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Abstract 

Until recently, quantum photonic architecture comprised of large-scale (bulk) op- 

tical elements, leading to severe limitations in miniaturization, scalability and sta- 

bility. The development of the first integrated quantum optical circuitry removes 

this bottleneck and allows realization of quantum optical schemes whose greatly 

increased capacity for circuit complexity is crucial to the progress of experimental 

quantum information science and the development of practical quantum technolo- 

gies. 
Integrated quantum photonic circuits within Silica-on-Silicon waveguide chips 

were simulated, designed and tested. Hundreds of devices have been fabricated 

with the core components found to be robust and highly repeatable. Amongst 

these demonstrations, all the basic components required for quantum information 

applications are shown. The first integrated quantum metrology experiments are 
demonstrated by beating the standard quantum limit with two- and four-photon 

entangled states while providing the first re-configurable integrated quantum cir- 

cuit capable of adaptively controlling levels of non-classical interference of pho- 

tons. The tested integrated devices show no limitations to obtain high quality 

performances. It is reported near-unity visibility of two-photon non-classical in- 

terference and a Controlled-NOT gate that could in principle work in the fault 

tolerant regime. 
It is demonstrated the realization of a compiled version of Shors quantum 

factoring algorithm on an integrated waveguide chip. This demonstration serves 

as an illustration to the importance of using integrated optics for quantum optical 

experiments. 
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Abstract 

The first integrated optical circuits fabricated in the laser direct-write tech- 

nology are reported in this Thesis. The quality quantum effects, together with a 

rapid turnaround process and the capability of writing complex 3D structures are 

promising for future quantum optical networks. 

The advent of integrated quantum photonics is necessary for the progression 

of quantum information science. The results reported in this Thesis provides fun- 

damental building blocks from which future quantum devices will be constructed 

and presents high-fidelity quantum optics platforms for fundamental investigation. 
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The advantage of the emotions is that they lead us astray, 

and the advantage of science is that it is not emotional. 

- Oscar Wilde 
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Chapter 1 

Introduction 

The work described in this Thesis is composed by the merging of two important 

fields of research, Quantum information and Photonics. Both of these fields are, or 

promise to be, fundamental for the development of new technologies for a range of 

different applications, including the transmission and manipulation of information. 

1.1 Photonics 

Photonics is the technology of generating and harnessing light. The range of 

applications of photonics extends from energy generation to detection to commu- 

nications and information processing. The field of photonics had a huge growth in 

the 1970s, when fibre-optic communication systems have been developed. The use 

of fibre optics revolutionized the telecommunications industry and is at the basis 

of the Information Age. The request of fastest and more powerful communication 

systems drove the improvement of complex opto-electronic devices in integrated 

circuits. The growth of capabilities of photonic circuits will ultimately lead to the 

use of all-optical devices for a broad range of applications. 
Nowadays, even if the transmission of information over long distances is ob- 

tained. using photonic networks, the manipulation and transport of data over short 
distances in computers is conducted using micro-electronic devices. As predicted 
by Moore's law [4], the number of transistors, and capabilities, that can be placed 

1 
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Figure I. I: Moore's law. On the left, ITRS Product Function Size Trends [1]. On 

the right: Total chip dynamic and static power dissipation in integrated chips [2]. 

inexpensively on an integrated circuit has doubled approximately every two years 
(see the left graph in figure 1.1 for last years trend [1]). The improved performance 

of computer systems has been achieved, in large part, by miniaturizing the mini- 

mum feature size of the components in the integrated chips. This allows transistors 

to operate at a higher frequency, performing computations with a higher speed. 
However, the result in tighter packing of the wires on a microprocessor is the in- 

crease parasitic capacitance and signal propagation delay. Consequently, the delay 

due to the communication between the parts of a chip becomes comparable to the 

computation delay itself. Also, the complexity of the components and the length 

of the connections increase the power consumption of integrated chips (see the 

right hand graph of figure 1.1). Leakage currents are now one of the major techni- 

cal problems facing the semiconductor industry [2]. This phenomenon, known as 

the "interconnect bottleneck", is becoming a major problem in high-performance 

computer systems. 

Optical interconnects are considered a primary option to solve this problem 

of interconnect bottleneck, replacing the long metallic interconnects. The use of 

photons to transport information in different parts of the chips proiniscs better 

2007 ITIRS Product Technology Trends - 
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1.2. Quantum Information Science 

performance even with larger designs. Optics has widespread use in long-distance 

communications, but it has not yet been widely used in chip-to-chip or on-chip in- 

terconnections. The advantages of using photons of interconnections are enormous, 

since they have high information capacity due to their very broad bandwidth and 

the dissipation of heat is low. The use of an all-optical processor would, finally, 

replace electro-optical modulators, thus strongly reducing the bottleneck of the 

optical to electronic conversion of information. 

The goal of photonics is to partly replace microelectronic devices, and to re- 

alize devices able to directly produce, manipulate and transmit light signals at a 

microscopic integration level. 

1.2 Quantum Information Science 

Growth in both information processing and transmission capacity in computers will 

ultimately come to a stop. In the case of current computers based on electrons, 
it is foreseen that the continued miniaturization of the components will reach a 
fundamental limit. The dimensions of the components will be so small that the 

quantum effects, as quantum tunneling between different parts of the device, can 

not be ignored. At the same time, the power of the signals in the interconnections 

is been decreased, both when using electrons or photons, to reduce delays and 

power dissipations. This will cause the power of the signals to decrease so much 

to reach the fundamental level of a single quanta of energy to be used -a single 

photon for light, a single electron for the current. At this level, quantum effects, as 

superposition and entanglement, will change the behavior of the integrated devices 

from the usual classical description. 

It is then interesting to ask if it is possible to take advantage of intrinsic quan- 
tum mechanical effects to perform tasks in a better way than the classical coun- 
terparts. Quantum information science has emerged over the last two decades 

to consider whether this behavior could be useful. It addresses the question: 
What additional power or functionality can be achieved in encoding, transmit- 
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ting and processing information by using uniquely quantum mechanical behavior? 

Anticipated technologies include quantum key distribution, which offers perfectly 

secure communication; quantum metrology, which allows more precise measure- 

ments than could ever be achieved without quantum mechanics; and quantum 

lithography, which could enable fabrication of devices with features much smaller 

than the wavelength of light. Perhaps the most profound future technology is 

a quantum computer that promises exponentially faster operations for particular 

tasks. 

Single particles of light are an excellent choice for quantum technologies be- 

cause they are relatively noise free; information can be moved around quickly; and 

manipulating single photons is easy. For these reasons, photons have been widely 

used in quantum communication, quantum metrology, and quantum lithography 

settings, as well as quantum bits (or qubits) for quantum information processing. 

1.3 Waveguides for Quantum Information 

All the important implementations of experimental quantum information science 

with photons have primarily consisted of largeý-scale (bulk) optical elements con- 

fined to optical laboratories, making such schemes physically un-scalable, sensitive 

to stability and impractical for applications outside of the research lab. In addi- 

tion, many have required the design of sophisticated interferometers to achieve the 

sub-wavelength stability required for reliable operation, Continuing mainstream 

activities are developing large scale quantum systems that are becoming too large 

and unstable to be realistically implemented under these experimental constraints. 
The development of integrated circuits for quantum optics experiments will al- 

low greater complexity and superior performance thanks to the monolithic struc- 

ture of the samples. In a long term, the use of micro-photonic architectures will 

allow quantum optics to be moved out of the scientific labs to develop new and 

more powerful technologies. 
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1.4 Summary of the Thesis 

This Thesis describes the devices and experiments conducted at the University 

of Bristol by me and my colleagues to develop integrated quantum photonic ar- 

chitectures. In Chapter 2,1 introduce the fundamental notions and theories that 

compose the starting point for this Thesis. In particular, I describe the unique 

properties that are required to perform quantum information experiments with 

photons. I also introduce the properties of integrated optical devices, setting the 

notation for light propagation in waveguide structures. 
Chapter 3 describes the simulation works performed to design all the integrated 

components measured in the rest of the Thesis. The Chapter is a summary of 

the notions learned and the results obtained in the first year of my PhD. The 

guiding properties of silica-on-silicon waveguides are studied, keeping in mind the 

fabrication capabilities of the Centre for Integrated Photonics (CIP), where the 

waveguides have been produced. All the components required to build arbitrary 

optical networks for quantum optic purposes are studied and designed. 

Chapter 4 is based on the experimental results obtained in the analysis of the 

fundamental block for quantum optic networks - the integrated coupler. After in- 

troducing the non-classical interference effect between photons at a beam-splitter, 

the results obtained for silica-on-silicon directional couplers are presented. A sec- 

tion is dedicated to describe recent experimental results that prove the quality of 

the fabricated samples. These results represent a key step for integrated quantum 

optics because they prove there is no fundamental limitation in the performances 

of quantum effects in waveguide structures, The last section of the Chapter is 

dedicated to the analysis of the results obtained with a different type of integrated 

coupler, based on multi-mode interference (MMI). 

Chapter 5 is a standalone section of the Thesis, since it contains the results 

obtained from samples fabricated with a different technology respect to the silica- 

on-silicon one. The Chapter contains the results obtained with samples fabricated 

with the laser direct-write technology. The samples have been designed and fab- 
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ricated by the group of M. J. Withford at MacQuarie University. Given that the 

direct-write technology to produce waveguides is quite recent, the fabrication pro- 

cess and the properties of the waveguides are briefly described. I then present the 

experimental results obtained with directional couplers fabricated in glass. These 

works show high performance quantum properties of the samples with both two 

and three photons. 

In Chapter 6,1 describe the experimental details of the demonstrations of 

reconfigurable quantum circuits for quantum photonics. The first section is ded- 

icated to the realization of single qubit operations using integrated optics. The 

properties of resistive heaters to control the optical phase of single photons are 

studied. The use of resistive heaters to control entangled states of two and four 

photons is described, paying attention to the applications of such states for quan- 

tum metrology. In the last section of the Chapter I describe the implementation 

of reconfigurable integrated circuits for quantum optics. 
Chapter 7 is dedicated to the experimental study of the integrated two-qubit 

gates. I introduce the scheme used to implement controlled-NOT quantum op- 

erations using photons. The analysis of the experimental results obtained from 

different gates is reported. I also introduce a method to prove the coherent op- 

eration and the presence of entanglement in integrated circuits. This result is 

fundamental given the difficulties of performing full process tomography on inte- 

grated gates. The last section is dedicated to the study of the samples regarding 

fault tolerant operation in quantum computation. The presented results suggests 

that integrated photonics CNOT gates are capable of achieving low levels of errors, 

within the range required to perform quantum computation. 
In Chapter 8,1 describe how, combining the elements described in the previ- 

ous Chapters, it is possible to perform simple quantum algorithms in a photonic: 

chip. In particular, the implementation of Shor's quantum algorithm to factorize 

in prime numbers is presented. After an introduction about the problem of fac- 

torization and about Shor's algorithm, I present the scheme used to implement a 

compiled version of the quantum algorithm to factorize the number 15. This sim- 
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ple proof of principle demonstration shows the capabilities of an integrated optic 

approadi to quantum information. 

Chapter 9 contains the final remarks and conclusions of the Thesis. One section 
is also dedicated to the analysis of future works that will be follow the results 

obtained during my PhD. Finally, I try to give a general overview of the possibilities 

that the application of photonic technologies can open for quantum information 

demonstrations. 
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Chapter 2 

Background 

In this Chapter I will introduce all the concepts and methods used throughout the 

rest of the Thesis. I will set up the formalism used for the aspects regarding quan- 

tum information and metrology in the first part of the chapter. In the remaining 

I will concentrate on the formalism used to describe and study the properties of 

integrated waveguides at optical frequencies. This section is the starting point 
for all the simulations performed to design the integrated circuits for quantum 

purposes described in Chapter 3. 

2.1 Quantum Information Science 
Continued growth of the global economy relies on an increasing capacity to process 

and communicate information. Integrated circuits based on classical physics have 

delivered continual speed-up in information processing over the past half century. 
It is through gradual miniaturisation that this technology has brought constant 
increases in performance. This miniaturisation has reached so far that it is now 

possible to count the number of atoms across the smallest feature of a semiconduc- 

tor transistor. At this scale, quantum mechanical effects are beginning to perturb 
the operation of the transistor, and thus the demand for higher performance is 

approaching the limits of classical physics. It is therefore natural to reverse the 

problem and ask what happens if we use the laws of quantum mechanics to encode 
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process and transmit information. Quantum information science (QIS) is widely 

regarded as the most promising pathway towards disruptive information and com- 

munication technologies; it aims to harness quantum mechanical effects to develop 

quantum systems that will deliver significant improvements in information process- 
ing and security [5]. QIS has also provided insights into the fundamental physical 

workings of nature, and continues to asks fundamental questions about the con- 
trol of coupled quantum systems the precursors to engineered complex quantum 

systems and simulators. 
Perhaps one of the most enthralling applications of quantum physics is the 

construction of a quantum computer. Theoretical work predicts a quantum com- 

puter will be able to perform certain tasks with an unprecedented efficiency. For 

example, Shor's algorithm promise to factorize the product of two prime numbers 

exponentially faster than a classical computer [6]-a task previously thought to take 

an exponential number of resources for solution, and hence the basis for current 

classical cryptography protocols. Other problems have already expected to obtain 

better solution on quantum computers and extensive research is being carried out 

to increase the capacity of quantum information. 

The underlying element on which QIS is based is the qubit: the basic element 

of quantum information encoded on any two level quantum system. Consider 

cc for example two energy levels of an atomic system labeled by either "0" or 1 

Classical information theory considers levels equivalent to classical "bits" whose 
logical state are either 0 or 1. If, however, we encode a qubit onto this system by 

using the atomic system, then the state of the qubit could exist in either of the 

quantum states 10) or 11), as with the classical model, or more generally in some 

complex linear combination of both channels given by 

10) = Cos 0 10) + eil, sin 0 11) 
. 

The other key property that differentiates classical bits form quantum qubits 
is that the latter can be in a so called "entangled state" - Quantum entanglement 

of two particles means that the state of either of the particles is not defined, but 
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only their collective state. In a more mathematical language, consider a bipartite 

system (H = H' 0 H'). A pure state is separable if it can be written as a tensor 

product of the sub-system states, josep) = IV)A) (& IOJ'). A quantum system is 

entangled if it is inseparable, and does not satisfy the above relation. 

The simplest examples of entangled states are the maximally entangled Bell 

states for two qubits - the smallest system capable of exhibiting entanglement: 

1 (100) 111)), (2.2) 
V2- 

12 (101) 110)). (2.3) 

Entanglement is one of the most distinctive features of quantum mechanics, 
Schr6dinger thought this property dictates the departure of quantum mechanics 
from the classical descriptions, and even nowadays it is though that the power of 

quantum computers is somehow linked to entanglement. 
The obvious big question is how to encode and perform quantum computation, 

and which is the best system to use for this task. This is still an open question, 
but a set of criteria to identify the suitable systems has been found. This set has 

been coded in the form of five points, called the "DiVincenzo criteria! ' [7]. They 

are stated in the following list. 

Scalable physical system to encode qubits. A system with well known quan- 
tum states is required. In principle it is not needed that the number of states 
is equal to two (to form a qubit), but the ability to confine the number of 

states to a defined value is necessary. For example it is possible to encode 

quantum information on ions with a set of energy states, if it is possible to 

restrict the number of states of interest to the required value (for example 
two levels to form a qubit). 

2. Ability to initialize the system of qubits. Given the system of n qubits, it is 

required that an initial fiducial state can be produced. The initial state can 
be composed by all qubits in the state 10), for example, in an atomic system, 
the initial state can be given by all the atoms in the ground state. 
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3. Low decoherence. The coupling between the qubits and the environment (i. e. 
to all the rest of the Hilbert space of the world) should be sufficiently weak 

that quantum operations of the qubits is not affected. This means that the 

timescale for an error caused by the environment has to be small compared 

to the effective timescale of the quantum computation. This simply means 

that the probability for noise to produce errors has to be sufficiently small. 

Error correction schemes for quantum computation already exist to reduce 

the problems of decoherence, and current research is expected to improve 

even more the levels for fault-tolerant quantum computation. 

4. Universal set of gates. This point constitutes the obvious requirement that 

computation has to be possible on quantum systems. The computation is 

realized through a number of quantum gates. The set of quantum gates 

needed has to be big enough to be universal, so that any unitary quantum 

transformation can be decomposed as a sequence of gates of the set. Usually 

discrete one- and two-qubit operations are sufficient to compose a universal 

set, but more complicated gates can be used to reduce complexity. The 

quantum operations that compose the gates have to observe requirements on 

precision. In fact, imprecision of unitary operations is a form of decoherence, 

and has a similar effect on the fault-tolerant level. 

Qubit-readout and quantum measurements. It is necessary to be able to 

readout the state of the set of qubits used for the quantum computation, 

to obtain the classical results. This corresponds to a usual string of bits, 

since the measurement returns a set of classical results. The measurement 

can be a projective measurement [5], or a generalized measurement allowed 
by quantum mechanics. It is important to note that the measurement can 
be performed individually on each qubit. For certain schemes, readout of a 

partial set of qubits has to be performed during the quantum computation, 

without disturbing the remaining set of qubits. 

These criteria seem quite reasonable, we need qubits and the ability to initialize 
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the system, perform the computation, have low error probability and read the 

results. However the physical requirements to achieve these abilities are in contrast 

with one another. Low errors, or decoherence, means the qubits do not talk much 

with the environment or between themselves. At the same time, initialization and 

read-out require that it is possible to obtain some kind of interaction between 

the qubits and the environment (as classical instruments) to perform the required 

operation. Also, the capability of performing an universal set of gates means that 

two- or multi-qubit interaction is necessary, so that qubits must be able to see each 

other. 
It is easy to realize that having all the above physical properties at the same 

time on a single system is really challenging. To find the most suitable candidate 

upon which to implement a quantum computer, two different kinds of system 

can be considered. The first category is composed by those materials in which the 

interaction of qubits (with other qubits or with classical instruments) is seen as easy 

and scalable, and research has to focus on obtaining low noise and decoherence. 

Examples of this kind of system to encode qubits are spins in quantum dots, 

hyperfine levels in ions, superconducting circuits. The second category of systems 

to obtain quantum information is composed by materials in which interactions are 

really weak, so that noise and decoherence is not a problem. However, work has to 

be done to solve the problem of obtaining controlled operations for measurements 

and application of quantum gates. The most notable example of this category 

is photons. The next section is dedicated to the properties of qubits encoded on 

photons. 

2.2 Quantum Information with Photons 

Using photons to encode the qubits is seen as one of the most promising ways to 

achieve quantum information processing [8,9]. The main advantage of photons, 

with respect to other candidates, is that they are almost free from noise, or de- 

coherence, at the optical frequencies. It is known even from classical optics that 
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independent electromagnetic waves (or a collection of photons in the quantum me- 

chanical description) see no interaction between them in the vacuum. Even with 

the help of other materials, non-linear interactions are small. A useful property of 

photons is that the interaction with a medium is different depending on the optical 

properties of the material. In this way some of the properties of the photons can 

be manipulated using the right material. From the quantum information point of 

view, it is interesting to note that photons are bosons with spin 1. Also, it is possi- 
ble to encode qubits using different degree of freedom of the photon. For example, 

it is possible to use the polarization of photons (101 or arrival time (111, optical 

mode position, angular momentum [12]. It is interesting to note that, apart from 

the polarization, the other degrees of freedom are not limited to two levels. In fact, 

they are not quantized and their spectrum is composed from a continuum of pos- 

sible values. For this reason it is possible to encode qubits, restricting the number 

of states under consideration, or extend the dimension of the Hilbert space to an 

higher value. The restriction to qubits is possible because there is no interaction 

between the different values that compose the spectrum. 
Figure 2.1 shows the scheme for encoding information in the polarization of 

light. In this case, the 10) state is encoded as a photon with polarization in 

the Horizontal direction (10) = IH)) and the 11) state with Vertical polarization 
(11) = IV)). All the other states of the qubit can be obtained as a superposition, 

with different amplitudes and phases, of these two states. The advantage of the 

polarization encoding with photons is that it is straightforward to obtain one qubit 
logic gates. In fact, using waveplates, it is possible to rotate the polarization state 

of light to any chosen direction. A birefringent wave-plate is made by a crystal that 

retards one polarization by a fraction of a wavelength A relative to an orthogonal 

polarization, causing a rotation of the state on the Poincare sphere, with the axis 

of rotation determined by the orientation of the wave plate. For example, using a 
half waveplate with the optical axis set at 22.5 degrees, it is possible to implement 

a Hadamard gate H, that brings the state IH) to the state (10) + 11))/V"2-. Also, 

with a combination of a quarter, half, quarter, waveplates it is possible to perform 
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Figure 2.1: A qubit can be encoded in the polarization of a single photon (top) 

with horizontal polarization state (H) encoding the state 10), and vertical polar- 

ization (V) the state 11). Single qubit logic gates, such as the Hadamard, are 

straightforward since they correspond to polarization rotations of classical light, 

which can be realized with birefringent waveplates (left). Converting between po- 

larization encoding a1H) + bIV) and spatial encoding aJO) + b1l) (right), where 10) 

and 11) correspond to a photon in the upper and lower paths, respectively, can be 

achieved using a polarizing bearnsplitter. 

an arbitrary rotation gate, that could bring one state to any other state. It is 

interesting to note that the waveplates, and in general all the one qi1bit gates with 

photons, can be characterized using classical light. This is again caused by the 

fact that photons do not interact much between them, so that the behavior of a 

component can be tested with one photon alone, or with a collection of photons 
(as, a classical source) without appreciable difference. 

Another common way to encode information with photons is to use the path 

encoding. In this case the presence of the photon in the "0" channel encodes the 

10) state, and the presence of the photon in the "1" channel encodes the 11) state. 
It is possible to change from the polarization to the path encoding just by using a 

polarizing beam splitter (PBS), an optical element that divides the two orthogonal 

components of the polarization of light, and a waveplate. The scheme is shown in 
figure 2.1. 
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2.2.1 Two Photon gates 

The fact that photons see low noise during the propagation is a great advantage, 
but, at the same time, makes two photons interact with a negligible probability. 
Two photon interaction is a fundamental task for optical quantum information 

processing, since any Universal set of gates required for quantum computation (see 

the fourth DiVincenzo, criteria) require at least one two-qubit gate. An example 

of such a universal gate for quantum computation is the controlled-NOT (CNOT) 

gate. This is the quantum analogue of the XOR gate, which flips the state of 

the target qubit only if the control qubit is in the 'T' state. In contrast to the 

XOR, the CNOT can have input and output states that are a quantum mechanical 

superposition. So the transformation can be described as: 

a 100) +bJ01) +cIlO) +d 111) ---*a 100) +bJ01) +c Ill) +d 110) 

and the unitary operation can be written as 

1000 

UCNOT 
0100 

0001 

0010 

(2.4) 

(2.5) 

Figure 2.2 shows why this operation is difficult. The two paths used to encode 
the target qubit are mixed at a 50% reflecting beam splitter (13S) (or half-silvered 

mirror), which performs the Hadamard operation in spatial encoding. If the control 

qubit is in the state "0", the second Hadamard (BS) undoes the first, returning 
the target qubit to exactly the same state it started in. Rom the optical point of 

view the target qubit enters a conventional Mach-Zender interferometer such that 

the photon goes into a superposition inside the interferometer, but always exits 
in the same logical state that it entered. If, however, a 7r phase shift is applied 
to the interferometer, the target qubit undergoes a bit-flip (or NOT operation). 
A CNOT must implement this phase shift only if the control photon is in the 
'61" path. One could imagine doing this with a nonlinear optical material, such 
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Control 0 

Target 0 
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Figure 2.2: In a CNOT gate for path-encoded single-photon qubits, the target 

photon is input into a Mach-Zender interferometer consisting of two 50% reflective 

bearnsplitters (top). Each beamsplitter implenients a Hadamard "H" gate on a 

path-encoded qubit (bottom). The gate implement a 7r Phase shift only if the 

control photon is in the '1' path. 

as a cross-Kerr medium. However, it quickly becomes apparent that the strength 

of such a nonlinearity would need to be massive-far beyond the most advanced 

materials we have yet to conceive. 

The requirement for a massive optical nonlinearity was a seemingly impassable 

roadblock to optical quantum computing until 2001, when Knill, Laflamme, and 
Milburn (KLM) proposed a radical solution based oil inducing such a nonlinearity 

via single-photon detection [131. In this scheme we. need to introduce additional 

photons to act much like a catalyst in the gate. For the CNOT gate the control 

and target qubits, together with two auxiliary photons enter all optical network 

of BSs, where the paths are combined together in a linear optical network. At the 

output of this network, the control and target photons emerge, having had the 

CNOT logic operation applied to their state, conditional oil two single photons 
being detected at particular outputs. Unfortunately the probability of success 

was not 1, but when successful, the gate would implement the CNOT operation. 
The rest of the time, another detection pattern is recorded (none, only one, two 

photons at one detector, and so on) and the CNOT logic is not applied. This type 

of nondeterministic CNOT gate is of little use for quantum computing because the 

probability that a computation succeeds decreases exponentially with the number 
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of CNOTs. The problem of having probabilistic gates was overcome by introducing 

more photons to boost the success probability and using quantum teleportation 

[141, which was demonstrated in 1997 [15,16]. The complete scheme represented a 

truly remarkable discovery, because a massive optical nonlinearity is not required 

to realize a quantum computer operating on single photons. 

Simplifications to the KLM scheme have been proposed in recent years, and 

experimental demonstrations have been performed, showing that the implementa- 

tion of two-qubit gates, as the CNOT, are possible with photons[17-21]. All the 

demonstrations rely on interactions at the quantum level between photons inside 

the gate. This kind of interaction (explained in Chapter 3) is the basis for all the 

linear gates required for the KLM scheme and requires that the photons entering 

the optical network have exactly the same properties. This "indistinguishabil- 

ity" requirement is very stringent and plays an important role in determining the 

quality of the quantum computation with photons. 

Despite the great progress offered by the KLM sheme, optical quantum com- 

puting was still widely regarded as impractical owing to the large resource overhead 

required to realize a near-deterministic CNOT: more than 10,000 pairs of entan- 

gled photons to achieve a success probability of > 95%. The reason that all-optical 

quantum computing is today a promising route to practical quantum computing 

is due to new schemes that dramatically reduce this worrying resource overhead 

[22]. For example, new schemes relying on highly entangled "cluster states" and 

measurements alone, promise to reduce the requirements needed for quantum com- 

putation [23,24] with photons [25,26]. 

2.2.2 Generation of single photons 

In this thesis I start from the assumption that single photons at optical frequencies 

are well characterized physical element with well known properties. I am not 

entering into the details of what a single photon is, but start from the rather more 

utilitarian position of saying that we have a single photon every time a single 
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photon detector "clicks". In this section I will explain briefly how single photons 

can be produced for quantum information applications. 
There are different ways by which it is possible to create single photons. The 

most common are: atoms, ions, semiconductor sources and non-linear processes 
(second or third order non-linearities). In this section we will limit ourselves to 

the process relevant to the experiments performed for this thesis, namely the non- 
linear process of Spontaneous Parametric Down-conversion (SPDC). This process 

is aX (2) non-linear process, in which one pump photon splits into two daughter 

photons. SPDC can be described by the following Hamiltonian: 

rig(atata (2.6) 12p+ ala2at) p 

where ait and ai are the creation and annihilation operators on the i mode, and g is 

the coupling constant, with g oc X (2) [27]. The conditions to obtain efficient down- 

conversion are energy conservation (the sum of the energies of the two daughter 

photons must be equal to the energy of the pump photon), and a phase matching 

condition (all the components generated at every point into the crystal are in 

phase): 

Wp -, 2 Wl + w2 (2.7) 

kp = ki + k2 (2-8) 

where wi and ki are the frequencies and wavevector of the photons. These condi- 

tions are hidden in the properties of g. 

It is possible to distinguish between two types of down-conversion interactions, 
depending of the properties of the crystal used. They differ in the the relation of the 

polarization of the created photons. In type-I phase matching, the pump photon 
is an extraordinarily polarized photon, that splits into two ordinarily polarized 
daughter photons. Since we are interested in pairs of photons with the same 

energy, the equations of energy and momentum conservation state that the created 

photons lie on the cone drawn in figure 2.3. 

If we take the case of vacuum input for the quantum fields 1 and 2, and a 
bright classical field for the pump (as in the case of a laser beam impinging on the 
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U)p 

Figure 2.3: Schematic picture of the spontaneous parametric down-conversion pro- 

cess. 

non-linear crystal) we obtain 
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where ý depends on the crystal parameters (non-linear coefficient, transversal di- 

mensions) and the pump power. If we look at the state obtained we see that 

ýb (t)) _ 100) +ýI 11) + ý2 122) +... (2.14) 

where the state inn) refers to the state with n photons in the two down-conversion 

modes. This state is the initial state used in the majority of the experiments of 

quantum information conducted with photons. It is clear, then, that the state is 

not really composed of single photons in well defined modes. The desired state can 
be obtained with the combination of detectors. When, for example, we register the 

click of two single photon detectors we rule out the 100) component and, with a 

good approximation, the state is projected on the 111) component. This projection 
is not perfect because usually the single photon detectors are not number-resolving, 

so higher terms are not distinguished. This problem can be solved adjusting the 

pump power, so that the terms ý' with n>1 are negligible. 

19 



2.3. Quantum Metrology 

With the same technique, multi-photon states can be created. When the power 

of the pump beam is high enough so that the nth term is high enough to collect 

data, but the n+1 term is still small to be neglected, the n-photon state can 

be created by the detectors action. In this way, 4 and 6-photon experiments are 

possible with current technology. 

2.3 Quantum Metrology 

The continued development of modern science and engineering relies on the preci- 

sion with which measurements can be performed. To determine the properties of 

any kind of object, a probe has to interact with the object in such a way that the 

probe is altered depending on the parameters that have to be determined. Since, 

in general, the interaction is not efficient enough to obtain the desired accuracy, it 

is possible to use a repetition of N identical, independent probes, and average the 

results. From the central limit theorem, for large N the error on the average de- 

creases as A/vIN-, where A' is the variance of the measurement results associated 

with each probe. 

It is however, interesting to ask if the error on the estimation can be lowered, 

or if this dependance between the number of probes N and the variance is a funda- 

mental limit. Since in quantum mechanics fundamental relations exist that limit 

the accuracy of general measurements, the obvious hint is to describe the probe 

with a quantum mechanical treatment. In particular, it can be shown that, when 

taking advantage of intrinsic quantum mechanical properties (as entanglement or 

squeezing) a limit for sensitivity exists [28,29]. 

In this Thesis, I focus on the use of photons to perform metrology. A variety of 
different measurements can be conducted using light as the probe, and measuring 

optical phase differences caused by the property to be tested. As an example, it 

is possible to consider the scheme composed by a MachZehnder interferometer to 

sense an unknown phase 0. In this case, the number of pboto-detections measured 

at the output of the device depends on the phase difference between the two 
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Figure 2.4: Schematic representation of a MachZehnder interferometer used to 

sense an unknown phase 0. 

arms of the interferometer. When using classical states of light (or a repetition of 

independent single photons) to determine the phase shift, the minimum achievable 

measurement uncertainty scales as 11VN-, where N is the average total number of 

photo-detections. This corresponds to the well-known "shot noise limit". 

This model, however, corresponds to a classical description of the probe. When 

a quantum mechanical treatment is used, the evolution of the light can be described 

in the following way. The single photons entering the first splitter are transformed 

into a superposition across modes c and d (see figure 2.4): 

11)a 
--4 

11MO)d + iJO)cll)d- 

The relative optical phase difference 0 transform the state as. 

ll)clO)d + flO)c1l)d 
--+ 11), 10)f + eý'OiJO), Jl)f = IT(O)) (2.16) 

before the two modes are recombined at the second coupler. 

For different phase shifts these states are generally non-orthogonal and there- 

fore cannot be distinguished perfectly. When N identically prepared photons are 

used, the overlap between two states differing by a small phase shift 0 scales as 
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[30]: 

I (qj (0) 1 q, (0)) 12N ,1- 1/4(NO2), (2.17) 

so the precision of the measurement scales as the shot noise limit. 

It is possible to look at the MachZehnder interferometer in a different way, in 

which the first beam-splitter works as the preparation stage and the second splitter 

is used to detect the phase shift. The question is whether there exists a quantum 

state that offers better sensitivity in testing 0. It can be shown that the maximally 

entangled NOON states of the form INO) + ION) provides better precision than any 

classical state [31]. 

In this case, the state after the phase evolves as 

IN), IO)d + 10), IN)d --'* IN)ý IO)f + eiNO 10), IN)f = D(O) (2.18) 

where the acquired phase is proportional to the number of photons that pass 

through the object to sense. The overlap between two states differing by a small 

phase shift 0 scales as: 

1-1- 1/4 (N0)2, 

which corresponds to the ultimate bound defined by quantum mechanics - the 

Heisenberg limit. This fundamental limit scales as 11N, thus showing a great en- 
hancement for the precision of measurements. The challenge of quantum metrol- 

ogy consists in producing states of light, as the NOON states, to exploit quantum 

entanglement for sensing applications. 

2.4 Integrated photonics 

In this section I give an overview about how waveguides at optical frequencies 

work and can be described. This comprises the background for all the simula- 
tions I performed to design integrated photonics circuits for quantum information 

applications. 
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2.4.1 Waveguides modes 

Integrated photonics is based on the confinement of light in optical waveguides by 

total internal reflection. In order for this to happen, the structure of a waveguide 

has to be composed by two materials: a lower refractive index material (cladding) 

has to surround a higher index medium (core). In this way the electromagnetic 

energy is mostly confined in the internal material, and the light propagation is 

confined. In a simple ray optics picture, light is confined if it is traveling at an 

angle to the boundary of the two material that is higher than the critical angle 

for total internal reflection. If the indices of the core and cladding are n, and n2 

respectively, the condition is: 

sin-'(n2/ni). (2.20) 

So, if a ray of light is launched into the waveguide with an angle 0>0, the light 

cannot escape from the waveguide. If, on the other hand, 0<0,,, the ray is not 

confined into the structure and can escape from tile waveguide. This corresponds 

to a radiation mode. 

Total internal reflection is not the only condition that has to be satisfied to 

have light propagating in a waveguide. To obtain the properties of guided modes 

it is convenient to imagine a ray entering a semi-infinite waveguide witli an angle 

0 7ý 0. In this case, as displayed in figure 2.5, the ray is traveling on a zig-zag 

path that forms a round trip. So constructive interference is needed to establish 

Figure 2.5: Schematic representation of a waveguide. 
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an allowed propagation mode. Constructive interference is obtained when the 

transversal phase shift in a round trip is a multiple of 20. The discrete set of 

values that satisfy this condition is composed by the angles that correspond to 

guided modes. 
The phase accumulated by the ray depicted in the figure over a round trip in 

the waveguide is 

0= 2k., d = 2kon, d cos 0- 01 - 02- (2.21) 

where k., is the wavevector component along the x axis, being ko = 2-7r/A the 

wavevector, and 0, is the phase accumulated by the light in the total internal 

reflection process [32]. To have constructive interference, the phase accumulated 

has to satisfy the relation 

0= 2m7r = 2kon, d cos 0- 20, (2.22) 

where m is an integer number and is called the mode number. By solving this 

transcendental equation it is possible to calculate the relation between the modal 

angle 0,, and the parameters of the waveguide at a given wavelength. However, 

to obtain the complete information about the light propagating in a waveguide 

structure, a full electromagnetic approach is needed, since this ray optics model is 

not a complete representation of the problem. The ray optics approach is useful 

to obtain a simple picture of what is happening inside the structure, and to obtain 

approximate solutions. 

Under the conditions that the light is propagating into a dielectric, non-magnetic 
isotropic and linear medium, with refractive indices that vary slowly compared to 

the fields, the equations that describe the propagation are the Helmholtz equations 
[33]: 

VE + kon2(r)E =0 (2.23) 

VH + kon 2 (r)H = 0. (2.24) 

If we take the situation in figure 2.5, then n(r) = n(x). If we chose z as the 
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direction of propagation, the solutions of the equations 2.24 are of the form 

E(r) = E(x)eioz (2.25) 

H(r) = H(x)eifiz. (2.26) 

with P the propagation constant of the electromagnetic wave. 

The solutions of the Helmholtz equations can be found of the form TE, where 

the electromagnetic wave has the only Ey component of the field different from 

zero, and TM, where the only component of the field different from zero is Hy. 

For the TE modes, we can write: 

dE1+ (k. 2n 2 (X) 
_ 

ß2) =0 (2.27) d2X 

Hx Ey Hy =0 Hz =i 
dEy 

(2.28) 
WPO wpo dx 

The first differential equation gives the amplitude profile of E. ', for the TE propa- 

gation modes in the guiding structure. The solutions are eigenvector solutions that 

also satisfy the boundary conditions with a discrete set of eigenvalues of 0. The 

nth eigenvalue, ordered as fl increases, is called the nth mode of the guided struc- 

ture TE,,. It is possible to show that the order n is equal to the number of nodes in 

the field along the y direction. We define a quantity N that satisfies, 3 = koN and 
is called the effective refractive index. The effective index represents the refractive 
index experienced by the electromagnetic wave traveling in the guiding structure. 
The confined modes satisfy the relation 

n2 <N< ni (2.29) 

since, outside this range, the solutions of the Helmholtz equation are exponential 
functions, that are not limited in the guiding region and correspond to radiative 

modes. 
In the case of a planar waveguide as in figure 2.5, it is possible to solve inde- 

pendent equations for the three regions of core, upper and lower cladding indepen- 

dently, with the addition of the boundary conditions. The Helmholtz equation for 
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the three regions can be combined in a single equation [34]: 

2 
tan(vvrl-- b) -- - (2.30) b 

1-b 

where the normalized parameters b and V are defined as 
22 

bN- 
n2 

(2.31) 
n2-n2 12 

2 V= kodpl - n2' (2.32) 

Since the effective index N is bounded by n2 <N< ni, b lies in the range 
0<b<1. The normalized film thickness V is proportional to the dimension of 

the waveguide V- d/A and is directly related to the number of guided modes. 
For a fixed value of V, the equation 2.30 has a given number of solutions of TE 

and TM fields. If the equation has just one solution, then the waveguide is said 

to be single mode, otherwise the waveguide is multimode. For the mode n with 

n>1, a minimum value of V exists such that for lower values the mode is not 

guided; this is referred as cut-off. At cut-off it is N a-- n2 since the mode is weakly 

concentrated in the core with higher localizations in the cladding regions. Hence 

b ý_- 0. For values of V smaller than the cut-off value the mode is no longer guided, 
but is rather a leaky mode that radiates into the cladding region. 

For waveguides with shapes more complex than the planar waveguide above, 

numerical solutions must be obtained for the Helmholtz equation. In the next 

chapter commercial software is described to obtain the properties of the guided 

modes in the waveguides under study. 
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Chapter 3 

Modeling of waveguides for 

Quantum Information 

In this Chapter I will describe the properties of the material and structures used 

for quantum information experiments with integrated optics. In particular I will 

introduce the properties of silica-on-silicon waveguides, and then study all the 

fundamental components required in this technology to build any linear optical 

network for quantum optics. I will not describe in detail the properties of silica 

waveguides, nor the fabrication methods, since these are well known and the fabri- 

cation was not conducted at Bristol. For the same reason, I will describe in detail 

the simulations and properties of waveguides that I calculated, since these are the 

basis for all the experiments conducted in Bristol with silica-on-silicon circuits. 

3.1 Choice of material: silica on silicon 

The silica material system is a natural choice for the development of quantum 

integrated photonic circuits since it exhibits low waveguide losses (< 0.1 dB/cm), 

couples efficiently to single mode optical fiber and is transparent at wavelengths 

that match the current state-of-the-art in single photon generation and detection 

[35]. As in conventional (or classical) integrated optics devices, the light is guided 

in waveguide structures consisting of a "core" that is surrounded by a slightly lower 
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3.1. Choice of material: silica on silicon 

refractive index "cladding" (analogous to an optical fiber). These waveguide can 
be designed to support only a single transverse mode for a given wavelength range, 

and also to match closely the mode profile of an optical fiber (allowing efficient 

coupling of photons to fiber-coupled single photon sources and detectors). 

The operating wavelength of choice is A- 800 nm, where commercial silicon 

avalanche photodiode single photon counting modules (SPCMs) are near their peak 

efficiency of -70%. Low waveguide loss and single mode operation for waveguide 

dimensions comparable to the core size of conventional single mode optical fibers 

at -800 nrn (4-5 Mm) are achieved using standard photo lithography fabrication 

techniques and low level doping to control the refractive index of silica. 

The silica waveguide technology, or planar lightwave circuit (PLC) technol- 

ogy, offers the possibility of integrating a number of passive functions on a single 

silicon chip [36]. An important example of such functions is optical modulation 

using the thermo-optic effect. Being able to control optical phases on a chip is 

crucial for a number of classical and quantum applications. The Stability with 

which the thermo optic effect allows control of optical phase, in combination with 

polarization-insensitive operation, is the reason why the PLC technology is already 
being used for quantum communication experiments [37,38]. In these experiments, 

unbalanced integrated Mach-Zehnder interferometers were used to analyze time- 

bin encoded photons to implement quantum key distribution protocols. While 

these beautiful demonstrations are fundamental for quantum communication op- 

erations, they do not prove the capability of PLC in other quantum optics appli- 

cations, where multiphoton non-classical interference is required. 

3.1.1 Properties of Silica waveguides 

To realize the first optical devices for Quantum Photonics, silica on silicon waveg- 

uides produced by CIP Photonics were chosen. In this section, the reason for this 

choice and the properties of these waveguides will be explained in details. 

CIP is one of the few companies in the world that has the know-how to fabricate 
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excellent silica on silicon waveguides. The reason is that, even if silica and silicon 

technologies are mature and well studied, silica waveguides require a particular 

etching technique to be produced. In particular, the relatively big dimensions of 

the core region require deep etching in the vertical direction. Controlling the this 

parameter for long etching time, while preserving the verticality of the side of the 

waveguides, is extremely challenging. 

CIP grows optical devices on a buffer layer made through atmospheric pressure 

oxidation and then core and cladding layers are made through Flame Hydrolysis 

Deposition (FHD). The refractive index of the core is controlled by changing the 

concentration of dopant present in the core layer. The refractive index of the core 

is often expressed using the Refractive contrast A, expressed as: 

n2-n2 122 

2n, 
(3.1) 

where nj and n2are the refractive indices of core and cladding respectively. Stan- 

dard core indices used by CIP are 0.5%, 0.75% and 2%, but other choice are 

possible, with custom indices in the range 0% - 3.5%. It is important to note 
that CIP has a excellent know-how in producing waveguides at telecommunication 

wavelengths, while for Quantum Information applications the wavelength of choice 
is 800nm. For this reason, an extensive work of theoretical modeling was necessary 
to study the optical properties and the dimensions of the waveguides. The starting 

point for this work is to analyze the properties at telecom wavelength. In table 3.1 

it is possible to find the properties of the refractive indices of the materials used 
for the silica waveguides for three values of the index contrast. An estimate for 

the optimum radius on curvature of the bends at telecom waveguides is provided. 
These parameters are the starting point for all the simulations described in this 
Chapter. 

Other important information to keep in mind when choosing the parameters 

and dimensions of the waveguides are the fabrication tolerances in the fabrication 

process. CIP quotes process tolerances in the refractive index of ±O-0002 and in 

the thickness of the waveguide components as ±O. lpm for the core and gap width 
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3.1. Choice of material: silica on silicon 

Table 3.1: Values of the indices and bend radius of silica waveguides at telecom- 

munication wavelengths. 
Absolute index 0 1550nm Minimum Bend Radius 

A Core Clad R/mm 

0.5% 1.4520 1.4450 15 

0.75% 1.4560 1.4450 5 

12% 1 1.4740 1 1.4450 1 1.5 

and ±0.2pm for the cladding. 
It is important to note that the tolerances on the refractive index and the tol- 

erance on thickness imply different strategies to minimize the impact of imperfect 

fabrication on the performance of the final integrated device. A difference in the 

indices between the models and samples implies that an optimal choice would be to 

chose a high index contrast, so that the value of the fabrication tolerance translates 

to a smaller relative error. The same argument holds for the dimensions of the 

waveguides, the bigger the core, the smaller the relative error is for the thickness 

tolerance. From this very simple argument it seems that the optimal choice to 

minimize the impact of fabrication errors is to have relatively big waveguides (and 

separations between them) with high index contrasts. However, other require- 

ments exist for the production of integrated circuits. The first constraint is that 

the waveguides have to support a single guided mode. As explained in the previ- 

ous chapter, the rule of thumb is that with the increase of the core size, at fixed 

indices, the number of supported guided modes increases accordingly (through the 

cut-off value of V). This translates to the result that to obtain single mode op. - 
eration, structures with small dimension and high contrast, or big dimension and 
low contrast, should be chosen. 

A second constraint to consider for the design is to minimize the total dimen- 

sions of the devices (in the propagation direction). The total dimension is mainly 
limited by the size of two components: bends and couplers. Details of operation 
fdr these two components will be presented later in this chapter. The dimension of 
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3.1. Choice of material: silica on silicon 

bends is just given by the index contrast, since higher indices translate to smaller 
bends; no design constraint exists in this case. However, a constraint exists for 

couplers, if the directional coupler geometry is chosen. In these structure the cou- 

pling between waveguides is the result of the overlap between the modes of the 

two waveguides. To obtain small couplers, an appreciable overlap is required. This 

translates to having cores close together, and/or modes that extend substantially 

outside the core region. So the optimum choice to obtain small directional couplers 

is to use low contrasts (that translate to big modes) or small separation between 

cores. 
Extensive preliminary simulations of guided modes and directional couplers 

were performed on structures with different index contrast and dimensions, These 

simulations lead to the conclusion that a low index contrast was preferable, given 

the values of the fabrication tolerances. This choice was dictated by the maximum 

dimensions possible for the devices and the complexity of the devices that had to 

be fabricated. Another important factor was that, since CIP had no experience of 

waveguides for 800nm operation, a conservative approach seemed the reasonable 

one for the very first fabrication run. 

The choice of designing waveguides with a index contrast A=0.5% relaxes 

the requirements on the dimension precision, but requires that care is taken to 

minimize uncertainty in values of the indices. In the remaining of this section it 

is explained how I minimized the uncertainty for the modeling work. 

The values of the refractive indices of the material that compose the waveg- 

uides reported in 3.1 are not enough to design the structures, since the values are 

reported at a wavelength of 1550nm. The optimum solution to minimize the differ- 

ences between models and samples would be to use parameters as close as possible 
to the real ones. Unfortunately CIP was not able to measure refractive indices 

at the wavelength of interest of 800nm, given the nature of the apparatus used 
to perform the refractive index measurements (a prism-based Metricon Corpora- 

tion apparatus). The first simulations to decide which index contrast was more 

appropriate were performed using the following approximation. The cladding was 
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approximated to be fused silica, since the index of this material is in good agree- 

ment with the index quoted by CIP at 1550nm. For the refractive index of the core, 

a value was chosen in such a way that the index at 800nm satisfied the required A. 

Note that this is an approximation because in principle A= A(A), since the core 

and cladding materials are different and can have different dispersion relations. 

To increase accuracy of the simulations, and after the contrast A=0.5% was 

chosen, more information about optical properties of the materials was requested 
from CIP. The company was able to measure the refractive index of the waveguide 

components of devices similar to the ones that would have been fabricated on the 

design provided for Bristol. In particular, measurements at 633nm and 1550nm 

were performed. The results are reported in table 3.2. 

Table 3.2: Values of the refractive indices of the components used to fabricate the 

silica-on-silicon waveguides. 
Material 633nm 1550nm 

Core 1.4638 1.4515 

Thermal oxide 1.4578 1.4449 

Cladding 1.4564 
1 

1.4429 

To determine with the best accuracy the refractive indices of the materials at 
800nm, Sellmeier fits were used. The Sellmeier equation gives a relation between 

the index of a transparent material and the wavelength through coefficients that 
have to be found experimentally. The equation has the form 

B, \2 
+ 

Bl, \2 

+ 
Bl, \2 

(3.2) 
, 
\2 - 

C, A2 
- C, A2 - C, 

where A is the vacuum wavelength, and Bi and Cj are the Sellmeier coefficients. 
Since the Sellmeier equation contains six free parameters, and the points to perform 
the best fit on were just two, a good initialization of the parameters is extremely 
important. For this reason I chose to initialize all the parameters as the ones 

of fused silica, given its similarity with the waveguides materials. The Sellmeier 

coefficients for fused silica are reported in table 3.3 and the value of the index for 
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a broad range of wavelength is plotted in figure 3.1 as a black line. 

Table 3.3: Values of the Sellmeier coefficients for fused silica. 
B, B2 B3 

0.696166300 0.407942600 0.897479400 

C1 (11, rn2) C2 (11, rn2) C3(/trn ) 

4.67914826 10-3 1.35120631 10-2 97.9340025 

The results of best-fits for the values of the refractive indices are plotted in 

figure 3.1 and the values of the Sellmeier coefficient are reported in table 3.4. 

Through this best-fits, the values of the refractive indices at 800nm were found to 

be nj = 1.46033 for the core, nt = 1.45406 for thermal silica and n2 = 1.45253 for 

the cladding. These are the values used for all simulation and design of waveguides 

for quantum information applications described in this Thesis. 

Table 3.4: Values of the Sellmeier coefficients obtained form the best-fit for the 

core, cladding and thermal silica materials 
Parameter Core Thermal Cladding 

B, 0.70648 0.63685 0.63271 
B2 0.41962 0.46982 0.46964 
B3 0.89748 0.90792 0.94769 

C, 0.00411 0.00423 0.00436 
C2 0.01202 0.01272 0.01299 
G 97.9340 

- 

1 99.1088 96.9030 

3.2 Modeling of silica waveguides 

The remainder of this chapter describes the procedure and results of the simu- 
lations and designing work of the fundamental components of all the quantum 
information devices fabricated by CIP, namely straight waveguides, bends, cou- 

plers (directional and MMI) and phase controllers. It is worth stressing that these 
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Figure 3.1: Sellmeier fit of the refractive indices of the materials used for core and 

cladding in the waveguides. The red curve represent the index of pure silica. 

components are sufficient to build any optical network required for linear optics 

quantum information and, more generally, for a broad range of quantum optics 

experiments. 

3.2.1 Guided modes of silica waveguides 

The waveguide structure used is illustrated in cross-section in Fig. 3.4. A re- 
fractive index contrast of A=0.5% was chosen to give single mode operation 

at 804 nm for 3.5 x 3.5 pm waveguides 1. This value of A provides moderate 

mode confinement (the transverse intensity profile is shown in Fig. 3.4A) thereby 

minimizing the effects of fabrication or modelling imperfections. The devices were 
fabricated on a 4" silicon wafer (material I), onto which a 16 jim layer of thermally 

grown undoped silica was deposited as a buffer (11) to form the lower cladding of 
the waveguides. The core was formed from 3.5 pm layer of silica doped with ger- 

manium and boron oxides which was deposited by flame hydrolysis. The 3.5 Jim 

wide waveguide structures were patterned into this core layer via standard optical 
lithographic techniques (111). An upper cladding (IV) of 16 jim was overgrown in 

'As determined by modeling with the vectorial mode solving package Fimmwave. 
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Figure 3.2: Simulation of the propagation constant 0 of TE and TM guided mode 

in a Silica on silicon waveguide for different dimensions of the core. 

phosphorus and boron doped silica. This layer had a refractive index inatched to 

the lower cladding layer. Metal patterned oil the top of the devices provided resis- 

tive heaters, metal connections and contact pads that can be used to control locally 

the temperature of part of the chip. The wafer was diced into individual chips, 

each containing typically several devices. The facets of sorne chips were polished 

to enhance coupling of photons from fibers to the input and output waveguideS2. 

A number of devices were designed and fabricated, including directional cou- 

plers with various coupling ratios, Macb-Zehnder interferometers (consisting of 

two directional couplers), and more sophisticated devices built up from several 

directional couplers with different reflectivities 3 

The fundamental property that has to be satisfied to design the optical net- 

work required for quantum information purposes is single mode operation of the 

waveguides. figure 3.2 shows the values of the propagation constant [3 of different 

modes as the dimensions of the core are varied (with a square waveguide shape). 

It is possible to note that the modes TE and TM of the same order have the same 

behavior, since there is no birefringence, and that all the modes of order greater 

2A11 devices were fabricated at the Centre for Integrated Photonics 
3We used Bsoft's beani propagation Tnethod (BPM) package. 
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Figure 3.3: Simulation of the TE guided mode in a Silica on silicon waveguide 

than 1 approach the same value of 0 as the dimension decrease. This is the con- 

dition for the cut-off value. It is possible to note that for dimensions smaller than 

around Qtm the waveguide is essentially single mode. A more precise analysis, 

combined with a tolerance consideration, lead to the decision to adopt dimensions 

for the core region of 3.5pnt x 3.5ynt. 

For these values of the core size, and and the. refractive index of A=0.5% it 

was possible to obtain all the parameters needed to design the optical networks. 

Figure 3.3 shows the the mode profile of the guided TE mode in a 3D graph. In 

figure 3.4 the profile of the mode, and the final layout of the waveguide structure 

is reported. 

B 

17V 

IT 

Honzontel cbrecbon (urn) 

Figure 3.4: Silica on silicon waveguide for quantum photonic circuits. A) Simula- 

tion of the transverse profile of the guided inode in the waveguide. B) Schematic 

figure of the structure of the chip. 
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3.2.2 Bends in guided structures 

A fundamental component to obtain complex optical networks is a bent waveguide, 

necessary to bring optical channels in different positions of the device. It is clear 
from a very simple ray optics picture that the light propagating in a guiding 

structure that follows a bend is different from the straight case. Essentially the 

radius of curvature of the bend changes the angle formed by the ray of light and 

the core boundary, thus changing the conditions for total internal reflection. The 

discrete set of angles for which the light is guided will be changed with respect to 

the straight case, and losses are expected. 

In the case of a single mode structure, a full electromagnetic approach has to 

be followed to obtain the propagation characteristics of the waveguide. The cal- 

culation of the properties of a dielectric optical waveguide represents a complex 

problem. Nevertheless, the most important property for our purpose, losses in- 

troduced by the bend, can be calculated [39]. The attenuation coefficient for a 

channel waveguide depends strongly on the radius of curvature of the bend R as 
[40]: 

77 %3 q2 h2_; 2 
a qw R 

--e e 3N k (3.3) k3N(I + qw/2) n2 - n2 12 

S4xwd tength (ýwn) 

Figure 3.5: Losses in a silica waveguide caused by a bend of radius of curvature R. 
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where 

2 2)1/2 2 2)1/2. 
q=k(N -n2 h= k(n, -N (3.4) 

Usually, inside an integrated device, waveguides have to be brought into prox- 
imity at a fixed separation between them, as in the case of a directional coupler 

structure described in the next section. For this reason a more complex curve 

structure has to be implemented that is formed by two bends. The structure that 

best suits this job is a raised-cosine shape. This S-like curve has the property of 

maintaining the network compact and maximizing the radius of curvature, and 
hence minimizing losses. 

Figure 3.5 shows the behavior of the losses as the length of the raised-cosine is 

varied for a 3.5 x 3.5 pm silica-on-silicon waveguide. Additional simulations with 

BPM codes indicated the best value to limit the losses produced by the bends 

corresponds to a length of the raised-cosine of L=1.5mm. 

3.2.3 Directional couplers in silica waveguides 

To realize operations between optical modes, as in free space beam splitters (BS), 

it is possible to fabricate directional couplers (DC): when two waveguides approach 

each other the evanescent fields of the two structures overlap and coupling between 

waveguide is achieved. The coupling ratio of the DC (1 - 77, where tj is equivalent 
to BS reflectivity) can be lithographically tuned by varying the separation between 

the waveguides and the length of the coupler region (figure 3. G). 

It is possible to write the fields in the two waveguides as 

ei (x, y, z, t) = A(z)e-'ßizfl (x, y)ew' (3.5) 

'1)2 (Xi Yi Z) t) =B (z) e-iO2zf2(x, y)eiwt (3.6) 

where A and B are the amplitudes that take into account the variation of the 
fields during propagation and f (x, y) is the field distribution in the transverse 
section of the waveguide. The coupling of the waveguides determine a change of 

38 



3.2. Modeling of silica waveguides 

the amplitudes as [34] 

dA(z) 
- -irB(z)e-'(132-131)z (3.7) 

dz 
dB(z) 

- irA(z)e+'(01 -02)Z (3.8) 
dz 

where the coupling coefficient K depends on the spatial overlap of the mode (PI 

over the region where the properties of the waveguide 2 are changed by its field 

(or vice versa) - 
In our case the two waveguides have the same parameters, hence 01 = 02 = [3 

(phase matching condition). The propagating fields in the waveguides are then 

mixed together, and can not be decomposed as single solutions of just one waveg- 

uide, or the other. Instead we have new modes with 

Oe, =O+K (3.9) 

ß. =0-r, - 

Since the new propagation constant depends on the coupling constant K, when 

the two waveguides are well separated the coupling constant is zero and tile fields 

correspond to the ones of two independent waveguides. When the waveguides are 

close together the new propagation constant changes and we have 0', <3< /J, with 

higher separation in the constant as the coupling increases. The new field profiles 

are a linear combination of the modal fields of the non-interacting waveguides, 

Z(tm) 
CF) 

C) 

: Z- ' 

N 

-- 

Figure 3.6: Schematic of a directional coupler. 
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H 

Figure 3.7: Simulation of the TE, odd and even guided modes in a directional 

coupler. The separation between the waveguides is 3pm. 

with 

'(De (DI + 4)2 (3.11) 

(Do 4)1 - (1)2- (3.12) 

Figure 3.7 shows the two modes (D, and 4), for silica waveguides of 3.5/Lm at a 

distance of 3/im. 

In the case that one waveguide is excited with an input at zý0, then A(O) ýI 

and B(O) =0 and during propagation the new coefficients are: 

A(z) ý2= 
cos 2 KZ (3.13) A(O) 

B(z) 
22 

B(O) 
ý= 

sin KZ. (3.14) 

The power is then transferred from one waveguide to the other during the propa- 

gation along z. At a propagation lengtb equal to 

7r 

2K (3.15) 

all the power is transferred from one waveguide to the other. The parameter L is 

called the coupling length. 

Since L goes inversely as the coupling constant r,, we need waveguides with a 
small separation to obtain good coupling and small propagation constant. This is 
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Figure 3.8: Simulation of the power intensity distribution in a directional coupler 

taking into account also the effects of the input and output bends. The simulation 

on the right shows the power distribution with the input in the left waveguide (no 

input in the right waveguide, so the structure in not visible in this plot). The 

right-hand graph shows the power distribution in the structure. The green and 

blue lines represent the normalized power in the core section the the right and left 

waveguides respectively. The red line represents the total power in the structure, 

and is used to monitor losses. 

the reason why a lower index contrast A is preferable: at fixed separation between 

the core regions, the modal fields will be less concentrated and the coupling over- 

lap higher. This implies smaller directional coupler structures and less stringent 

tolerances on the separation between the core regions. 

Since the directional coupler structure is formed by the coupling section and by 

two bends, it is possible to ask if the presence of tile bends modifies the properties of 

the directional coupler. It is obvious that when the waveguides in the final part of 

the bends are approaching, the mode overlap starts to increase, and some. coupling 
between the waveguides is present. To take this effect into account, simulations 

were performed using BPM to study the whole coupler structure (raised-cosine 

bends plus coupling region). It was found that the effect of the bends corresponds 

to 250jim of straight coupling region. Figure 3.8 shows the simulation of a 77 = 0.5 

coupler. The graph on the right side of the figure provides information oil the 

power in the two channels that compose the splitter. As can be seen, at the end 
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3.2. Modeling of silica waveguides 

of the structure the blue and red line (corresponding to the power in the two core 

sections) are equal, thus obtaining a 50/50 splitting. 

3.2.4 Multi-mode couplers in silica waveguides 

So far all the components required for the optical network used for quantum infor- 

mation can support just a single mode for propagation. This ensures perfect mode 

overlap between different fields in the waveguides, so as to obtain good classical 

and non-classical interference. However, it is possible to design multi-mode waveg- 

uides to obtain particular effects and still ensure good performance. An example of 

such multi-mode component is the multi-mode interference coupler (MMI). MMI 

devices are based on the self-imaging effect: an input field can be reproduced in 

single or multiple images along the propagation in a multi-mode waveguide [41]. 

In a multi-mode waveguide with m modes and width W, the dispersion relation 

can be written as: 

+ V)7r 
k2N2 

W., 0 

with v the number of the mode and W, the effective width of the fundamental 

mode: 
A n22a 2 2)-1/2 TVe ý- W+ 
7r ni 

(n, n2 (3.17) 

and o, =0 for TE modes and a=1 for TM modes. Introducing the quantity 
W2 7r 4n, L, =; --:: 7- 70 

1 3A 

we have that 

3L,, +00. (3.19) 

If we take an input field 4D (y, z= 0) it can be decomposed on the propagating 
modes of the waveguideO,, as (42]: 

e cý, 0�U (y) (3.20) 
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>O 

Figure 3.9: Simulation of the propagating mode in a MMI section. It is possible 

to note point of single and multiple self-imaging. 

with c, the coefficient representing the overlap of the input mode with the mode v. 

It is possible to calculate the field after propagation at z knowing the propagation 

of the guided modes 

(D(Y, Z) =ZC, 0. U(Y - 
(3.21) 

v 

From this equation it is clear, then, that the field distribution at the position z 
depends on the interference between the components of the fields over the guided 

modes. 
The field at zýL can be rewritten as 

ý(o+2)' L 
(D (y, L) C, 0,, U (y) e' 3 L, (3.22) 

and if the exponential is equal to I it is easy to note that the field (D(y, L) = 41(y, 0), 

the condition of self-imaging [431. This happens for L= a(3L, ) with pEN. This 

argument can be generalized for multiple copies of the input image, symmetric 

with respect to the axis of the multi-mode waveguide. Figure 3.9 reports the 

simulation of the propagation through a multi-mode waveguide. It is possible to 

note the points during the propagation where the field is a (multiple) image of the 

input field. 

The condition for self imaging in the general case is [44]: 

p U, (3.23) 
m 
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Figure 3.10: Simulation of the propagating mode in a 4A MMI coupler. 

with p>0 and M>1 are integers with no common divisors and p indicates the 

number of self-imaging repetitions along z and M indicates the number of images, 

each with an amplitude 1/N/M-. In this way, symmetric NxM splitters can be 

designed using a multi-mode waveguide and self-imaging. 

Simulations were performed to design 2x2 and 4x4 symmetric couplers. In 

figure 3.10 the simulated light propagation is shown for a 4X4 MMI coupler. The 

values of the width and length of the multi-mode section in the couplers are shown 

in table 3.5. These values have been optimized (with different simulations using 

BPM) to take into account the residual coupling obtained in the bends before and 

after the multi-mode section by mode overlap. 

The same structure and dimensions were used to design an MMI structure with 

additional tapering in the input and output single mode waveguides. Tapers to 

obtain a waveguide width of 4pm were designed to obtain a less abrupt transition 

from the single mode waveguides to the MMI section. This should reduce losses 

since the expansion of equation 3.20 should be coinposed prevalently by guided 

modes. 

In the above discussion we presented the theory to obtain NxM MMI symmet- 

rical couplers, but in principle it is desirable to obtain any kind of coupling ratio, 

as for the directional coupler presented in the previous section. For the Inoment 

we can limit the discussion to 2x2 couplers. In this case the standard MMI cou- 
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pler is a 17 = 0.5 splitter. The obvious question is whether it is po; sible to obtain 

other values of the coupling ratio. The easiest way to achieve any ratio with the 

devices we already have is to implement a Mach-Zehnder interferometer with two 

MMI couplers and a phase shifter. In this way, any value of q can be achieved 

by setting the appropriate phase. This approach is interesting because it allows 

reconfigurable networks, and it is a moderately wavelength-independent solution 
(because the MMI couplers axe not really sensitive to wavelength variations, so for 

a not too broad range of frequencies the right phase can be selected to obtain the 

desired ratio), on the other hand it is resource intensive and uses three compo- 

nents to obtain an elementary element. A solution exists, fabricating multi-mode 

sections with different geometries. This allows for different splitting ratios to be 

implemented [45]. 

3.2.5 Integrated phase control 

The control of optical phases inside the integrated chip is fundamental for a range 

of different tasks. The simplest one is that, if the optical phase inside a network 

is not precisely set to the desired value, it is possible to change the propagation 

properties by adjusting the phases after fabrication. In this way, adjustable phases 

allow the correction of non-perfect fabrication and tolerances. This is true in 

particular, when different paths have to interfere and the phase difference has to 

be set to a particular value, so that the geometrical paths do not have to be the 

same. However, obtaining precise optical phases by adjusting the paths difference 

in the fabrication process is not always simple. A tunable, internal, phase is then 

Table 3.5: Values of physical dimensions of the multi-mode section to achieve 2x2 

and 4x4 MMI couplers. 
Coupler Width Length 

2x2 15ym 1090AM 

4x4 29pm 1770pm 
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more practical. 

Also, tunable phases are required to obtain reconfigurable circuits. For ex- 

ample, interferometers can be used in conjunction with variable phases to obtain 

different single photon operations, as will be explained in Chapter 6. The same 

components can be also used to route photons in different parts of the network, so 

to obtain a reconfigurable architecture. 

Precise control of the optical phases is needed also for quantum metrology 

experiments. It is obvious that proof of principle demonstrations, where a known 

phase is sensed to test the properties of the quantum scheme used, require the 

control of the circuit. But, ultimately, the majority of quantum metrology schemes 

require the use of an additional known phase while sensing the unknown one. The 

known phase is used to set the quantum circuit at the operation point where the 

sensitivity is maximum. For this task, absolutely precise control of the circuit 

is needed, otherwise errors are transferred on the reconstruction of the measure 

under study. 
For such a big range of different tasks, different requirements are needed in 

terms of precision, range of tunability and speed of reconfiguration. Different 

systems and materials can be used to obtain the control of optical phases inside an 

integrated circuit. However, in the case of the material under study, silica on silicon 

waveguides, the simplest method to control the propagation is via thermo-optical 

effects. 
In this case, changing the temperature of the material changes its refractive 

index. In this way the optical path is controlled and so the optical phases. Even 

though the phase can be controlled with a good accuracy, the thermo-optical effect 

suffers from a few limitations. The most important one is that the effect is quite 

slow, since it is not possible to obtain fast changes of temperatures on the chip, and 

a steady state has to be reached. For this reason thermo-optical manipulation of 
integrated phases can be used for the quantum processes that do not require ultra- 
fast operation. For example, reconfigurations of optical circuits or the setting of 

the correct phases in the networks are not required to be fast. For the same reason, 
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the majority of quantum metrology schemes do not require fast manipulations of 

the known phase in short timescales. Conversely, thermo-optical processes can 

not be used for feed-forward processes such as the ones required in cluster state 

computation [23,46], otherwise long integrated optical delays are required. For 

these kind of tasks, ultra-fast effects, as the electro-optic effect in lithium niobate 

waveguides, are better suited. 

The thermo-optical effect for silica waveguides produced by CIP works as fol- 

low. A metallic layer is deposited on the top of the silica chip to provide resistive 
heaters (made of a combination of Ti/Pt), metallic connections and contacts to 

physically control the phase inside the interferometer (made of a combination of 
Ti/Pt/Au), see figure 3.4. When a voltage is applied across the resistive element, 
heat is generated which dissipates into the device and locally raises the temper- 

ature T of the waveguide structure directly beneath the resistor. A change in 

the temperature of the waveguide provides a temperature change in its core and 

cladding. To a first approximation, the change in refractive index n of silica is 

given by [47] dnIdT = 10-'/K, independently of the compositional variation of 

core and cladding. This induces a phase difference with respect to the unperturbed 

waveguide. The heat generated inside the resistive elements dissipates through the 

depth of the structure to the silicon substrate which acts as a heat sink. 
Simulations were performed to calculate the required length of the resistive 

element on the waveguide to obtain the desired phase change. To obtain this value 
it is necessary to know the maximum temperature rise allowed by the resistive 

element. Data from CIP showed that a temperature change of about 30 - 401, 

is possible. With this value, simulations of the guided modes of the waveguides 

were analyzed, taking into account that both core and cladding indices vary in the 

same way. The perturbed structure has a new effective index NT that depends on 
the temperature. Knowing the unperturbed and perturbed effective indices it is 

possible to calculate the required propagation length to obtain a given phase shift. 
The final design was based on the possibility of obtaining a 37r total phase-shift 

at maximum temperature change. This value was decided to consider a margin 
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3.2. Modeling of silica waveguides 

to be able to obtain a total 27r required for quantum operation. The interaction 

length, and then the length of the resistive element, required to obtain this phase 

was calculated to be 4 mm. 

3.2.6 Integrated polarization manipulation 

All the elements studied in this Chapter have properties that are essentially in- 

dependent of the polarization, since the birefringence of the silica waveguide is 

negligible. A small birefringence is present and caused by the fact that upper and 

lower cladding do not have exactly the same optical properties. This is beneficial if 

a single polarization is used inside the integrated circuit, since, if the input field is 

polarized in the same direction as one of the axis of birefringence, the propagation 

maintain the polarization properties. This is the case for the studied waveguides, 

since the birefringence axes are the horizontal and vertical ones, and they do not 

change inside the optical circuit. It is sufficient to launch a vertical or horizontal 

field to obtain no polarization rotations. All the quantum operations and the in- 

formation encoding are then possible using the path degree of freedom, neglecting 

completely polarization. 

It is, however, interesting to study the possibility of obtaining polarization 

diversity operations. This would allow for the combination of quantum operations 
in more degrees of freedom, as well as the direct use of all the schemes used in 

free space operation, where commonly the polarization degree is used to obtain 

quantum operations. 

As said above, the silica waveguides do not present natural birefringence, essen- 

tially because the material is amorphous and so isotropic for all polarizations. The 

solution could be to obtain polarization diversity through a shape birefringence, 

obtained designing non-symmetric waveguides. 
Various simulations were performed on silica-on-silicon waveguides with differ- 

ent dimensions. The result was that the key element for polarization operation, 

a polarizing beam-splitter (PBS) that divides the vertical and horizontal compo- 
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nents, is not possible in the system under study. Different schemes can be found in 

the literature to obtain integrated PBS operation. For example using a directional 

coupler with a length so that one polarization sees a propagation length that is 

an even multiple of the coupling length and the other a odd multiple. In this 

way the two polarization components of the input field are coupled in the different 

outputs of the directional coupler [48,49]. Other schemes are based on the cou- 

pling of the input field with additional waveguides (usually multi-mode) to obtain 

PBS operation [50,511. However, all the schemes are based on the difference of 

the propagation properties of the two polarizations. The schemes based on the 

coupling of one mode with additional metal layers (52] are not a good choice for 

quantum information applications, because they involve losses, so they can not 

implement unitary evolutions. 

Unfortunately, using a low index contrast of A=0.5% means that the bire- 

fringence that it is possible to introduce in the system by just changing the shape 

of the waveguide is small. Essentially, since the effective indices are close to the 

index of the cladding (because the field is not strongly confined), variations of the 

shape can not change the field profile much. Moreover big shape variations are 

not possible because, if the waveguide exceeds a cut-off value of the dimension, 

multi-mode operation is obtained. The fact that the propagation characteristics 

of the two polarizations are very similar means that they behave in more or less 

the same way, and it is then difficult to obtain different operations for different 

polarizations. 
Although all the simulations were not useful to design silica-on-silicon circuits 

with polarization operations, the necessary study and the general schemes have 

been used to design waveguides in SiO,, N,, where the higher index contrast allows 

polarization diversity operations. The results of this study, however, are not part 

of this thesis. 
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Chapter 4 

Integrated couplers 

This Chapter contains the experimental results obtained from the integrated de- 

vices containing integrated couplers, probably the most important building block 

in any linear optical network. The properties of the couplers are analyzed regard- 

ing the quantum information perspective, using single photons. In particular, I 

will describe in detail the results obtained from non-classical interference exper- 
iments. I will analyze the two structures described from the simulation point of 

view in Chapter 3, directional couplers and multi-mode interference couplers. 

This Chapter is based on the results published in the following articles: 
A. Politi , M. J. Cryan, J. G. Rarity, S. Yu, and J. L. O'Brien, Silica-on-Silicon 

Waveguide Quantum Circuits, Science 320,646 (2008); 

A. Politi, J. C. F. Matthews, M. G. Thompson, J. L. O'Brien, Integrated 

Quantum Photonics, Journal of Selected Topics in Quantum Electronics, 15,6, 

1673-1684, (2009); 

A. Laing, A. Peruzzo, A. Politi, M. R. Rodas, M. Halder, T. C. Ralph, M. 

G. Thompson, J. L. O'Brien, Towards fault tolerant quantum photonic circuits, 
Submitted; 
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Figure 4.1: Non-classical interference expreriment. a) schematic picture of the ex- 

periment, b) Number of coincidences changing the arrival time of the two photons 

at the beam-splitter [3]. 

4.1 Non-classical interference 

In quantum optical architectures, information is encoded onto single photons prop- 

agating in superposition along multiple optical paths or "modes". The heart of 

quantum processing is therefore a linear optical network based on classical and 

(quantum) non-classical interference[3] between photons to split and combine op- 

tical modes. In conventional large-scale (bulk) optical implementation of linear 

networks, photons propagate in free space and optical circuits are constructed us- 

ing standard mirrors and "partially reflective mirrors" or bealn splitters (13S). Such 

devices act on individual photons so that their state evolves into superposition of 

many paths. 

Non-classical interference is an effect that can be observed when two indistin- 

guishable photons arrive at the different inputs of a beam-splitter at the same time 

[3]. The scheme of the experiment is depicted in figure 4.1. Following the classical 

physics description, the probability of detecting one photon at each output port of 

the beam-splitter is given by the surn of the probabilities that allow for this event 
(i. e. both photons being reflected and both photons being transmitted). If the 

beam-splitter is half-transparent (or 50: 50) reflectivity (transinissivity) is (ýqjjal to 
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1/2, and we have: 

t-t+r-r= 
11 

+ 
11 

=1 (4.1) 
22 22 2 

so that the probability of detecting a coincidence, in the classical description, is 

equal to Pcoinc == 1/2. In quantum mechanics, the evolution of the two input modes 

a and b can be expressed as 

(c)=( 
%A0- \A --0 a (4.2) 

b 

where 0 is the reflectivity of the beam splitter. Then, sending two photons at the 

entrance of the BS we obtain the evolution 

10�. t) = ý�/0--(1- 0)(120)cd + 102)cd) + l(1 - 0) - 01 111)M- (4.3) 

The probability of finding one photon in output c and one in d is given by 

1(1110 
out) 

12 = (1-20)2 (4.4) 

Then, for the choice 0= 1/2, that is a 50: 50 beam spitter, the coincidences in the 

quantum case go to zero. This effect is possible because of the "interference" be- 

tween the terms coming from the possibilities of having both the photons reflected 

or having both the photons transmitted. If, for any reason, the two processes can 

be distinguished, the terms do not sum, and the quantum probability of coinci- 

dences has the same value as the classical one. This translates in the conditions 

of having photons arriving at the beam-splitter with exactly the same properties 

(same frequency, same arrival time, same spatial mode, same polarization). 

Figure 4.1b shows a plot of the number of coincidences as the arrival time of the 

photons at the beam-splitter is varied. The plot is taken from the original exper- 

iment performed by Hong, Ou and Mandel, who first measured the non-classical 

interference effect (for this reason, this experimental non-classical interference pat- 

tern is called HOM dip). In this graph it is possible to note the dip in the co- 

incidence number when the arrival time of the two photons at the beam-splitter 

is changed. This is the transition from the classical to the quantum case, when 
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the photons are partially distinguishable and the non-classical interference is not 

complete. Note that the dip does not reach the zero line because of experimental 

imperfections, the two photons have some properties that are not exactly the same, 
leading to a non-perfect quantum interference. 

4.2 Coupling ratio of an integrated splitter 

Inferring the reflectivity of an integrated coupler can look like a quite difficult 

task, since the light measured at the outputs is a combination of the reflec- 

tivity/transmissivity, the losses and the different coupling efficiencies at the in- 

puts/outputs. At first glance this problem is impossible to solve, since we have 

many more unknowns than equations. However these equations are coupled to- 

gether, and it easy to demonstrate we can measure the maximum visibility of the 

HOM dip for a given coupler (maximum in the sense that we assume the visibility 

is only limited by a reflectivity R : ý4 1/2). We assume the most general case of 

an integrated coupler, as represented in figure 4.2, in which R+T 34 0 due to 

losses, and the reflectivities (and transmissivities) for the two channels are not 

equal (RI =ýý R2, T, : /- T2). 

If we launch light into one input at a time, we can calculate the number of 

photons N, and Nd detected at the two outputs as 

Nc = pM? 7aR, 77, (4.5) 
a 

Nd= pM? 7,, T,?? d (4.6) a 

Nb' = pM? 7bR2? 7c (4.7) 
Nbd = PM? 7bT2? 7d (4.8) 

where Nj represent the number of photons detected at the output j coming from 

the input i, 77i is the coupling efficiency at the input/output i, p and M indicate 

the probability of producing a photon and the production rate respectively. We 

can call Am the ratio 
N. ' Nbd R, R2 

- 
Am (4.9) dN1T, Na 

b" 
T2 
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that depends on the properties of the coupler and not on the coupling efficiencies. 

We look now at the case when we send two photons into each arm of the 

coupler. The classical probability of a coincidence detection at the output c and d 

is given by 

p --,: P2 c __. ? 7a? 7b77c77d(RlR2 + TlT2)- (4.10) 

In the quantum case: 

atatIO) -4 (a t VR-j +at VT-2) (a t VR-2 +at 0) 
abcddc 

-f 
... 

120) + 102) + PVýa%71,77d(V RIR2 - 
VTlT2)111) 

and the probability of a coincidence is given by 

pq ý P2 ? la? 7b77c? ld (Ri R2+ TlT2- 2ý, 1RIR2TT2). (4.12) 

The visibility of the HOM dip is given by 

V 
Pc - Pq 

PC. 

P2 ? 7a77b77c? 7d(RjR2 + T1T2) _ p2 7? a? 7b? lc? 7d(R, R, 2 + T1T2 - 2V]-?, l-R2T, 'T2) 

2 vT- 1R 
-2T1 T2 

P2 77070707d(RIR2 + T1T2) 
(4.13) 

R, R2 + TIT2 

I 4a R, c 

1ý, R2 

Figure 4.2. Schematic representation of a coupler. 
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and we can write, remembering equation 4.9 

2 VA-m 
(4.14) 

+ RiRz -1 +Am* TIT2 

This last equation links the measurable output photon numbers with the optimal 

Visibility of the quantum interference for a given coupler. 

In the case of a directional coupler, the approximations R, = R2 =R and 

T, = T2 =T are accurate, since the structure of the coupler is symmetric by 

construction. In this case, it is easy to simplify all the above equations, and also 

the reflectivity of the couplers can be measured with the same method. If we also 

take R+T =1 we get 
R 

VA--m 
(4.15) 

1+-, I-A-m * 

4.3 Experimental details 

The single photons utilized for all the measurements presented in this Chapter, and 

for all the two-photon experiments of this Thesis, were produced with the source 

schematically shown in figure 4.3. The source consists of a 402 nm laser diode 

shining onto a type I BBO SPDC crystal. The diode is a Toptica iBearn laser that 

provides up to 60mW of power. The photons produced from down-conversion pass 

through 2nm wide interference filters and are collected by single mode polarization 

maintaining fibers (PMF). These naxrow-band filters ensure that the photons are 

degenerate in frequency, and the single mode fibers help to collect the photons 

from opposite points of the down-conversion cone. 

The photons collected in the fibres are coupled into the chip using an array of 

8 PMF separated by 250, om. The PANDA style PM fibres are positioned inside 

the V-groove array to have the polarization axis (stress rods) aligned vertical to 

the V-Groove. The overall tolerance in the alignment of the PM axis, taking 

into account the array positioning and the connectors, is of the order of 311. The 

separation of the fibres coincides with the separation of the waveguides inside the 

integrated chip. The light is butt-coupled from the array to the chip with the 
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CW laser, 
402nm, 6OmW 

Bi BO 

804nm pairs 

PMF 

pm actuator 

Filter 

Figure 4.3: Schematic of the single photon source used to perform all the two- 

photon experiment presented in this Thesis. 

help of a micro-positioning six-axis stage used to accurately align the array to 

the chip. The coupling of light is enhanced using a fluid that has the refractive 

index to match the one of silica. This presents back-reflection at the facets of 

the fibres and the chip, also decreasing the effect of non-perfect polishing of the 

devices. The photons, after the propagation through the chip, are coupled into 

an array of 8 PMF or single mode fibres, adopting the saine method used for the 

input. The overall coupling efficiency in and out of the chip (also considering 

the propagation losses) can be estimated as approximately 70%. The photons 

are finally detected using sn'91C, photon detectors SPCM-AQR froin Perkin-Elmer, 

The TTL electronic pulses produced by the detectors are controlled by a Stanford 

Lab SR400 instrument, that elaborates the electronic signals to compute single 

counts and coincidental events between different channels. 

4.4 Directional couplers 

To realize operations between optical modes, ws in free space beam splitters (13S), 

it is possible to fabricate directional couplers (DC). As explained in Section 3.2.3, 

when two waveguides approach each other the evanescent fields of the two struc- 

tures overlap and coupling between waveguide is achieved. The coupling ratio of 

the DC (1 - 77, where q is equivalent to BS reflectivity) can be, lithographically 
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tuned by varying the separation between the waveguides and the length of the 

coupler region. 

Rom the quantum information perspective, directional couplers can be de- 

scribed by an unitary operation acting on the input/output modes, as 

Uc (4.16) 

Note that for 71 = 1/2 the directional coupler is equivalent to a Hadarnard gate H 

v'2 

up to local o,,, rotations. 

(4-17) 

To demonstrate that silica on silicon technology is an excellent candidate to 

implement quantum circuits, it is necessary to show that it is possible to achieve 

quantum interference between single photons. Figure 4-5A shows the rate of coill- 

cidental detection of two photons at the output waveguides of a directional coupler 

as arrival time delay between the photons is changed. The expected dip near zero 

delay in relative photon arrival time indicates the quantum behavior of the system. 

The depth of such a dip indicates the degree of quantum interference, which can 

be quantified by the visibility V= (N,,,,., - N,, j,, )1N,,,,,. Ideally the visibility is a 

function of the reflectivity q: 

Vid : -- 
277(l - q) 

1-2, q + 277 
(4.18) 

and in experiments it can be reduced by any process that limits the indistinguisha- 

bility of the single photons. The measured visibility V= 94.8 ± 0.57o quantifies 

Figure 4.4: Schematic of an integrated directional coupler. 
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9 

0 

Figure 4.5: Two-photon quantum interference in integrated directional couplers. 

The variation of coincidental two-photon detections as function of the relative 

delay of the two photons launched in the coupler. 

the quality of the interference and demonstrates very good quantum behavior of 

photons in an integrated optics architecture. 
Figure 4.6B shows the measured visibility for the quantum interference for 10 

couplers on a single chip with a range of design 77's from 0.22 to 0.6. A best fit was 

performed on the experimental data points to produce the curve in the figure. The 

theoretical model has two fitting parameters: one to take into account mode mis- 

match, that provides deviation from the ideal relation of equation 4.18; the other 
includes the difference between the designed and real reflectivity of the coupler. 
The latter parameter, found to be &7 = 3.4 ± 0.7%, does not introduce any limita- 

tion of the quantum interference, but gives a small translation of the curve to the 

right. The mode mismatch parameter is used to include the non-perfect visibility 

of the quantum interference, The best fit, however, does not give any information 

about the reason for the mode mismatch, since a mode mismatch in any degree of 
freedom is completely equivalent to mode mismatch in any other degree of free- 

dom [53]. Some of the possible phenomena that can contribute to the reduced 

visibility are: polarization mismatch given by misalignment of PMF fibers in the 

array (specified to be < 3'); spatial mode mismatch given by weakly guided higher 

order modes propagating across the relatively short devices; frequency mismatch 
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Figure 4.6: Quantum interference visibility as a function of the designed reflectivity 

of the coupler. Black points refer to 1/2 couplers and red dots to 1/3 coupler, as 

explained in the text. For both the plots error bars are smaller then data points. 

given by a non-perfect filtering of the photons at the source. The reason for such 

a mismatch was found later in the study of the devices, and is explained in the 

next section. The average relative visibility V.,, = 11NEN VIVij, a measure of i 
the global performance of the couplers, was found to be V.,, = 95.0 ± 0.8%. These 

results demonstrate the high yield and excellent reproducibility of the devices for 

quantum optic applications. 

4.4.1 Hi-visibility non-classical interference 

It is key for the development of integrated quantum networks for quantum op- 

tics to understand the sources of errors in the quantum effects measured in the 

waveguides. A study on the phenomena that can reduce the non-classical interfer- 

ence visibility was conducted. As said in the previous section, polarization, mode 

mismatch and frequency mismatch are the most probable reasons for limited visi- 

bility. In the remainder of this section, I present the details of the analysis of the 

integrated device in all the above degrees of freedom. 

Polarizing beam splitters were used to prove that the source was producing 

photons polarized along the vertical direction. I would like to point out that the 

0 
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use of polarization maintaining fibres is meaningful only when the input field is 

polarized along one of the axis of the fibre birefringence. Otherwise the polarization 

inside the fibre evolves in a way difficult to predict, that can depend on the stress 

applied to the fibre or to the temperature. A test was performed to check that 

the polarizations of the photons produced from the down-conversion crystal and 

coupled into the fibres was preserved at the end of the fibre. A similar test was 

performed to check the polarization at the end of the output fibre. If there is any 

misalignment between the birefringence axis of the PMF, PMF arrays and chip, 

the photons at the output will not be polarized along the vertical direction, and 

probably the photons would de-cohere. The analysis results assure that this was 

not the case, and the limitation in the visibility of non-classical interference is not 

caused by polarization problems. 

Mode matching problems were partially ruled out since the use of output po- 

larization maintaining, single mode fibres performs a quantum filtering operation 

that ensures the indistinguishability of the photons at the detectors. If the pho- 

tons are in the same spatial mode, there is no way to distinguish the previous path 

taken by the photons, since the information about the previous modes is washed 

out. If the single mode fiber is coiled with a quite tight radius, this filtering is 

mode efficient (even if for small radii, losses can be introduced, as shown in the 

previous Chapter for waveguide bends). This procedure, however, cannot solve 

all the limitations coming from mismatch of the modes if these come from mode 

mixing inside the coupler. 

The limitation in non-classical visibility was solved through a deep analysis 

of the photon source. It was discovered from colleagues working on the same 

source that the photons were not degenerate regarding the spectral properties. The 

wavelength distribution of the down-converted photons depend on the combination 

of the position of the fibres in the down-conversion cone (since the wavelength of 
the photons is a function of the opening angle via the phase matching condition) 

and the spectrum of the filters used in front of each fibre. Using a spectrometer 

with a sensitivity good enough to detect few photons, it was possible to check the 
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Figure IT Two-photon quantum interference in integrated directional couplers. 

The blue line is the measured rate of accidental counts, and the green shows 

the count rate expected at the centre of the dip for the measured reflectivity 

71 = 0.5267 ± 0.0004. 

final spectrum, and tweak the tilting of the filters and the position of the fibres to 

ensure the same spectral distribution for the down-converted photons. 

The result of such an analysis is synthesized in the non-classical interference 

experiment shown in figure 4.7. This dip is obtained with exactly the same device 

studied in the previous section. The raw visibility is V, = 94.9 ± 0.4, so it does 

not look better than the results obtained in the previous experiment,,;. However, a 

correction is necessary to obtain the true visibility that is possible to obtain with 

the integrated directional coupler. 

At the bottom of the non-cl&ssical interference dip, the number of coincidental 

detections depends on the photons that exit the different outputs of the coupler I 

a consequence of a non-perfect interference, and the accidental counts registered 

by the counting electronics. The electronic circuit that counts the coincidental 

events of single photons is composed by a Stanford Lab SR400 instrument. When 

a single photon is detected at output A, the same electronic pulse opens a window 

of 5 ns for channel B. If an electronic pulse coming from the single photon detector 

is registered in this 5 ns window, a coincidental event is counted. It is obvious that 
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coincidental events can be counted when a pair of photons is produced and detected 

by the detectors, or when more photons, coming from different pairs but created 

closer than 5 ns in time are created and detected. An important point to notice 

here is that for these experiments a CW laser is used, so the time distribution of 

the photons is random and poissonian, the probability of producing higher order 

terms, contrary to a pulsed source, is essentially negligible. In principle, for perfect 

detectors and short coincidence windows, the number of accidental counts coming 

from a CW laser can be decreased at will, while the number of multi-photon events 

coming from a pulsed source is limited by equation 2.14. The number of accidental 

counts is proportional to the number of single photon counts in each channel and 

the length of the window time. 

In reality the number of accidental counts is not easily decreased to zero because 

the coincidence window cannot be decreased too much. Apart from the electronic 

problem of having fast processing, the biggest limitation is due to the time jitter 

in the response of the single photon detectors. Silicon single photon detectors have 

time jitters of the order of hundreds of picoseconds, so the coincidental window 

cannot be shorter than this interval, otherwise too many counts would be lost. A 

solution to this problem is using faster detectors, like superconducting ones. 
In figure 4.7 the blue line represents the number of accidental counts coming 

from the CW source. The value is measured experimentally by changing the 

delay between channel A and B of the electronic system, so that the window for 

channel B is opened when the photon belonging to the pair that is detected in 

channel A is not present. In this way, coincidental events come just from photons 

generated from different down-conversion processes. This value is exactly the 

number of accidental counts we want to remove from the measure of the non- 

classical interference experiment. 
We have also to remember that the visibility of the non-classical interference 

cannot be unity because the reflectivity of the directional coupler is not exactly 

il = 0.5, as expected from equation 4.18. The reflectivity of the directional coupler 

was measured to be il = 0.5267 ± 0.0004. The green line shown in figure 4.7 

62 



4.5. Multi-mode couplers 

represents the minimum number of coincidental events at the bottom of the dip 

for this value of 77 and taking into account the accidental counts coming from the 

CW source. It is possible to note that the bottom of the dip is, within error, at the 

same level as the green line. The quantum interference visibility taking this rate 

into account is then Vmeas = 99.5 ± 0.4% which corresponds to a relative visibility 

of V,,, = 100.1 ± 0.4%. The visibility of the non-classical interference is unitary 

within error-bars, and we can consider the interference to be essentially perfect, 

regarding the integrated circuit alone. 

This result is important because it demonstrate that there is no limitation, 

from this point of view, to implement quantum operations in an integrated optics 

architecture. 

4.5 Multi-mode couplers 

The MMI couplers with the design described in the previous chapter were measured 

in the same way as the directional coupler. The first measurement was performed 

with the same source that allowed the achievement of non-classical interference 

with visibilities of wound V= 95%. It is expected that the MMI couplers would 

reach the same visibility, if the multi-mode section does not introduce a process 

that limits the indistinguishability of the photons. 

The first measurements, for different devices containing MMI couplers with and 

without tapering in the input/output waveguides, gave non-classical interference 

effects with visibility around V= 85%. The reduction in visibility cannot be 

explained considering the values of the splitting ratio. Using the method described 

in Section 4.2 it was possible to calculate the maximum visibility obtainable from 

the splitting properties. The value was found to be close to perfect, since, with 

some approximation, it was reconstructed a splitting ratio of around 17 = 0.52% 

using equation 4.15. A typical non-classical interference experiment conducted 

with MMI couplers is shown in figure 4.8. 

A similar analysis to the one performed to understand the limits of the direc- 
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Figure 4.8: Two-photon quantum interference in integrated MMI coupler. The 

interference filters used in the source have a FWHM bandwidth of 2nm. 

tional couplers was performed for the MMI structure. In this case, however, the 

starting point for the analysis is that the source of photons is capable of producing 

V= 95% non-classical dips. The decrease in visibility form this value has to be 

caused by the properties of the chip. 

The obvious consideration is that the multi-mode section could introduce some 

coupling process between guided modes that are orthogonal (and then distinguish- 

able). For example, if part of the higher order modes are preserved inside the 

output waveguides, and the MMI section is not terminated exactly at the point 

of self-imaging, mode mismatch can be present. To test this hypothesis, coils of 

single mode fibres are added at the output of the chip to filter out potential higher 

order modes as much as possible. The coils would act as a projection on a sin- 

gle guided mode for each output fibre, since the propagation losses of higher order 

modes are higher than the ones for the fundamental mode. The propagation would 
filter out the higher order modes, and erase all the information about the mode 

mismatch. Experiments with coils of fibres were performed, obtaining exactly the 

same results as the previous case. The only difference was that a small loss was 

appreciated, this confirms that the single mode fibres axe coiled with a radius of 

curvature that introduces losses also for the fundamental mode (as expected from 

64 



4.5. Multi-mode couplers 

the analysis of losses in bend structures of Section 3.2.2). 

A second hypothesis is that the multi-mode section, and the abrupt passage 

from the single mode section to the multi-mode one, can introduce coupling be- 

tween the guided TE and TM modes, so to obtain a small polarization mixing of 

the light entering the sample. If this would be the case, it is expected to notice 

a rotation of the polarization of the photons at the end of the integrated device. 

Remembering that the setup is composed of polaxization maintaining fibres both 

for the input and output, it is possible to analyze the polarization state of light 

at the end of the output fibre, and obtain information about the propagation into 

the chip. A polarization analysis was performed using a simple PBS cube, to 

project the light on the horizontal polarization. The analysis of the outcoming 

light, and a non-classical interference experiment in these conditions, confirmed 

that no polarization coupling is present in the multi-mode section. 

The last degree of freedom that can reduce the indistinguishability between 

photons in the coupler is the time variable. At first it would be noted that the 

temporal degree of freedom is used extensively in the non-classical interference 

experiment, since the HOM dip is measure varying the arrival time of the photons 

in the coupler structure. The fine tuning of the delay between the photons is 

possible, and this should prevent timing problems. At the same time, an analysis 

of the multi-mode structure suggest a different problem that can be present in 

this waveguide section. Given the bulky nature of the MMI section, it would be 

possible that the path taken by one photon to arrive at the output of the coupler is 

different in the case of transmission or reflection. If this is the case, the arrival time 

of the photons is different for the two processes of both photons being reflected or 
both transmitted, so that the two cases can be distinguished, and the non-classical 

interference effect is destroyed. 

The above explanation is just a pictorial representation of the light propagating 

in the device using ray optics, but can give an idea of what is happening in the 

device. This hypothesis can be developed in the full electromagnetical treatment of 

propagation. The incoming photons, arriving in the MMI section, are propagating 
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in a superposition of different spatial modes. Each mode has its own effective 

index and propagation characteristic. This means that the propagation speed for 

each mode is different. In some sense, the arrival time of the photons at the end 

of the multi-mode section suffers from a jitter caused by the decomposition of 

light propagation in many modes with different speed. If the MMI section is long 

enough, the difference in speed is sufficient to spread the photon enough to destroy 

the temporal overlap between the different components. The effect is to suppress 

the coherence of the photon. For shorter MMI sections than this extreme case, the 

photons partially decohere and the non-classical interference is reduced. 

The experimental test to check this hypothesis is to increase the coherence time 

of the photons that enter the device. In this case, the same amount of time jitter 

would be small compared to the width of the non-classical interference dip, and 

good indistinguishability can be achieved. The experiment was performed placing 

a single interference filter with a FWHM bandwidth of 0.5nm after the MMI 

coupler. This corresponds to an increase of the coherence time of the photons of 

4 times. Figure 4.9 shows the results of the experiment. In this case, the non- 

classical interference visibility is V= 93 :E 1%. This value confirms the idea that 

the multi-mode section of the coupler introduces a time difference in the possible 

paths taken by the photons. 

Even with the increase of of the coherence time of the photons, the visibility 

of the non-classical interference dip is still not as high as in the case of directional 

coupler structures. Additional studies have to be performed to understand the 

sources of this phenomenon. Fabricating new structures with multi-mode section of 
different dimensions will help to study the effect of time jitter in the MMI structures 

used for quantum information applications. The study of NxN MM I couplers will 

also be interesting in the context of generalized non-classical interference effects 
[54-56]. 
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Figure 4.9: Two-photon quantum interference in integrated MMI coupler. The 

blue line represents the number of accidental counts. The interference filters used 

in the source have a FWHM bandwidth of 0.5nm. 
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Chapter 5 

Directly written waveguides 

In this chapter I will present an alternative technology to obtain integrated op- 

tic circuits for quantum information applications. The technology is based on 

waveguides in glass, fabricated using the direct-write ultrafast laser technique. 

The waveguides were designed and fabricated by the group of M. J. Withford at 

MacQuarie University, Sydney, as part of a collaboration work with Bristol Uni- 

versity. In the following, I will describe the fabrication process and the properties 

of direct-write waveguides, since the field is relatively young and the group of M. J. 

Withford is one of the few groups that can fabricate the optical networks for 800nm 

applications. I will then describe the results obtained from Bristol regarding the 

quantum optical properties of the waveguides. 

This Chapter is based on the results published in the following article: 

G. D. Marshall, A. Politi, J. C. F. Matthews, P. Dekker, M. Ams, M. J. With- 

ford, J. L. O'Brien, Laser written waveguide photonic quantum circuits, Optics 

Express, 17,15,12546-12554, (2009). 
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0 5.1 Properties and fabrication of Directly writ- 

ten waveguides 

Ultrafast lasers are a powerful tool not only for machining [57], but also for optical 

modification of materials [58]. In particular, the direct-write ferntosecond laser 

technique for creating optical waveguides in dielectric media [59] is an alternative 

waveguide manufacturing technique that allows the production of low-volume com- 

plex three-dimensional optical circuits. This process has been applied to a wide 

range of passive and active media to create integrated devices such as microflu- 

idic sensors (60], waveguide-Bragg gratings (61] and miniature lasers [62]. Because 

there is no lithography step in this procedure, it enables a waveguide circuit to 

be taken rapidly from a concept to a commissioned device. However, as with all 

waveguide fabrication processes, the finished devices are subject to manufacturing 

imperfections and there has been no previous demonstration that the use of the 

laser-writing technique can produce waveguides that can operate on single-photons 

without deleterious effects on the phase, spatial mode and polarization. 

In conventional lithographically fabricated integrated optical devices, light is 

guided in waveguides consisting of a core and a slightly lower refractive-index 

cladding or buffer layers. In the commonly used flame hydrolysis deposition fabri- 

cation method, these structures are lithographically described on top of a semicon- 

ductor wafer) as for the silica-on-silicon samples described in the previous chapters. 

However, this approach requires to work within the constrains of lithography: the 

devices must necessarily be 2-dimensional, created as a large assortment of devices 

(since the most cost efficient use of a fabrication run is to use all the available area 

on a wafer) and the physical parameters of the waveguide devices must be very 

well understood and modeled before manufacture since the turn-around time for 

a single manufacturing process is lengthy. 

Similar waveguide conditions and directional coupler structures to the ones 
described in the previous Chapter can be obtained with the directly written tech- 

nique, where the waveguide core is formed by local modification of the microscopic 
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Figure 5.1: A schematic of the femtosecond-laser direct-write process. 

structure of silica [63,64] or other materials. In this case, unlike the lithographic 

approach, direct-write circuits can be straightforwardly written in 3D. 

The group of M. I Withford fabricated and classically characterized two c1lips 

with a number of direct-write quantum circuits (DWQCs) composed of 2x2 direc- 

tional couplers (figure 5.3) and Mach-Zelinder interferoineters. The circuits were 

written inside high purity fused silica using a tightly focused 1 kHz repetition 

rate, 800 nm, 120 fs laser and motion control system [65,66). The writing laser 

beam was circularly polarized and passed through a 520 jim slit, before being fo- 

cused 170 pm below the surface of the glass using a 40x 0.6 numerical aperture 

microscope objective that was corrected for spherical aberrations at this dept], (fig- 

ure 5.1). The writing process created approximately Gaussian profile waveguides 

which were characterized using a near-field refractive index profilometer (from 

Rinck Elektronik) and a magnifying beam profiler. The measured refractive index 

profile of a typical waveguide is displayed in figure 5.2 and shows a peak refractive 

index change of 4.55 X 10-3, an average 1 le' width of 5.5 pin and a x1z widtli ratio 

of 0.93. At their design wavelength of 806 nin these waveguides supported a single. 

transverse mode with orthogonal (intensity) 1/(, 2 widths of 6.1 pin X 6.1 inn (the 
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Figure 5.2: A refractive index (RI) profile of a typical waveguide, the writing laser 

was incident from the left. The white overlayed plots show the cross section of the 

RI profile at the peak. The distortion to the measured x-axis R-I profile to tlie left, 

of the peak is an artifact of the measurement method. 

small amount of measured RI shape-asymmetry not being evident in the guided 

mode). The design of the directional couplers was functionally identical except for 

the length of the central interaction region that was varied from 400 to 2000 jan 

to achieve different coupling ratios. The curved regions of the. waveguides were of 

raised-sine form and connected the input and output waveguide pitch of 250 pin 
down to the closely spaced evanescent coupling region of the devices. The Mach- 

Zehnder interferometers are composed by two 50: 50 directional couplers separated 

by identical 1500 jLm long arms. The purpose of these devices was to test the 

stability of both the completed waveguide circuits and the laser writing system 
(which was required to remain stable for several hours, corresponding to the time 

required for the fabrication of the designed structures). 

5.2 Quantum optical properties of Directly writ- 

ten waveguides 

The quantum circuits were studied using photons obtained from the CW spolltt- 

neous parametric down conversion source as described ill HIC P"eviolis Chapter. 
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ii 

Figure 5.3: A schematic of an array of directional couplers fabricated by fs direct 

writing in a single fused silica chip and an optical inicro-graph showing the central 

coupling region where the waveguides are separated by 10 Imi. 

Also for the direct-write circuits index matching oil was used between t1w fibres 

and the device under test to reduce R-esnel reflections that contribute to coupling 

losses. The circuit devices had typical transmission efficiencies of 5()(/), including 

coupling and propagation losses. 

To demonstrate the suitability of the direct-write laser technique for creating 

optical quantum logic systems, devices were fabricated containing arrkys of 2X2 

evanescent couplers. Figure 5.3 shows the waveguide testing layout. Mach-Zelinder 

interferoineters were included in the fabrication process, to test the stability of tll(, 

optical phases in the integrated devices. 

5.2.1 Two-photon non-classical interference 

Figure 5.4 shows the raw data for a HOM dip in a coupler withl, = 0.5128 ± 0.0007 

(maximurn theoretical visibility Vid,,,, = 0.9987 ± 0.0001). The measured visibility 

of the non-classical interference is 0.958 ± 0.005. Figure 5.5 shows the ineasured 

visibility V as a function of the equivalent reflectivity 71 for eight couplers on 
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Figure 5.4: Quantum interference in a laser direct-write directional coupler. The 

number of coincident detections are shown as a function of the arrival delay be- 

tween the two interfering photons. Error baxs from Poissonian statistics are smaller 

than the point size and the fit is a Gaussian plus linear. 

the two chips. The curve is a fit of equation 4.18, modified to include a single 

parameter to account for mode mismatch [53]. The average relative visibility for 

these eight couplers is V,, = 0.952±0-005, demonstrating high performance across 

all couplers on both chips. 

The values above have to be compared with the non-classical interference visi- 

bility of V= 95% obtained in the silica directional coupler before the improvement 

of the indistinguishability of the photons. This suggests that the mode mismatch 

that caused the limitation in the non-classical interference is to be found in the 

spectral properties of the incident photons. A more accurate study of the MVQC 

with the source capable of obtaining near-perfect HOM dips has to be conducted 

in the future to confirm the expected high quality of the samples. 

Using single-photons as a convenient source with which to measure the effec- 

tive reflectivity of a Mach-Zehnder interferometer we found that the reflectivity of 

the device was ? 7mz = 0.960 ± 0.001 indicating that the written phase shift in the 

interferometer is very close to zero (of the order 10 nm). In studying the perfor- 

mance of the interferometer over an extended period of time and varying ambient 
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Figure 5-5: Quantum interference visibility as a function of coupling ratio ? 7. Error 

bars are determined from fits such as those in figure 5.4 and are comparable to the 

point size. 

temperature conditions (the stability of the temperature in the laboratory for this 

experiment can be estimated as 4-3*C), no variation in ? 7mz was observed. This 

indicates that the phase shift in the interferometer remained stable throughout 

changing environmental conditions that would detrimentally affect an equivalent 

bulk-optical Mach-Zehnder interferometer. 

5.2.2 Multi-photon non-classical interference 

Many important quantum circuits involve not just single and pair photon interfer- 

ence, but multi-photon quantum interference. In particular, interference of three 

photons at a beam-splitter has many important applications-including quantum 

logic gates [13,67], quantum metrology [68], photon number filters [69,701, en- 

tanglement filters [71,72], and biphoton qutrit unitaries [73]-and is thus a key 

enabling capability. When two photons are input into A and one in B, an ideal 

?7= 2/3 reflectivity coupler will generate the three-photon entangled state: 

121)AB --+ 
2 130)CD %73- 112)CD ýý, 72- 

103)CDi (5.1) 
3 
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where quantum interference results in no 121)CD term. An analogue of the HOM 

dip can therefore be observed by measuring the rate of detecting two photons in 

C and one in D as a function of the delay time between the photon in B and the 

two photons in A [69]. 

To observe a 121)CD HOM dip, as described by equation 5.1, a pulsed laser 

system was used to generate four photons in 2 modes at 780 iini, where the DWQCs 

are also single moded. The output of a -150 fs, 80 MHz repetition rate 780 nin 

Ti: Sapphire laser was frequency doubled to 390 nm and then down converted into 

pairs of 780 nm photons in a type-I phase matched BiBO crystal. The photon pairs 

passed through 3 nm bandpass interference filters before being coupled into two 

polarization maintaining single mode optical fibres. By using a fused PNIF splitter 

and single photon APD, it is possible to probabilisticallY prepare the 11) B state 

at input B. Using a SMF fibre coupler, it is possible to probabilistically detect 

two photons at output C. The scheme to produce and detect the desired states is 

shown in figure 5.6. The low probability of preparing the required 4-photon state 

at the source and the 1 success rate of experimental setup significantly reduced 4 

the measurement count rate from that of the 2-photon experiment. The three- 

BiBO IPM F 
150 fs Ti: sapphire or ýL gm actuator laser, 790nm 

Y780n 

pairs I Filter 
390nm pump 

2/3: 1/3 Coupler A 
/, ' 

/, -(ý) 

SMF 
B 

APD I 

D APD 4 

APD 2 

APD 3 

Counting logic 

Figure 5.6: Schematic representation of the experimental setup to jjj(,,, L,;, jj-(ý t, ljký 

3-photon generalized non-classical interference dip. 
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5.2. Quantum optical properties of Directly written waveguides 

30 

20 

15 

10 

Figure 5.7: Generalized HOM dip for three photons, the number of coincident 

detections are shown as a function of the arrival delay between the two interfering 

photons. 

photon interference measurements performed with this setup required '--60 hours 

to be completed. For this reason, they can be seen as a test of the stability of the 

circuit. 
Figure 5.7 shows the generalized HOM dip observed in aq = 0.659 reflectivity 

DWQC coupler. The visibility of this dip is V=0.84 ± 0.03, which surpasses the 

value of V=0.78 ± 0.05 previously observed in a bulk optical implementation 

(69]. The limitation in the visibility is most probably caused by a small amount 

of temporal distinguishability of the photons produced in the source, nominally in 

the 12)A state, and not by the waveguide device. 
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Chapter 6 

Manipulation of Photons on a 
0 lp 

In this Chapter, I will present the results obtained from samples with integrated 

phase shifting capabilities. After introducing the use of such devices to control the 

state of single qubits in the chip, and how it is possible to implement arbitrary 

single qubit operations, experimental results are presented for Mach-Zeliender in- 

terferometers and single photons. The Chapter will continue showing how phase 

control and directional couplers can be used to create and manipulate entanglement 

in a chip. In this case, two- and four-photon experiments will be shown. These 

demonstrations are important not just for quantum information applications, but 

particularly for quantum metrology experiments. The last section is based on the 

use of integrated interferometers to implement reconfigurable circuits, that can be 

used to obtain multi-mode, multi-photon optical networks. 

This Chapter is based on the results published in the following articles: 

A. Politi, J. C. F. Matthews, M. G. Thompson, J. L. O'Brien, Integrated 

Quantum Photonics, Journal of Selected Topics in Quantum Electronics, 15,6, 

1673-1684, (2009); 

J. C. F. Matthews, A. Politi, A. Stefanov, J. L. O'Brien, Manipulation of 

multiphoton entanglement in waveguide quantum circuits, Nature Photonics, 3, 

346 - 350 (2009). 
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6.1. Experimental details 

6.1 Experimental details 

The photons used to obtain the results described in this Chapter were produced 

using a pulsed laser system, as shown schematically in figure 6.1. The output of a 

-150 fs, 80 MHz repetition rate 780 nm Ti: Sapphire laser was frequency doubled 

to 390 nm using a BiBO crystal. The output of the crystal passed through four 

dichroic mirrors to divide the up-converted component from the 780 nin residue. 

The 390 nm pulses were used to create down-conversion pairs of 780 nin photons 

in a type-I phase matched BiBO crystal. The photon pairs passed through 3 nin 

bandpass interference filters before being coupled into two polarization maintaining 

single mode optical fibres. 

Both two- and four-photon experiments were conducted with the saine source. 

The desired state was created setting the power of the niode-locked laser at the 

appropriate value to minimize higher order terms emission, while obtaining good 

down-conversion efficiency. 

780nm SHG 

X 780nmt 
degenerate 
photon pairs 

BiBO 3 nm'IFý 

DM PMF 

Singlet lens SPDC kýý 

Aspheric lens 390 y 

Prism mirror pm actuato 

Figure 6.1: Schematic of the single photon source used to perform all the inulti- 

photon experiments presented in this Chapter. 

6.2 Single qubit operations with photons 

Integrated arbitrary qubit preparation is a key capability for both the development 

and characterization of integrated photonic quantum devices. Mathematically, 
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6.2. Single qubit operations with photons 

it is possible to map arbitrarily from the logical qubit 10) to the general state 

P,, p ei0az12He'4"z12 H cos 0/2 10) + e-" sin 0/2 11) by applying the operation U 

and controlling the two real free parameters 0E [0,27r) and C- [0,7r), where H 

is the Hadamard operation and where az is the third Pauli operator. The unitary 

nature of quantum mechanics therefore allows Uprep to map from the computational 

basis 0) , 
11) 1 to any other given basis, while the inverse operation Ut provides prep 

the reverse mechanism allowing the projective measurement of single qubit states 

in arbitrary bases and hence full process tomography of quantum circuits [74]. 

For polarization encoded photons, the operation Upr, p is realized in bulk optics 
by using, for example, combinations of commercially available quarter- and half- 

waveplates. For dual rail-encoding, the equivalent implementation requires one 

50% reflective non-polarizing beam splitter for each Hadamard operation 11 and 

accurate control over the relative optical phase between the two optical patlis to re- 

alize each phase gate e'O'-. The accurate realization of the He'Ozl2H term is there- 

fore locally equivalent to a Mach-Zehnder interferometer, where each optical mode 

of the input entering the first directional coupler is transformed into a superposition 

across modes c and d: eg 11)aJO)b --+ 11)c1O)d+ijO)cj1)d. The relative optical phase 

is controlled by the parameter 0--i. e. J1)cjO)d+ijO), j1)d --4 J1)ýjO)d+e'Oi1O), j1)d- 

before the two modes axe recombined at the second coupler. Any small variation 

in the relative optical path of the interferometer hinders the accurate control of 

the phase 0 and hence renders such a scheme realized using individual bulk optical 

components inherently unstable such that it will not scale favorably for incorpo- 

ration into larger and more complicated experiments and devices. The monolithic 

nature of integrated waveguide optics using 50% splitting ratio directional couplers 

solves the problem of constructing completely stable Mach-Zelmder interferome- 

ters (figure 6.2), and local control of the phase between the waveguides inside the 

interferometer enable accurate control over the output state. It is interesting to 

note that the mathematical description of quibit rotations can be generalized to 

states that live in bigger Hilbert spaces. If we use the path encoding to describe an 

N dimensional state over N waveguides, it is possible to use several Mach-Zelinder 
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6.2. Single qubit operations with photons 

Figure 6.2: Schematic of an integrated Mach-Zehilder interferometer with a vari- 

able phase shifter realized using a resistive heater. 

interferometers and additional phase shifters to realize any arbitrary N-mode uni- 

tary operator [75]. 

6.2.1 Integrated device and calibration 

A metallic layer deposited on the top of the silica chip is used to provide resistive 

heaters, metallic connections and contacts to physically control the phise inside 

the interferometer. When a voltage is applied across the contact pads 1), and P2, 

current flows through R and geDerates heat which dissipates into the device and 

locally raises the temperature T of the waveguide structure. directly beneath R. A 

change in the temperature of the waveguide provides a teni perat tire change in its 

core and cladding. To first approximation, the change in refractive index 71 of silica 

is given by [47] dn/dT = 10-'/K, independently of the compositional variation 

of core and cladding. This induces a change in mode group index of the light 

confined in the corresponding waveguide section directly beneath R, and therefore 

introduces a phase difference 0 with respect to the unperturbed waveguide. The 

heat generated inside the resistive elements R dissipates through the depth of 

the structure to the silicon substrate which acts as a heat sink. The devices were 
designed to enable a continuously variable phase shift and, thanks to the monolithic 

nature of the device, no strict global temperature control of the chip is required. 
The voltage-controlled phase inside the interferometer circilit is defined by a 

nonlinear relation 0 (V) that depends on the characteristics of each chil), s. For this 
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6.2. Single qubit operations with photons 
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Figure 6.3: Calibration of the Mach-Zehnder interferometer: rate of two-photon 

coincidental detection varying the voltage applied to the resistive heater between 0 

and 5V. Error bars are given by Poissonian statistics. B: Plot of the phase-voltage 

relationship determined from this calibration. 

reason each device had to be calibrated to relate the applied voltage to the phase 
difference introduced in the interferometer. A two-photon experiment was used to 
find the 0 (V) relation. One photon was launched into each of the ports a and b of 
the device so that the maximally entangled two photon Fock state 12). 

. 
10)d+10)ý, 12)d 

is generated inside the chip. Controlling the phase 0 in the device, the phase of 

the entangled state is altered according to 12),, JO)f + e2iO 10)ý 12)f. In comparison 

to simply using one-photon "classical" interference, this "quantum calibration" 

harnesses the reduced de Broglie wavelength [76-781 of two-photon interference 

[79-851 to reduce the error of the 0 (V) relation. This is because it is possible 
to test a wider sample of the interference fringe, since the set of the value of tile 

phase 0 can assume is limited by the maximal voltage (current) that it is possible 
to apply to the resistive heater. Figure 6.3A shows the results of this calibration 
in which the rate of simultaneous detection of two photons at outputs g and h is 

plotted as a function of the applied voltage V across p, and P2, 
In first approximation, the applied phase 0 is proportional to the power dissi- 

pated by the resistor. This translates into a quadratic relation between the applied 
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Figure 6.4: Current-Voltage relation of the resistive heater. To highlight the non- 

ohmic relation, the graph shows a linear and a polynomial best fit. 

voltage and the phase. To take into account deviations from the ideal case, mainly 
due to a non-ohmic current-voltage relation as the temperature changes (as shown 
in figure 6.4), the form of the 0 (V) relation was fixed as: 

0 (V) = Ct +, aV2 + _, V3 + 6V4. (6.1) 

The V3 term is related to non-ohmic behavior of the resistor, and the V4 term is 

a combination of non-ohmic relation and the expansion of 0 (V) in even powers 

of V. A best fit analysis on the two-photon interference data was performed to 

calculate the parameters in the 0 (V) relation. The parameters computed frolli 

the complete calibration process for 0 (V) are reported in Table 6.1. In figure 6.313 

it is possible to appreciate the 0 (V) relationship determined from the calibration 

process. 

6.2.2 Experimental results 

After the calibration process, it was possible to measure the interference pattern 

of single photon detections at the two outputs of the circuit when launching single 

photons into one input of the integrated device and varying the phase 0. As the 

phase of one waveguide is changed by applying a voltage across the resistive heater, 
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6.2. Single qubit operations with photons 

Table 6.1: Values of the parameters obtained from the best fit in the calibration 

of 0 (V). 

Parameter Value I 
error 

ce -1.887 0.006 

13 0.157 0.005 

0.0045 0.002 

-0.001 0.0002 

the probability of detecting photons at the outputs g and h varies according to 

Pq =1 (1 - cos (0)] and Ph 
=1 [1 + cos (0)]. The observed fringes, shown in 22 

in figure 6.5A, show a high contrast C= (max - min)/(max + min) of 0 

98.2 ± 0.3%. From the contrast value it is possible to calculate how well this 

device would perform if used to prepare path-encoded states. This is described 

by the average fidelity between the measured and ideal output state UAIZ 10) = 

cos (0/2) 10) +sin (0/2) 11). Assuming no mixture or complex phase are introduced 

and averaging over the range 0E [-7r/2,7r/2], it is possible to calculate the average 

fidelity to be F= 99-984 ± 0.004%. 

An experiment to check the stability of the phase applied in the Mach-Zelinder 

interferometer was performed using single photons. Figure 6.6 shows the prob- 

ability of detecting a photon in mode h when sending single photons in input a 

as a function of time, a voltage of 1AV was applied across resistive element. The 

probability remained almost constant for more than six hours. The small deviation 

is imputed to the different evolution of the coupling from the waveguides g and 
h to the fiber array that collect the photons at the output of the circuit. How- 

ever, different evolution of the coupling efficiencies does not lower the quantum 

mechanical performance of the device. 
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Figure 6.5: Integrated quantum metrology. A) Single photon count rates in the 

outputs g and h as the phase 0 (V) is varied. B) Two-photon coincidental count 

rate between the outputs g and h when the state I ')a I 1)b is launched in the in. 

terferometer and varying the phase 0 (V). C) Four-photon detection rate of the 

output state 13). 11)h when inputting the four-photon state 12)a 12)b, 

6.3 Entanglement manipulation on a chip 

Phase control capability is also important for the on-chip generation, manipulation 

and analysis of entangled quantum states. 13Y inputting the indistinguishable two- 

photon state 11)a 114into the first directional coupler of the Mach-Zehnder circuit, 
the two-photon maximally entangled state 12) 

c 
OVA, 12), j is generated inside the 

device. Through controlling the phase 0, the entangled state is altered according to 
12), JO)f + e"O 10), 

ý 
12)f. Simultaneous detection of a single photon at each output 

yields a two-photon interference fringe with twice the frequency of one-photon 

interference, according to P,, h : -- 21 
(1 + cos 20). Such two-photon interference 
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Figure 6.6: Probability of detecting a photon in mode h when sending a single 

photon in input a as a function of time. To see the stability of the phase, the 

probability axis is zoomed in on the range (0.45,0.5). 

fringes are shown in figure 6.513 which plots the measured two-photon coincidence 

rate as a function of the phase 0. The curve shows a contrast of C= 97.2 ± 0.4%, 

greater than the threshold Of Cth = 1/, v*r2- required to beat the shot noise limit for 

two-photons [76,77,85,86]. 

The accuracy and stability with which the resistive heater controls the phase 

inside an integrated waveguide MZ interferometer, as shown by the one- and two. 

photon interference fringes, leads to applications in technologies such as quantuin 

metrology. As a proof of principle, this requires demonstration using maximally 

entangled NOON states of the form INO) + ION) (expressed as a Photon number 

Fock state in two paths) [31). Unfortunately, for N larger than 2, it is not currently 

simple to directly generate such states using photons produced with SPDC and 

linear optical circuits in a deterministic manner [85]. It is, however, possible to 

solve this problem by post-selecting the presence of the maximally entangled 4- 

NOON state: by inputting the state 12). 12)b into the interferometer, non-classical 

interference at the first directional coupler produces the state 

-�/3- -/4 (14) 
ý, 

10) d+ 10), 14) 
d) 

/ %72 +1/ %/4 12) 
, 

12)d' (6.2) 

At the second directional coupler, only the 14)c 
, 

IO)d + JO)c 14)d part of the state 
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Figure 6.7: Four-photon detection rate of the output state 13). 1 l)h. The experi- 

ment was conducted with a high pump power to obtain higher four-photon count 

rates. 

in equation 6.2 gives rise to either of the terms 13),, 1 I)f or 11). 13)f in the output 

state of the interferometer. By detecting either of the states 13), 1 1)f or 11), 13)f 

(by cascading three detectors using 1x2 fibre-beam splitters on either outputs g 

or h of the device) a A/4 interference fringe can be observed [77,87]. By varying 

the phase of the interferometer by 0, the probability to detect the 3: 1 pattern has 

a period of 0/2. The measured interference pattern is shown in figure 6.5C, which 

plots four fold detections corresponding to the detection of the 13)g 11)h against 

the phase 0 of the device. The contrast of the four-fold interference fringe is 

C= 92 ± 4%. Despite the post-selection scheme, this is still sufficient to beat tile 

shot noise limit [86]. 

The four-photon NOON experiment was repeated using a higher pump power 

from the Ti: Sapphire laser. This was done to confirm with a higher accuracy tile 

reduced de Broglie wavelength by obtaining lower error bars for tile experiment. As 

the power of the pump is increased, the four-photon production rate increases, but 

by the same argument, the production of 6-photons start to be non-negligible. This 

reduces the contrast of the measured fringe visibility, since losses and avalanche 

detectors that cannot resolve photon number give rise to spurious counts of the 

13)g 11)h state. 
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Figure 6.8: One- (A), Two- (B) and Four- (C) photon count rates (as in figure 

6.5) as the voltage V is varied. The figure outlines that no calibration process of 

the phase-voltage relation is needed to observe super-resolution with multi-plioton 

inputs. 

Figure 6.7 shows the four-photon detection rate of the output state 13)g I 1)h at 

this higher pump power, while varying the phase 0 of one arm of the interferometer. 

The contrast of the four-fold interference fringe is C= 83.1 ± 1.5%, which, despite 

the post-selecting detection scheme and the higher power, is still sufficient to beat 

the shot noise limit. Note, however, that the reduced visibility is the result of 6 

photons being generated at higher pump power. 

I would like to stress here that, although a two-photon interference fringe was 

used to calibrate the phase shift, this calibration is not required to claim a '\/2 
interference fringe; this is simply confirmed by the one-, two- and four-photon 
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6.4. Reconfigurable quantum circuit 

fringes, which can be done even without calibrating the phase. In figure 6.8 it is 

possible to note the raw data shown in figure 6.5 without the calibration for the 

0 (V) relationship. The super-resolution of the fringes is easily noticed. 

6.4 Reconfigurable quantum circuit 

In addition to single photon interference in interferometers, non-classical interfer- 

ence of two photons can be investigated in integrated devices in a similar manner, 

as described in the previous section. Directional couplers offer high performance 

and stable results for quantum optics operations. In these devices the reflectiv- 

ity 71 is set in the fabrication process. However, more general photonic circuits, 

including adaptive schemes whose function depends on the input state, such as 

Fock state filters [69,70], make use of devices equivalent to a single coupler with 

variable, q. Reconfigurable photonic circuits, including routing of photons, can be 

realized by combining such variable 77 devices. By controlling the phase 0 within 

our devices, it is possible to specify the unitary operation: 

Umz .( sin (0/2) cos (0/2)) 
(6.3) 

cos (0/2) - sin (0/2 

when acting on an arbitrary superposition of the two input paths. This operation 

is equivalent to a single coupler with variable reflectivity 

sin , 
(') 

- 2 
(G. 4) 

Multiple quantum interference experiments were performed in which two pho- 

tons were launched into inputs a and b of the device. While scanning through 

the relative arrival time with an off-chip optical delay, the rate of simultaneous 

detection of a single photon at both outputs g and h were measured- Each experi- 

ment resulted in a quantum interference "dip" in this rate of simultaneous photon 

detection. The main panel in figure 6.9 plots the quantum interference visibility 

observed for different values of 0 and hence q. Figure 6.9 also shows two examples 
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Figure 6.9: Controlling the degree of quantum interference on a single chip. A): 

Visibility of the quantum interference versus applied phase in the integrated Mach- 

Zehnder interferometer. The solid line is a theoretical fit with only a phasc-offset 

and a single mode-mismatch as the free parameters. B): High visibility two-photon 

interference for = -1-602 ± 0.01 rad. C): Low visibility two-photon interference 

for 0= -0.49 ± 0.01 rad. The best fit function in both plots takes into account 

the non gaussian shape of the interference filter used in the experiment. 

of the raw data used to generate this curve: figure 6.9C 0= -0-49 4: 0.01 rad, 

V=0.129 ± 0.009; figure 6-9B 0= -1.602± 0.01 rad, V=0.982 ± 0.009. 
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Chapter 7 

Two qubit gates 

In this Chapter I will present the implementation of two. -qubit quantum gates 
in integrated optics architecture. In particular, the realization of probabilistic 
Controlled-NOT gates will be studied. After the introduction of the scheme used 
to construct a CNOT gate with photons, the experimental results will be presented. 
Even if, at this stage, process tomography can not be easily performed on the chip, 
I will present a method to test the coherent operation of the circuit that implements 

the two-qubit gate. In the last section, results and consideration about the errors 

present in the gate are presented to understand the potentialities of integrated 

optics quantum computation. 

This Chapter is based on the results published in the following articles: 
A. Politi , M. J. Cryan, J. G. Rarity, S. Yu, and J. L. O'Brien, Silica-on-Silicoll 

Waveguide Quantum Circuits, Science 320,646 (2008); 

A. Politi, J. C. F. Matthews, M. G. Thompson, J. L. O'Brien, Integrated 
Quantum Photonics, Journal of Selected Topics in Quantum Electronics, 15,6, 
1673-1684, (2009); 

A. Laing, A. Peruzzo, A. Politi, M. R. Rodas, M. Haider, T. C. Ralph, M. 
G. Thompson, J. L. O'Brien, Towards fault tolerant quantum Photonic circuits, 
Submitted. 
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7.1. Controlled-NOT gate with photons 

7.1 Controlled-NOT gate with photons 

Entanglement is fundamental for quantum information processing as well ws for 

quantum science in general. For this reason, any candidate technology for quantuill 

applications needs to prove the ability of generating entangled states. Ali example 

of a quantum circuit capable of manipulating the state of two (jubit in such a wly 

that the final output can be entangled is the controlled-not (CNOT) gate. 'I'll(, 

CNOT flips the state of a target (T) qubit conditional on a control (C) qubit being 

in the 10) logical state. 

The CNOT is a notable example of quantum gates since, with one (jubit ro- 

tations, it is universal for quantum information and, in the photonic inipleinell- 

tation, it relies on both quantum and classical interference. For this reason the 

performance of the CNOT gate is a benchmark to evaluate the capabilities of tjl(ý 

technology under study. The implementation of the CNOT gate proposed by T. C. 

Ralph et al. [88,89], shown in figure 7.1, has been tested. This schenie has previ- 

ously been experimentally demonstrated using bulk optics [17-21], using differ(ýIjt, 

ingenious methods to avoid instability in the classical interference. The waveguide 

implementation, however, is essentially a simple direct-write onto the chip from 

the theoretical schematic. 

The gate works as follow: control C and target T qubits are each encode(l by 

a photon in two waveguides. Two 1 splitters in target waveguides (1ý and T, ) 2 

forms a balanced Mach-Zehnder Interferonieter, so that, with no inputs ill tll(! 

Figure 7-1: Schematic representation of an integrated CNOT gate. 
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7.1. Controlled-NOT gate with photons 

control waveguides (or a photon in the control state zero Co), the target pho- 

tons exit the interferometer from the same port as the input port (Note that for 

the rest of this Chapter I use the convention Ud, = H, this involves just the re- 

lableling of waveguides outputs). For the control in the state one (photon ill the 

waveguide Cl), the control and target photons interfere non-classically at the cell- 

tral 1 splitter. For such a value of splitting ratio, the resulted state evolves to 3 
WC IO)T _+ -1/3(11)c 10Y. This causes a 7r phase difference between the arms of 

the interferometer, so that the target qubit is flipped. The presented scheme does 

not always work, it is possible, for example, to find two photons in the Control (),. 

target outputs. However the presence of only one photon in the control and one 

photon in the target herald the success of the gate. The probability of such all 

event is equal to 1/9 for all the possible combinations of inputs states. 

7.1.1 Experimental results 

To test the performance of the CNOT gate, the folir computational 1), Lsis states 
JO)CIO)Ti JO)CII)Ti 11)CIO)T, and 

11)C11)T 
were set as the input of the device. The 

photons were measured to obtain probability of detecting each of the computa- 

tional basis states at the output (figure 7.2. The excellent agreement for the 10)(, ý 
inputs (peak values of 98.5%) is a measure of the classical interference in the target 

interferometer and demonstrates that the waveguides are stable on asubwavelength 

1.0 

0.5 

). 0 

t 

Figure 7.2: Characterization of integrated quantuni photonic circuits. Ideal (1(! ft, ) 

and nieasured (right) truth tables for a CNOT circuit. 
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Figure 7.3: Fidelity of the CNOT gate as a function of the reflectivity of the 

couplers that constitute the device. The solid line represents a best fit with only 

the reflectivity as free parameter and perfect behavior of the target interferometer. 

This last assumption explains the difference with the experimental points. 

scale-a key advantage arising from the monolithic nature of an integrated optics 

architecture. The average of the logical basis fidelities is F= 94.3 ± 0.2%. 

To perform a deeper study of the integrated CNOT gate, and to prevent pos- 

sible design and fabrication imperfections, a lithography tuning was made on the 

reflectivity of the couplers that constitute the gate. The "1/2" couplers have 

reflectivity in the range 77 = 0.4 - 0.6 in steps of 0.05. The reflectivity of the 

"1/3" couplers varies accordingly with the reflectivity of the "1/2" ones, in such 

a way that if the "1/2" has 771/2 = 0.5 then 771/3 = 0.33. For this reason, the 

values Of 771/3 are: fO. 453,0.392,0.333,0.277,0.224}. Non-classical two-photon in- 

terference experiments where conducted on each of the couplers that constitute 
the CNOT gates, the results are reported in figure 4.6 (black points representing 

t(1/211 couplers and red points "1/311 couplers). Each CNOT gate was then tested, 

reconstructing the truth tables in the computational basis. Figure 7.3 shows the 

fidelities for all five devices as a function of the reflectivity of the "1/2" couplers 

of the gates. The best. fit follows well the trend of the experimental points, the 

discrepancy between them is attributed to the fact that the theoretical model used 

for the best fit does not take into account the non-perfect behavior of the target 
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7.2. Coherence and entanglement in integrated CNOT gates 

interferometer. 

Other simple quantum photonic circuits were tested to show the flexibility of 

the integrated approach. The devices, shown in figure MA and B, consist of a 
CNOT gate and Hadarmard H gates each implemented with a 50: 50 coupler be- 

tween the Co and C1 waveguides. It is possible to quantify the agreement between 

the experimental data and the ideal operation by using the average classical fi(lelity 

between probability distributions S [90,91]: 

4T2 

- EvAli ij 16 
.j t, j=O 

where Mij and Tij are the elements of the measured and expected truth tables 

respectively. For the data shown in figure MA, that should produce equal super- 

positions of the four computation basis states 100) ± 101) ± 110) 4- 111), the average 

classical fidelity with the ideal case was measured to be S= 97.9 ± 0.4%. The 

device that gives the results shown in figure 7.4B is an interesting device, Since 
it should produce the four maximally entangled Bell states T' and D*. For this 
device the similarity with the ideal case was measured to be S= 91.5 + 0.2%. 
While the presence of the entangled state at the output cannot be confirmed di- 

rectly on-chip, the above demonstrations of excellent logical basis operation of the 
CNOT and coherent quantum operation provide great confidence, 

7.2 Coherence and entanglement in integrated 

CNOT gates 

Performing quantum measurements on the single components of the CNOT gate, 

and measuring high fidelity for the operation of the gate with inputs in the com- 

putational basis ensures the correct behavior of the integrated chip. However, if 

we take the quantum discrimination theory point of view and look at the chip 

as a black box (not using any information we have about the actual components 

of the device), it is simple to understand that the fidelity value is not enough to 
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Figure 7-4: Characterization of integrated quantum photonic circuits. Ideal (left) 

and measured (right) truth tables for a CNOT with two additional H gates (A); 

and a CNOT with one additional H gate (B) 

fully characterize the quantum gate. To perform such a characterization, quantum 

process tomography is needed. Unfortunately, at the present stage process toniog- 

raphy for a two qubit operation is hard to implement in path encoding, directly on 

the chip, since it requires many Mach-Zelmder interferoineters and phwse shifters 

to be controlled at the same time. An experimental method wws conceived to con- 

firm on-chip coherent quantum operation and entanglement, the most, important 

properties of the CNOT gate. 

Two single photons were launched into the To and T, waveguides. The state 

after the first 1/2 coupler should evolve to 

jll)T,, Tý 
(120)T,, T, - 

102ýT,, 
Tj, (7.2) 

that is, the entangled state also used in the previous section for quantun, inetrol- 

ogy. Using part of the circuit that compose the CNOT gate it is to 
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7.2. Coherence and entanglement in integrated CNOT gates 

5 

Figure 7.5: On-chip estimation of the density matrix for the entangled state 120) - 
102), ideal (left) and estimated (right). 

estimate the fidelity between the desired state and the state produced into the 

chip. Various combinations of coincidental detections of two photons at the out- 

puts are used for the estimation. The heuristic explanation of the argument is the 

following: measuring the photon rates at C, and VA leads to the evaluation of the 

diagonal elements of the density matrix. A low rate of coincidental detections of 

two photons between C, and VA outputs translates to a low 111) component in the 

state, meanwhile a high rate of two-photon detections in either of these output 

waveguides (measured using a pair of cascaded detectors) ensures that the state is 

predominantly composed of 120) and 102) components. These measurements, how- 

ever, do not give any information about the coherence of the state. At the second 

1/2 coupler between the To and T, waveguides the reverse transformation of Eq. 

7.2 should occur, provided the minus sign of the superposition exists. A high rate 

of detecting one photon in each of the To and T, outputs combined with a low rate 

of two-photon detections in either of these outputs confirms this transformation. 

The above measured count rates, and a worst case scenario for the state evo- 
lution, were used to estimate the density matrix of the state after the. first 1/2 

t po. 'ý' coupler directly on-chip, the results are shown in figure 7.5. It was no ý; -ible 

to estimate all the coherence elements of the matrix, however the amount of the 

unmeasured elements is limited by the small 111) ý 111 population. Also, it was not 

possible to distinguish between non-maximal coherences and rotated coherences 
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with imaginary parts for the 120) (021 and 102) (201 terms. However, neither of these 

effects change the state fidelity. The final density matrix show a fidelity with the 

expected entangled state 120ý - 102) of > 92%. This high fidelity generation of the 

lowest order maximally path entangled state confirms coherent quantum operation 

and entanglement generation in the chip. 

7.3 Towards fault-tolerance optical quantum com- 

putation 

As for the directional coupler in Chapter 4, it is interesting to analyze the phe- 

nomena that limit the CNOT gates to a fidelity of F= 94.3± 0.2%. The analysis 

is especially interesting in the light of the fact that the presence of errors in quan- 

tum operations is detrimental to the computation. Intuitively, quantum states 

are fragile, and real gates are never perfect, so errors are present during quantum 

operations. Nevertheless, it is possible to counteract these errors from imperfect 

devices using quantum error correction techniques [92], if the error per gate (EPG) 

is below a certain threshold. If the architecture satisfy these conditions, it is said 

to be fault tolerant, and arbitrary long quantum computation can be achieved [93]. 

Depending on the models of error used, and the way to counteract the propaga- 

tion of errors, thresholds in the EPG value exist that permit to achieve quantum 

computing. The values of EPG lies in the range between few percent and 10-4 

[94-971. 

For photons, it is possible to divide the errors in two broad classes: locatable 

and unlocatable. Locatable errors are essentially qubit erasure, caused by loss or 

gate failures. These are easier to fix and hence have a higher threshold. Unlocat- 

able errors correspond essentially to bit flips (or similar unwanted qubit evolution) 

during the computation. Since unlocatable errors propagate in the computation 

in an unpredictable way, they corresponds to more stringent thresholds. 

In contrast to most systems, where fast coupling to the environment dominates, 
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the major sources of error in linear optic implementations are photon loss, includ- 

ing source and detector inefficiency; imperfect classical interference of photons, 
due to instability of optical circuits; and imperfect quantum interference, due to 

mode matching. Apart losses, which are locatable, the other kind of imperfections 

translate in non-perfect single or two-qubit operations, that are unlocatable. 
In Chapter 6,1 showed the results obtained with integrated optical devices 

that suggests the possibility of performing single-qubit operations with high per- 
formances. Fidelities as high as F= 99-99% are possible with the present tech- 

nology, and with new devices and materials, higher values can be obtained. For 

this reason, in the case of photonic quantum information, the major limitations to 

reach fault tolerant operation are coming from two-qubit operations. 

In Section 4.4.1 it is explained how, after the improvement of the source of 
down-converted photons and taking into account the effect of the window time of 
the counting electronics, high performance non-classical interference was reported. 
Since the probabilistic CNOT gate presented in this Chapter heavily relies oil 

non-classical (and classical) interference, it is interesting to analyze how tile same 
improvements for the coupler case translate to the two-qubit performances. 

The truth table in figure 7.6C represents the measurements outconjes ill tile 

computational basis for the case of the CNOT gate with "17 = 0.5" couplers. 
The effect of the improvement in the indistinguishability of the photons, all(I the 

correction for the accidental counts brings the fidelity to F= 96.9 ± 0.2%. This 

is probably the highest value for the fidelity of a two-qubit gate ever reported to 

date in the photonic approach for quantum information. 

A theoretical model of the optical network can be useful to understand the 

sources of error in the measured gate. A model was developed that takes into 

account the imperfection in the coupling ratio of the couplers that compose tile 

network. For this task, the reflectivity of tile couplers were measured with tile 

method presented in Section 4.2. The '1/3' coupler in tile control part of the 

circuit was measured to be 77 =0: 308 ± 0.001. For the model it was assuined 
that all the 1/3 couplers have the same value. This approximation is necessary 
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Figure 7.6: High-fidelity logic gate operation. (a) The truth table of a CNOT 

gate. (b) The ideal truth table four the measured device. (c) The experimentally 

measured truth table. The fidelity between (a) and (b) is F= 96.9 ± 0.2%. 

because it is not possible to reconstruct the reflectivity of the of two lower '1/3' 

couplers in the target circuit, since they are embedded in an interferoineter. This 

assumption is reasonable given the previous data on lithograpliic de, 6(-(ýs shown in 

this Thesis. Indeed the two '1/2' couplers were measured to be -11 = 0.442 ± 0.001 

and q=0.452 ± 0.001. 

Figure 7.6B shows the expected outcomes of a CNOT network with the r(- 
flectivities above. To measure the agreement between the niodel and the data, 

the similarity between truth-tables was computed. The two truth-tables show a 

similarity of S= 99.3 ± 0.2%. This value demonstrates that the major sources 

of error in the present gate are coining from imperfections in the coupling ratio 

values. This problem can be counteract with a more precise simulation 111alysis of 

the integrated structures, combined with tighter fabrication tolerances. Ot herwise. 

as demonstrated in the previous Chapter, phase. shifters call be used ill tjl(ý cir(ýjjjt 

to implement couplers with well defined splitting ratios. 

The importance of the results presented in this S(ýcti()ll resides ill tjl(ý (1(ý111011- 

stration that photonic quantum circuits show no fundamental limitations ill tjj(ý 

achievement of high performances quantum operations. The presente(I gate call 

operate in the fault tolerant regime, since assuming operation at the lower Imund 

of the error bars puts the devices described here ill t], (ý 10-2 _ 1() 
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within relevant fault tolerance thresholds. All linear optical quantum circuits 

are composed of exclusively of the quantum and classical interferometers, as the 

demonstrated CNOT gate. It is therefore possible to expect the same performance 

levels from such general circuits fabricated in integrated optics architecture. The 

combination of integrated photonics network, as presented in this Thesis, with 

high-efficiency sources and detectors will likely provide fault tolerant quarituni 

circuit operation. 
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Chapter 8 

Quantum algorithms 

In this Chapter I will explain how, by using the integrated optics components 

described in this Thesis, it is possible to implement simple quantum algorithms 

on a chip. In particular, I will concentrate on the implementation of the Shor's 

quantum algorithm to factorize the number 15. After a short introduction about 

the problem and importance of factorizing large prime numbers, I will briefly 

explain how the quantum computation works in the general case. The complexity 

and the number of quantum gates required for the physical implementation of the 

computation make the algorithm unfeasible in the near future. For this reason, 
I will introduce a way to simplify the algorithm. The "compiled" version of the 

algorithm takes into account a number of simplifications that make the quantum 

computation experimentally feasible. I will, therefore, conclude by presenting the 

scheme and the results obtained to factorize the number 15 using a compiled 

version of Shor's algorithm in a photonic chip. 

This Chapter is based on the results published in the following article: 

A. Politi, J. C. F. Matthews, J. L. O'Brien, Shor's Quantum Factoring Algo- 

rithm on a Photonic Chip, Science, 325,1221 (2009). 
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8.1. Experimental details 

8.1 Experimental details 

Experimentally, the qubits were prepared generating four photons similltitneously 

via spontaneous parametric down conversion. Two individual pairs of 790nin pho- 

tons were collected from four points of the down-conversion cone and incident 

onto the chip and collected from the chip with butt-coupled arrýkys of optical fi- 

bre. To ensure good indistinguishability for the photons, 3 different filters with a 

bandwidth of 2nm were used. The source scheme is shown in figure 8.1. 

The first pair is collected in the left-right points of the coile and one filter is 

used for each point. The second pair of photons is collected in the up-down part of 

the cone, and for this photons a single filter is used for both the collection points. 

This apparently complicated scheme was chosen to obtain the best performances 

from the integrated optical circuit, thus working at a wavelength of 790nni. Given 

the difficulty in obtaining good filters at this wavelength, tilted interference filters 

centered at 808ilm were used. The scheme adopted ensured good photon filtering 

for the chosen working wavelength. 

The coincidental detections of single photons after the propagation thrmigh 
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Figure 8-1: Schematic of the source of single photons obtained Iýv parametric 

down-conversion used to study the integrated photollic ill, I)Ivinentation of Shor's 

algorithm. 
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8.2. Factorization of prime numbers 

the integrated chip were computed by a FPGA counting card. This card has been 

programmed by members of the Bristol group (in particular by Alastair Lynch 

under the supervision of Prof. John Rarity, and by Damien Bonneau). 

8.2 Factorization of prime numbers 

Given an integer number, prime factorization is the problem of finding its smaller 

non-trivial divisors, which when multiplied together equal the original number. 

By the fundamental theorem of arithmetic, every positive integer greater than one 

has a unique prime factorization. However, the fundamental theorem of arithmetic 

does not provide the procedure to obtain the factorization, but it only guarantees 

the existence of the prime factors. 
. 

While there exist a number of algorithms to factorize integer numbers, no 

efficient algorithm is known for very large numbers, in the sense that the number 

of operations in the algorithm to achieve the task grows exponentially with the size 

of the number to factorize. Also, not all numbers of a given length are equally hard 

to factor. The hardest task is found in the case of serniprimes, which correspond 

to the product of two prime numbers. 

If a large m-bit number is the product of two primes that are approximately of 

the same size, then no algorithm has been known that can perform the computation 

in polynomial time (which means that it can factor it in time 0(bk) for some 

constant k). The general number field sieve (GNFS) is the most efficient classical 

algorithm for factoring integers larger than 100 digits. The scaling of the required 

time to factor an integer rn is of the form [98]: 

O(e("s )113(lg,, gln)2/3 ) (8.1) 

To give an example of the complexity of the problem, in 2010 the factorization of 

a 232-digit number utilizing hundreds of machines over a span of 2 years was re- 

ported. The computation required more than 10'0 operations, with the equivalent 

of almost 2000 years of computing on a single core 2.2GHz AMD Opteron [991. 
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8.2. Factorization of prime numbers 

The difficulty in factorizing large numbers is widely used for cryptographic 

purposes. These schemes, as the RSA protocol [100], relies on the fact that the 

multiplication and division of two numbers is an easy task to compute, but the 

factorization of the number is an hard one. The RSA scheme is commonly used for 

secure transmission of data over the internet. However, the discovery of an efficient 

algorithm to factorize large numbers can turn the modern public-key cryptography 

insecure. This is the reason why the research on the development and possible im- 

plementation of a scheme that would change the face of cryptography is considered 

fundamental by a number of agencies and companies. 

8.2.1 Shor's algorithm 

In 1994, Peter Shor proposed a quantum algorithm capable of factorizing a number 

in its prime factors more efficiently that any known classical algorithm [6,101]. In 

particular, it scales polynornially with the number of digits, as 0((IogN)'). The 

algorithm proposed by Shor generated much excitement in quantum computation, 

thanks to the possibility of breaking RSA protocols. 

The algorithm to factorize the number N is based in Euler's theorem: for all 
coprime integers a and N, there exists a least power r known as the order of a 

modulo N, such that both ar 1 mod N and 1<r<N. Provided r is even, then 

it follows that ar -1= (ar/2 1) (ar/2 + 1) =0 mod N, implying N divides the 

product (a r/2 - 1) (a r/2 + 1). Since r is the order of a modulo N, and provided 

ar/2 :ý -1 mod N, then it follows the factors of N must each divide (dr" 
- 1) 

and (a r/2 + 1). This therefore implies the factors of N are given by the greatest 

common divisors of N and (ar/2 ± 1). 

The algorithm can be decomposed in the following steps [51: 

1. if N is even return the factor 2 

2. determine, with classical computation (efficient schemes are known) if N 

a b? it this is the case, return the factor a 

Pick a random number a<N-I 
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8.2. Factorization of prime numbers 

Compute the greatest common divisor gcd(a, N), for example with Euclid's 

algorithm. If gcd(a, N) > 1, then there is a non-trivial factor of N 

5. use the period-finding subroutine to find the period r of a modulo N, that 

is the smallest positive integer r for which a-" mod N=f (x) =f (x + r). 

6. If r is odd, the algorithm fails and we have to restart from step 1. 

7. If (a/2 = -1(modN), go back to step 1. 

8. test if gcd(a r/2 ± 1, N) are a nontrivial factor of N. 

The most challenging part of Shor's algorithm, requiring the power of quantum 

computation, is to perform step 5, finding the order r of some randomly chosen 

coprime a of N. This is the so-called Quantum order-finding routine, that relies 

upon the entanglement and superposition across two registers of qubits (the ar- 

gument xi and function fi registers of s= 21092 N and t= 21092 N qubits) to 

compute the modular exponential function (MEF) a" mod N. In detail, the first 

register is set to the superposition of all the n-qubit computational basis, and on 

the second register is applied the MEF unitary transformation, to produce the 

state 
2"-l 

2', 
E Ix) la' mod N) (8.2) 
X=O 

This state is highly entangled as all the 2"' input value x are entangled with the 

corresponding value of f (x) at the same time. At this stage, the quantum Fourier 

transformation (QFT) can be applied on the first register, to obtain 

28-1 2"-l 
iirxy 

e2 ly) la' mod N). (8.3) 
X=O Y=O 

In this state, the interference between the components leads to peaks in amplitude 

for terms argument qubits with y= c2s =r (for integer c). In this case, the period 

of the MEF r can be deduced with high probability. 
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The Quantum order-finding routine works in a runtime 0((IogN)3)' and so the 

entire Shor's algorithm. As noted in the steps 5-7 of the algorithm, the computa- 
tion can fail, depending on the starting number and the random choices, but the 

probability of success is of the order 0(i), so after enough iterations the compu- 

tation gives the expected outcome with arbitrary high probability. 

8.3 Compiled Shor's algorithm 

Shors algorithm to factorize a number composed of m bits requires 72M3 elemen- 

tary quantum gates and 5m + 1; for example, factoring 15, requires 4608 gates 

operating on 21 qubits [102]. These numbers are lower bounds in the require- 

ments, since they do not take into account any error correction scheme that has 

to be implemented in any real (non-perfect) quantum computers. Unfortunately, 

this is unfeasible in any current technology (not just photons). There is, however 

a method to overcome this complications if one accepts to realize a non-scalable 

version of the algorithm [102]. This "compiled" version of the algorithm take 

advantages from the properties of the number to be factored, allowing the imple- 

mentation of the computation with a reduced number of resources. 
A compiled version of Shor's algorithm was implemented in a liquid NNIR 

architecture [103]. However, given the high level of mixture for the quantum 

state [104], neither the entanglement nor the coherent control at the core of Shors 

algorithm can be implemented or verified in this architecture. 

Compiled versions of Shor's algorithm have been demonstrated to factorize 

15 using linear optics [105,106]. In both of these experiments, the presence of 

entanglement is demonstrated during the computation, thus providing a working 

proof of principle of the quantum algorithm. 

The studied compiled version of Shor's algorithm computes the prime factor 

of 15 when the coprime a=2 is chosen. The circuit required to implement the 
hard part of the computation is shown in figure 8.2. The compilation reduces the 

required number of function qubits (fi) by evaluating loga(ar mod N] in place of 
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Figure 8.2: Compiled version of Shor's algorithm to factorize 15. The initial sing1v 

qubit operations prepare the register in the superposition state, whilv the two-qubit, 

gates perform the MEF operation. 

azx mod N; reducing the number of function qubits from log,, [NJ t'o 1092 [109a [ 
-V 

II- 

Another simplification can be obtained by noting that the Inverse QFT shown in 

figure 8.2 does not need to be implemented in the quantum circuit for the present 

case (nor for any r= 2', 1E IN), and can be perforined Iýy classical processing. 

8.4 Shors algorithm on a Photonic Chip 

The circuit described in the previous Section can be translated in an integrated 

optical network by using the components described in this Thesis. Figure 8.3 

shows the integrated circuit that implement the quantum computatiol, i-equired to 

factorize 15 when a=2 is chosen. 

The scheme employed within the device proceeds with tl'(' i"put states initial- 

ized in the "0" state, apart from the lower photon ill figure 8.3 that is illitiahý(I ill 

the state "1" (this implements the X-gate present on that qubit). This algorithill 

used five qubits, one of which is a redundant (jubit that remains ill the , ()" stilt, 

throughout. The two control qubits of each gate (X2 and X2) form the arguniellt. 

register of the algorithm while the target qubits (f, and f2) form the function 

register of the algorithm. The Hadainard operatimis, perforiiied by the first 
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Figure 8.3: Schematic of the layout of the integrated photonic device that perform 

the quantum Shor's algorithm. 

splitters in each control mode, prepare the control qubits in equal superposition of 

the "0" and "1" states. The action of the C-NOT gate is to entangle the control 

and target qubits. Tracing out the two target qubits therefore yields the maximally 

mixed state across the control qubits. 

The optical circuit required to il"plernent Shor's algorithm is coniposed by two 

independent CNOT gate and single qubit operations. For each th(Ne two-qubit 

gates similarities of S= 88 ± 1% and S= 89 ± 1% were measured to character- 

ize the integrated network (see figure 8.4). The above values are not as high 

as in the case of the measurements reported ill the previous Cjjijpt(, j,. This has 

to be ascribed to the non-optimal spectral properties of the photons inj(ý, t(ld ill 

,t te the circuit. The realization of Shor's algorithin was studied by inputting the , S it 
j0in) ýý 1O)x1 10). 

r2 
1O)f1 ll)f2* In this case, the circuit is designed to pro(hice it prod- 

auxiliary 
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1 11 

Figure 8.4: Týruth-table for the two two-qubit gates that compose the optical 

network to implement Shor's algorithm, 

uct of two maximally entangled Bell pairs: 12(10)., 
1 

JO)fl + 11)., 
I 

11)fl)(10); 
'I + 

JO)f 
1). 

The function registers are just used for computation 1) ir )ose, a are, Ild 

in principle, not measured to obtain the computation. This corresponds to tracing 

out the fi qubits, so that the quantum computation call be obtained by measuring 

the xi qubits in the computational basis. Since the CNOT gates used to iniple- 

ment the computation work in a probabilistic way, the presence of olj(ý photo,, ill 

the control (function register) waveguides have to be monitored. The tracing out 

of the function register is obtained discarding the inforination about the outconw 
for those qubits. The experimental output statistics form the algorithin i's giv(ý11 

in figure 8.5. 

On combining the two bit output of this quantum process with the fifth re- 

dundant qubit in the zero state, The classical outputs of the mek sjjr(ý111(ýIjt i 1.11 the, 

logical basis consists of the outcomes "000", "010", "100" and "110". These 3-bit 

numbers correspond to the values 0,2,4 and 6, respectively. Tile first number is 

an expected failure inherent to Shor's algorithm, while the third yields the trivial 

factors 1 and 15. The second and fourth outcomes allow the calculation of tll(, 

order r=4, which via Euclid's classical algorithm efficiently yiel(js th, 

prime factors 3 and 5. This routine by itself has a success rate of 1/2: on rej)(, (jtillg 

n times it yields ail overall success rate of 1- (1/2)7'. 

The measured state has a similarity of 99 ± 1% with the ideal distrij), Iti()II. 
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Figure 8.5: Measured outcomes in the computational basis for the integrated optics 

implementation on the compiled Shor's algorithm. The dashed line corresponds 

to the expected value for the four experimental peaks "000", 11010", "100" and 
"110"; the expected values for the other outcomes corresponds to zero. 

consisting of four equal peaks for the "000", "010", "100" and "110" outcom(%. 

As explained in reference [106], it is interesting to note that the fidelity I)etween 

the measured and the expected state is close to unity even if tjj(ý experimental 

scheme relies of imperfect components. This behavior can be partially explained 

considering the fact that the fidelity between states contains partial information 

about the gates, so, in some non-rigorous sense, it is forgiving some error in the 

gates implementation. 
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Chapter 9 

Conclusions and future directions 

9.1 Achievements and results 

As outlined in this Thesis, during the period of my PhD I worked to develop tlic 

components needed for Quantum Information processing in Photonic structures. 
With my colleagues in Bristol University, we developed and tested the optical 

platform in silica-on-silicon technology. The results of this work can be summarized 

in the points below: 

1. Simulations and design of all the waveguide components required for quan- 
tum. optics applications in silica-on-silicon. I studied: guiding properties, 

bends, directional couplers, multi-mode interference couplers, phase con- 
trollers. The polarization control in the integrated device was analyzed, 
but, given the properties of the material, no polarization diversity devices 

were designed in silica-on-silicon waveguides. 

2. Test of non-classical properties of the fabricated devices. Two-photon IIONJ 

dip experiments were performed on the directional couplers, obtaining near. 

unity visibility and good reproducibility of the results. Non-classical inter. 

ference was measured also in MMI couplers, obtaining high visibility. The 

guiding properties of the MMI caused a reduction of non-classical interference 

given by the multi-mode structure of the samples. 
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3. Control of the optical phase of quantum states inside the integrated chip 

using resistive heater controllers. The phase control was tested to give high 

performance with single qubits, thus allowing the architecture to implement 

arbitrary single qubit operations with high fidelity. The same phase control 

can be used to manipulate multi-photon entangled states useful for quantum 

metrology applications. In general, the integrated components can be used 

to build an arbitrary multi-photon, multi-channel circuit for quantum optic 

applications. 

4. Characterization of two-qubit entangling gates needed for quantum informa- 

tion. Probabilistic CNOT gates were fabricated and tested, providing high 

fidelity operation. The quality of the gates promises an operation quality in 

the range required to obtain fault tolerant operations for quantum inforinaý 

tion. 

Realization of a simple quantum algorithm by integrating the above com- 

ponents on a photonic chip. A compiled version of Shor's algorithin was 

realized to factorize the number 15. The results obtained from this circuit 

demonstrate that the integrated optics architecture is very promising to ob- 

tain future quantum information devices. 

Moreover, with the collaborators of MacQuarie University wc developed inte- 

grated quantum circuits with directly-written waveguides in glass. We tested the 

fabricated devices, showing very promising results, particularly considering the 

capability of the direct-write technology of producing 3D optical circuits. 

All the results presented in this Thesis encourage the research in quantum 

photonic. This approach promises to be the basis for the development of quan- 

tum optics platforms for future quantum information science demonstrations with 

photons [107]. 
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9.2 Outlook 

The results presented in this Thesis are the first demonstrations of quantum infor- 

mation science experiments using an integrated waveguide platform. The majority 

of the devices investigated were fabricated using well established processing tech- 

niques of Silica-on silicon. This was originally developed for the mass fabrication of 

components for telecommunication purposes. Although the silica-on-silicon mate- 

rial system is an excellent choice for the first integrated devices, future integrated 

quantum photonic circuits will take advantage of the wide range of material sys- 

tems currently available for the fabrication of classical photonic devices, 

The first goal for the next generation of quantum photonic devices will be to 

increase the component density on a single chip. A further challenge will be to 

add functionality and integrating both active and passive elements onto a single 
device. The goal is to achieve a fully integrated quantum photonic circuit; a single 
device that comprises single photon emitters, quantum logic processing circuits 

and single photon detectors all integrated onto a single chip. 

Circuits with a high component density are crucial for the realization of quan- 

tum circuits with complex functionalities. For this purpose, material systems that 

allow the fabrication of waveguides with high refractive index contrasts (such as 
InP, GaAs or silicon allow) will likely be a sensible choice. The higher confinement 

given by the refractive index contrast in these materials imply low losses even 

in case of very small bend radius, thus removing a bottleneck to achieve ultra. 

compact circuits. A further increase of the density of photonic components call 
be achieved using photonic crystal structures. These represent are the ultimate 

approach to reduce the device size, since the propagation of the light is controlled 

thanks to features of the dimensions of the wavelength [108,109]. 

Photolithographic technologies used to fabricate photonic devices are normally 

restricted to waveguide structures in two dimensions (planar structures). One of 

the possible approaches to increase the complexity of photonic circuits is to Illove to 

schemes where also the third dimension is used. Direct-write laser waveguide tech- 
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nologies give the opportunity to fabricate such 3D structures, simply by changing 

the focal depth of the laser in the writing process. Moreover, the direct-write tech- 

nique can be used in conjunction with a wide range of material systems, allowing 

rapid fabrication of complex 3D waveguide networks with different characteristics. 

In Chapter 5,1 presented the first results regarding direct-write waveguides for 

quantum information applications. Additional results obtained from quantum ex- 

periments in planar directly-written waveguides have been recently demonstrated 

[110]. The implementation of more complicated circuits, in 3D structures and 

maybe in different materials from glass, will probably play an important role in 

future quantum optics demonstrations. 

The possibility of accurately control phases directly on-chip, and of reconfig- 

uring the circuit is a key requirements for the implementation of versatile quan- 

tum photonic devices. In this thesis it was demonstrated phase controlling using 

thermo-optical effect in silica. This approach can be useful when slow reconfigu- 

rations are needed, but different materials have to be used to offer fast, low-power 

switches. A promising alternative to silica is Lithium Niobate (LiNb03), since 

it offers low loss waveguide structures and exhibits an electro-optic effect, which 

allows for fast control over the refractive index (over 10's GIIz) [111]. Moreover 

LiNb03 offer the possibility to control polarization within waveguide structures 

[112]. Such fast nonlinearity will be required applications demanding fast switcli. 

ing, such as adaptive circuits for quantum control and feedforward, as in cluster- 

state quantum computation [46]. In addition, periodically-poled LiNb03 can be 

used for efficient single photon generation through parametric down conversion, 

poled waveguides are therefore an ideal source of single photons for integration 

with waveguide circuits (113]. 

The full potential of the integration approach for quantum information will be 

available when it will be possible to integrate all the elements needed on a single 

chip: waveguides, active elements, sources, detectors (and possibly systems for 

light-matter interactions [114,115]). Integrated single photon sources could be 

realized through non-linear phenomena in waveguides, such as spontaneous para- 
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metric down conversion [113], and true single photon sources, like quantum dots 

[116] and color center sources [117]. Photon number resolving detectors could be 

implemented through integrated avalanche photodiodes, [118] or integrated super- 

conducting detectors [119]. A device that incorporates all of these components will 

enable new scientific developments in the field of quantum optics, as well as the d&. 

velopment of advanced quantum systems for the purposes of quantum metrology, 

quantum communications and quantum computation. 
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