the same
polarization. Mathematically, it arises from the ambiguity in assigning variables under
integration. As an example of what we mean, consider that the total scattered state is

given by

) = = [ i, 1) A1 (1) A1 (1))
o oy
= ﬂ/dtldtl [f(t1,ta) + fu(ty, t2) + fa(ty, t2) | AT (t1) AT(22)]0) (3.28)

As the integration is over both variables, and all variables are matched with the same A
photon mode, it is valid to assign t; = t, or to = t, when comparing the profile functions.
As both choices are valid, the final state must exhibit this ambiguity, and therefore is
symmetric in its component variables. We note also that we can force the function to be
symmetric by simply using the fact that, if f; is symmetric, then
fi(ty,ta) = 1/2<f1(t1,t2) + fl(t27t1)>'

With this in mind, we consider the third and final term in the scattered state. To write
this in a meaningful way, we first convert the integral over t3 from fzo dts to
ffooo dt30(to — t3). This allows us to extract only the functional form of fy, which can be

written (after symmetrizing the function) in terms of f; as

to

folti, ts) = —TO(t; —t5) / ! e PG £ (ty, ) dt' — TO(ty — 1) / e Tt £ (1)t dt!
: ' (3.29)
As also described in [11], the form of f; arises from the fact that two photons cannot be
absorbed at the same time by a system with only one excited state. To see how, consider
the first term multiplied by ©(¢; — t3): this step function ensures that ¢; > t5. fo then
represents the process where one photon is absorbed and emitted at t5, shown by the
function f(t2,t"). At a time ¢’ > t5 (enforced by the limits on the integral) a second
photon is absorbed and is re-emitted at time ;.

We now consider a particular class of initial states; when the photons are identical and
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initially uncorrelated so that f(¢1,t2) = f(t1)f(t2). With this, the above result for f,(t;,t2)

reduces to the relatively compact form of

Fltr,ts) = ( F(t) — ZFGF(t1)> < F(ts) — 2FGp(t2)> _4r2e Tt G2 (g ) (3.30)

where t_ is the smallest of t1,%5. To derive this we performed an integration by parts in
Eq. 3.29 using u = O(ty — t3) and v = fzo dt'O(t; — t)e "=t f(ty ,). Simplifying the
result and symmetrizing the final solution yields the above form of Eq. 3.30.

The first term in Eq. 3.30 is explicitly factorizable, meaning here that the wavepackets
of the two photons can be written as a product of the form |¢)) ® |¢). Practically, in this
formalism it means that the wavefunction can be written as a product of functions of the
form f(t1)f(t2). It is important to note here that the function f(t) —2I'Gr(t) is exactly the
scattered state of a single photon, and the whole product state represents the two photons
interacting with the atom independently of one another.

The second term is a time- (or frequency-) entangled state. This has been described in
other literature as well, being called a “bound” state in [5] and a “nonlinear” term in [50].
The origin of the terminology of bound state is that, while the photons are travelling in the
same direction, the probability to detect both photons is limited by e~Tl®1=%2l. This would
lead to an exponential decay in the probability to detect two photons separated by a
spacetime distance 7 =t — z/c, just as what would be expected in the bound state found in
materials.

There has been a decent amount of research on two-photon bound states in different
systems [45, 54, 55] along with a recent experimental demonstration [56]. We will not use
the terminology of a bound state, however, as we will show that photons traveling in
opposite directions can also have their detection times correlated by the same function.
This is an entanglement effect and we will refer to it as such in the rest of our work,

defining the function

font (t1,10) = —AD2 e T=0IG2 (1 ) (3.31)
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to represent the entangled component of the photons.

This entanglement ultimately arises from the inherent nonlinearity of the two level
emitter, that only one photon can be absorbed at a time. The particular form of fo
suggests, however, that it also can be explained as an example of stimulated emission or
stimulated absorption. As Gr(t) is evaluated twice at the same time argument, it suggests
that the photons are only entangled when they excite the atom essentially simultaneously
at the earlier of the two times t; and t5. They can be detected at different times due to the
finite lifetime of 1/I" of the excited state providing some uncertainty as to when they are
emitted.

Additionally, we point out that one can view the two-photon state described by 3.31 as
an example of the time-entangled states considered by Franson [57]. Such states are in turn
similar to the Einstein-Podolsky-Rosen entangled states [58], where the properties that
become well-defined here (provided that I' — 00) are the energy given by w; + wq (see Eq.

3.56 for details) and the separation in emission times t; — ts.

3.2.3 Higher photon numbers and extensions

The solution in Eq. 3.18 is not limited to two photons; the recursive formalism can
clearly be continued N times to deal with a different |¢);). As this continues, the expression
quickly becomes cumbersome. As such, for clarity we will focus on states of N photons

that are factorizable. These are essentially multimode Fock states and are defined by

M=/ dtf(t)fiw))N 0) (3:32)

|N') has the property that A(t)|N) = v/N f()|N — 1), just as one would expect for a
Fock state. Unfortunately, it is not true that AT|N) = /N + 1f(t)|N 4 1). Using this
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particular state, we re-write Eq. 3.18 below.
lthg(c0)) = |N) — QFJN/Z dt,Gr(t)) AT (t)|N — 1)
R /NN = 1) /_ Z it /_ : dts (Gr(11) — O G (1)) Gr (1) AT (1) AT 1)V —2)
@D}/ NN — 1)(N —2) /OO dt, /tl dts /tz dts (Gr(n)

—e TG (1) ) (Gr(ta) — e TG (ty) ) Gr(ts) AT (0) AN (12) AT (1) [N = 3) + ... (3.33)

With this, one can directly write the final state for any initial |N). We present an
explicit form for N = 3 in Eq. 3.34. Care must be taken to symmetrize the state properly

and, for brevity, we choose to leave our expression in the raw, asymmetric form.

3

—2TGr(t:) — (21)% ) f(t)e” "G (min(t;, tx))
z:l =1

Iy a[e D2 15) G (1) G (1) — e Y9G (1) G2(83)

:joo

t17t27t3

+ e TG (1)Gr(13)] ©(t1 — 12)0(t2 — ts) (3.31)

In this expression, the first two terms clearly relate to the N = 2 case. The first arises
from three independent single-photon interactions, similar to the first term of Eq. 3.30.
The second gives the case where two photons interact with the atom and become entangled
as described by Eq. 3.31, while the third photon is a “spectator” and does not become
entangled. The final term describes the entanglement between all three photons produced
by the nonlinear nature of the emitter constraining the absorption times of each individual

photon.

3.3 Extending the two-photon solution to a bidirectional geometry

3.3.1 General formalism

We now return to studying the case of an incident two-photon, symmetric pulse, but
now consider a two-level-emitter coupled to both left- and right-traveling wave modes in a

waveguide. As such, we again map the operators fl(t) and B (t) to the different directions
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of propagation. As in Eq. 3.7, we will assume that the atom is at the origin. With these

two modes, the Hamiltonian becomes

H = —ihgo, (A(t) + B(t)) +ihgo_ (/U(t) + E’T(t)> (3.35)
By defining the time-domain standing wave operators C/(t) = \/LE (fl(t) +B (t)) and
D(t) = \%(A(t) - B(t)) (see Section 1.2.1 for more details on how to access the standing

wave modes) the Hamiltonian becomes
H = —ihgV2 (o—+é(t) . J_C’T(t)> (3.36)

which is exactly the same in form as Eq. 3.7, excepting the factor of v/2. As a result, by
defining I' = ¢? in the bidirectional geometry and writing a traveling field in terms of
standing wave modes, we can use the same general solution derived in Eq. 3.18, except
with A being replaced by C.

With both directions of propagation being considered, a general wavepacket describing

an identical set of M left-traveling photons and N right-traveling photons is given by

o) = M8 =~ (| dtf(t)/”(t))M< / dtf<t>é*<t>)N|o,o> (3.37)

where again f(t) describes the spacetime profile of the pulse, connected to the pulse’s

spectrum by f(w) = \/Lz? [ dtf(t)e™". For future reference, we also note that the action of

~

C(t) on such a state is given by

C()|M, N) = @(mw_ 1,N) + VN|M,N — 1>> (3.38)

V2
3.3.2 Two photons arriving from the same direction (M =2, N = 0)

We first consider the case where the two photons are initially travelling to the right,

which in terms of Eq. 3.37 is given by |1;) = |2,0). By replacing the A(t) operators in Eq.
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3.18 with C (t) operators and substituting this state into the equation we arrive at

o0

[4y(c0)) = [2,0) — 2T / dGr(£)C (£)[1,0)

[e.e]

+2v/21? / T / t dt'Gr(t)[Gr(t) — " CDG()CT(H)CT()]0,0)  (3.39)

for the final scattered state in terms of Gr defined in Eq. 3.23.

From here, we convert the standing wave C' operators back into traveling wave modes A
and B and collect the terms into the component where both photons are transmitted
(fas,0), Where both photons are reflected (fy,,), and the “split” part where the photons end

up in different modes ( fepit, ,)- The corresponding spacetime probability amplitudes are

Jazo(t1,t2) = (f(t1) = DGr(t1)) (f(t2) — PGr(ts)) + ;Lfent(tlth)
Finot1,12) = T2Gr(0)Gr(t2) + § feeltr, 1)

fplity o (t1,2) = —\/§F(f(t1) —I'Gr(t1))Gr(t2) + ?fent(tla t2) (3.40)

Here we note that fq,, and f,, are explicitly symmetric but fept, , s asymmetric, as
the operator product Af(t;)B(t,) represents distinguishable modes and the reflected
photon (indexed by t5) may have a different shape than the transmitted one. This
component also has an extra factor of v/2 due to the fact that it contains one photon in
each mode, and thus has a different normalization than the states with both photons
co-propagating (see Eq. 3.37 for the factors).

It turns out that the Fourier transform of f(t;) — I'Gp(t;) is t(w) f(w) = —i=2— f(w)

I'—iw

and the Fourier transform of —I'2Gr(t;) is r(w) f(w) = —=— f(w). These are identical to

I'—iw

the reflection and transmission coefficients defined in Eq. 2.21 for a single photon and
single atom, provided that the atom is at the origin (z = 0) and the photons are on
resonance (0 = 0). With this, the form of the wavefunction in Eq. 3.40 make intuitive
sense; the function f,,, consists of a term that gives the probability amplitude of both
photons being transmitted and the entanglement generated by their interaction with the

atom. Similarly, fy,, gives the result for both photons being reflected and being entangled
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by the atom. Finally fous, , describes one photon being transmitted and one being
reflected. We also point out that the entangled term f.,, appears in all three possible
outcomes. This is most interesting in the “split” case, as the two photons can be measured
at far separated points in space yet still have their detection times correlated.

Next, we present results for the properties of the scattered state. We will use two

different wavepackets. One is a Gaussian defined by

f(t) = T;\/Q_e‘tz/m (3.41)
e

For this pulse the function Gr(t)

f VT T2 e~ (erf(ziT —FT) + 1) (3.42)

The other pulse shape we will consider is a smooth “square” (or “flat-top”) pulse

defined by

f(t) = (erf[a(t —to)] —erfa(t — T — to)]) (3.43)

1
VN

where the normalization factor N is

. 1 2 7(127-2/ CLT
N = a\/; (e 2 - 1) + T erf <E) (3.44)

For this pulse, a (which will be 1 in what follows) describes the rate at which the pulse
rises and 7 describes the pulse’s approximate width. To more fairly compare the two
pulses we use the standard deviation as our measure of pulse width. For the Gaussian
pulse, the standard deviation is simply o, = T" whereas for the “flat-top” pulse it is given
by oy = [ [ dtf(t)¢?] V2 For T greater than about .5 this has the approximate form of
oy ~ 0.2837 — 0.098. As will be shown, using this to define a dimensionless coupling
parameter 'y and dimensionless time variable ¢; /0, yields comparable results when

comparing the two pulses.
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The function Gr for the flat top pulse has the analytic form

¢ r
r
_ Fato+T)/4a® o p (2_ —at + tg) ) (3.45)
a

Regardless of the shape of the pulse, each of the functions in Eq. 3.40 gives the overall
probability of the respective scattering process. Fig. 3.1 describes the probabilities of each

process, plotted as a function of the dimensionless coupling ['oy.

1.0

0.8

F(Tr

Figure 3.1: The probabilities to find the two photons in the right-traveling modes, left-
traveling modes, or one left and one right mode, after interacting with the atom, as a
function of I'o; for the Gaussian pulse (solid line) and the flat top pulse (dashed line).

As can be seen, for large enough coupling (or equivalently a long enough pulse
duration) it becomes overwhelmingly likely that both photons will be reflected. In the
intermediate regime there is a maximum probability of .669 for the two photons to be split
equally among the two directions of the waveguide. If the coupling is small or the pulse is
short, photons are transmitted with probability approaching one.

We will also consider the specific way the pulses change shape as a result of their
interaction with the atom by looking at the photon detection probabilities given by | fa, 2,

| foool?s and | foprie, ,|*. We first consider the modification of a Gaussian pulse as shown in
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Fig. 3.2. As can be seen, for small enough I'T" the transmitted and split scattering events
display a relatively large component delayed in time. For the split case, this delayed
component is primarily in the reflected photon. As I'T" increases (corresponding to a longer
pulse or stronger coupling) the delay becomes much less significant. In this limit, the
detection probability of the two reflected photons increases and is symmetrically delayed
relative to the initial pulse while the other two distributions become much narrower. When
I'T is very large the transmitted and split possibilities have very strongly bunched peaks
corresponding primarily to the presence of fo,; in each of the states. The reflected
component strongly resembles the original pulse, but is missing a “slice” in the middle,
which indicates it is antibunched as fy, ,(7,7) = 0. This ‘missing’ component arises from
destructive interference between the components of the state.

We also plot the detection probabilities for the flat-top pulse in Fig. 3.3. While the
results for this initial pulse shape are similar to those seen in Fig. 3.2, the fact that it has
sharp edges leads to some differences. Aspects of the functions, such as those appearing in
Fig. 3.2d, are now at the trailing edge of the flat top pulse (see Fig. 3.3a or 3.3d).
Additionally, Fig. 3.3g shows a tendency to find the reflected photons to be detected near
the edges of the pulse, while Figs. 3.3h and 3.3k demonstrate that it is possible to find the
transmitted photon inside and the reflected photon near the edge of the pulse. (These

results are similar to the “edge effects” predicted for sharp square pulses in [50].)
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Figure 3.2: Detection probabilities for both photons being found in the A mode (both
transmitted, leftmost column), B mode (both reflected, rightmost column), or one in each
(middle column). I'T is as labeled. The dotted circle gives the shape of the initial Gaussian
pulse.

60



Figure 3.3: The same as for figure 6, but for a smooth square pulse. Note that the dotted
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3.3.3 Two photons arriving from opposite directions (M =1, N = 1)

We also turn our attention to consider a pulse in which one photon comes from the

right and another from the left. We can express this initial state as

11 = /OO dty /OO dtz f(tl)f(tz)AT(tl)éT(tQ)|O,O)
_ %/: dt, /_: dts (1) (1) (C1(1)C (1) = DY) DI (12)) 0,0)  (3.46)

As there are no cross-terms, this is relatively straightforward to evaluate: the final
result will involve the equivalent unidirectional result presented in Eq. 3.30 on the
component with ¢ modes and will leave the D mode component unchanged. In terms of

traveling-wave modes, this leads to the solution of

far, (t1,t2) = fo, 4 (t1, t2) —\}§<—FGF(t1)(f(t2) —TGr(t2))

— (J(t) = TGr())TGr(t2) + 3 fom(11,12))
Faptity, (t1,12) =(f(t1) — TGr(t1)) (f(t2) — TGr(t2)) + T*Gr(t1)Gr(t2) + %fent(tl7t2)

(3.47)

By comparing this with Eq. 3.40 one can see that the case when the two photons leave
in the same direction can be expressed as a sum of the two “split” processes in Eq. 3.40.
This makes physical sense, because for the two photons to be found in the same mode one
must be transmitted, one must be reflected, and both processes are indistinguishable. In
the same way the “split” case is the sum of the outcomes in Eq. 3.40 in which both
photons are transmitted or both photons are reflected. These observations are perhaps
easier to see by comparison with the frequency mode results, as shown in Eq. 3.59 the end
of this chapter.

We note that the addition of these processes occurs at the level of the probability
amplitudes so the actual probabilities of each event are not additive. This fact plays out in
Fig. 3.4, which details the likelihood of each event calculated using Eq. 3.47, where the

split mode probability is not simply equal to the sum of the other events.
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Figure 3.4: The probabilities of the various scattering possibilities for the initial state of Eq.
3.46 plotted as a function of I'o; for the Gaussian pulse (solid line) and the flat top pulse
(dashed line). Note that the probabilities for the two photons to end in the left and right
modes are equal and thus on top of one another in this plot.

Here we see that for both large and small I'o; the most probable event is that one
photon remains travelling in each direction. The peak probability for two photons to leave
in the same direction occurs at I'T" = .586 (for the Gaussian pulse) with a value of .444 for
each of f,,, or fy , or .888 in total. It is interesting that while a single TLE can act like a
mirror on resonance (in the sense that it will reflect both photons) it does not act as a
perfect 50 — 50 beamsplitter when the photons are incident from different directions. Such
a beamsplitter would scatter both photons in the same direction due to the
Hong-Ou-Mandel effect [59]. We note that Roulet et al. have shown that this kind of ideal
beamsplitter behavior is, in fact, exhibited for this system when the photon is detuned a
particular amount from the atomic resonance [60]. Finally, as before, the probability of
each event is similar regardless of the initial state of the pulses.

Just as for the co-propagating photons, we consider how the shape of the photon
wavepacket is modified by its interaction with the atom. Fig. 3.5 shows the two-photon

detection probabilities for a Gaussian pulse and Fig. 3.6 gives the same for a flat-top pulse.
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Figure 3.5: Detection probabilities for both photons being found in the A mode (both
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Figure 3.6: The same as for figure 11, but for the flat-top pulse described in the text
that the dotted square corresponds to the area of the initial pulse in all images.

. Note

Considering first the Gaussian pulse in Fig. 3.5, we can see that the pulse is modified in

a way similar to the M =2, N = 0 case. The primary difference is that the shapes have

flipped between the split case and the other two. When the dimensionless coupling is
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the split pulse is effectively just the input state. As I'o; increases the two-reflected or
two-transmitted events become more likely while the shape of the split pulse is similar to
that in Fig. 3.2d. When I'o; is large the co-propagating events are again highly bunched
and the split case is antibunched, though in this case fsphtl’l(T, 7) # 0. The results for the
flat-top pulse again have the same edge effects but exhibit essentially the same behavior as

the Gaussian results.

3.3.4 Adiabatic approximation

By moving to the adiabatic limit, specifically when I'o, is large, we can greatly simplify
the above expressions. Physically, this limit corresponds to strong coupling (fast atomic
process) or a long pulse duration (large o). In general, Gr(t) can be written in terms of
derivatives of f(t) by integrating Eq. 3.23 by parts with dv = ™' dt' and v = f*)(¢). This

leads to the following series:

Gr(t) ~ T FO(t) (3.48)
k=0

For a simple pulse, like the Gaussian, we expect that each derivative with respect to t
will pull out a factor of 1/0; so that the k™ term will effectively be multiplied by 1/(Ta;)*.
In the strong coupling regime, then, we can neglect the higher order terms. Choosing to

keep only up to k =1 we get

f@) 1@

t
t) ~ —= — 4
With this, the entangled term of Eq. 3.31 becomes
2f'(t
fens(t1, t2) = Af (to)e TI—te] (% —f (t<)) (3.50)

66



For the M =2, N = 0 case we can express Eqs. (3.40) as

ent(f1,1
Fazo (ty,ts) ~ M

4
ol 1) & F(10) (1) — L) JEITAE) | Jenll )
Foptity o (t1,2) & S (tl)lf () | J e“t(ff’tg) (3.51)

From this expression it is clear that when I' becomes large the entangled component of
the wavefunction is responsible for the strong bunching effect in the transmitted and split
modes, to the point where Figs. 3.2j,k and 3.3j,k effectively consist only of the two photon
detection probability associated with this component of the wavefunction. In principle,
then, it is possible to isolate this highly entangled photon state by post-selecting events in
which both photons are detected in the transmitted modes.

Eq. 3.51 also shows how the reflected modes very closely replicate the initial pulse, as
the first term is simply the input spectrum and the other factors coming from the
entangled component will be small when I is large. This contribution from the entangled
state is the slice “missing” from the pulse in Fig. 3.21 and 3.3l. Additionally, from looking
at the form of fy,, in Eq. 3.51, it is clear that regardless of how large I" becomes the pulse
will always be maximally antibunched (fy,, = 0) when #; = t5, though the width of this
slice becomes smaller as I' becomes larger.

In the same way, for M = 1, N = 1 we have the following approximate form for Eq.

3.47:
_ L f)f () fUE)f(f) | fen(ti,ta)
fal,l(t17t2) - fbl,l (t17t2) ~ E T T + 2
fsphtl’l(tl’@) ~ f(t1) f(ts) — f(tl)lf (t2) _ f(t2>ff (t1) I fent(1;1,t2) (3.52)

Here the bound state dominates the co-propagating modes and the split mode
reproduces the initial state with some of the state removed at t; = t5. Note here that
because there is a factor of % instead of i on the fo term, fsphtly 1(751, t9) is prevented from

going to zero at t; = 5.
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3.4 Frequency-domain results

In this section we show how the result presented in Eq. 3.18 for the output spacetime
pulse can be written in terms of a frequency wavepacket as presented by other authors.
Starting with the unidirectional solution and taking the double Fourier transform over both

time indices leads to the final spectrum of

Fonlinsin) = Fn —or[Lee) , Mooy, AL o)
e L R
where f(w,, wpy) = o [ dtydtse™t itz f(1, t5). In terms of the single photon
transmission and reflection coefficients defined in Eq. 2.21
tw:_I’ﬁuiw Tw:_I’—Fiw (3.54)

Eq. 3.53 becomes

funi(wla w?) :f(wla WQ)(TQH + tw1)(’rw2 + tw2)

22 1 1 ] dwadwa(wa, wp)0 (W + Wy — Wa — wp),
. . (3.55)
(T — iwe ) (T — dwy)

T I'—w;  I''—iwe
Studying the integral component of Eq. 3.55 it becomes clear that in terms of

frequencies, the nonliterary of the two level system can be understood as a consequence of
energy conservation. Due to the uncertainty in arrival times of the photons, is is possible
for them to both be absorbed and re-emitted at virtually the same time. When this
happens, the delta function §(w; + wy — w, — wy) constrains the energy of the process such
that the sum of the incoming frequencies w, + wp must equal the sum of the outgoing
frequencies w; + wo. In principle any mapping of w,, w, — w1, ws is valid, provided that the
delta function is satisfied. This process is constrained by the bandwidth of f(¢), but will
still introduce significant distortions to the pulse because, while it conserves energy, it does

not preserve the energy of each individual photon and thus causes them to become
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spectrally entangled.
Eq. 3.55 is general for any sort of two-photon input state. If, instead, the state is
separable (f(wq,ws) = f(wa)f(wy)) the last term in (3.53) can be expressed as a

convolution:

funi(wlvc‘)?) = f(wl)f(w2)(rw1 + tw1)<TW2 + th)

212 1 1 f(w1+wQ) f(w1+w2)
-l | (o) ()| oo

where the * gives the convolution between the functions inside the parentheses. This

notation is meant to suggest that the result of the convolution is a function of wy + ws.
Note also that this convolution term is the Fourier transform of the entangled component
of the photon state.

In the bidirectional waveguide, Eq. 3.40 (an initial state of |2,0)) has a spectral

representation of

o @1, 92) = et Fn) F @) + LFom(n, )

Frao (01, 02) = Fon oy F (1) F(@2) + = o (w1, 2)

4
fsplitzo (W17W2> - tw1rw2f(w1)f(w2) + ifent(wth) (357)
where
. oo 1 f(wr + ws) flwi +ws)
fent(whw?) - m LI — 4w + r— iw2:| [((F — i(w1 + u@))) i ((F — i(wl + QJQ)))]
(3.58)

As can be seen, the ordering of the reflection and transmission coefficients exactly
matches which process must occur for photons to arrive in each of the final scattered
possibilities. We note that the equations as presented here have the same form as Eq. 22 in

8]-
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For two pulses coming from opposite directions, we have

falyl(wlau}Q) = f~b171 (W17W2) = %((Twl wy T rwz w1)f( )f(WQ) + 1fNent(WhWQ))

Foptity (W1, 02) = (Fuoy Ty + tugtun ) f(w1) fw2) + 1fem(w1,w2) (3.59)

which again has the appropriate reflection and transmission coefficients to match the
scattering processes involved.
Finally, we present the explicit form of fuy for both the Gaussian and flat-top pulses

used above. For the Gaussian pulse we have

) AT 2 | .
fent = — (1) +wi +w2) ((—1+1) Hwi +w2) T erfc |:

T = i) — i) VA +w2))}

(3.60)
And for the flat-top pulse the entangled component in the spectral domain is

2F67(w1 +wo) (2T +w1 +wa—4ia®to) /4a?

fent(wla W2) = WN(F

ol?/20° o T(wiws) o rfe w
_iW1)(F—iw2)(F—i(w1 +w2)) [ ((1+ + )e fi [ ]

—eTerfe [2a2T T2~ i F WQ)] 4+ e TTHIT(wi+ws) (erfc[2a2T — 2 + (w1 + w2)
2v2a 2v/2a
Q0w wp)eltnte il [ (QGQT — (W +ws )
w1 + wo 2v/2a
—e'T(witw2)opf <2a27' il + w2)) +1 (1 + eiT(m+wz)) w1 + wz
2v2a 2\[(1
(3.61)

3.5 Conclusions

In this chapter we presented a technique to solve for the evolution of a quantized,
multimode field interacting with a two-level-emitter in a one-dimensional waveguide. We
studied in detail the scattered state of a two photon pulse and showed how the single
photon reflection and transmission coefficients appear in this state. Additionally, we have
shown how the “unidirectional” and “bidirectional” waveguides can be related to one
another for a single emitter. Finally we considered two specific input spectra and explored

how interaction with the emitter changes the spacetime profile of the output photons.
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Perhaps the most important conclusion from this chapter is that a two level system
functions as a nonlinear element, but that this nonliterary introduces a significant
distortion to the spacetime profile (and thus the spectrum) of the photons by bunching
them in time or entangling their individual spectra. This is the effect described in [19]
which poses a problem for using photons as carriers of quantum information, as after each
interaction with a quantum gate the photons will become more and more distorted and it
will become harder to predict exactly when they will arrive at a particular gate.
Additionally, this distortion changes how they will interfere and, depending on the

magnitude of the distortion, can destroy the gate operation.
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Chapter 4
Scattering of Two Photons From Two Atoms

4.1 Introduction

In this chapter we will extend our results for a two photon pulse interacting with a
single two level emitter (TLE) to deal with the scattering of a two photon pulse from two
interacting emitters. We will show how to apply the Markovian approximation detailed in
Chapter 2 to the time domain solution presented in Chapter 3. Finally, we will explore the
transmission properties of the system and especially explore whether the conditions of high
transmission for single photons derived in Chapter 2 persist for two photons. Finally, we
note that the derivation of the final two-photon scattered state will rely heavily on the
standing wave modes introduced in Section 1.2.1. Most of the material in this chapter was

published in [37], though here we present a more detailed derivation of the solution.

4.2 Hamiltonian and setup

In terms of the variables given in Chapter 2 the atom-field interaction-picture

Hamiltonian we will be using is given below as

Hy = hg [él(t)e‘wt(leg><gg| + lee)(ge]) + pe™ (|ge) (gg| + |66><egl)} +HC.  (4.1)

where the operators qgj are again a superposition of the left and right traveling modes

~

O5(t) = e*rIA(t — z5/e) + eI B(t + 25 /) (4.2)

Here |eg) represents the atomic state when the leftmost atom is excited and the
rightmost is in the ground state, |ge) represents when the rightmost atom is excited and
the leftmost is in the ground state, |ee) represents when both atoms are excited, and |gg)
represents when both atoms are in their ground state. As there are only two atoms, we
have chosen to label each possible state individually rather than writing the atomic

operators as U;[ and o; as was done in Eq. 2.1 and Eq. 3.7. In this chapter we will be
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assuming that z; = —d/2 and z; = d/2 so that d represents the separation between the
atoms and that they are centered at the origin.

Additionally, we will also be using a Hamiltonian of the form

Hy = 1A (leg)gel -+ gedeg|) + hBlec)ee] (4.3)

to describe the interaction between the two atoms. Here the term containing A is the same
exchange- (or Forster-) type interaction presented in Eq. 2.37. The term proportional to 3
gives a detuning of the doubly excited state (when both atoms are excited) due to a Van
der Walls interaction such as would be seen in two close Rydberg atoms.

At this point it is convenient to introduce the atomic superposition states and photon

operators

_ |eg) £ |ge) PGETX0
V2 S

We note that the atomic |£) states are orthogonal and [gz@i(ti), ngIF(t])] = 0. Using the

|£) (4.4)

commutator from Chapter 2 for éj we can show that
With these definitions, the Hamiltonian can be written as

H = hge ™ (<5+(t)|+>(gg| + 6 ()]ee) (+ + o-(8) =) {99l — %—(t)\%)(—I) +H.C.

FRA(|4)(+] = [=)(=1) + BBlec)(ee| ~ (4.6)

As the interaction component from Hj is independent of time and diagonal in the atomic
|£) basis, we move to a second interaction picture with

Hy = hA(H—)(H - |—>(—|> + hf)ee)(ee|]. With this, we can write
€110 = 9g)(gg| + €|+ )(+| + e =) (= + € ee) (ee] (4.7)

and, further defining 0+ = § F A and ¢/, = § £ A — 3, the transformed Hamiltonian (given
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by et/hHo ffe=i#/M0) hecomes

H = g (4()e™ " ee) (+]+ D (e 4+ (99| + d—(t)e ™" =) {gg| ~ b (t)e™ " ee)(~|) + H.C.

4.2.1 Solution and Markovian approximation

We now solve the Schrodinger equation. We will write the total state by

[0(1) = |theg (1)) @ 199) + |[1(1)) @ |+) + [ (1)) @ [=) + [thee(t)) @ |ee)  (4.9)

where each component is separated by the number of photons in the state. Note that in

this derivation we will be only considering initial states with two photons, though the

process can be applied to deal with N photons in the same way as presented in Chapter 3.
Using this notation, we arrive at the following equations of motion for the field

components of the system.

[aa) = —ig (& (e ey + 61 () |u-) ) (4.10a)
1) = —ig (&1 (e tbyg) + BL (D)™ 1)) (4.10b)

) = —ig (6 (e ubyg) — L (et} (4.100)
rwee>:—z'g(¢ (e ™ o) = 6 (D)) ) (4.10d)

For compactness, in what follows we will re-define the <;3+ and 95, operators to include

the exponential detuning terms so that

~ ~

¢+(ti)€_i6+ti — ¢E+,z’ ¢2+(ti) B ¢+z QB—(tz)e_us b O Qg—(ti)e_w*ti - 45/—,1‘

(4.11)

Next we formally integrate |1),,), yielding

a0 = o) — g [ (S alaten)) + 610 (10) (412)

We substitute this equation into the equations for ¢ (¢)) and [)_(¢)) and normal order
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the operators. Doing so and evaluating all the delta functions produced by commuting
gzg+,t¢gi71 and QAﬁ,7tng§Ll leads to the differential equations
[+ (1)) + @[ (1)) + g T e (b — d) ) =

t

—ig¢3+,t|wz> - igéi,t‘@bee(t)) — 92/ dty (éijé-&-,t’wﬂ-(tl» + ¢2171¢3+,t‘¢—(t1)>> (4.13a)

[ (1) + gl (1)) — gPe™ ey (t — dfe)) =
t

—igd—ilr) +igd" i[iee(t)) — o / _dh (B ad-al (t)) + 6L 10w (1)) (4.13b)

Note that there is no |14 (t 4+ d/c)) term, as the delta function is evaluated at a point
beyond the limits of integration (the integral over dt; is over [—oo,?] but the delta function
is defined for the point ¢; =t + d/c). Egs. 4.13a and 4.13b represent delay differential
equations that account for the time it takes for a photon to travel between atoms. These
are incredibly difficult to solve exactly, however, and are similar to Eq. 2.8. Fortunately, if
we make the Markovian approximation we can remove the time shift. This will be valid as
long as the timescale of the pulse is much much larger than the shift in time.

In Section 2.4 we demonstrated that the Markovian approximation works well provided
that o,d/c is small. This translates to a temporal pulse width of the order of o, ~ 1/0,,.
Then a pulse with frequency bandwidth on the order of a GHz will have a temporal width
on the order of a few nanoseconds. This is certainly an achievable result; this is typically
the timescale of atomic processes. If the atoms are separated on the order of a few um, d/c
will be on the order of 10~!*s, which represents a negligible shift compared to the duration
and thus can safely be ignored.

ikpd—idzd/c by assuming that terms on the order of

We will also simplify the phase term e
d/c will be too small to contribute. This is justified by the same scaling argument used in
the Markovian approximation. Realistically, both § and A will not likely be larger than a

few GHz or so. Values for the detunings caused by doubly excited atom-atom dipole energy

shifts () will be on the order of 10m MHz ([61]) or 50 Mhz ([62]). As this term is often
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larger than A, we can safely say that multiplying these terms by d/c will lead to a
negligible contribution in realistic system. If 1 is on the order of 1 GHz, we would have
S+d/c~ 107° and thus ?+%¢ ~ 1.

With this approximation Eqs. 4.13a and 4.13b become

04 (8)) + g2 (1 + e®r Y)Y [ (1)) = —igda o|tor) — gL e (t))

g [t (bl ) 4 61 v ) (114a)
[9-(0)) + 62 (1= €*r0) g (1)) = —igh_libr) + igd )
~¢ [ an(8 sl (w)) + 6 ol (0))) (414b)

We can formally integrate these first-order differential equations by using the
integrating factor gy = g*(1 £ e*7%/) to obtain

[ (1)) = —ig / dtye oG, L) — ig / dye= G 1 (1))

—0o0 o0

—g2/ dtle_g+(t_t1)/ dts (Qgi,2¢§+,1|¢+(t2>>+€5T7,2€5+,1|1/1—(t2)>> (4.15a)

—o0 —0o0
t

Y- (1)) = —ig / dtre™9- g pr) + ig / dtye =TT e (t1))

—0o0 —0o0

¢ [ ane ) [ (3 pboafen () + 6 oo @) (415D

Next, we substitute Eq. 4.15a and Eq. 4.15b into themselves. Ideally, only the first
term containing the initial photon state would contribute leading to a truncating series.
Provided that the system is Markovian and the pulse duration, oy, is much greater than
d/c this is what happens. To demonstrate how, consider one of the terms after Eq. 4.15a is

substituted into itself:

t t1 to t3 ~ ~ ~ ~
/ dt, / dts / dts / diyemor =t =Gry (ot gt 4 Gt 3 (1)) (4.16)

This can be re-written as a four-dimensional integral with limits of +c0 in terms of step
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functions.

/ h dtydtadtsdts©(t—11)O (t1—t2)O(ta—t3)O (t3—ty)e 9+ T27Cro =t gl 6, G 1y alvs (ta))
- (4.17)

Normal ordering the operators yields three delta function terms, 25(t; — ty),

e thrd=id+ (=t 5t — 1, —d/c), and e*Frd=+ti—t)5t —t, — d/c).

The first of these, 20(¢; — t4), is nested too deep and will only be nonzero at one point
in the same manner as shown in Chapter 3. This arises from the fact that the integrals
constrain the variables to be t; > ty > t3 > t4, but the delta function causes t, = t;. Here
the t3 integral is then only nonzero at one point, when t3 = t5 = t; at the upper limit, and
thus the integral is zero.

The last term, e*rd=i+(ti=t)§(t, —t, — d/c) is also zero, as the delta function is only
satisfied for ¢4 = t; 4+ d/c but the integral ordering again constrains t4 < t.

The middle term does provide a nonzero contribution. In the absence of the Markovian
approximation this term would prevent a truncating series from being possible to obtain.
Within the Markovian approximation, it will contribute very little to the overall solution
and therefore can be ignored. This delta function constrains the time variables so that
t1 >ty > t3 > t; —d/c. In terms of ¢;, then, the maximum limits of integration of the ¢3
integral are [t; — d/c,t1]. This represents a vanishingly small component of the
wavefunction as compared to the overall time scale of the pulse.

The net effect of this is that for any operators with time indices ¢; and ¢;, when
J — 1> 1 the operators effectively commute. This effect can be derived in a simpler way by
noting that applying the Markovian approximation means approximating delay functions
as f(t+d/c) ~ f(t). We did not make this approximation to the commutator of ¢, and
QAS_ (Eq. 4.5) initially, however, because the time ordering of the integrals causes any delta
function of the form §(¢; — t; + d/c) to evaluate to zero. Had we made a Markovian
approximation to all terms of Eq. 4.5, the solution would include the unphysical scenario

where the future state of the system could affect the present state.
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In the context of the time ordered integrals, we now define effective commutators for q§+

and ¢_ in the Markovian regime that only include the first two terms of Eq. 4.5.

[D=(t:), DL (t)] ~ 2(1 £ *r9)5(t; — t) (4.18)

Now, when we substitute Eq. 4.15a and 4.15b into themselves only the first integral
contributes. This follows from the fact that |i).) have only one photon each, and [i)..) has

none. One then arrives at

t

W (t)) = —ig / dt e+ |r) — ig / dt1e 0 TG Y (1))

t t1 to o
+i93/ dtl/ dtQ/ 6_g+(t_t1)[€_g+(t2_t3)¢ 2Or 105+ e TGN 6o 5 )
(4.19a)
t t
¢ﬁ»=—W/ dyemo- 0 w»+w/ dtre™= G e (1))
tig / dt1/ dtQ/ _(t—t1) —g+(t2 t3)¢T 2¢ 1¢+5—{—6 g—(ta—t3 ¢T 7 |w1>

(4.19D)

The next step is to substitute Eq. 4.19a and Eq. 4.19b into Eq. 4.10d. Doing so, one
finds that the contribution of the triple integral terms of Eq. 4.19a and Eq. 4.19b vanish.
This is accomplished by moving the ng5'+ or ngS’_ operators on the far left past the first
creation operator under the integral sign, which can be done because their indices differ by
more than one and thus they effectively commute. By putting the [¢)e.(t)) term in normal
order and making the same approximations as above, one obtains the differential equation

for the doubly excited state of

0 (0) 4 g 900 = ~g* [ dt [ b= e IG5 (420)

Defining an integrating factor of v/ = g, + g_ = 2¢* the excited state can be written

exclusively in terms of the initial state |¢).

t t1 . . R
|tee(t)) = —92/ dtl/ dtye™ [679+(t17t2)¢/+,1¢+,2—efg_(t17t2)¢/_,1¢—,2 lvr) (4.21)
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We now substitute this in to Eq. 4.19a and Eq. 4.19b to obtain explicit solutions for
|14 (t)). Note that these can be used to find the population of each of the |1) states (and

thus the atoms) as a function of time.

[ (8)) = —ig / dtye 9+ G, )

—00

t t1 to . R R R R
+ig3/ dt1/ dtg/ dtgeng’(t*tl)[e*gJ“ t2—ts) (¢ 2¢+,1¢+,3+67292@17t2)¢/j—,1¢/+,2¢+,3)
+e~9-(t2=ts) (QET_,2¢A5+,1<5—73 — e_vltlﬂlmcgi,lﬁg—,z@;—,s)} Y1)
(4.22a)
t
() = =ig [ dtie 6 )
L[ t to o . o
+ig / dtl/ dtg/ dtge_g*(t_tl)[e_” ta—t3) <¢ 2¢_71¢+’3+6— 9 (tl_t2)¢_71¢/+72¢+73)
é-a)|l0)

(4.22D)

te 9~ (t2—t3) ($1,2§£—71Q§—,3 e "t14+7't2 gblT

Finally, we substitute this into Eq. 4.10a to obtain an expression for |1y, (t)) given a
two photon input pulse. We present the final solution after transforming back to g5+(t) and

é, (t) to more explicitly show the presence of detuning, and define parameters
Iy =gy —idy = 92(1 + eide) —i(0—A)
[_=g_ —i_=g"(1—€e™) —i(6+ A)
Y=o —i(F, +6) = 26> — i(26 — B) (4.23)
where the 'L terms are identical to the effective coupling and detuning of Eq. 2.27 for two

atoms. The real component of v describes the coupling and the imaginary component of

detuning between the |+) states and the |ee) state.
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We now arrive at Eq. 31 in [37]

[Wg(6)) = ibr) — / [t (TG ()6 1)+ TG (1)) )

t1 to t3
+g4/ dtl/ dtg/ dtg/ diy
[T TG (1) (T TG (13)d (1) + e BTV (1) (1)) b (12)
e TG (1) (TG (19)d (1) + €T BIGL ()0 (1)) - (t2) | )

+o / i [ [ty [ (e O 08 ) - 9 (06 1)

e~ (20" ~i20=F)) (b2 ts)( TG (1) g (ta) — eS¢ 3)<73—(t4)>\¢1>
(4.24)

While Eq. 4.24 appears to be complex, it has a very physical structure; it contains all
the possible scattering channels for two photons. The structure is similar to that presented
in Eq. 3.18 for a single atom (and derived in [12]), as the first three terms represent the
same scattering events. The term |¢);) corresponds to the event where neither photon is
absorbed. The double-integral terms correspond to the case where only one photon
interacts with one of the |&) modes. The first four-fold integral term represents the
possibility that both photons have interacted with the system and may interact with any
combination of the |+) atomic states. Finally, the second four-fold integral term in Eq.
4.24 represents a new scattering process that corresponds to both photons being absorbed
simultaneously. Interestingly, as we will show, this contribution is entangled in the same
way as the photons that interacted with a single atom despite the fact that it arises from
the two photons being absorbed simultaneously.

We also note that, in the same way as the solution given in Chapter 3, this can be used
to explore the time evolution of the atomic populations and field states. In what follows we
will only consider the case where t — oo corresponding to the scattered photons.

The final step of this derivation is to apply the Markovian approximation to the gE

operators, as they also contain time delays. Defining the standing wave mode operators
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equivalent to A and B (as done in Section 3.3.1) as

O(t) = w by = A= BO (4.25)

we find that the (;5+ and ¢_ operators can be written in terms of C' and D by

~

b4 (t) = €Fr2C(t — d)2¢) + e P2 C(t + d/2¢)

~

G_(t) = e*rI2D(t — 2/2¢) — e FFY2D(t + z/2¢) (4.26)

Within the Markovian approximation one can neglect the time delays in these functions so

that
o1 (t) ~ 2cos (kpd/2)C(t) ¢_(t) ~ —i2sin (kpd/2) D(t) (4.27)

In order to consider why it is safe to make this approximation at this step, consider the

following action of g§+ on initial state of the form

o =11,y = dtfo<t>é*<t>)M( / dtfo<t>ﬁ*<t>)N|o,o> (1.28)

When the lowering operator acts on this state we have
~ 1 ) :
SeOIM, N) = (21 = d/26) + (1 4 d/20) )M~ 1N) (429)

In the Markovian approximation this becomes
b4 (1) M, N ~ 2cos(kpd/2) f(t)|M — 1, N). The reason that we can safely approximate the
operators as in Eq. 4.26 at this point in the solution is that the operators are in normal
order and will not commute any more. As seen previously, when they commute the time
ordering of the integrals ensures that only the past action of the system can affect the
system at the present time ¢. Mathematically, this came about because one of the delta
functions from the commutator (corresponding to e~ ##%/2C(t + d/2¢) in Eq. 4.26 above)
was always zero. When the gg operators act on the initial state, however, there is no time

ordering and both terms can contribute.

We now define auxiliary terms I'. = Re[l';] = 2¢* cos® (kpd/2) and
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[, = Re[l'_] = 2¢%sin? (kpd/Q) so that we can write the entire expression in Eq. 4.24 in
terms of the C' and D operators. In deriving I'. and I'y we have used the trig identities

2sin(0/2) = 1 — cos(f) and 2cos(0/2) = 1+ cos(#). This becomes

t t1 ., R
) =) =2 [t [ de (LT O IE () + e T DI (0) D)) )
t t1*°° t2ioo t3
—|—4/ dtl/ dtg/ dtg/ dty
[rce*H(fl*tz)éT(tl) (rcefwtrf@é*(tg)é(t4) + Fse*F*(t3’t4)f)T(t3)f)(t4)) C(ts)
+ Dye = D (1) (T T+ (1) (1) + T e_F*(tfi_t4)l§T(t3)l5(t4)> D(ta) | [en)
t1 to t3
+4/ dtl/ dtg/ dtg/ dt4 Cee P+t (1) O (1) — P-(t- tQ)DT(tl)DT(t2)>
(29 —i(26—08))(ta— 753)(1“ e —Iy(t3— t4)C(t3)é( ) <€ —I'_(t3— t4)D( )[)( ))|¢1>
(4.30)

By comparing the structure of this equation to the form of the solution for a single
atom given in Eq. 3.18 it is immediately clear that the coupling to the |£) modes is given
by Re[l'1] and the detuning is given by Im[I'1]. The doubly excited state is also detuned,
but by 26 — 3. We show the level structure with detunings and transitions labeled below in

Fig. 4.1.

Figure 4.1: A level diagram of the two atoms in the |+) basis. Transitions with couplings
and photon operators are presented along with the detunings of each of the states.

82



4.3 Particular solutions

We now move on to describing particular input states, and we will specifically study the
case where the initial states are separable as in Chapter 3. We will start by considering the
scattered state if the photons are initially in the standing wave modes, and then describe
the solution for travelling waves. Note that at this point the quantity kpd appears
exclusively in trig functions or complex exponentials. This is a consequence of the
Markovian approximation; the phase acquired when a photon travels between the atoms
contributes to the final solution, but the time delay is too small to modify the state.
Because krd has been reduced to a phase, in our analysis of the scattered state of the

photons we will define the phase term ¢ = krd just as in Section 2.4.

4.3.1 Scattering of a single photon

We present results for the single photon to show that the solution is the same as the
frequency domain solution derived in Section 2.4.1. In the time domain, solving the single
photon case is relatively trivial. As there is only one photon in the initial state, only the

first integral term in Eq. 4.30 will contribute. Writing again Eq. 3.23

Gr,(t) =e 1 / t dt'et ' f(t') (4.31)

—0o0
the space-time profile for a scattered photon initially in the C mode with initial wavepacket

f(t) is
fe(®) = f(t) — 2TGr, (¢) (4.32)

If the photon is initially in the D mode we will have

fa(t) = f(t) — 2DsGr_(1) (4.33)

Taking the Fourier transform of these functions gives the frequency spectra of the
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scattered photon as

Fw) = T R ) Flw) = — = F) (4.34)

I'. —w

'y —iw
We point this out as these have the same form as the individual terms of Eq. 2.27, as we
can write I'y = g*(1 + ) —id.

If a photon is initially in the A mode its initial state can be written in terms of a

superposition of the C and D modes by

o) = [arwAiow = = [arw(cla+blo)o) (1.35)

Using Eqs. 4.32 and 4.33 to transform the state and then re-writing the expression in
terms of traveling waves, we have that the transmitted (7) and reflected (p) photons have

space-time profiles given by
T<t) = f(t) - FCGF+ (t) - PSGI'L (t) p(t) = _FCGF+ (t> + FSGTL (t) (436>

The Fourier transform of these functions are again identical to the reflection and
transmission spectra given in Eq. 2.27. Finally, we present the transmission probabilities of
the photon for various values of A, §, g, and ¢ in order to give some sense of what is
possible. The transmission window given in Eq. 2.40 can be seen in the regions of high
transmission found in Fig. 4.2 b-c when A # 0 or § # 0. These transmission probabilities

were calculated for a square pulse shape of

(1) = \/%(G(t L T) -6t -T)) (4.37)

In all calculations we have set 7' = v/3 so that the standard deviation of the pulse,
o = [dtf*(t)t* = T?/3, equals one.
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Figure 4.2: Transmission of a square pulse of duration o; through the two-atom “cavity”
system, as a function of ¢ and g%oy, for the values of do; and Ao, shown.

4.3.2 Two-photon standing wave solutions

To analyze the standing wave solutions, we first consider the case where both photons

begin in the C standing wave mode. The initial state will then have the form

) = % / dtydiy f (1) f(t2)C ()€ (12)]0) (4.38)

In this case many of the terms in Eq. 4.30 vanish and the two photons will either both
end up in the C modes or in the D modes. This last possibility is due to the fact that if

both photons are absorbed at once, the atoms are able to decay into either the CorD
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modes. By comparison with the single atom solution in Eq. 3.18 (and Eq. 8 in [12]), we
can write down the two-photon wavefunction for the final state in the time domain. We
also define a function similar to G, to describe the contribution of the doubly excited

state to the space-time profile. This is

t
Er.(t) = / dt' e~ G I £ ()G (F) (4.39)

Er, is directly related to the double excitation probability in the same way that G, is
related to the single-photon excitation probability. To see how, consider that for two
photons we can write the doubly-excited component of the wavefunction as
|1ee(t)) = 1e(t)]0) because there are no photons remaining in the field. Plugging this into

Eq. 4.21 we arrive at
e(t) = —e " ®HN2 g% cos*(6/2)Er, (1) (4.40)

We get a similar result if both photons are initially in the D modes (changing the
cosine to a sine, and &, to &_). From here, the probability of the atoms being in this

state is given by

(Wee(®)Wec(t)) = [Ye(t)]* = 29" cos™(¢/2)|Er, (1) (4.41)

And thus one can see that Eq. 4.39 is effectively the probability amplitude for the atomic
state |ee).

With all this, we can write the total scattered photon state for the initial state in Eq.
4.38 as

) = 5 [ dtdta(Fultr, t)CU0)C ) + fultr D () DI (0))10) (42

and we will have the following for the component corresponding to both photons being

86



scattered in the C' mode

Jee(ti t2) = (f(t1) — 2T.Gr, (t1)) (f(t2) — 2TcGr, (t2))

—AT2e TRl (G (o) — Er, (t2)) (4.43)

Here, t. is the smaller of ¢; and t5. The first term in Eq. 4.43 represents the two
photons interacting independently with the two-atom system. The second term is the
entangled state where the first part is identical in form to that derived in Chapter 3 for a
single atom and the second part (containing &) is the contribution from the doubly excited
state.

In the same way, the component of the two-photon wavefunction corresponding to the
case where both photons exit in the D mode is constructed of just the two-photon,

two-atom term and is
faa(ty, ta) = 4T Tee T-1=t2lgn (¢) (4.44)

Provided that the standing wave modes are being accessed as described in Section 1.2.1,
where a beamsplitter is used to transform travelling wave photons to standing wave
photons, we have a situation where two unentangled photons can enter one port of the
beamsplitter (the C' mode) and leave in the other port (the D mode) in an entangled (i.e.
non-separable) state. It would be convenient if there was a combination of parameters that
would ensure that this swapping occurred with unit probability, as the system could be
used deterministically to generate entangled states or to discriminate between one and two
photon pulses. Unfortunately, the best that we have found for the norm of Eq. 4.44 is
approximately .593 for a square pulse. This occurs around g?c; = .91, ¢ = 37/2, and
A = ¢% for § = B = 0. This system is similar to the two-photon discriminator proposed by
Witthaut and co-workers [63], which we analyzed in [12]. In fact, when using the same
square pulse shape, their device succeeds with a maximum success probability of 0.584 to

separate a two photon and a single photon state in a single pass.
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Generally speaking, evaluating the function &, (¢) is challenging, though an analytic
expression can be obtained for a square pulse and a lowering exponential pulse. We instead
consider the adiabatic limit, that is when the product g?0; > 1, with o, being the standard
deviation of the initial pulse shape f(¢). This is also the nearly monochromatic limit, as a
long pulse in time (or space) corresponds to a very narrow frequency bandwidth. As shown
in Eq. 3.49, Gr. ~ f(t)/I'+ to first order. Using this we can approximate &, to first order
by

&, () ~ 7%f?(t) (4.45)

The factors in the denominator come from the conditions for 1- and 2- photon
resonance. By choosing ¢ = 37/2, which maximizes the factor I'.I'y and sets |I'y| = [['_],
we find that further choosing 8 = 2§ and ¢* = § + A will maximize the norm of &, and
also maximize the norm of fyy. It is, however, impossible to satisfy both conditions at the
same time unless the atoms are able to interact (i.e. A # 0 and 3 # 0). When these
conditions are met, the entangled state Eq. 4.44 has the approximate form of
2e~9’l=t2| £2(¢ ) multiplied by a phase, and is about 1/2 of the magnitude of the Gt term
for the same choice of parameters.

The two terms can be made to be of the same order, however. For example, choosing
kra = 2nm makes I'y = 0, which causes Eq. 4.44 to vanish and makes it possible to set
', = 2¢?. When this happens the entangled component of Eq. 4.43 will approximately
vanish. We note that this approximate cancellation requires both that the product of the
coupling and the pulse duration g?o; must be large (so that the approximate forms for Gr,
and &, can be used) and that 8 = 2§ and § = A (which if 6 = 0 can be satisfied in the
absence of atom-atom interactions). This result is somewhat interesting because, even
though in this regime the atoms are interacting only with the C standing wave mode, there
are still two photons in the system and thus the vanishing of the nonlinear terms is

nontrivial: it suggests that it is possible to use the nonlinearity introduced by the presence
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of the second atom to negate the entanglement generated by the individual atoms.

4.3.3 Travelling wave solutions
Two photons arriving from the same direction

If we consider the initial, separable state where both photons are in the A mode

(travelling to the right) |¢;) will be

pr) = % / diydto f (1) f(82) AT (1) AT (1) 0) (4.46)

From here, we use the fact that the defininton of the C' and D operators can be inverted to
give

At) = % (¢t + D) Blt) = = (¢t - D) (4.47)

With this, we convert the initial state to a standing wave mode description and use Eq.
4.30 to determine how the state changes. Finally, we convert back to a travelling wave
mode basis and collect terms corresponding to each of the three possible scattering
outcomes; when both photons are transmitted, both photons are reflected, or they are
“split” and one is transmitted while the other is reflected. We will use the single photon
reflection and transmission functions defined in Eq. 4.36 to write the components of the

total scattered wavefunction as

faa(ti, ta) =T(t0)7(t2) + flo g (tr,ta) + foa(ti, ta) (4.48a)
fov(trst2) =p(t1)p(ta) + foo oo(tista) + &0 (0, 12) (4.48D)
fan(tr, t2) =7(t1)p(t2) + faz.an(ti, t2) + fe aa(ta; t2) (4.48¢c)
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The nonlinear components, fé wa JG2.ap, and f& .. are given by

fgaa(tl’ ty) = (Fce_nltl—m 4+ Fse—rfltl—m\) (chr+ (to) + ngr,(t<))
fo oo ta) = — (TeGr, (to) £T.Gr_(to)) (Tee 721G (to) £ e 072G _(20))
Jazap(ti,te) = — (Fch (t<) — sgn(ty — t2)I'sGr_ (t<))

X (Fce_r+‘t1_t2|Gp+ (t<) + sgn(t1 — tQ)Fse_F_‘tl_tQIGF_ (t<)) (449)

Here, unlike the scattered state from the single atoms in Eq. 3.40, all three scattering
possibilities have different entangled components. In general, the components related to
the doubly excited state will interfere with the single-atom nonlinear effects, with the effect
most pronounced around ¢ = nm when the atoms are coupled to only one of the standing
wave modes (i.e. one of T, or 'y is zero). This may be useful for applications where extra
entanglement is to be avoided.

The nonlinear effects become large when the coupling to both the |[+) and |—) states is
of equal strength, requiring ¢ = (n + %)ﬂ' As discussed above, it is possible to have G2 . on
the order of 2&r, , so no cancellation will generally occur between the single- and two-atom
terms. In this new geometry some of the terms can cancel individually. For example, when
I'y =T, by choosing the appropriate A, it can be true that f¢ ,, = f52,aa = fa2.a = 0.
Regardless of the value of A, the terms will cancel approximately provided that I'. = T's.

Perhaps the biggest effect of the nonlinear terms can be seen when they cause
something to happen that would not otherwise occur if the atomic response was purely
linear. These can be seen most prominently along the high transmission regions presented
in Fig. 4.2. Here, the entangled term from the doubly excited state strongly reduces the
transmission probability. This is perhaps to be expected, as these regions of high
transmission occur near resonances of the system, which in turn increase the size of the
nonlinear terms, as suggested by Eq. 4.45.

We present an example of this in Fig. 4.3, where we show the norm of f,,, fw, and fu

for a square pulse shape. We have chosen to work with a square pulse in this section
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because it is possible to obtain an analytic form for &, and because the transmission
properties of a single atom appear to be largely independent of the pulse shape for ¢* ~ 0.

The pulse shape we are considering is

(Ot +T)—0(t-T)) (4.50)

Gr(t) = —\/QI_TF [(1 _ eﬁ(tﬁ))@(t +7T)— (1 _ e*r(t*T))@(t _ T)] (4.51)
Er(t) =0t+T1T)0(T — t)%(%(l _ 6—F(t+T)) _ %(1 _ e—v(t+T))>

e’

+0(t =T gre— 3 (%(1 _eury L

SIS ) 45

Note that when 3, §, and A are zero, v — I' will also be zero. At this point the function is

equal to

-Irr -Irr

(T(t+T)+1—e" ) —0(t-T) 26TF2

e
2717

Er(t) = —0(t+T)0(T—t) (2rT+1—€"") (4.53)

In Fig. 4.3 we have chosen the detunings to fit the transmission window that appears
when A = —¢?sin ¢ for § = 0 as given by Eq. 2.40. Additionally, we have chosen g to
maximize the contribution of the nonlinear terms. Small values of g%o, lead to a small
modification of the photon wavepacket by the atom, whereas for large values the timescale
of the interaction is short and the modification of the pulse shape is constrained by
e Tlh=t2l From the single photon analysis in Section 2.5, we expect that at ¢ = 37/2 the
system should transmit with near unit probability (that is both photons should be in the A
mode). This effect can be seen in the solid black curve in Fig. 4.3, representing the linear
solution, which itself is a product of two single-photon interactions (or alternatively Eq.
4.48 where the entangled components have been removed).

The full solution, however, has a relatively large reflection probability. To understand

where it comes from, consider that when ¢ = 37/2 we have that 'y =T_ and I'. = T's. As
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a result, for any combination of ¢; and ¢, f; walti,t2) = fe2 ap(t1,t2) = 0. This ensures
that any deviation from the linear terms at this point is exclusively due to the double

excitation entangled term fg (1, ts).

y \ j
0.0 : : ‘ :

3 4 5 6
¢

Figure 4.3: Probabilities of two-photon reflection, one reflection and one transmission, and
two-photon transmission for an initial state with both photons in the A mode (travelling
to the right) and with a square pulse shape of duration 7' = V/3. Other parameters are
A = ¢?|sin(kpa)|, 6 = 8 =0, and g?0; = 1. The red, constant line gives the probability of
each event for a single atom. The blue, dashed line shows the full solution and the solid,
black line shows the contribution of just the linear terms.

Finally, in Fig. 4.4 we present the probability that both photons are transmitted as a
function of both the dimensionless coupling parameter g?0; and ¢ for the same parameters
as in Fig. 4.2. As can be seen, in the absence of atomic interactions or detuning, the phase
difference between the atoms due to their separation matters little; as g?c; increases the
probability that both photons remain in the initial mode decreases. When detuning is
present the shape of the plot is nearly identical in form to that seen for a single photon in
Fig. 4.2, though the transmission probability of Fig. 4.4c is less than one at ¢ = 37/2 and

g*0; = 10 due to the contribution from the doubly excited state as described above.
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Figure 4.4: The probability that both photons are transmitted as a function of g?c;, and ¢.
For all plots f = 0 and the other parameters are a) § = A = 0, b) 6 = 100y, A = 0, ¢)
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Two photons arriving from opposite directions

When the photons are initially counter-propagating, that is they are moving in opposite

directions, identical, and uncorrelated, the initial state will be of the form

) = / / didty f(0) f(£2) AT (1) BT (12)[0) (4.54)

The calculation to arrive at the final scattered wavefunction is somewhat more involved

in this case, but the process is the same, where we convert the initial state to the C and D
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modes, evaluate Eq. 4.30, and then convert the final solution back to the travelling wave

modes. In the end, the final result is

Foalt ) = fnlt12) = = [r(0)p(t) + (120 (0)] + V21112

fav(t1,t2) = 7(t1)7(t2) + p(t1)p(t2) + 2000 ap(t1, t2) (4.55)

where we have written these in terms of the reflection and transmission functions defined in

Eq. 4.36. We also have once again introduced another nonlinear term, given below.

o = — (T2 TG (12 T2 000Gy (1.)?)

ent,ab —

+ (Dee Tt L p e T-In=0h) (T &r (to) — Tiér_(t2)) (4.56)

As discussed in the “split” solution for the single atom in Chapter 3, there is a factor of
1/4/2 between the co- and counter-propagating components of the scattered photon state
that arises from a difference in the normalization of the two states.

Looking at the linear components of Eq. 4.56 one can see that the split outcome fg,
will approach one when the single-photon case exhibits unit transmission or reflection.
This is potentially useful for applications in quantum information processing, as it suggests
that the photons may be able to interact with the atoms and remain in their respective
modes. This allows for highly controllable interactions that, as we will see, can in principle
be used to implement conditional quantum logic between photons.

Because of this application, the rest of our analysis will focus on the scattered
wavefunction of the two photons when the system is tuned to the two windows of high
transmission given in Chapter 2, tan(¢) = —4d/¢* and sin(¢) = —A/g?. These windows can
be seen in Fig. 4.5, where we present the probability that both photons will remain in the
split modes. Note that the transmission windows described can be clearly seen, just as in
the single photon case. If the central frequency of the photon is on resonance and there are
no direct atom-atom interactions, changing the spacing between the atoms has little effect

on the scattering of the photons, with the coupling being the more important parameter.
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Adding detunings or interactions, however, the position of the atoms can have very
pronounced effects on the transmission properties of the system. In all cases, though, when

g?0 is large or small it is most likely that both photons will remain in their original modes.

1.0

0.8

2
g o

0.6

0.4

0.2

Figure 4.5: The probability that the photons are scattered into different modes as a function
of g?0; and ¢. For all plots 3 = 0 and the other parameters are a) § = A =0, b) § = 100y,
A:O,C) Aleat,(SZO.

We will start with the most interesting result; when ¢ = 37/2, § = 0, and A = ¢°, both
counter-propagating photons will be transmitted with unit probability regardless of the
pulse shape. From our analysis of the single photon case, we have shown that when these
two conditions have been met p(t) = 0 and thus the linear components of f,, and fy, vanish,

while the linear component of f,; is proportional to just 7(¢). To understand what happens
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to the entangled component, recall that for these parameters 'y =T'_ =T, =T, = ¢*. As

+

a result, the function f7, ,

, Will always be zero, and thus f,, = fi» = 0. This leads to the
remarkable result that, while the photons will transmit with unit probability (which we
show in Fig. 4.6), the nonlinear contribution to the wavepacket is nonzero and the final

state will be at least partially entangled. With the aforementioned choices of ¢, §, and A

we have that the only nonzero component of the wavefunction is given by

far(ti ta) = (f(t1) — 2°Gy2(t1))(f(t2) — 26°Gy2(ta)) — 4926_92|t1_t2‘G92 (te)? (4.57)

This is identical to the single atom, unidirectional (or standing wave) result given in
Eq. 3.30, provided that I' — ¢2. The fact that this result is the same is highly nontrivial,
as here the modification appears in a bidirectional geometry. Because the photons are
travelling in opposite directions they can easily be routed before and after interacting with
the atoms. Additionally, considering this state in the frequency domain shows that this is
the same transformation that would be experienced by a two-photon wavepacket incident
on a three-level atom in the “V” configuration where each photon couples to one of the two
transitions (for examples, see [28, 30, 64]). This itself is not surprising, as a V system has a
level structure that is isomorphic to the levels presented here, specifically the transitions
between |gg) and |£)), provided that the state |ee) is not accessed. This appears to be the
case here, as the scattered state does not contain any entanglement due to interacting with
lee). This is also a very important result for this work, as we will show in Chapter 6 that
this scattering process can be used to create a conditional-phase (CPHASE) gate between
the two photons that would, in principle, enable quantum logic (see Section 1.3 for a

description of a CPHASE gate).
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Figure 4.6: Probabilities of both photons leaving in the same direction (left) or in opposite
directions (right), when the photons are initially counter-propagating. Values are calculated
for a square pulse of duration T' = /3, for the parameters A = ¢?|sin(kpa)|, d = 8 = 0, and
g*0; = 1. The dotted (constant) line shows the corresponding probabilities for a single atom.
The dashed line shows the result of including all the terms in the wavefunction, whereas the
solid line shows only the contribution of the linear terms.

Realizing this interaction experimentally may be challenging, however; it clearly
requires fairly large, precise interactions between the atoms (A = ¢?) and a particular
separation (¢ = 37/2). As such, we also analyze the other transmission window that occurs

when A = 0, namely the one seen in Fig. 4.5 when § = —g?tan ¢. At this point one has

2 I, Iy ;
Iy = C(‘)gs(bem (14 cos p) I, T ™' cos ¢ (4.58)

The equivalence shown in the last line implies that under the adiabatic (or long-pulse)
approximation made in Chapter 3 (G4 ~ f/I'y) and above in Eq. 4.45, both the
single-photon reflection coefficient p(t) (Eq. 4.36) and the dobubly-excited state

contribution to £, . (Eq. 4.56) will approximately vanish. Note that this limit requires

ent,ab

that both § and g2 be large so that each of I' ;. and I'_ will also be large. Under this

approximation, the total scattered state from Eq. 4.55 reduces to

faa(ti, t2) = fun(t, t2)

~ —v/2cos? pe 2 (e_r”“_m — e_r’“l_m) JA(te)
fa(ti,ta) =~ e f(t1) f(t2)
— 9 cos2 gbe_%d’ (e—F+|t1—t2\ + e—F,\tl—t2|) f2(t<) (4‘59)
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This demonstrates that in this limit the probability for the photons to leave in the same
direction can become very small and, as such, the photons will pass through each other.
We show this transmission window in Fig. 4.7. This term still has a nonvanishing nonlinear
component, however, and is similar in form to that seen in Eq. 4.57. This suggests that
one may also be able to exploit this transmission window to construct a CPHASE gate in
the same style as the one proposed by Brod and Combes. We have already shown in
Chapter 2 that for a single photon it is entirely possible to tune an array of atoms so that
the photon will transmit with near-unit probability and experience a phase proportional to
transmitting thorough a number of two-atom sites. In Chapter 5 we will explore how two
photons transmit through multiple sites and in Chapter 6 we will combine everything to

study how well one can build a phase gate using this transmission window.
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Figure 4.7: Probabilities of both photons leaving in the same direction (left) or in opposite
directions (right), when the photons are initially counter-propagating. Values are calculated
for a square pulse of duration 7' = /3, for the parameters do; = 10, Aoy, = Bo, = 0, and
g*0; = 5. The dotted (constant) line shows the corresponding probabilities for a single atom.
The dashed line shows the result of including all the terms in the wavefunction, whereas the
solid line shows only the contribution of the linear terms.

4.4 Conclusions

In this chapter we extended the time-domain approach of Chapter 3 to two atoms and
explored single- and two-photon scattering of photons from two level systems coupled to a
lossless waveguide. We demonstrated how to apply the Markov approximation in the time

domain. We analytically and numerically studied the photon transport properties and
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nonlinear interactions and explored the effects of direct atom-atom interactions. Most
importantly, we found that the transmission windows described in Chapter 2 for single
photons are also present for two photons, though the agreement is especially good for
photons coming from opposite directions. We explored these regions analytically and found
that there is good reason to expect that they can be used to implement a CPHASE gate

between two photons.
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Chapter 5

Scattering of Two Photons From Many Atoms

5.1 Introduction

In Chapter 4 we found that two photons will transmit with high probability from a
system consisting of two atoms. Here we will extend the time-domain solution first
presented in Chapter 3 to deal with N, non-interacting atoms. We will use this to analyze
whether the same atomic spacing presented in Chapter 2 enables high two-photon
transmission. Additionally, we will ultimately use the solutions presented here in Chapter 6

to evaluate the effectiveness of a heuristic model of two photon transport.

5.1.1 Extending the syntax to many atoms and arbitrary positions

Figure 5.1: A diagram of the system being considered. All photons are constrained to
move in 1-D in a waveguide that is coupled to an array of n atoms at arbitrary positions. z
will denote the distance along a waveguide with z=0 being the location of the center of the
atomic array.

In what follows we will be considering a system of the form as in Fig. 5.1 consisting of
N, non-interacting atoms each with positions given by z;. Due to the fact that we are
allowing for arbitrary positions the symmetric atomic states |4) used in Chapter 4 will no
longer couple to one standing wave mode. As such, there is no advantage in moving to the

|£) basis. The Hamiltonian that describes this system is

N
H=nhg)  |é;(t)e ol +dl(t)e”o; (5.1)
j=1
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where the atomic operators UJT- and o; raise or lower the jth atom and and the field

operators are identical to that used in Eq. 2.1. The field operator is reproduced below.

6(t) = HraA(t = ) + iru Bt + ) (5.2)

This operator commutes with relationship

[ngj(t),qu(tl)] — cikr(z k)5(t_t1 — ]Tk) te kr(z; k)é(t—tl 4+ 2 - k) (5.3)

Before moving on to solving the equations, it is important to note how the Markovian
approximation will play a role. Similar to what was seen in Chapter 4, the commutator of

¢, will be found in the context of terms like

[ antéte dlete ™ ) (5.4)

Here, the limits of integration constrain the solution so that only the delta function
coupled with the positive phase term will survive. Noting that in the Markovian
approximation |(t — z;/c)) = |¢(t)) and that terms that go as z;0/c ~ 0 we can

approximate the above integral as

/ | dt[§5(t), ph(t1)]e TP (11)) m erla =y (1)) (5:5)

—00
For compactness, we will define 6, = e¢’r l2i=2| This means that, within the

Markovian approximation, the commutator for the field operators has the effective form of

[05(1), S} (t1)] = 26;8(t — 1) (5.6)

The factor of 2 has been included to account for the fact that §(¢t — ¢;) will only be satisfied
at the upper limit of integration (adding a factor of 1/2 when evaluated) whereas

d(t — t1 — €) will be fully satisfied.
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5.2 Solving the Schrodinger equation

To solve for the final scattered photon state, we will express the system’s total state as

[9(8)) = |th20(t) + |12 (2)) + |tho2(1)) (5.7)

where the first index refers to the number of photons and the second refers to the number of
excited atoms. Each of these terms contains both atom and photon states. In what follows
we will use the same procedure developed in Chapter 3 where we normal order all photon
operators to arrive at a truncated series solution in terms of photon number. Because of
this, the number of photons matters more than the specific states that are excited.

We will also define the operator h(t) = Zjvzl &, (t)e_i‘staj- so that, from the above

Hamiltonian (Eq. 5.1), the equations of motion have the compact form of

Y20) = —igh' (£)]111(1)) (5.8a)
[W11) = —igh(t)|¥e0(t)) — igh!(t)]tbo(t) (5.8b)
o) = —igh(t)[1h11(t)) (5.8¢)

Following the method we integrate Eq. 5.8a and substitute it into Eq. 5.8b to get

t
[U10) = —igh(t)|G) ) — igh'(t)[vo(1)) —92/ dtsh(O)hT () [ (t))  (5.9)
Note we are assuming that the initial state contains two photons and no atomic
excitations, expressed by |¢;) ® |G) where |G) = |g1) ® |g2).... @ |gn) and [¢);) is the initial
photon state. At this point we normal order the photon operators in A(t)hi(ty).
Commuting only the photon components gives the following expression.

N
ROM () = D7 (20t = 1) + BL(11)d5 (1) )l 04150 (5.10)

7,k=1
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Placing this into the equation for |¢11(t)) and evaluating the delta function we get

Wl 1) =—49 Z 0105 Ule (1)) — igﬁ(t)\GH%) - igm@)Woa@»

7,k=1

g [ Y dle0diaime i w) (5.11)

T k=1
From here, we define an integrating factor [ = g° Z;Vk:l Qj,kaj-ak. As there is no time

dependence on the atomic operators, this can be used to arrive at the solution

t t .
1) = — ig / dtye TR [GY ) — ig / dtye ORI o a(t))

— 00 —0o0

t R t1 N R R .
_ g / diye T / dty 3 L)1)l By (1)) (5.12)

o j,k=1

We now substitute [¢ 1(t)) into itself. While e~T(t=1) is an operator, it consists of only
atomic operators. Thus the photon components of all parts of the sums in h will commute
with this element. In addition, due to the nature of the time ordering, photon operators
with time indices that differ by more than one will commute. This is due to the Markov
approximation made earlier and is justified more thoroughly in Section 4.2.1.

This will cause the component of the substituted term containing |t 2(t)) to vanish, as
each component of the sum will contain a photon lowering operator of some form acting on
a state with no photons. The term with [ty (¢)) will similarly vanish. This term will have

operators (without the integrals) of the form

e TG (1) (1)) O] (£4) G () 1011 (8)) (5.13)

As the photon operators ¢;(t;) and @] (t4) differ by more than one time index they will
commute cleanly under the Markov approximation. Thus, every term will have two photon
lowering operators acting on |1 1(t4)), a state with only one photon, causing the term to

vanish. The initial state has two photons so it will not vanish under iteration. Eq. 5.11
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then becomes

t

[91,1(2) ZQ/ dtre TR G|y —’59/ dtre TR (1) oo (1)

— 00

N
ig? / i, / i, / 20 T S G (12), (1) o P TG (1) G )

J,k=1

(5.14)

As this is in terms of just the initial state and |19 2(t)) we can substitute it into Eq.
5.8c. Doing so will kill the triple integral term, as ﬁ(t) contains photon lowering operators
that will commute with gy(tg). The differential equation for the state when both photons

have been absorbed is then
t R t .
[0,2) = —92/ dirh(t)e R G |r) — 92/ dirh(t)e™ ORI (t) oo (1)) (5.15)
When normal ordering the photon operators in |1 2(t1)) one must be careful to
remember that there is an exponential term between the two. Fortunately, the fact that
photon operators commute to give a delta function removes the effect of the exponential, in
part because evaluating the delta function of §(¢; —¢;) from the commutator of the photon

L(ti—t) 5 0 = 1. After working out the algebra by expanding each

operators will lead to e~
operator (including the matrix exponent) in terms of a sum and commuting the photon

terms, it can be shown that the whole expression reduces to

t
na) = ~Aluna(®) — " [ dtshe "R un) (5.10
Where we have defined
N .
4 =g Z ehrlz=als, (10— 6;,)(1 — 5k7m)aj-a;rakam (5.17)
7.k, lm=1

Using an integrating factor of 4 Eq. 5.15 becomes

Yos(t)) = —g / at, / dtye () )e T Oy (1)[G) ) (5.18)

Putting this all together we can finally write the ground state as a function of time by
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substituting all these equations into the equation for |1 0(t)) and multiplying both sides by

(G| to obtain states with no atoms excited. Doing so yields

t t1 R R R
[y (t)) =|tbr) — 92/ dtl/ dto(GIhT (ty)e "2 h(L,)|G) )
t t1 to to
+g4/ dtl/ dtQ/ dtg/ dt4[
N

(G| (t,)e Tt Z O (t3); (t2)0;0k6_f(t3_t4)il(t4) |G|

J,k=1

+(GIAT (ty)e TR Bl (1)) e H 1) fy (1) e D=t (¢ V|G ) | (5.19)

While certainly unwieldy and more complicated than the previous solutions for a single
atom (Eq. 3.26) and for two atoms (Eq. 4.30), it has a similar physical structure that
describes all the different possible scattering events. Each term deals with a different
possibility for photon scattering and mirrors the process described in Section 4.2.1. The
first term in Eq. 5.19 represents the probability that no interaction occurs. The second
(the double-integral term) represents the probability that only one of the two photons will
interact with any atoms. The process here is that one photon is absorbed at any time
(hi(t2)), may be instantly emitted and re-absorbed by any number of atoms (e~T(1—%2)),
and then is emitted back into the waveguide at a later time (Al(¢;)). The third term (first
quadruple-integral term) involves a photon being absorbed at one time, (possibly)
transferring to another atom, then being re-emitted at a time before a second photon is
absorbed. This second photon can then be transferred to any other atom and then be
emitted back into the waveguide. Finally, the last term (second quadruple-integral term)
involves a photon being absorbed and (potentially) hopping to a different atom. A second
photon is then absorbed. After this, one of the two photons may move to a different atom
(e~7(2=%3)) and then they are both emitted.

As before, we note that this solution is time-dependent and, in principle, can be used to

obtain the evolution of the field state and atomic populations as a function of time. We
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will explain how to evaluate the operators in the exponents in the scattering limit of
t — oo. Ultimately, normal ordering the atomic operators will lead to a closed form that

sums over all possible scattering terms and is relatively straightforward to evaluate.

5.3 Simplifying the general expression

5.3.1 Single photon term

Equation 5.19 can be converted into a computable form by re-writing the exponential
terms e~T(t—%) as a matrix. As given, such terms are an exponential of atomic operators
and effectively describe all the possible paths that a photon could take after being
absorbed at once site to be emitted at a separate site, along with all the possible phases
that will be accrued from this hopping. Unfortunately, the number of possible paths to go
from one atom to another is virtually infinite, as the Markovian approximation allows for
instantaneous transfer of photons. Casting this infinite sum of possible events as a matrix
and diagonalizing it provides a numerically tractable way to calculate the final scattered
state.

To accomplish this, we define an atomic identity operator over all single-atom excited

states as
N
Ny =[5l (5.20)
j=1

This can be re-written as a unitary operator N, = UlT Uy, with
(1

Ulz :
(NI

(5.21)

While this is not a true identity, when acting on any state with only a single atomic

f(ti—tj

excitation it will preserve the state. As each e~ ) will act on the space of single atom

excitations, the N; operator will thus preserve the state of the system. The point of
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defining such an operator is that we can express the exponential as
e —D(t1—t2) _ UT ~U1 U] (t1— t2)U (5‘22)

where the matrix product A =U f‘UlT contains no operators, only the 6;; phase factors and

g%>. The matrix product gives

(1]
UrUt =g | ¢ |- Opolon-[I1) - IN)] =g*M (5.23)
(N[] awm

From the above, it is clear that each element of M will be simply
Mz,j = <Z| Z em,naino-n|j> - 9207;,]‘ (524)
m,n=1
This matrix can then be diagonalized as M = PDP~! and the exponent can finally be

written without operators as
e Th—t2) — f pe=o*Prti—t2) p-17y) (5.25)

While this process is certainly unwieldy, it is easy to develop code to automatically
calculate Uy, P, and D for an arbitrary number of atomic pairs. Unfortunately, matrix
diagonalization is not a problem with a tractable solution for an arbitrary n x n matrix. As
such, the specifics of D; will depend on the parameters of the system and the number of
pairs being considered and a numerical approach is required.

Regardless of the computational complexity of diagonalizing M, the final matrix

exponential must have the (effective) form

N

e T = 37 Cralty = )l {H (5.26)
k=1
We can further specify the coefficients C; (t; — t2) by noting that this can be written as

Cjn(ty —ta) = Z Py P leo (it (5.27)

where each ); is an eigenvalue of M. The notation P;; refers to the j,ith matrix element of
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P. The advantage of writing the coefficients this way is that is draws out the exponents
that define the different effective couplings and detunings for the system, allowing for the
final state to be written in terms of f(¢), Gr(t), and Ep(t) as defined in Eq. 3.23 and Eq.
4.39.

Using the above definitions we can begin writing the different components of Eq. 5.19
in terms of the eigenvalues of the exponentials. Starting with the single photon interaction

term and defining I'; = ¢?)\; — i6;
t t1 R R R
¢ [ dn [ duGlid e TGl

t t1 N N R )
= —92/ dtl/ dty Y > PrPle TG 1) o (1) o) (5.28)

i=1 j k=1
This has the same form as Eq. 2.19, where the transmitted and reflected spectra of a single
photon can be written in terms of the eigenvalues of a matrix describing the phases accrued

by transferring from one atom to another.

5.3.2 Two-photon term: successive atomic excitations

Using the same analysis as in the single photon term with Uy, the first two-photon term
in Eq. 5.19 can be written in terms of the eigenvalues of M as

%s) N N
gt / dtrdtydtsdtsf(ty — t2)0(ty — t3)0(ts — ta) Y Y PypP, e ()

> p,q=1j,k=1

N
X PgPyme "1 ST GH 86 (t) bk () dm (£) [901) (5.29)
lm

Following the example given in Chapter 3, we integrate the ¢, integral by parts in order
to separate the entangled and non-entangled components of the scattered state. This is
done by defining u = (ty — t3) and v = fio dt0(t; — t)e Trt0 g, (t,). Further defining an

operator C;kr (t1) = ffloo dtge_ri(tl_mqgk(tg) for compactness, we integrate one of the terms
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in Eq. 5.29.

/ dtzﬁ(tl—t2)0(t2—tg)e_rp(tl_t2)¢k(t2):Q(tl—tg)[QAkIP(tl)—e_rp(tl_tf‘)gk,pp(tg) (5.30)

[e.e]

Placing this into the entire sum of Eq. 5.29, we arrive at

g4 /_Oo dtldtge(tl — t3 Z Z P P 1Pl q (tl)(bl (tS) |:gk Ty (tl)

p,q=1 3.kl m=1

_e—Fp(tl—tB)(jk7Fp (tg)] Qm,rq (ts)|er) (5.31)

This has the same structure as Eq. 3.29 (though presented in a different form here) and
contains terms that describe the event where both photons are absorbed successively. It
also contains the entanglement that arises from the fact that the two photons cannot excite

the same atom at the same time.

5.3.3 Two-photon term: simultaneous atomic excitations

The remaining term is by far the most difficult to evaluate. This is due to the fact that
for N atoms there are ,,C5 different possible ways for two photons to be absorbed. In order
to keep track of these states (note that |j)|k) = |k)|j)), we will define an effective identity

operator and matrix for ~, in a similar way to I'. These are given by

(12| (2]

N-— N
:ZZ k) (] (k| = Z|2 = UjU, U, = : =| ¢ | (632
j=1 k=1

(N —1|(N] (2.5l
We have introduced the notation |2;) = |7[1])|j[2]) to reduce the double sum to a single
sum over all the possible unique combinations of states. Here, j[1] = [ and j[2] =
represents the numbering of a unique atomic state of the form |I)|m). The index j
corresponds to the j% element of a list containing all possible doubly excited states. In our
code we have chosen to create this list by letting the [ index run from 1 to N — 1 and the

m index run from [ to N. With this labeling of the states, UQ%UQT = M, will have elements

(U(m|UAUS|)]8) = 01.50ms + O1rOms + OmsOtr + Omrlis (5.33)
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This allows us to express the exponential in terms of this manifold of states. We will

also define the operator

to

éj,k;yr,l"q,(w) - / dtge_”””(”_t?’)g%j(tg)QAqu (tg) (534)

and define My = QD,Q " so that (2;|Upe 2~ 1]2,) = S7n 2 gmilta—ts) Q;iQ;p, where

each v; = ¢g?)\; — 2id and )\, is an eigenvalue of M. This leads to a sum of the form

N ,Cy ,C2 N

94/ dirdty Y 5D 0 Y Ot —ta)e QL Q) (1)

p,q=1 r=1 kl=1jm=1

<PJ pPp kl[l ¢11[2] <t2) + P D, k[2]¢/’f (1] (tQ))

<Pl[1 51[2] mae T, (t2) + Pi2q jilél[l],m,'yr,l“q,@?)) |Yr)y  (5.35)

This expression contains all possible ways that two photons may be simultaneously

absorbed before being re-emitted.

5.3.4 Final state

With the above general forms it is possible to write the overall scattered state in terms
of computable matrices. This has the form

lg(00)) = 1) — g / dtlz Z PPt (4G r (b))

i=1j,k=1

+g / dt1dt20(t1 — t2) Z Z P',ppp_,zipl,qpq_,rlmf’;(tl)@r(ts)[Qk,rp(tl) - E_F"(tl_tg)gk,u(t?)] Grm,ry (£2)[001)
p,q=1j,k,l,m=1
N »C2 nC2 N

+g4/_ dt1dt20(t1 — to) lelk;l Zle*wtl Qi Q11 8100) (Pion Py by Sl (t2) + Prop Pyt By (12))
pra=1r im
% (P aPanitz)mor.rg, (2) + Pzl aPyméipm vy, (£2)) )
(5.36)
This again has the same effective structure as the scattered state derived in Chapter 4
for two atoms. There is one term describing the possibility where neither photon interacts
with the atoms, one that describes a single photon interaction, one that describes two

photons interacting successively, and one that describes both photons being absorbed

simultaneously. The primary advantage of this expression over Eq. 5.19 is that here, the
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state is written exclusively in terms of photon operators and that G and & will reproduce

Eq. 3.23 (Gr(t)) and Eq. 4.39 (&r(t)) for an initially unentangled state.

5.4 Two unentangled counter-propagating photons

At this point we will finally specify the form of |¢;). We will assume that the two
photons are identical, unentangled, and counter-propagating so that the initial state is

given by

) = / diydty f (1) () AT (1) B (12)[0) (5.37)

In terms of the different possible modes, the final scattered state is given by

(00)) = [ (= oot 02041 (0) Al 120

1 . . R .
+ ﬁfbb(tl,tQ)BT(tl)BT(tQ)\O) + fab(tl,tQ)AT(tl)BT(tg)ym) (5.38)

As explained in Chapter 3 as well, when equating this to the scattered photon solution

there is an ambiguity as to which variable corresponds to which in the co-propagating case.

For example, the term containing only two A photons will have the form of

/ dtydtyfan(ty, ta) AT () Af(t5)]0) = / dtodty fscattered(ta, ts) AT (ta) AT (,)]0) (5.39)

As both functions are integrating over both variables, it is impossible to say whether
ty — ty or t, — to. Thus, the scattered state derived above must be made to be symmetric
in its time variables by fscatterea(ta, to) = 5 (fscattered(tas to) + fscattered(ty, ta)) to account for
this.

To simplify the final expression we will define the sums

Ezta,ﬂ:b _ Z P P— ikp(tazjtp2r) (540)

7,k=1
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Xpont = Z Z QrrQ, ) et (P oDk k(1€ e 4+ by 2P k[2)€ ibikpzw)

k,l=1jm=1

q,m

(Pl[l] qP— (sz( Z1[2 +Zm)+€ZkF(Zl[2] Zm)) "‘Pl[z] qP— (esz( 21[1] +Zm)+€ZkF(Zl[1] zm))>

(5.41)
and note also that, as explained in more detail in Chapter 4, in the Markovian
approximation when no longer commuting, the qg operators take the form

é; = (ez‘szjA@) + e_ikFZjE(t)) (5.42)

Putting all this together for the co-propagating scattered photons leads to the temporal
profiles of

N N
fa.alts tz) = 1/\/5{ —g® Y= (Gry(t)f(t2) + Gr, (2) f(11)) + g Z (552 +5, 75, Gr, (1)Gr, (t2)

i=1

N
—g" > (E;’+Z;’7 + 25’72;#) [e(tl —t2)e PTG (12)Gr, (t2) + 0(t2 — t1)e TP 2T Gr (11)Grr, (tl)}

p,q=1
N nCa2
' D0 D i [0t —t2)e TP TR E, b (t2) + 0(t2 —t1)e TP 2T, p (1) }
p,q=1r=1
(5.43)
N N
Foplti,tz) = 1N5{ = >8P (Gr, () (t2) + Gr, (t2)f(0)) +9* Y (S5 755 + 0S8 )Gr, ()G, (t2)
1=1 p,g=1
N
-g* > (Z;’_E;’+ + E;’+Eq+’_> [9(t1 —t2)e”"PMTRIGE (12)Gr, (t2) + 6(t2 — tr)e” P2 TGy (41)Grr, (tl)]
p,q=1
N nC2
+9* D0 D g [9(151 —to)e TPTRIEL b (k) 4 6(t2 — tl)e_rp(tz_“)Ew,rq(tl)]}
p,g=1r=1
(5.44)

In order to write down the split mode, as detailed in Chapter 3, the time indices must
be dealt with in a different way. Instead of symmetrizing the state, we match the indices
that go with each mode. In the scattered state, there are terms that go as ng(tl)qu(tg)
which will contain operators with indices Af(t,)Bf(t,) and Af(t,)B'(t1). The final form of
the scattered state only maps t; to the A mode and ¢, to the B mode, however. As such,
we must flip time indices so that the final state maps ¢; and 5 to the correct modes. Doing
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so give the final state of

N

Jap(tist2) = (1) (t2) =g* 37 (577G, (1) (t2) + 57 Gr, (12)] (1))

=1

N
+g4 Z (E;‘+Eq+’7 + 25’72;‘+) [9(t1 — tQ)GFp (tl)GFq (tg) + 9(t2 — tl)Gl"p (tQ)G[‘q (t1):|
p,q=1
N
—* 3 (SpsET 4y Tm ) [ — )e TG, (12)Gr, (82) + O(t2 — 1) TP U2 Gr, (1) G (11)]
p,q=1
N nCs
+at >0 > [X;,’lﬁ@(tl —to)e TP MTIIEL 1 (o) + X 0t — t)e P2 B (tl)} (5.45)
p,q=1r=1

While these expressions are incredibly complicated, because the functions are related to
eigenvalues of two matrices is is possible to write code that can calculate all the necessary
coefficients. Doing so, in Fig. 5.2 we present a plot of the probability that two
counter-propagating photons will either remain in their respective mode or will end up in
the same mode. In this calculation we have used an initially unentangled state where both
photons have a space-time profile of a square pulse, given in Eq. 4.37. Additionally, the
atoms are positioned to take advantage of the optimal spacing condition presented in
Chapter 2 and shown in Fig. 2.12. With this, it is clear that two photons will still transmit
through the system with high probability, just as was found in Chapter 4 for two

counter-propagating photons.
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Figure 5.2: The norm of the spectral components f,, and the sum of f,, + fip as a
function of g?0; for N=2, 4, and 8 atoms. Here we have set the spacing to match the optimal
position found in Chapter 2 to maximize single photon transmission. Additionally, we have
set §/g* = 1.

This result is encouraging, as it suggests that an array of non-interacting atoms may be
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able to perform quantum logical tasks between two photons. We will explore this
possibility further in Chapter 6, leaving the extension of the time domain result of Chapter

3 to an arbitrary number of atoms as the main point here.

5.5 Conclusions

In this chapter we extended the time-domain solution presented in Chapter 3 to deal
with an array of N non-interacting atoms placed at arbitrary positions along a 1-D
waveguide. We demonstrated how the general solution has the same basic form as Eq. 3.18
and Eq. 4.30 where the terms that appear correspond to each possible scattering process.
We converted the general solution of Eq. 5.19 into a form that lends itself to efficient
computation and found the probability amplitudes for the scattered state of two
counter-propagating photons. Finally, using the parameters derived in Chapter 2 for
optimal photon transmission in the absence of direct atom-atom interactions, we plotted
the probability that the photons will remain in their respective mode or be scattered in the
same mode. We found that a transmission window does indeed exist for two
counter-propagating photons and multiple atoms in the adiabatic limit with positions
optimized as in Chapter 2, and that as the system approaches this limit of g0, > 1 the
probability that the photons will be in the same mode decreases dramatically. This
conclusion is important for Chapter 6, where we will use the solution presented in Eq. 5.45

to analyze whether this transmission window can be used to construct a CPHASE gate.
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Chapter 6
Conditional Quantum Logic With Photons

6.1 Introduction

In this chapter we will analyze how well the transmission windows explored in Chapter
4 for two photons can be used to construct a CPHASE gate for conditional quantum logic
using the same general structure described by Brod and Combes in [30]. In their work,
Brod and Combes consider an array of atomic sites given by Fig. 6.1. Each site consists of
a two level system coupled to a 1-D waveguide, where the direction of propagation is
enforced by a mirror at the end of the waveguide and circulators separate photons entering
and exiting the waveguide to enforce unidirectional photon propagation. This ad hoc
structure was chosen to model an effective Kerr nonlinearity, which was the focus of their
companion paper with Gea-Banacloche in [64]. What they discovered was that, as two
counter-propagating photons transmitted through the system, they acquired a phase shift
of m and, for a large number of sites, they left the system spectrally unentangled. This is
exactly what would be required for a passive, deterministic CPHASE gate between two
photons. As detailed in [64], this spontaneous disentanglement is a consequence of the fact
that the system conserves both energy (in that the photons do not change their frequency)
and momentum (in part because they continue in the same direction after the interaction).

This interaction does not leave the photons untouched, however; their spectra will still
be modified as though they had both independently transmitted through the system. To
mitigate this, Brod and Combes assume that in any quantum computation all photons
undergo this same distortion so that any unique phase imparted by a gate due to the
presence of two photons may be detected. We will adopt this same convention as well,
comparing the spectrum of two counter-propagating photons to the wavefunction that
would result if the two photons interacted with the system completely independently of one

another.
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Figure 6.1: A diagram of the structure proposed in [64] to create a CPHASE gate between
two photons. In their proposal, photons are routed between pairs of interacting atoms.
Circulators and half waveguides ensure that photons will always travel in the same direction.

The gate proposed in [30] works best in the limit that the Kerr interaction strength
becomes infinite. In this limit, each pair of closely spaced atoms in Fig. 6.1 reduces to a
two level system, as only one atom can be excited at a given time. We will show how
networking an array of pairs of two level systems leads to the same effect, that spectral
entanglement between counter-propagating photons is reduced and that a nontrivial phase
shift can be acquired between the photons. In section 6.2 we will show that the
transmission window that occurs when atomic pairs are able to interact, detailed in
sections 2.5 and 4.3.3, can be used to construct a passive, deterministic CPHASE gate that
matches the operating parameters presented in [30]. In the second section, we will explore
how one can alternatively use the non-interacting transmission windows (Sections 2.42 and
5.4), when tan(kpd) = —4/g?, to preform conditional quantum logic with

counter-propagating photons.
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6.2 Constructing a phase gate using interacting atomic pairs

6.2.1 Introduction and setup

In Chapter 4 we demonstrated that two counter-propagating photons scattering from a
pair of interacting atoms are able to be absorbed by the atoms, and thus indirectly interact
with one another, while being re-emitted into their respective modes. This requires that
the condition sin(kpd) = —A/g? is satisfied. Such effective unidirectional behavior, in
principle, allows for an ideal realization of the gate proposed by Brod and Combes [30, 64].
There is one other complication to address, however; in Chapter 4, the behavior of the
photons was derived for a pair of atoms centered at the origin. If the atoms are not
centered at the origin the situation changes somewhat. In this case, the operators (ﬁi(t)

from Eq. 4.4 become

~ - 1

P+(t) = Px(t) = 7 2o %/2 d/z) ) (R d/2>

C C

4 e—ikp(zo—d/Q)B(t I <0 — d/2) T e—ikF(zo—i-d/Z)B(t 4 20 + d/2))
c c

<eikp(zo—d/2)A(t _

(6.1)

It turns out that even when the atoms are off center, the commutation relationship

presented in Eq. 4.5 still holds; that is

A

(D (1), @L(t))] = 20(t; — t;) £ ™ rd6(t; — t; — dJc) e *r95(t; —t; +dJc)  (6.2)

As a result of this, if the atomic pair is not centered at the origin we can follow the
same process and approximations made in Chapter 4 to derive the scattered state of two
photons from the system of two atoms. Eq. 4.24 will still describe the scattering, except
with ngSi — &, If we make the same Markovian approximation for the operators d, with
respect to the separation between the atoms in the pair, that is ¢t & d/c ~ ¢, and we use the
fact that to achieve unit transmission for counter propagating photons with atomic

interactions (Eq. 4.57) it must be true that A/¢g?> =1, § =0, and krd = 37/2, the

117



operators will take the form

A

o, = —<eikFZ°fl(t — zo/c) + e_ikFZOB(t + ZO/C)>

A

o = —i(eikﬂofl(t — zo/c) — e_ikFZOB(t + z0/0)> (6.3)

Further using the fact that when the system has been tuned to this transmission
window 'y =T_ = ¢? (as kpd = 37/2 and A = ¢g*) we end up with a final scattered state

of two counter-propagating photons from two interacting atoms centered at position zy of

[%g(8)) = |¢1)

t t1 R . . . .
—292/ dm/ dtze™" 01 (A (1) = 20/c) A(ta — z0/¢) + BT (t1 + 20/) B(ta + 20/¢) ) 1)

t t1 t2 t3 5 5
+4g4/ dtl/ dtQ/ dtg/ dtge—9 (i—t2)g=0"(ta—t)

AT (tl — 2:0/0)3Jf (t3 + ZO/C)A(tQ — Zo/C)B(t4 - Z()/C)

+ BT (tl — Z()/C)A'r (tg + Z()/C)B(tg - Zo/C)A(t4 — Zo/C) |77/J]> (64)

Note that the contribution from the doubly excited state has vanished. This is a
consequence of the form of & given in Eq. 6.3. With these choices of parameters, the
doubly excited component of the wavefunction will only contain lowering operators of the
form A(tg — ZO/C)A(t4 — zo/c) and B(t:; + zg/c)B(t4 + zo/c). When acting on an initial

state containing counter-propagating photons this will yield zero.
Next, we transform the time variables in Eq. 6.4 from ¢; to 7; & zo/c, where the sign of
the position is determined by the sign of the time shift in the operators. For example, if

At (t1 — 2o/ c), t1 — 71 + 2zo/c so that the time component in the operators will simply be
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one of 7;. Performing this transformation for all the variables yields

t—zo/c 1 ) R R
g (8)) = 1) — 26° / . / drpe 9" =2) AT (ry) A(my) 1)

— 00 —0o0

t+z0/c T1 ~ ~
—292/ dﬂ/ droe=9" =72 BY (1) B(7) |r)

t—zo/c T2+220/c 5 5 R . A .
+ 4g* / dr / drs / drs / drye9 (=72) =9 (7a=7) AT (7)) B (73) A(72) B(1a)|01)

t+z0/c T2—220/c 5 5 N ~ N N
+4g / dT1 dT2 dTg/ dT4€_g (71_7—2)6_57 (T3_T4)BT(71)AT(Tg)B(TQ)A(T4)|¢[>
(6.5)
We now consider the final state of the photons if the initial state has the form
|Ybr) = / dtadty fa(ta) fi(te) AT (ta) B (t,)[0) (6.6)

where the photons are initially unentangled (meaning the space-time wavefunction can be
written as a product of the A and B modes separately) but they may have different pulse
shapes. In this case, we can follow the same process as before to obtain the final scattered

state (t — o0) of

faltit) = (falt) = 20°G (1)) (F(ta) = 20°C (1))

—4g* [9(751 — by + 229 /c) 6_292(t1_t2+2Z0/C)G‘;2 (to — 2z0/c)G5; (t2)
+0(t2 — t1 — 2z9/c)e” 9 (t2=t1=220/) GA (tl)ng% (t1 + 220/0)] (6.7)

where we have defined G5 (t f dt'e=9" =1 £, (t') and GL(t f dt'e=9" =1 fu(t).
In the limit where zy — 0 we recover exactly the form presented in Eq. 3.30 for two
photons scattering from a single two level emitter in a unidirectional geometry. If, on the
other hand, zo/c > o, the terms G (ty — 220/¢)GE(ty) and Gi(t)GE(t; + 22¢/c¢) will
vanish, as the overlap between the two functions will be effectively zero (which is opposite
of what we are trying to achieve). This makes physical sense; the term describes
entanglement generated by the limitation that a two level system can only absorb one

photon at a time. Such an effect only occurs when the two photons can interact with the
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atom at the same time. If the system is off center (defined as the point where the two
photons maximally overlap) one photon may interact before the other. If this off-center
distance is large enough that one photon has a chance to complete its interaction with the
atom before the second one arrives, then this term should go to zero, as there is no
opportunity for the photons to become entangled. In this case the scattering process
consists only of two independent scattering events, and this is exactly what is described
above for zp/c — 0o. Regardless of the strength of the interaction or the placement of the
system, it is true that no matter where the two-atom system is located it will preserve

photon number in each mode for two counter-propagating photons.

6.2.2 Phase gate design and operation

We will now consider what happens if one couples N of these interacting pairs to a
single waveguide. In this analysis we assume that each pair couples identically to the
waveguide and that they have all been tuned to the transmission window sin(¢) = —A/g%.
We are further assuming that the pairs of atoms are separated sufficiently far so that the
dipole-dipole interaction is negligible between atoms in different pairs. The functional form
of such an interaction is given in [36] and, to a good approximation goes as z% Thus, a
separation between atoms in nearby pairs of around 10 times the spacing between atoms
within a pair would lead to an inter-pair interaction strength that is 1000 times less than
the strength between atoms within the same pair. Thus this inter-pair separation can
safely be ignored.

In order to describe this system of N pairs of atoms, we will work in the frequency
domain. We choose to make this shift as it is much easier to describe the transmission of a
single photon through many scatterers in this domain, since each successive interaction
merely multiplies the pulse by #(w), the single photon transmission coefficient. The

frequency spectrum of the two-photon wavefunction given in Eq. 6.7 representing the
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scattering of two photons from a single pair of atoms is

Fylwr,wn) = <M> Falwr) (W)fwz)

g% —iwy 97 — w2

2 2 o0 2i(wa—w1)z0/c —2i(wp—w2)z0/c oy — = . 5
_ 29 dw,duy € ' i e ' d(wr + wo UJ wb)fA.(w ) fB(wp)
T 92 — w1 92 — fwy (92 _ Zwa)(92 — zwb)

—0o0

(6.8)

In the end, the state of two photons scattering through an array of pairs of atoms, as
with everything in quantum mechanics, will be a sum of all the possible events. Because
the two photons will always remain in their respective modes they can only both interact
at one of the pairs in the system. When passing through the other pairs, the spectrum of
each photon will be modified independently. The final state will thus be a sum over the
interaction at each of the pairs in the system.

To derive this, we first consider how the spectrum of the photons would be modified if
they only interacted with the j%* pair in an array consisting of N pairs. The rightmost pair
is numbered as 1 and the leftmost pair is numbered as N. Prior to reaching the j™* pair, the
right-propagating (a.,) photon will have transmitted through j — 1 sites and the
left-propagating photon (l;w) will have transmitted through N — j sites. From the
expression given in Eq. 2.42 this will lead to an initial spectrum of f4(w) = t(w)’~' f(w)
and fg(w) = t(w)N 7 f(w), as the reflection coefficient for each pair is zero. After the two
photons interact at the j** site, their combined spectrum will be given by Eq. 6.8, except
with fA and fB replaced by the expressions given. After they interact, the right-going
photon will continue on to transmit through N — j sites and the left-going photon will
transmit through j — 1 sites. Each site will cause the spectrum to be multiplied by #(w)
again so that the spectrum after the interaction will become

Folw = 1,ws) = t(w1)N (W) 1 f,(wr,ws). If we add up all the interactions at each
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possible site, the total spectrum of the two photons will be given by

o N
Falwr,wa) =t(wi)Vt(wa)N flwr) f(wa) — 292/ dwadwy > t(wi)N Tt (wa)’ t(wa) M (wy) ¥

™

j=1
; <€2“”“‘”1’Zj/ : eQi(wa)zﬂ‘/C) §u1 + w2 — wa — ) Fwa) F 1)

i P —im (9% — iwa)(g? — iwp)
(6.9)

This is identical in form to the scattered spectrum presented by Brod and Combes in
[64] for two counter-propagating photons in the limit that the interaction they propose is
infinitely strong. This suggests that we should arrive at virtually the same results as
presented in Fig. 3 a) of [64], albeit presented in a different form, that a state containing
two photons will experience a phase shift of 7 with unit fidelity.

In studying the fidelity of the CPHASE operation with this system we adopt a slightly
different definition of fidelity than that presented in [30] and [64]. In their papers, Brod
and Combes use an ‘average gate fidelity’ that, as its name suggests, provides the
probability that the proposed gate will function as desired for any arbitrary input state.
From a computational standpoint this is a very good measure of a gate’s performance. We
are, however, interested in a more stringent condition; measuring how much the pulse is
distorted, as this is the physical cause of the failure of many CPHASE gate proposals. Due
to this, we quantify fidelity as the overlap between the final scattered state and a target

two photon state. This is defined as
VFe® = (Target|ih,(c0)) (6.10)

where the quantity F provides insight into the extent to which the two pulses have the
same shape and the phase ¢ is the useful phase for computation described in Chapter 1.
Using this definition, in Fig. 6.2 we plot the fidelity of a Gaussian pulse (defined by the
Fourier transform of the spectrum given in Eq. 3.41) in the limit where any wz;/c ~ 0 (i.e.
the sites are close enough that we can ignore any time delays between the sites). In effect

we are assuming the system is Markovian. The target state for these plots is the spectrum
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that would result if two photons transmitted through the system and did not interact with

one another, but acquired a phase shift of 7w, given by

| Target) = —/dwldwﬂ(wl)Nt(w2)Nf(W1)f(W2)&L1ELQ|O> (6.11)

As can be seen from Fig. 6.2, as the number of sites increases the fidelity of the
operation approaches one, which corresponds to a useful computational phase of 7 and a
two-photon pulse shape that exactly matches |Target). This is what is required for a
passive, deterministic CPHASE gate and is virtually the same result as presented in Fig. 3

a) of [64] as expected.
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Figure 6.2: The fidelity of the proposed CPHASE gate for various N pairs of atoms as a
function of g?/o,. A value of 1 corresponds to ideal gate operation.

In Fig. 6.3 we plot the infidelity (|1 — v/F|) of our proposal to realize a CPHASE gate
and compare it to the infidelity predicted by Brod and Combes in [64] (black dots) using
their definition of average fidelity. Their number is always lower, implying a better gate
operation. This difference arises from the definitions of fidelity. In the gate design presented
here and in [30], the logical state states |0,0), |1,0), and |0, 1) will always transform
perfectly as we are both assuming that all photons are forced to undergo the same
single-photon distortion at each computational step. Thus, the average gate fidelity will be

higher than what is being measured here, the fidelity of just the operation |1,1) — —|1,1).

123



We find that the fidelity of the operation scales at the same rate to that presented in
[64]. In their work, Brod and Combes found that, for a unidirectional waveguide and a
coupling constant of g2 = 1 (v in their paper), the maximum fidelity occurs when the
spectral pulse width o, is approximately o, = .350N 8!, with N being the number of sites
(the pairs of atoms in our case). In order to relate this to the dimensionless parameter
g*/o., used in our work, we note that, because we are working in a bidirectional geometry,
our coupling constant relates to theirs by g = 3. With this, we have that for our system,
the optimal fidelity should occur when ¢?/o,, = 1.43N-8!. This is represented in Fig. 6.3 by
the dashed vertical lines. As can be seen from the plot, this fit does match the points of

maximum fidelity very well.
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Figure 6.3: The infidelity of the proposed CPHASE gate for various N pairs of atoms as a
function of ¢g%/0,,. The dashed lines represent the optimum system parameters predicted by
the fit of opax in Fig. 3 b) of [30] and the black dots represent the infidelity calculated in
[30] for the parameters which maximize the fidelity of their gate.

Next, in Fig. 6.4 we consider the effect of including a nonzero separation between the
pairs of atoms for N = 12 sites. Here, 0,2 /c represents the scaling of the phase factors
appearing in Eq. 6.9 and is related to the time required to travel between pairs of atoms.
As one would expect, when the separation between each site becomes close to the order of
the pulse width (i.e. o,20/c ~ 1) the fidelity of the operation decreases dramatically. This

has an intuitive physical explanation, for if the sites become separated on the order of a
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pulse width the photons will only interact at a some of the sites. In this limit, the array
will act like a system containing fewer pairs of atoms. Additionally, there is virtually no
difference between the case when o,z/c = 0 and when o,2/c = 1075, This is also
consistent with the rest of the work here, as this parameter effectively determines whether
the system is Markovian or not. If o,,2/c ~ 1075, a pulse width o,, ~ 1 GHz requires a
spacing between pairs of z =~ 10um. For a more narrow band photon, o, ~ 1 MHz, for
0,2/c to be on the order of 107 the atomic pairs can be separated by about a centimeter.
This suggests that, at least for spectrally narrow photons, the proposed CPHASE gate can

have a relatively large length.
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Figure 6.4: The difference between the calculated fidelity and the expected fidelity for a
Gaussian pulse with various values of separation between atoms zy/c/oy. N = 12 for all
curves.

6.2.3 Visualization of the spectra and explanation of operation

It is also useful to visualize how the entanglement generated by the atom is reduced as
the number of sites in the phase gate increases. In Figs. 6.5-6.8 we present the full
spectrum of the scattered two photon pulse given by Eq. 6.9 for an initially unentangled
two photon state where each photon begins with a Gaussian wavepacket. We also plot the
spectrum of an ‘ideal’ pulse, that is a two photon wavepacket given by |Target), as defined

in Eq. 6.11.
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Figure 6.5: The spectrum of the pulse for N=1 site. The top row represents the full
spectrum of the pulse from Eq. 6.9 and the bottom row represents the ideal pulse. The
columns correspond to the absolute value of the spectrum, the real part, and the imaginary
part respectively.
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Figure 6.7: The same figure as Fig. 6.5 for N=5 sites.
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Figure 6.8: The same figure as Fig. 6.5 for N=20 sites.

In these plots, the effect of the entangling term can be observed in the broadening that
appears along the line w; = —wy. Clearly, for a single site this is a highly nontrivial effect
that significantly distorts the shape of the scattered photons and thus leads to a poor
fidelity with respect to the ideal pulse. Interestingly, however, the scattered photons
already have acquired a phase of 7, evidenced by the fact that the general shape of the real
and imaginary components match the ideal state. As the number of sites (pairs of atoms)
increases, however, this spectral broadening decreases. By the time N = 20 the exact and
ideal pulses look nearly identical and numerically the fidelity is very close to 1, though there
is still some residual entanglement present (seen in the faint features along w; = —ws).

This also clearly demonstrates a limit on the operation of this particular phase gate; a
single photon will have its spectrum modified by a nontrivial phase. In the ideal case, the
absolute value of the pulse in frequency space is the same regardless of the number of

interaction sites in the gate. The phase changes significantly, however, as seen in the
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oscillations of the real and imaginary components of the spectrum. As mentioned
previously, this issue can easily be rectified by ensuring that at each step of the
computation all photons have passed through the same number of these arrays of atoms.
Ensuring this happens does increase the number of waveguide-atom structures that must
be built; for example, as seen in Fig. 6.9, if one were to use the usual dual-rail scheme for
quantum computation (where a qubit is encoded into one of two spatial modes) a CPHASE
gate would require three of such atom-waveguide systems in order to modify all photons

correctly.

ee ©8 o8 e°
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Figure 6.9: A simple schematic of how one would be able to construct a CPHASE gate
between two photons using a series of interacting atoms coupled to a one-dimensional waveg-
uide. Here the spatial mode and direction of the photons encodes the logical values of |0) and
|1). Note that a nonreciprocal element would need to be placed on each side of the central
waveguide to ensure that photons going in different directions can be correctly routed.

This requirement does not detract from the fact that the gate works, however, and that
it is possible for two photons to interact and effectively remain unentangled after the
interaction. Additionally, our proposed system should be significantly easier to scale and
build on a chip than the somewhat ad hoc system proposed by Brod and Combes in [64].
Moreover, we have shown that the desired gate operation is robust with respect to a
realistic separation of nanoscale structures. This success also leads to a second important
conclusion; any array of two level systems in which the scatterers couple to the guided

modes in such a way that photons travelling in either direction will remain in their
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respective modes can function as a passive, deterministic quantum logic gate for
counter-propagating photons. This is especially encouraging given the recent experimental
work in creating chiral coupling of two level systems to waveguide modes (such as detailed
in [21]), as such systems are isomorphic to the atomic chain presented here, but typically
have the added benefit of marking photons moving in different directions with different
polarizations. Because polarization allows for easier routing and separation of photons,
such systems seem to be ideal candidates to realize quantum logic with photons and create

interesting, nonclassical photon-photon interactions.

Finally, we present why the entanglement generated by the nonlineary of each
individual two level system vanishes when two photons pass through an array of atoms. As
pointed out by Gea-Banacloche in [64], the reason for the reduction in entanglement seen
in Fig. 6.5 is that, in the limit of large N and large g0, the sum in 6.9 approximates a
delta function. Using the same approximations presented in Section VII of [64] this comes
about as follows.

In the adiabatic limit it will be true that g%c; = ¢*/0,, > 1. Thus we can follow the

approximation given in Eq. 63 of [64] to write
tHw) ~ ™o (6.12)

With this, the sum over all transmission coefficients in 6.9 will, in the limit of large N
become a delta function of the form
SN-—1

N N
3 t(wn) VTt (wn) (e T (w) Y R PO (wa ) D€ o T (6 q3)
j=1 Jj=1

As discussed in [30], this delta function represents momentum conservation and arises
from the fact that the photons are moving in opposite directions and must remain moving
in opposite directions. In a sense, the two photons are measuring one another by the fact
that they must interact at only one site. The combination of all these measurements

ensures that momentum is conserved. We then combine the delta function in Eq. 6.13 with
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the delta function in Eq. 6.9 to arrive at
1
weg — wp — w1 + we)d(wy + wWp —wy — ws) = 55(&)@ —w1)0(wp — wo) (6.14)

Integrating over w, and wj the final, total spectrum becomes

N 6 _%(W1+W2) 1 1

Folwr,wa) = t(wn)Vt(ws)™ Fa(wr) fi(ws) (1 - I

B T W
(92 —iw1)(g% —iws) Lg? —iwy g% — iwy

(6.15)

Similar to Eq. 66 of [64] this state is a linear superposition of separable (i.e. spectrally
unentangled) states such as described in Section 1.4. Tt is still an entangled state, but the
non-separable term primarily responsible for the distortion in the wavefunction (related to
fens of Eq. 3.31) has vanished. From here, it is easy to show that in the adiabatic limit of a
spectrally narrow pulse (i.e. a long duration) this reduces to a completely unentangled
product state of the two photons. To see this, we assume the bandwidth of the pulse is

sufficiently small so that the terms g — iw ~ g%. Then Eq. 6.15 becomes

folwr,we) = —t(wi)Vt(wa)V fa(wr) fp(ws) (6.16)

which is exactly the ideal pulse shape with a phase shift of © as desired. This is the same
result seen in [64] and thus our proposal to realize the gate designed by Brod and Combes
behaves the same in the adiabatic and large N limit. Moreover, the gate operation is

similarly independent of the shape of the incoming photons.

6.3 Constructing a phase gate with non-interacting atomic pairs

6.3.1 Phase gate design and operation

We now turn our attention to the transmission window described in Chapters 2, 4 and 5
for an array of non-interacting atoms coupled to a waveguide. In Chapter 2, and
particularly in Fig. 2.13, we demonstrated that in the large ¢g*/o,, limit, when a system of

atoms is tuned so that the separation between atoms in a given pair is given by
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krpd = m — arctan(d/g?) and the spacing between pairs is chosen appropriately, a single
photon will transmit through the system with virtually unit probability and acquire a
phase proportional to the number of pairs. This phase is given by Eq. 2.36 and is

reproduced below.

t(w) = EXp{iArg

Cha) i ] } (6.17)

- (gQ _ Z(UJ + 5))2 _ 946721arctan(é/g )

We have also shown in Fig. 5.2 that in the same large g?c; = ¢g?/o,, limit, two photons
will transmit through an array of atoms with high probability. With this, we posit that the
final, scattered state of two photons will have the same form as Eq. 6.9, but with ¢(w)
replaced by Eq. 6.17 and the interaction when both photons are at the same site being
described by f,4(t1,t2) from Eq. 4.55. Just as in the previous section, we will transform
Eq. 4.55 to the frequency domain to more easily add up all the possible scattering events.
Using this heuristic model, the final scattered spectrum of two, counter-propagating
photons from an array of N pairs of non-interacting atoms positioned using the optimal

spacing defined in Chapter 2 should be approximately

Fap(wrwe) = t(wr)Vt(w2)N fwr) f(w2)

=

+COS(¢)2672i¢/dwadwb5(wl g —wa —wp) Y t(w)N T (wn) N T t(wa) M (wa) ! f(wa) F(ws)

j=1
r 1 1
{+( — + . )
T \I'y —iw; Ty —iwe

+F;< 1 n 1 ) ( r_ | ) 1 r_
m \I'_ —iw; T —iwy P —iwy, Ty —dwp/v—i(we+wp) (To —iwe) (- —iwp)

( F_;,_ _ I'_ ) 1 B F+
Iy —dwy, T —dwp/ vy —i(wg +wp) Ty —iwe) (T — dwy)

(6.18)

where the terms I',, I'_, and v are defined in Eq. 4.23.
In fact, the terms related to the doubly excited state (the ones multiplying terms with

) do not contribute to the overall result. This is due to the term < A - ) which,

' —iwy ' —iwy

as 'y is large, will be approximately zero. Because of this we will remove this term and use
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Eq. 6.19 to model the final, scattered state of two counter-propagating photons.

Fap(wrwz) = t(wr)Vt(wa)N f(wr) f(w2)

($)2 al
e / dwadwyd(w1 + wz — wa — wp) > tw)N It (wy) N T t(wn)T (wa) T F(wa) Flwn)
s =

(1+1) r2 +(1+1> r2
. Iy —iw;  Tq —idwe/ (T —iwe) (T — dwp) P —iw;  To —iws/ (T- —iwy)(T- —iwp)

(6.19)

We first demonstrate that this approximation is valid in the adiabatic limit for a
Gaussian pulse for up to N = 4 pairs of atoms. We have chosen to use a Gaussian pulse as
it is the same pulse used to calculate reflection and transmission probabilities in Chapter 2
and is commonly used in other works (such as [64]). In Fig. 6.10 we plot the fidelity for a

pulse with time and frequency profiles given by
e—t2/40't

. Flw) = —— 6.20
or fw) — (6.20)

Fidelity is compared to the target state

ft) =

| Target) = /dwldwﬂ(wl)Nt(wz)Nf(Wl)Jz(wz)dllZA?LQ’0> (6.21)

where the transmission coefficients are given by Eq. 6.17, N refers to the number of pairs
of atoms, and the target differs from Eq. 6.11 in that we have not included any phase. As
we will see later, the phase that arises from using the optimal position spacing from
Chapter 2 and setting §/¢g? = 1 is not 7 but rather 7/2. Looking at Fig. 6.10, it is clear
that in the adiabatic limit the calculated fidelity and phase is virtually identical, regardless
of whether the full solution of Eq. 5.45 or the heuristic approximation of Eq. 6.19 is used.
Note that, due to the nature of the Fourier transform, when relating the frequency and
time results the parameters have been re-scaled so that o, = ﬁ Additionally, in
calculating the solution from Eq. 6.19 we used a third order adiabatic approximation of Gt
(as g0y > 30), given by the k=3 solution to Eq. 3.48, to derive an analytic form of & for

the Gaussian pulse to more efficiently compute the solution.
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Figure 6.10: The infidelity (left) and the useful phase shift (right) predicted by the Marko-
vian solution presented in Eq. 5.45 (light color, circle marker) and the heuristic solution
presented in Eq. 6.19 (dark color, square marker) for 1, 2 and 4 pairs of atoms for two
counter-propagating photons with initial pulse shapes defined by Eq. 6.20. Note that the
two curves are directly on top of each other due to the high numerical agreement. We have
set §/g*> = 1 in this calculation and in the Markovian calculation used the optimized spacing
derived in Chapter 2.

While it would be nice continue to show that the approximation of the scattered state
continues to be valid for larger numbers of atoms, the computational time required to go
past 4 sites in the Markovian solution of Eq. 5.45 becomes prohibitively expensive. There
is, however, no reason to expect that the approximation ceases to be valid for a larger
system. As was seen in Fig. 2.10, the reflection probability is always very small for large
g*/o.,. As such, the magnitude of any terms that are left out of the heuristic solution
should be incredibly small and contribute little to the overall scattered state. To stay
within a regime that this high single- and two-photon transmission should hold true we will
restrict ourselves to exploring how the gate functions in the region of g*/a,, € [30,200].
The upper limit here is chosen to limit the total number of sites needed to achieve unit

fidelity, as will be shown soon.

We now begin to study how an array of N pairs of non-interacting atoms, spaced as
described in Fig. 2.12, can function as a CPHASE gate. Following the previous analysis of
the array of interacting atoms, in Fig. 6.11 we first plot the fidelity and useful phase of the

final scattered state as compared to the target state in Eq. 6.21.
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Figure 6.11: The fidelity and phase difference between ¢ and 7/2 of Eq. 6.19 compared to
Eq. 6.21 for various N pairs of atoms and ¢%/0,,.

Immediately, one notices that the gate functions; it is possible for two photons to
acquire a phase shift of 7/2 with near-unit fidelity. While this is not the ideal phase of 7,
due to the difference in the structure of the atom-photon interaction, it represents a
nontrivial phase that would enable universal quantum computation. The maximum phase
in Fig. 6.11 occurs when ¢2?/o,, = 1.34N-871. These points of maximum phase also
correspond to high fidelity, though in actuality the fidelity calculated around these points is
slightly greater than 1, with a maximum of 1.002. A fidelity larger than one implies that
the norm of the state is also greater than one. This is perhaps not surprising; the
approximation of the single photon transmission coefficient in Eq. 6.17 assumes unit
transmission, but, as was shown in Chapter 2, there is still a small probability of reflection.
The fact that we are ignoring this is most likely is causing fidelity to be greater than one,
but as it is a small deviation there is no reason to suspect that removing the assumption of
unit single-photon transmission would significantly affect the gate operation. It would
seem, then, that for this gate to function two conditions must be satisfied; the system must
be in the adiabatic limit of g?/o, > 1 and the number of sites must be approximately

N = ¢?/a,.

135



6.3.2 Visualization of the spectra and limits on operation

As a result of the fact that the approximation required to use Eq. 6.19 requires g*/o,,
to be large it is difficult to make a one-to-one comparison with the previous gate design
using interacting pairs of atoms. In section 6.2, the system works exactly; that is, there is
no probability that the two photons will be reflected. As such, we were able to consider all
values of g2/, and explore small numbers of sites in which the gate functions well.

For the array of non-interacting atoms being considered here, we cannot explore this
transition, as it would require computing the fidelity from Eq. 5.45 for large numbers of
atoms, a task that would take far too long and that would undercut the utility of making
the approximations in Eq. 6.19. Instead, we will consider what happens as the number of
pairs of atoms is varied for g?/o,, = 50 when 6/g*> = 1. These values have been chosen to
ensure that the system can be considered to be adiabatic and so that the useful phase will
be approximately /2.

In Fig. 6.12 we plot the phase and fidelity of the proposed CPHASE gate as a function
of N. For this gate, as the number of sites increases the fidelity is initially high, decreases
around N = 12, and recovers in the limit when ¢/, ~ N. The phase begins low and, as
the number of pairs increases, it climbs to eventually reach the ideal phase of 7/2.
Moreover, we find that as the number of pairs of atoms continues to increase the phase and

fidelity saturates, just as shown in Fig. 4 of [30].
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Figure 6.12: This figure shows how for a fixed g?/o, = 50 the phase (blue squares) and
fidelity (red circles) of the gate as a function of the number of pairs of atoms, V.

We can explore the shape of the spectrum as we did in 6.2.3. In Figs. 6.13-6.16 we plot

the spectrum of the scattered photons, given by Eq. 6.19, and the spectrum of the target

state e'™/?|Target) where again |Target) is given by Eq. 6.21.
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Figure 6.13: The spectrum of the pulse for N=1 site when ¢?/o, = 50. The top row
represents the full spectrum of the pulse from Eq. 6.19 and the bottom row represents
the ideal pulse described in the text. The columns correspond to the absolute value of the
spectrum, the real part, and the imaginary part respectively.
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Figure 6.14: The same figure as Fig. 6.13 for N=12 sites where fidelity is minimized in Fig.
6.12
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Figure 6.15: The same figure as Fig. 6.13 for N=50 sites.
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Figure 6.16: The same figure as Fig. 6.13 for N=100 sites.

Here, with one site it is clear that the fidelity is good because the photons are
transmitted and have virtually the same shape as the ideal state. The phase is low,
however, as can be seen by the fact that the real and imaginary components of the full and
ideal states are swapped. This makes sense; from Fig. 6.10 it is clear that a single site
provides a very low phase shift and allows photons to transmit with high probability. As
the number of sites increases, the entangled component actually becomes larger. At
N = 12 sites in Fig. 6.14, where the fidelity in Fig. 6.12 is minimized, it is clear that the
photons are highly entangled as it is likely to find them along the line w; = —ws. Only
when the number of sites becomes larger does this entanglement vanish, similar to the
process seen in 6.2.3.

From all this it is clear that an array of non-interacting atoms should be able to
function as a passive, deterministic CPHASE gate between two photons in a similar

manner as an array of interacting atoms. This gate design has one further complication not
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present in the design of [64]; the incoming photons must be spectrally narrow enough that
they reside entirely inside the transmission windows presented in Fig. 2.15. If the spectrum
of the photons is Gaussian this is not a problem, as the Gaussian function decays very
rapidly. If the spectrum is something broader, such as a Lorentzian, a significant amount of
the pulse may be outside the transmission window and could be reflected. As the number
of pairs required for the gate to function well is large (on the order of 30) this translates
into a potentially catastrophic error. Indeed, comparing the phase and fidelity of a
Lorentzian pulse in the same way as Fig. 6.10 reveals that as the number of sites increases
the difference between the approximate spectrum of Eq. 6.19 and the full solution of Eq.
5.45 becomes significantly greater, to the point where it is not possible to achieve a
near-perfect CPHASE operation.

The reason this happens can be seen in Figs. 6.17 and 6.18. Here we have plotted the
folded cumulative distribution of a Gaussian spectrum, given by Eq. 6.20, and a Lorentzian

spectrum, given by

i Va
) = Zman (6.22)

where  is the width of the Lorentzian (as a Lorentzian does not truly have a standard

deviation) and is related to the standard deviation of the temporal shape of the pulse
(which is a decreasing exponential function) by Q = \/%Tt This pulse has a very physical
origin; it is the frequency representation of a single two level system decaying.

For the spectral functions defined here the folded cumulative distribution is given by

FCDF(w) = O(—w) / dw| f(w)|* 4+ O(w) / dw| f(w))? (6.23)
When w < 0 it gives the probability that the photon will be found at a frequency less than
w and when w > 0 it gives the probability that the photon will be found at a frequency

greater than w. This is a useful figure of merit because it provides a sense of how much of

the photon resides outside of the transmission window. As can be seen in Fig. 6.17 when
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the system is in the adiabatic regime (g?/o,, > 30) if the photon has a Gaussian

distribution virtually all of the photon will be contained within the transmission window.

When ¢?/o,, = 30 the probability of finding the photon beyond the transmission window

(w/g® < .2) is on the order of 1079, As this parameter increases, the probability of

reflection becomes vanishingly small.
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Figure 6.17: A comparison of the folded cumulative distribution of an incoming Gaussian
pulse to the transmission coefficient for N = 6 pairs (right) and N = 50 pairs (left). The
solid black line is the intensity transmission coefficient calculated from Eq. 2.20 for 2N
atoms. Note that the choice of N pairs gives the same transmission coefficient presented in
Fig. 2.15 using the optimal spacing presented in Chapter 2.

This does not hold true for a Lorentzian, however. Even when the system is in the

adiabatic regime there is still a significant probability that the photon will be found outside

the transmission window. At w/g* = .2 and with ¢/ = 30, the probability of finding the

photon outside the transmission window (i.e. at a frequency of w/g? < .2) is about .0265.

While this represents only 2% of the overall photon, this error compounds with two

photons as they have a large chance to interact at multiple sites, leading to the ultimate

failure of the gate and the breakdown of the approximation given in Eq. 6.19.
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Figure 6.18: The same as Fig. 6.17 but with a Lorentzian incoming pulse.

Thus if one were to construct a CPHASE gate using a series of non-interacting atoms
coupled to a 1-D waveguide one would need to ensure that the photons are narrow enough
in frequency to properly transmit through the system. This represents a departure from
the gate designed using the interacting transmission window where, similar to [30], the gate
operates regardless of the distribution of the incoming pulse. This departure is a
consequence of the fact that the transmission in Eq. 6.19 is only approximately one for a
narrow range of frequencies. Any incoming photon pulse may have a component outside
this window, however, and thus for two photons to transmit they both must be made to fit
inside this narrow feature. On the other hand, Eq. 6.9 has a theoretically infinite
bandwidth; thus there is no chance that a photon of any frequency, no matter how far
detuned or whatever shape, will be reflected.

There are several ways to circumvent this complication. Different processes of creating
narrow-band single photons will produce different spectral distributions. Choosing an
appropriate source would be one way to ensure that the photons fit within the transmission
window of the system. It would also be possible to add a band-pass filter to select only the
frequencies that will transmit with near unit probability. This would add undesirable losses
into the system and make any computation dependent on the final detection of a photon.
These errors should be relatively small, though, as for the Lorentzian only about 2% of the
pulse would be lost, and this would be a one-time event occurring at the beginning of a

computation. Finally it may be possible to use pulse-shaping techniques (such as in [65]) to

142



force the incoming photons to be narrow in frequency or have a Gaussian shape. Again,
this would add in extra losses, especially since pulse shaping typically requires nonlinear
elements, but once the photons have been appropriately shaped they will transmit through

the system and not experience further errors.

6.4 Conclusions

In this chapter we combined elements from all the previous chapters to demonstrate
that the nonlinearity present in arrays of two level systems is able to be used for quantum
computation. We have successfully shown that an array of such emitters coupled losslessly
to a one-dimensional waveguide can successfully perform a passive, deterministic CPHASE
operation between two photons. This is significant, as it shows that there is not a
theoretical roadblock to performing quantum logic with photonic qubits. That is not to
say, of course, that the systems proposed to perform a CPHASE operation would be easy
to build; both transmission windows used to build a gate in this chapter require precise
alignment of the emitters and a large number (on the order of 20 or more) to be successfully
coupled losslessly to a waveguide. Additionally, the better performing design requires that
the emitters be placed close enough that there is a strong, direct dipole-dipole interaction.

We also demonstrated that the design presented in Section 6.2 functions identically to
the gate proposed by Brod and Combes in [30] and [64]. We extended our model to
consider the effect of travel time between sites and were able to show that if the system is
small enough that the Markovian approximation holds the distance between sites matters
little. The fact that our proposal works in the same way as the Brod and Combes proposal
also suggests that any array of two level systems that preserve photon number for
counter-propagating pulses will be able to function as a CPHASE gate, including chiral
waveguides or systems that can take advantage of different polarizations. Finally, we
presented results that suggest an array of non-interacting atoms should also be able to

perform a passive, deterministic CPHASE operation between two photons. This design is
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limited by the fact that the photons must be spectrally narrow enough, but may be
significantly easier to construct as it does not rely on enforcing unidirectional behavior by

ensuring strong, finely-tuned interactions between two level systems.
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Chapter 7
Conclusions and Future Work

In this text we studied in depth an array of two level systems coupled losslessly to a
one-dimensional waveguide structure. In doing so, we accomplished three main tasks; we
developed an approach to photon scattering in the time domain that allows for efficient
computation of the scattered state of multiphoton pulses, identified and explored
transmission windows that appear due to quantum interference between the scattering of
photons from multiple atoms, and demonstrated that the nonlinearity present in arrays of
two level systems is able to be used for quantum computation.

Using the approach demonstrated in [32], in Chapter 2 we explored the exact scattered
state of a single photon from an array of arbitrarily positioned two level systems coupled to
a waveguide. In agreement with other authors, we found that the final frequency
distribution of the photon scattered by a single atom is accurately described by a
frequency-dependent transmission and reflection coefficient and that this description allows
one to treat the system of atoms as an array of cavities. Using techniques from quantum
optics we derived the same transmission and reflection coefficients. We also found, again in
agreement, with other works, that the scattering of a single photon is modified significantly
by the number of two level emitters coupled to the waveguide. By increasing the number of
atoms we explored two different transmission windows, appearing either when the atoms
are able to interact via a direct dipole-dipole energy transfer or when they are not able to
interact but are placed so that quantum interference preferentially favors transmission over
reflection. In Chapters 4 and 5 we continued to explore the non-interacting transmission
window and were able to demonstrate that two counter-propagating photons will transmit
through (i.e remain in their respective modes) an array of atoms with near-unit probability.

In dealing with the multiphoton wavefunction, we developed a novel, time-domain
approach to multiphoton scattering, identical to that published in [11] concurrently with

our publication [12]. In this approach, the normal ordering of photon creation and
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annihilation operators ensures that one can write a final expression for the scattered state
of the photons in terms of a finite series, given in Eq. 3.18. In using this solution to study
the scattering of two photons from a single two level system, we explored the origin of
entanglement between the photons and were able to show that, due to the fact that a
single emitter can only absorb one photon at a time, the arrival times of photons, as
measured by a photo-detector, will be correlated. In Chapter 4 we extended this approach
to describe the scattered state of two photons from two atoms, where the atoms can be
placed an arbitrary distance apart. We explored how control of the atomic position changes
the transport properties for co-propagating, counter-propagating, and standing wave mode
photons. We found that the addition of a second atom leads to interesting possibilities of
isolating entangled terms, reducing the overall entanglement between the photons, and in
creating regions of very high transmission. We also demonstrated that the same
transmission windows studied in Chapter 2 for a single photon are also present for two
atoms. Finally, in Chapter 5 we considered the case of two photons scattering from an
array of N atoms and arrived at a solution for two counter-propagating photons scattering
from an array of N atoms. We used this solution to show that the non-interacting
transmission window studied in Section 2.4.2 is also present for two photons transmitting
through up to 8 atoms.

The generality of the solution presented in Eq. 5.19 immediately suggests a direction
for future work; exploring how multiple atoms modify the transport and entanglement
properties of two photons. In Chapter 4 we demonstrated that the addition of a second
atom dramatically changes the properties of the scattered photons; it is likely that adding
more atoms will similarly create new nonclassical states of light and provide even greater
control over the properties of the scattered photons. Additionally, using the process in Eq.
3.18, we can in principle extend the solutions in Eq. 4.30 and Eq. 5.19 to deal with initial
states that contain more than two photons. This is a largely-unexplored area of photon

scattering and this approach provides an intuitive, analytic way to study entanglement and
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photon transport of multiphoton pulses.

Finally, we applied the results and methods developed in Chapters 2 through 5 to
design and evaluate a conditional phase gate between two counter-propagating photons
inspired by the gate presented in [30]. We were able to demonstrate in Section 6.1 that
pairs of interacting two level systems coupled to a waveguide are indeed able to function as
a CPHASE gate between two counter-propagating photons, and that the gate operates in
the same manner as that proposed in [30]. By creating a heuristic model and
demonstrating numerical agreement with the full solution of Chapter 5, we argued that an
array of non-interacting atoms should also be able to function as a conditional logic gate
between two photons, provided that the frequency distribution of the photons is sufficiently
narrow and the system is tuned to the non-interacting transmission windows studied in
Chapters 2, 4 and 5.

It is significant that the nonlinearity present in two level systems coupled to a
waveguide can be used to perform quantum information processing tasks. Our study
suggests an experimental way to realize a passive, deterministic quantum logic gate
between photonic qubits that does not suffer from the theoretical limitations of many gate
proposals. Additionally, the general nature of the equations implies that any array of two
level systems losslessly coupled to a waveguide would be capable of producing the desired
effect. The downside, of course, is that constructing the arrays of atoms proposed in this
work would require incredibly precise engineering of either dipole-dipole interactions or
placement of the emitters. Additionally, achieving true, lossless operation is difficult. If the
losses at each site were of the order of 1%, with 15 sites (as was shown to be needed for
achieving a fidelity of around .01 in Fig. 6.3) the total photon loss could be on the order of
15% at each step of the computation. This suggests a direction for further work;
quantifying the effect of losses in the system and finding ways to mitigate them from a
fundamental perspective, without resorting to post-selecting events where photons are

detected. Another direction for future work is to better evaluate the numerical agreement
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between the heuristic model of Eq. 6.19 and the full solution of Eq. 5.45. While the results
presented here suggest that the approximate form given in Eq. 6.19 is good, more work can
be done to demonstrate that this agreement holds for a larger number of atoms than was
presented in Fig. 6.10. Finally, in studying the ability of an array of non-interacting atoms
to function as a CPHASE gate, we assumed that §/¢g? = 1. Changing this parameter
should enable one to change the value of the phase imparted by the gate and characterizing

this effect would provide insight into the gate’s functionality.
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Appendix A
Dynamics of the Single-Photon, Two-Atom Interaction

As was mentioned in previous chapters, the solutions presented in the time domain for
the interaction between photons and atoms are not restricted to the scattering limit. Here
we show how to consider the dynamics of the system by modifying the solution for the
scattering of a single photon from two atoms, given in Eq. 4.36, to instead explore the
spacetime profile of the pulse during the interaction. To do so, we first assume the
interaction begins at ¢ = 0 rather than t = —oo. The photon state as a function of time is

then given by

R Ry
0 0
—or, [ dt ldt ~T—(ti—t2) RtV D(¢ Al
/0 / " (1) D (t2)|to) (A1)

From here integrals of the form fg " dtye Tt (1, — 79) must be evaluated, where 7
represents the initial spacetime position of the pulse. The solution to this is nearly
identical to that of Gr,(t) provided that 7 is sufficiently far away from the origin. To show

this, consider that with the change of variables 7 = t, — 79 we can express G as
t1
Gp(t1> :67“1 / dtgeFth(tQ — 7'0)
0

t1—To
= Th / dTGF(T+TO)f(T)
0

t1—7o
e T / dre" f(r) = Gt — 7o) (A2)

—0oQ
Using this and writing the C and D standing-wave mode operators in terms of
travelling wave operators yields the following time-dependent pulse. Note that the

definitions of f4 and fp are slightly different than given in Eq. 4.36, as the limits of
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integration on the initial state will be different than the interaction components.

[0y (8)) = [t} + / diy [fa(t) AT (1) + Fa(t) BT (8)][0)

fa(t1) = =T.Gr (t; — 70) = I'sGp_(t, — 70)

fe(t1) = —TGr (t1 — m0) + TsGr_(t1 — 70) (A.3)

To explore the intensity of the field as a function of position and time we introduce the

field operator E)(z,t)
E(+)<Z, t) _ / dw |:e—iw(t—z/c)+ikp(z—ct)aw + e—iw(t—i—z/c)—ikp(z—kct)bw]
=27 [eikF(Z’Ct)A(t —z/c) + e HRrEFN Bt 4 z/c)] (A.4)

The intensity is given by (,|EC) (2,¢)EH) (2, 1)|1,), with E()(2,t) being the complex
conjugate of E(F)(2,t). To evaluate this, first the action of E™)(z,#)[1,) must be found.

Commuting all the operators, this becomes
t

B 0l(0) = B )} + VR [ [ At = 2/0) +-e B 420
0

[fa(t)A () + fs(t) B (t1)]]0)

- \/ﬁ/z dt, f(t)e™ D5 (4 — (t — 2/c))

+\/%/Ot dty [ fa(t))e®r DS (4 — (t — z/c)) + fp(ti)e FrETD5 (¢ — (¢ + 2/c))]|0)
= V2r[f(t — z/c)e* DOt — 2 /c)

Ffalt = 2/c)e™ DOt — 2/c)O(z/c) + [t + z/c)e *FEHDO(t + 2 /)0 (—z/c)] |0)
(A.5)

As (,|E)(2,t) will simply be the complex conjugate of the above function, and there
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are no remaining operators, the intensity as a function of position and time is

(g O (2, ) B (2, 1) |0g) =
pikr(z=ct) (f(t _ z/c)@(t — Z/C) + fA(t — z/c)@(t — Z/C)@(Z/C))

Fe RN (b 200t + 2002/ (A6)

2

In order to ensure that the interaction will happen after time ¢t = 0, the initial state is
centered around the position —50; to ensure that it is sufficiently far away from the atoms.

Before plotting the pulse as a function of position, we also solve the excitation
probability of the |i).) states. These are given from Eqs. 4.22a and 4.22b, after using the
fact that the initial state has only one photon and applying the Markovian approximation

to the operators, by the functions below.

’,lvb-i- \/ 2F / dt €_F+(t tl tl W)] = —Z\/ GF+ t—TO (A?)

t
—\/ QFS/ dtleilﬂ_(t tl (tl |wg tl \/ GF t—T(] (AS)
0

This makes sense physically, as we have shown previously that the function Gr is
related to the atomic excitation probability. With this, the probability to find the atoms in
either of the superposition states becomes

2

2
(Ve ls) = e Gr (¢ = 70)] (Y- [9) =Tu|Gr_(t =) (A.9)
We also desire the probability for the photon to be in the field state. This is given as
2 2
(Vlthg) =1 (t—m)| —Tu|Gr_(t - )| (A.10)

Below are figures for the position and respective probabilities as a function of time for
the case when the photon is on resonance (§ = 0) and there are no atomic interactions
(A =0). For these figures, kr has been set to 10! to model what would happen for an

optical photon and the initial pulse shape has been chosen to be Gaussian.
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Figure A.1: The position of the photons and excitation probabilities of the atoms as a
function of time. Here 6 = A = 0 and krpz = 27 for all plots. The rightmost column
corresponds to ¢g?0; = .1, the middle column to ¢g?c; = 1, and the leftmost column to
g*0; = 10. In the bottom plots, the blue curve is the excitation probability of the |+) state,
the yellow dashed curve is the excitation probability of the |—) state, that the red curve is
the probability that neither atom is excited.

The first set of figures in Fig. A.1 correspond to the case where the atoms are
positioned so that only the |4) state is coupled to the waveguide. As can be seen, as the
coupling increases the pair of atoms acts more like a mirror, as was seen for a single photon
interacting with a single atom. Additionally, the probability that the atomic state |+) is

excited is generally small.
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Figure A.2: The position of the photons and excitation probabilities of the atoms as a
function of time. Here § = 0, A = ¢* and kpz = 37/2 for all plots. The rightmost column
corresponds to g?0; = .1, the middle column to ¢g?c; = 1, and the leftmost column to
g*0; = 10. In the bottom plots, the blue curve is the excitation probability of the |+) state,
the yellow dashed curve is the excitation probability of the |—) state, that the red curve is
the probability that neither atom is excited.

When the atoms are able to interact by a dipole-dipole interaction (given by Eq. 2.37)
and the system is tuned to the transmission window described in Section 2.5, the entire
photon is transmitted with unit probability. This can be seen in Fig. A.2, where the
photon pulse is always found to transmit. For low couplings, however, the photon may be
significantly delayed with respect to its original path. Additionally, as I'y = I'_ when the
system is tuned to this particular transmission window, both the |+) and |—) states
experience the same probability to be excited, and in the case when g?0; = 1 it becomes

significantly more likely that the photon will be absorbed when compared to Fig. A.1.
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Figure A.3: The position of the photons and excitation probabilities of the atoms as a
function of time. Here § = ¢g?, A = 0 and kpz = 37/4 for all plots. The rightmost column
corresponds to ¢g?0; = .1, the middle column to ¢g?c; = 1, and the leftmost column to
g*0; = 10. In the bottom plots, the blue curve is the excitation probability of the |+) state,
the yellow dashed curve is the excitation probability of the |—) state, that the red curve is
the probability that neither atom is excited.

Finally, we present results for a system tuned to the non-interacting transmission
window that occurs when tan(kpz) = —§/g?. Here, the photon is generally transmitted,
but the pulse remains distorted for higher values of g?0; than compared to the final pulse
in Fig. A.2. Each of the states |+) now couple differently to the photon modes, and as

such the excitation probability of the two is also different.

In summary, we presented how to modify the time domain approach to explore system
dynamics. We used this to present visualizations of the single photon transmission

windows shown in Section 4.3.1.
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Appendix B
Operation of a Single Site Atom-Cavity Phase Gate

B.1 Introduction

In this appendix we explore a related question to the main topic of photon scattering
from an array of two level systems in a waveguide; how well can a single site function as a
CPHASE gate? In exploring this, we will specifically consider a single three-level atom in
the V configuration, contained within a cavity, where each level of the atom is accessed by
photons with different polarizations. The motivation for studying this particular system is
threefold; first, the addition of the cavity, in principle, allows the two photons to interact
multiple times with the atom which could reduce the number of sites required to build a
logic gate in the style of Brod and Combes [30]. Second, in the appropriate limit, this
system behaves identically to a single two level emitter coupled to a waveguide. Thus, in
studying the atom-cavity system we can also show that a single emitter cannot be used to
construct a high-fidelity, passive CPHASE gate. Finally, it provides a different method of
approaching the scattering problem and gives some background on how to quantize field
modes. Rather than using the time domain and looking for commuting operators we will
use the Laplace transform to directly solve the scattered state of a multiphoton pulse. The
work in this appendix was presented in the summer of 2017 at DAMOP in Sacramento.

Note also that [66] similarly solves for the scattering of two photons from a cavity.

B.2 Solving for the scattered state

B.2.1 Hamiltonian and operator action

As mentioned in the introduction, in this appendix we will be studying the scattering of
two counter-propagating photons with different polarizations from a three-level system
inside a cavity. A diagram of this system is given in Fig. B.1, where as before a and b

modes represent right and left travelling wave photons and the subscripts h or v denote the

160



polarization of the photon.

Figure B.1: A diagram of the atom-cavity system being considered here, where a three level
V system, with the levels accessed by different polarizations, is embedded inside a cavity
which itself is in some structure that only allows photons to travel in one dimension outside
the cavity.

In order to appropriately describe the photon inside the cavity, we use the cavity
quasimode operator derived in [67]. This operator describes the quantized field inside a
cavity of length | embedded in a much larger cavity of length L. We will ultimately let
L — 0o to model the field modes in free space. In all this, we will be assuming that photons
outside the cavity may only transmit in one dimension, enforced by a waveguide, fiber, or
other structure. For a cavity with mirrors M; and M, with corresponding transmission (¢;)

and reflection (r;) coefficients, the field that the atom experiences is given by

Kk —i(ck+ A

2Kc
\/ T
cos(koz) Z T (Trak + by (B.1)
k
In this equation, kg is the wavenumber of the atomic transition, ck = Q) — Qg (where
Qk = ck) is the frequency spacing from the center of the incoming wavepacket (g,

A = Qg — €. is the detuning between the center of the pulse and the cavity frequency, s is

the cavity loss rate (given by k = %%), 1 is the length of the cavity, and L the
t
33

quantization length. 7; = is a factor that determines the coupling to each of the
modes based on the mirrors involved, and it has the property that 72 + 73 = 1. In deriving
this equation, we make the usual quantum optics assumptions that the reflectivity of the

mirrors is close to 1, that the quantity ¢/l is on the order of optical wavelengths, and that
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detunings are sufficiently small.
With these modes, the Hamiltonian describing the interaction between the atom and

cavity is

2 : b
H = hyeos(koa)y| - [ 3o e TS

L Kk —i(ck + A)
—i(ck+dy)t T10k +TQbkﬂ) 1% ] H.C B.2
e RSBy g e p2)

Here 0y, , represents the detuning of the photon pulse from one of the atomic transitions, g
is the coupling constant to the atom, |H) is the excited state arising from interacting with
the horizontally polarized light, |V') is the the excited state from the vertically polarized
light, and |g) is the ground state. The general solution to this equation is rather
complicated, as various combinations of aj; and by ; lead to many terms corresponding to
all the possible scattering channels. In addition, the two standing wave mode operators
defined by \/Lé(ﬁak,i + mby ;) are not orthogonal, but rather commute with #5 (k— k).
In order to make the problem more tractable, we further assume that the mirrors are
identical (17 = 75 = 7). This allows us to write the Hamiltonian in terms of standing wave
operators ¢ ; = \%(alm + by.i).

Lastly, the general wavefunction for the system as a function of time is

() =D Fron®E, JOH) + D frow®el wlONV) + D Fraag(DEL 4L, ,[0)g) (B.3)
k1 ka2

k1,k2

B.3 General two photon solution

Unlike in previous chapters, before solving the Schrodinger equation we will assume
that the initial state only contains two photons, one in each of the standing wave
polarizations ¢ 5, and ¢;,. We make this assumption because, using the beamsplitter
arrangement of Fig. 1.1, the two photons will leave the same port they enter the
beamsplitter with unit probability. Thus they can be routed in different directions after the

scattering event. As we are considering the system’s ability to function as a quantum logic
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gate, it is very useful to study a configuration that preserves photon number. Moreover, as
the d standing wave modes do not interact with the atom-cavity system (since they do not
appear in Eq. B.2 when 7 = 75), a solution of the ¢ modes will ultimately allow one to find
the solution for travelling wave photons in a similar manner as described in Section 3.3.

Solving the Schrodinger equation with such an input state gives the following series of

differential equations for the photon coefficients.

_ kc Ch,h i(ck+6p)t Al
kalv ck 0|0) = —2igT cos(ko>2) \/ Z K — i(ck + Ah) e/ (ehon) Z St ez g (0)E5, vckz,h‘0>

k1,k2
(B.4a)
KC Cr i(ck-+5, S
2 fona01el,10) = =i costhos [ 32 R e S 00
k1,k2
(B.4b)
[ kC Ckh (ck+63)t
kzk fklyk%g Ckl vck2h|0> = —2igr cos(koz) Z P ck—i—Ah el(ck+on) Zflm, ckly 0)
1,R2

Ck’ X 2(ck+6 )t
+/~€+z(ck‘—|—A kaQ’ ck27h|0>

(B.4c)

In order to describe photons leaving the cavity into free space (or a continuum of
guided modes), we assume that the quantization length L is infinite. This transforms the
sums over k to integrals in w by the transformation ), — ﬁ [ dw. Each of the
coefficients in front of may , + Tobg s in Eq. B.2 will go as fi, — [ \/m The net effect

of this transformation is to remove the dependence on L in the equations and leave behind
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a factor of 2. The transformed versions of the differential equations are

/dwlfh(wl, t)él ¢l 0]0) = —2igT cos(koz), / / - ZC: :_ A e~ i(wton)t

/ dwydws fy(wy,wa, t)el,, el 1 10) (B.5a)
CUJ v —4
/defU(wg, ¢,,.110) = —2igT cos(koz) HQW/ LA ) i(w+d,)t
/dwldwgfg(wl,wg,t) Ll UCLZ 110) (B.5b)

At
Cw,h i(w+5h)t/ NI
_ d t 0
H+Z(W+Ah)e OJlfh(("]h )th’u' >

/dwldwgfg(wl,wg, )¢ Ll UéLZ nl0) = —2igT cos(koz)y/ 2£
7
et

/dw
w,v i(w+8,)t B
+ 7K+i(w+Av)e /dWva(w27t) Cusa, h|0>1 (B.5¢)

The ¢ operators commute between the horizontal and vertical polarizations, and have
commutation relations [C,, n /o, ¢ L n /U] d(w; — wj). Normal ordering the equations and
matching coefficients for each ¢, ;/, operator give the main differential equations for the

same spectral components of the wavefunction as described in Section 3.4 for a single atom.

et (w+6p)t
= —92 B.
Falen,t) = =2igr costhos) 5 [ do— s o wt) (B6w)
. et (w+8y)t
fo(wa, t) = —2igT cos(koz) By / —————— fy(wws,t) (B.6b)
\V 27

k—i(w+Ay)"Y
folwr,wa, t) = —2igr cos(koz) / i
2

ez(ng+6h) ez(w1+6v)
Jolwa, )| (B.6c)
In order to obtain a solution for the long time limit of f;(wy,ws,00), we choose to use

AN 7t +—
/<a+z(wz+Ah)fh(wl ) K+ i(wr + Ay)

the Laplace transform to remove the derivative. The Laplace transform is also
advantageous because the scattering limit (¢ — 00) is equivalent to the limit s — 0. The

useful relations for the Laplace transform we will use are

LI (1) = sF(s) ~ 1(0) lim £y, (1, ) = lim sF (w5
of [ sy =T L) = Fls—a)  (B)

These transformations are defined for the traditional Laplace transform
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(L = [7dte™*") and the bilateral Laplace transform (£ = [*_dte™*"), meaning that the
initial state can either be defined with tq = 0 or t; = —o0, though, as will be shown, an
initial state of ty = 0 is necessary to obtain an analytic solution.

After applying the Laplace transform to Egs. B.6a-B.6c, we get, with
v = 2g7 cos(koz) /35,

Fy(wi,w, s +i(w+ 0p)

sFy(wr,s) = fr(w, to) — ify/dw h i T A (B.8a)
, Fy(wws, s+ i(w+ 0,
SFU(WQa 3) = fU(WQatO) - Z’V/dw g( I{7 _22(w +(A ) ) (B8b)
| Fu(wi, s —i(wg + 0 Fy(wa, s —i(wy + 6,
sFy(wr,ws, 8) = folwr,wa, to) — iy hsi :_ (o EL QAh) ) + (/<J2+ i(w1(+1A ] ) (B.8c)

Provided that the atom is initially in the ground state f;(w1,to) = fo(w2,to) = 0. From
here, we may either substitute the excited states into the ground state, or substitute the
ground state into the excited states. The advantage of substituting the excited states into
the ground state is that the system of equations reduces to one integral equation of F,. The
advantage of substituting the ground state into the excited state is that when solving for
the ground state, terms such as o + i(w + ) will appear more quickly in the s — oo limit.
Both cases lead to the same integral equation, however, and as such we choose to substitute
into the ground state as it is perhaps a more natural path to obtaining a solution.

We also introduce the further assumptions that the detunings between the cavity and
atomic transitions are equal (A, = A, = A), that the photons are detuned symmetrically
(0, = d, = 0), and that the initial photon pulse contains two identically shaped,
uncorrelated photons so that fy(wy,ws,to) = fy(wa, wi,to) = f(wi)f(w2). This is not a
necessary assumption to solve the problem but it will simplify the solution from a series of
two coupled equations to a single integral equation, as the entire system is symmetric.
Additionally, we are ultimately looking to quantify how much the system distorts just such

an input state. With these assumptions, the excited state functions are substituted into
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the ground state, leading to

dw
K —i(w+ A))

Fy(wi,w, s +i(w — wo)
(s —i(ws +0)) (K + i(ws + A))

N Fy(w,wa, s +i(w —wn)
(s —i(wi +9)) (k4 i(w + A))

(B.9)

sFy(wy,wa, 8) = folwr,wa, ty) — 72/ (

To ensure that the variables in Fj are consistent, it is convenient to make the
transformation of w; — w, and ws — wy, along with the transformation
s — s+ i(w, +wp — w1 — we). This relegates w; and wy to being dummy variables that do
not contribute to the integral and preserves the form of the terms in the s component of

F,. The new equation is then

(S + i(wa +wp —wy — WQ))Fg<wa7wb7 s+ i(wa +wp —wy — Wb)) - fg(waawht())

_72/ (K — i(cf+ A))

+

Fy(wa,w, s +i(w+ w, — w1 — w2))
(54 i(we — w1 —wa — 6)) (K + i(wy + A))

F, (w, Wy, S + 1(w + wp —wy — w2))
(s —i(wp — w1 — wo — 5)) (Ii +i(w, + A))

(B.10)

It is clear that the function F (wa, Wp, S+ i(we + wp — wy — wb)) appears on both sides of
the equation with one of its indices integrated. From here, to simplify the expression, we

define several functions

1
W) = B.11
dole, ) s+ i(w + w' —wy — ws) (B.11a)

2

no_ -7
%w)_s+ﬂw—wyw@—® (B.11b)

N 1

K) = Ay (B.11c)
a@qz/mwwwma%&m@+w—m—w» (B.11d)
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and write the integral as

Fg(waawba s+ i(wa + Wy — wy — wb)) _
do(Wa, Wp) fg(Was W, to) + do(wa, we)ds(wae) K™ (wp)a(wa) + do(Wa, ws)ds(wsy) K™ (wq ) or(ws)
(B.12)

By substituting Eq. B.12 into Eq. B.11d one obtains an integral expression for a of the

form

awa) = / Ao K (00)do (w0, ) f, (s 0, o)
+ aw,)ds(wy) /dwK(w)K*(w)dO(wa, w) + K*(w,) /dwK(w)dO(wa,w)dg(w)a(w)

(B.13)

The term K (w)K*(w) will effectively act as a delta function for w — —A — ix when
being integrated along with functions that contain poles in only the upper half plane. This
is due to the residue theorem, as § f(§)d¢ = 2mi )", Res(f, z1) and the residue of a simple
pole is given by lim,_,,, (2 — z;) f(2) for a curve that has a winding number of -1
(counterclockwise). If integrating over a curve in the lower half plane, one must take care
to flip the limits of integration of the real component so that it corresponds to the desired
part. Terms that go as 8 — iw (with Re[5] > 0) will have a pole in the lower half plane,
whereas terms that go as [ + iw will have poles in the upper half plane. This reduces the

third term to
a(we)ds(wy) /dwK(w)K*(w)dO(wa,w) = za(wa)d(g(wa)do(wa, —A —iK) (B.14)
K
Moving this term to the left side and solving for a(w,) again gives

a(wy) = H(wa) Fo(wa) + H(wa) K™ (wa) /dwK(w)dg(wa,w)d(g(w)a(w) (B.15)
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where we define

K(S—I—i(wa—wl—wg—(S))(s—l—/@—l—i(wa—wl—wQ—A))
T2 4 k(s + i(we — w1 — w2 — 6)) (s + K + i(wy — w1 —wy — A)

Folwa) = / Ao K () (s ) f (s 0, o) (B.16D)

H(w,) =

(B.16a)

The presence of the w, index in the kernel of the integral on the left side of Eq. B.15
significantly complicates the solution. A closed form can be obtained, however, by
multiplying both sides by K (w,)d(w’, w,)ds(w,) and integrating over w,. This will lead to
an integral of [ dw, K (we)K*(we)H (wq)do(w', we)ds(w,). Again, the K (w,)K*(w,) term will
act as a delta function, provided that none of the other functions involved in the integral
have poles in the lower half plane. This is obviously true for ds and dy, but demonstrating
it analytically for H(w) is very challenging due to the presence of a square root term with
complex components. It is, however, very easy to check numerically: running over one
million random combinations of the parameters in question (with s = 0 in anticipation of
the final solution), there were no poles found in the lower half plane or on the real axis. It
would appear, then, that this function also has only poles in the upper half plane. In the
case where 6 = A = 0 this condition is trivially satisfied.

Now, evaluating the integral so that w, —» —A — ik, we get
/dwaK(wa)do(w’,wa)d(;(wa)a(wa) = /dwaK(wa)dO(w’,wa)dg(wa)H(wa)Fo(wa)
T o —A — ik)H(—A — i)ds(—A — i) /dwK(w)do(—A — ik w)ds(@)a(w) (B.17)
K

As ' is unbound, we can set it to equal —A — ix. In this way it is possible to obtain a

closed form for [ dwK (w)do(—A — ik, w)ds(w)a(w). Solving such an expression gives
/dwK(w)do(—A — ik, w)ds(w)a(w) =
T -1
[1 = T do(—A — ik, —A — i) H(—A — ir)ds(—A — m)]
K
X /dwaK(wa)dg(—A — iR, We)ds(wq) H (wa) Fo(wa) (B.18)
This can then be substituted into B.17 which in turn can be substituted back into B.15
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to arrive at the form of «.

() = H(w) Foliea) + H @)K (w0) [ Aok (@)do(wt,0)ds @) H(w) Fo(w)
+%H(wa)K*(wa)do(wa, A iR)H(—A — ik)ds(—A — ir) / dwK (w)do(—A — i, w)ds () H(w) Fo(w)
(B.19)
With

x = 1= Tdo(-2 i, A — k) H(~A — in)ds(~A — i) B (B.20)

R

While complicated, « is completely written in terms of the initial ground state and a
number of integral functions.

To more explicitly evaluate the integrals in the scattering limit we let s — 0. In order
to do this, we make two assumptions regarding the initial state following the procedure in
[68]. First, that f,(wi,ws,0) is analytic everywhere in the upper half of the complex plane,
which is true of most probability distributions. Second, that the pulse vanishes for times
t < 0. This is mathematically impossible to achieve for any smooth pulse (though it is
certainly possible for a square pulse). Physically, however, the long tails of pulses such as a
Gaussian do not contribute significantly to the overall interaction and they can be safely
ignored. Recall that we have also assumed that the initial photon state is separable. As
long as the pulse is peaked sufficiently far to the right of ¢ = 0 (for example 3 standard

deviations) we can safely define the initial state for a single photon as

folw) = fy(w,0) = / T (t— 1,0) (B.21)

where p is the time offset and p >> o for the pulse. When cast in this form it is clear that
any complex w = R(cos ¢ + isin ¢) will vanish for ¢ € [0, 7] as R — oo, as the real
component of the exponential will go as e™ 5% ensuring that the function fy(w) will

vanish exponentially fast in the upper half plane (as sin(¢) € [0, 1] for ¢ € [0, 7]).
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With this in hand, an integral of the form found in Fy becomes

= w i fo(w)
Fo(wa) = fol a)/d (/{—i(w+A))(s+i(a}+wa—w1_W_Q))
_ 27rf0(wa)f0(wl + Wwo — wq + ZS)
k= i(w ws — we + A+ 1)

(B.22)

by use of the residue theorem. The term (k — i(w + A))fl will have a pole in the lower half
plane and the term (s +i(lw+w, —w; —w— 2))_1 a pole in the upper. Again, the above
solution is valid provided that fy is analytic everywhere in the upper half plane (has no
poles).

Unfortunately, it is not possible to solve the two photon interaction term exactly via
the previous method due to the presence of a —w in the numerator. This term, after

simplifying, is given as

/ dw K (w)do(wa, ) ds () H (w) Fo (w) =

o2 fo(wi + w2 —w+is) fo(w)
27w /dw(w—l—wa—w1—wg—is)(w—&—A—i—in)(Wy?+n(s—i(6+w1+w2—w))(s+n—i(w1+w2—w+A)))

(B.23)

Defining « = n — w with n = “42 and A, as the roots of
12+ k(s —i(d +wi +wy —w))(s+ Kk — i(wy +ws —w + A)), so that this term can be
expressed as —k(w — 27 — A_)(w — 2n — Ay ), we can use a partial fraction decomposition to
rewrite the integral as a sum of four integrals given by

21y (11 (wa) + I2(wa) + I3(wa) + I4(w,)). Each of the I;(w,) functions are given as

Y Joln — ) fo(n + = 4 is)
fi(wa) _/Oodx(x—A—n+in)(A+2n+)\_+m)(A+2n+)\++m)(A+277+m—wa+is)
(B.24a)
B * foln —2)foln +x +is)
I3(wa) = /_Oo d$($+77 —wa +18)(A+2n+ ik —we +15) (A —wq + 18)(— A — wq + i)
(B.24b)
B 0 foln —z) fo(n + = + is)
folwa) = /_oo T A B+ 2+ A i) — A wa— i) (B.242)
I foln — =) fo(n + z + is)
Ta(wa) = /_Oo T A B+ 20T Ay +i9) g — A )0y + e —i5) (B-24d)

In the s — 0 limit I, will have a pole on the real axis for real w,. This integral can be
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written in terms of a Cauchy principal value integral using the identity

lim; =PV

=0 — Yy — 1€ r—y

+imd(z — y) (B.25)

Combining all these things, letting s — 0, transforming to the original variables, and
simplifying everything greatly using mathematica, the total solution for the scattered state
of the two photons (from Eq. B.12) can be written as follows in Eq. B.27. In writing this,
we also introduced the effective coupling to the atom T, defined by 7? = I'x /7, so that
I' = 272 cos?(koz)g?. This is to more clearly show the effect of x independent of the
coupling strength of the atom. The presence of 7 in the coupling constant is still related to

the transmission coefficients of the mirrors.

h(w) =T —i(d + w)(k — i(w + A)) (B.26a)

ho(wr, we) = h(wy) + hws) + 2(k —i(w1 + A)) (k —i(ws + A)) (B.26b)

fo(w1)
(l-’i + i(wl + A));L(wl)

fg(wi,wa,00) = |:f0(w1) —2I'k

} [fo(m) — oDk Jo(w2) ]

(H + i(wz + A))il(wg)

23 Kk2 [ﬁ(uq) + iz(wg)] [n — (w1 + A) 4+ Kk —i(w2 + A)]

m(k+i(wr + A)) (k +i(w2 + A))A(w1)h(w2)h2 (w1, w2)
2I2k2

(st ir + ) (5 + i@ + A)hwn)h(w2) [h(wl)(ﬁ o 20 (1) + PV [faan] + (o) + 1)

[11(_A — k) + In(—A — i) + I3(—A — k) + Ii(—A — m)]

Fh(wa) (ks — i(w1 + A)) (11 (wa) + PV [Ia(wa)] + Iz(w2) + I4(w2)>]

(B.27)

After all the transformations, Ay found in the integrals becomes

)\i—%[5+A+i/§i\/4f+(A—5+i/i)2} (B.28)

Finally, there is one remaining element to this solution. As given, Eq. B.27 describes

the pulse in terms of the modes inside the cavity. Translating to the modes outside the
(rtiwr+2)) (ki1 +0))
(r—i(w14+)) (k—i(wr+4))
45 in Ref. [67]. For clarity of notation we will write the integral sums as

cavity requires multiplying the solution by , as given in Eq. 36 and

ITotal(wa) - ]1(wa) + IZ(wa) + 13(wa) + 14((*‘)(1) and
PV [Irota(wa)] = I1(wa) + PV [Ir(wa)] + I5(wa) + L4(wa). Any value of w, in Iro will be a
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function of w; and w,. Adding this term and simplifying we arrive at the following concise

expression (with k(w) = & — i(w + A)):

. w h*(wl) w h*(UJQ) _ 21—‘2%2 PV[[TOtal((JJl)] PV[ITotal(WQ)]

fg(w17w27 OO) - fO( 1) h(CU1) fO( 2) h(WQ) T B(w2>]%(w1> + B(wl)i{}(w2) ]
o3 K2 1 1 1 1 )

T (hon) + (o) + Ze(on) () [fz(wn N mﬂ [%w ¥ gy ot =8 =)

(B.29)

From here, solutions can be obtained for specific pulse shapes by evaluating the various
components of I, with s — 0. This has a similar form to Eq. 3.56 in that it consists of a
separable component and a (rather complicated) spectral entanglement term that is a

function of w; + ws.

B.3.1 General single photon solution

Before describing the solution of the final state for different initial wavepackets, it is
useful to determine the single photon solution for comparison with previous works and to
explain the structure of Eq. B.29. Due to the nature of the level structure considered here,
it is impossible for a photon to swap polarizations by interacting with the atom-cavity
system. As such, the system reduces to a single two level atom for each of the
polarizations. Starting from Eqs. B.5a-B.5c we note that a single photon will have the
same differential equations, with the exception of there being only one frequency argument
in the ground state and no frequency arguments in the excited state. Taking into account

that only one of the polarization states will contribute we can write

fg (w7 t)e—z‘(m—&)t

Jro(t) = =iy [ dw k= i(w 1 A) (B.30a)
i i(w+0)¢
folw,t) = —W% (B.30Db)
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Performing the Laplace transform as before yields

Fy(w, s+ i(w+0))
Fho(t) = —iy [ do—5— B.31
_ Fho(s—ilw+9))
sFy(w, s) = fy(w,to) — iy i D) (B.31b)
Substituting the excited state into the ground state yields an integral equation of
1 Fy (w s+zw)
2 f dw Th—i(W+A)
sFy(w,s) = fo(w,to) = (B.32)

(k4 i(w+ A)) (s — i(w+9))

Using the transformation of w — w, and s — s + i(w, — w) gives a closed form for Fj,.

F, (w’,s—i—i(w'—w))
_w)) _ fo(Wa, to) 2 fdw/gn—z'(TA)

5+ i(we — w) K (k4 i(we + A)) (s —i(w+8)) (s + i(w, —w))
(B.33)

F, (wa, s+ i(wq

As can be seen, this is now an integral equation for F (wa, s+i(w, — w)) From here we

Fy (w’,eri(w’fw))

A This is constant in w, and thus a direct solution of the

define 8 = [ dw’

integral equation is readily achievable. We can write

_ w/ fg(wlato)
= /d (k= i(w + A)) (s +i(w —w))

— /dw (m +i(w 4+ A)) (5 —i(w + A)) (s —i(w +0)) (s +i(w —w)) (B.34)
ning Fo(w w fo(w o) e solution for f3 is
Defining Fy(w) = [ dw’ () (i) the solution for 8
5= m(s —z’(w+5)) (s+/1—z'(w—|—A))Fo(w) B35

2+ k(s —i(w+0)) (s + k —i(w+ A))
Transforming back to the original variables, the overall solution for the single photon’s

scattered state is

(s+r—i(w+A))Fy(w)
ft i(w + A)) (192 + k(s — i(w+0)) (s + 5 — i(w + A)))
(B.36)

SFQ(W’S) = fg(wvto) - 72’%(

By noting that this has effectively the same form as the term ds(wq ) K*(wp)H (wa) Fo(wa)
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found in the two photon solution we can see that this will take the form of

L ﬁ*(w)__F+i(w+(5)(/<—l—i(w+A))
fg(w,oo) - f()(w) 71((,0) — F—i(w—|—5)(ﬁ—i(w+A)) (B37)

after making the same transformations back to the original variables, to I', and to the field
modes outside of the cavity. This solution is identical in form to Eq. 46 in [67] which also

describes the interaction between a single photon pulse and an atom in a cavity.

B.3.2 Resonances and limiting cases

The fact that the first term in Eq. B.29 represents two, independent single photon
interactions suggests that the roots of the function iL(w) may provide insight into the
system’s behavior and possible limits of interest. This function describes each photon’s

interaction with a combined atom-cavity system. As given in Eq. B.26a, iz(w) has roots

1
)\i:§5+A+mi\/4F+(A—5+m)2 (B.38)

The real and imaginary components of these roots are rather complicated, but they
amount to two couplings and detunings just as was found for the real and imaginary
eigenvalues of Eq. 2.18. The imaginary component will correspond to the strength of the
interaction and the real component will correspond to the detuning of the interaction. This
can be seen from comparing (w — Re[Ay] — ilm[Ay]) = —i(Im[\s] + i(w — Re[A4])) to the
form for a single photon interaction in Eq. 2.27.

In the case where 6 = A = 0 (the atom and cavity are at the same resonance and the

pulse is tuned to this resonance) this reduces to

iK K2
Ay =—— 24/ — — B.39
=Yoot (B.39)

If T' > k2 /4, the square root will be real and the system will effectively consist of two
interactions with strength /2 and detunings 44/I" — %2. If I' < k?/4 the term will become
imaginary and it will lead to two on-resonance interactions with different coupling

strengths. Here x governs the strength of the overall interaction and I' the amount the
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photons interact with each resonance. This can be seen in in Fig. B.2 where we plot how
the coupling and detuning change with both s and I'.
Another interesting case occurs when 6 = A, i.e. the photons are detuned from the

atom by the same amount they are detuned from the cavity. Then the two roots in Eq.

K K2
= Zisxyr-L B.4
At 5 +90 1 (B.40)

If the system is further tuned so that 6 = /" — %2, the two roots have the same coupling

B.38 reduce to

strength of £ but one root will be detuned off resonance (provided that I" — “724 > 0 so that
d is real). This can also be seen in Fig. B.2. Both behaviors lead to two limiting cases
when the atom-cavity system reduces to a single two level system, the ‘bad cavity’ and

‘good cavity’ limits.

I ) %\\ Im[A,] 2 4\ 6 B ' Im[A,]
~—— : Kk ImiA, _ — Im[A,
Yot — il LY ImiAl
— Re[A,] —2 T — Re[A]
-4 s —ReA] g . e
-8 ‘ s - \\"\
-4 “u

(a) (b)

Figure B.2: a)The real and imaginary components of the coupling of the two atom-cavity
resonances as a function of kK with I' = 4 and 6 = A = 0. This corresponds to the ‘bad
cavity limit’ where one of the two couplings (imaginary component) becomes so large its
corresponding process occurs too quickly to contribute to the scattering process. b) The
same components of Ay as a) when § = A = /" — k2/4. This corresponds to the ‘good
cavity limit” when one of the two resonances becomes too far detuned (real component) to
contribute.
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Bad cavity limit

The first limit occurs when the photons are on resonance and x >> I' and kK >> 1/0y
(with o; representing the temporal width of the pulse) while the ratio I'/x remains on the
order of 1/0;. This limit corresponds to an incredibly leaky cavity and thus is the ‘bad
cavity’ limit, as when kK — oo the cavity should vanish, leaving only the bare atom.

Provided that k >> IT" and kK >> 1/0y, we can write the square root in Eq. B.38 as
ity/1 — 4T /K2. The two roots are then \; = i7" and Ay = i(k —7') = ix. In the limit of
large x (or alternatively a very long pulse) the interaction time of this first resonance will
be so short it will not affect the shape of the photons. Mathematically, the bad cavity limit
consists of the case where kK — oo while I'/k remains finite. Defining 7' = I'/x the single
photon term becomes
v+ iw

v —iw

fg(wa OO) = _fO(w)

(B.41)

This has the same form as the single photon scattering off of a unidirectional waveguide

and also agrees with Eq. 48 in [67].
The two photon state similarly reproduces the solution for an atom in a waveguide.
The term appearing in Eq. B.29 given by
2132 1 1 1 1 A : : :
7r(ﬁ(w1)+ﬁ(w2)+21:c(w1)l;:(w2)) |:FL(W1) * B(W2):| |:’~C(W1) + ’%(W2):|ITOMI( A ZK) will vanish. This can
be easily seen by the fact that the term goes as I"3O(k) I7ota(—A — ir). Expressing Irota

in its original form we have

ITotal =

lim —k Jolws +ws —w+is) fo(w)
520 (Wt we —wy —wa — i8) (w4 A+ ik) (172 + k(s — (0 + w1 + wa —w))(s + K — i(wy +wz —w+ A)))

(B.42)

From this it is clear that Iy, goes as O(k2). When w, = —A — ik this will add
another order of k to the denominator. As the entire term goes as O(k™'), when k — oo
this will certainly vanish. This has been confirmed by formally taking the limit as well.

The other two photon term will be preserved. This can again be seen by considering the
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T2 1432

o 20 as T20(k?). For wy = wi s

orders of k present in the calculation. The factors T
Irotar Will go as O(k72) and the overall order is O(k°). In order to solve this, we apply the
given limit to each of the integral terms present in PV [Ir,q(w)] and simplify. The only

surviving terms come from the integral of I, and I3. The solution from I is

2i7* fo(n + =) fo(n — ) 1 1
PV/dx (v —dwy) (Y — iws) (x +n—w * Tr4+n— w2> (B.43)

The first integral term will vanish, however, because 7 = (w; + w2)/2. Rewriting the

terms with x we get fo(n — ) fo(n + x)( > The integral is

1 1
r+(w1+w2)/2 —z+(w1+w2)/2

symmetric over a transformation of x — —x, and making this transformation will lead to

these terms canceling out. The solution from I3 is then

g A foln + @) fo(n — @)
/d 7T(fy/ _ iwl)(x +n+ Z‘,Y/)(,y/ o iUJg) (B44)

It is not immediately obvious that this represents the same integral as found in Eq.
3.56, but it can be shown to be equivalent. Writing Eq. 3.56 in terms of x and n we have

297, 1 1 ifon —x)foln+a) | difoln—x)foln+ )
a (7’—iw1+7’—iwz)/dm(2(7’—in)(iv’+x+n)+2(7’—in)(iv’+n—ﬂf)

) (B.45)

Again the integrals are identical with respect to the transformation x — —z. Making
this transformation to the second term and finding a common denominator gives the exact

same result as the cavity solution presented above.

Good cavity limit

The other limit of interest is the ‘good cavity’ limit. When 6 = /" — %2, the two roots
become Ay = —%" + 20 and A\_ = —ix/2. With T >> £? and T' >> 1/T the interaction
corresponding to A, will not affect the photons as it will be too far detuned. When this

happens, the entire system also behaves as a single two level atom.

Formally this limit consists of setting 6 = A = /T' — k2/4 and I' — co. Then the single
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photon term transforms to

Fo(w,00) = — fofw) S (B.46)

K — 1w

with k" = k/2. Taking the same limit for the two photon state we arrive at the exact same

integral solutions as given in the bad cavity limit, except with 4’ substituted with «’.

B.4 Phase gate operation

B.4.1 Maximum phase and fidelity

As in Chapter 6 we are primarily concerned with evaluating whether two
counter-propagating photons will be able to transmit through this system and interact in
such a way that they acquire a nontrivial phase of m between them. In order to evaluate
this, we will again measure fidelity as in Eq. 6.10, where the fidelity of the two photon
scattering event is compared to two, independent single photon scattering events. We will
plot the fidelity for an initial two photon state where the photons either have a Lorentzian
(Eq. 6.22) or a Gaussian (Eq. 6.20) distribution and are initially uncorrelated.

We will also use the definition of average gate fidelity given in the supplementary
material of [30] for comparison with their results. The average gate fidelity in some
respects gives a better picture of the operation of the gate, although it does tend to
artificially increase the numerical value of the fidelity because, as described in Chapter 6, it
includes operations that will always succeed (such as |0) ® |0) — |0) ® |0)). This measure
of fidelity quantifies, on average, how likely it is that a particular gate will succeed.

When both photons are guaranteed to be found in a particular spatial mode (like in
this case here where the photons are initially in standing wave modes) the average fidelity

for a gate to impart a phase of ¢ is given by

1

F(0) 10

(6 + 3Re[eV Fe'] + ]\/fei¢|2) (B.47)

where v/ F and ¢ are the fidelity and phase given by Eq. 6.10. Note that an average fidelity
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of .4 corresponds to a pulse that remains unchanged with no phase shift (F = 1) and an
average fidelity of .6 corresponds to no overlap whatsoever. The useful regime is anything
above .6, which corresponds to a state with a nonzero fidelity for the two photon operation
and some amount of useful phase for computation.

In Figs. B.3 and B.4 we plot the fidelity (Eq. 6.10) and average gate fidelity (Eq. B.47)
for random values of the pulse width, v, I', k, A, and §. We chose to plot random values
rather than scan over parameters because the parameter space is large. Plotting the phase

and fidelity in this way provides insight into what is possible with the gate.

r=-\/ F, ¢=Phase Shift r=-\/ F, ¢=Phase Shift
1.0 1.0
0.5
Color=F(r1)
1.0
‘ . 0.8
-1.0 -0.5
0.6
-0.5 0.4
0.2
-1.0 -1.0 0

(a) (b)

Figure B.3: The fidelity and phase of the two photon scattered state compared to two single
photon interactions. In both plots, the distance from the origin represents the fidelity, the
phase is given by the polar angle, color represents the corresponding average gate fidelity,
and random values have been chosen for all physical parameters. a) represents a state where
the photons are initially Gaussian and b) represents a state where the photons are initially
Lorentzian.
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Figure B.4: The average gate fidelity of the two photon scattered state compared to two
single photon interactions. In both plots color represents the fidelity (\/7-" ) of the two photon
operation, and random values have been chosen for all physical parameters. a) represents a
state where the photons are initially Gaussian and b) represents a state where the photons
are initially Lorentzian.

As can be seen in these plots, if the photons initially have a Gaussian profile the
atom-cavity system (and thus also a single two level atom) is able to impart some useful
phase with a nonzero fidelity. It is possible to achieve an average gate fidelity of around
.785, which very closely matches the maximum obtained by [30] of .781 for a single
interaction site. If the photons initially have a Lorentzian profile, however, the single-pass
fidelity and phase is effectively zero. It is possible for two photons to interact and maintain
high fidelity (Fig. B.3 b) but no useful phase shift is produced. It is actually impossible in
a single pass for these photons to pick up a phase of 7; in Fig. B.3 b no combination of
parameters provides a phase of 7 and in Fig. B.4 b the average fidelity never rises above .6.

It is also curious that the envelope of the average fidelity plot is effectively the same
between the Gaussian and Lorentzian distributions but with a different peak and width.
This suggests that there may be some sort of scaling law at work between different initial
pulse shapes. Additionally, the fact that this behaves better for a Gaussian implies that it

may be possible to use pulse shaping techniques to create an initial state that would
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further maximize fidelity.

With the exception of a very particular pulse, then, it would seem that it is impossible
to build a phase gate with just one two or three-level system, unless one is willing to accept
significant errors in the computation. As this three-level system encompasses a single two
level system, the results presented here also show that a single site is unable to function
well as a CPHASE gate. This agrees with the data shown in Fig. 6.3, and the calculated
fidelities are on the order of that presented in the analysis of [29] for a single two level

system’s ability to function as a CPHASE gate.

B.5 Conclusions

In this appendix we demonstrated how to find the scattered state of two
counter-propagating photons scattering from a single three-level system in a cavity. In
doing so, we provided an illustration of a different means of solving for the scattered state,
working entirely in the frequency domain and using complex integration with the Laplace
transform to arrive at a solution. We explored different limits of the system and were able
to show that in two particular cases it approximates a single, two level system. We also
demonstrated that the final solution in Eq. B.29 has a similar form to Eq. 3.56 where the
final scattered wavefunction of two photons is a sum of an entangling process and two,
independent interactions with the system. Finally, we explored the system’s ability to
function as a quantum CPHASE gate. We found that it performs essentially the same as a
single two level system (though it is slightly better) and is on its own unable to impart a
phase of m with high fidelity. We also demonstrated that the shape of the pulse considered
can have a dramatic affect on the functioning of a phase gate, a point that has not been

adequately addressed in the literature on the subject.
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