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Resumo

A caminho da construção de uma rede quântica de grande escala, capaz de assegurar comunicações

seguras, diversas experiências de dois nodos foram exploradas. O avanço para uma rede de três nodos

exige uma montagem experimental de alto desempenho, capaz de atingir uma elevada fidelidade e taxa

de criação de entrelaçamento.

Numa tentativa de mitigar as fontes de erro, investigámos a probabilidade de excitação do centro

nitrogen-vacancy (NV), associada ao pulso óptico integrado na sequência de single-click entanglement

(SCE). Concluı́mos que a precisão de calibração da potência do pulso de excitação poderia ser melho-

rada. Na análise do impacto de um pulso de excitação imperfeito no processo de entrelaçamento entre

dois nodos, modelámos a fidelidade de entrelaçamento e a sua taxa de criação em função do ângulo

de rotação do pulso óptico, θ. Verificámos que, embora a fidelidade média não seja afectada, a taxa

diminui. Adicionalmente se restringirmos a medição de fotões a um determinado detector e fixarmos

uma certa diferença de fase óptica, ∆φ, é possı́vel encontrar estados de alta fidelidade para pequenos

valores de θ. As simulações sugerem que a forma mais eficiente de gerar entrelaçamento é encon-

trando um pulso óptico caracterizado por θ = π. Por fim, o modelo desenvolvido foi experimentalmente

verificado.

As nossas conclusões deixam em aberto a possibildade de encontrar uma estratégia de entrelaçamento

mais eficiente, caso uma investigação futura revele que uma menor potência do pulso de excitação con-

tribui para a diminuição do impacto de outras fontes de erro que foram simplificadas neste projeto.

Palavras-chave: Rede quântica, SCE, angulo de rotação do pulso de excitação, diferença

de fase ótica, fidelidade do estado de entrelaçamento, taxa de criação de entreleçamento.
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Abstract

On the way to building a large-scale quantum network capable of ensuring safe communications, several

two-node experiments have been explored. Stepping up towards establishing a three-node network

demands a high-performance setup, able to reach high entanglement fidelity and generation rate.

In a search to mitigate the sources of error, particularly in a nitrogen-vacancy (NV) center based

quantum network, we investigated the NV’s excitation probability, associated with the optical pulse in-

cluded in the single-click entanglement (SCE) sequence. We concluded that we weren’t perfectly cali-

brating the excitation pulse power. To assess the impact of a non-perfect excitation pulse on the two-

node entanglement process, we modeled the entangled state fidelity and generation rate as a function of

the optical pulse rotation angle, θ, that determines the excitation probability. We found that the average

fidelity is not affected but the rate decreases. We also observed that if instead of considering the entire

system, we restrict the measurement of the heralding photon to a particular detector and set the right

optical phase difference, ∆φ, it is possible to find high fidelity states for small values of θ. The simula-

tions suggest that the most efficient way of generating entanglement is to aim for an optical θ = π pulse.

Lastly, we experimentally verified the developed model.

Our findings allow for an increase of the entanglement generation efficiency, as long as future re-

search reveals that a lower excitation power decreases the impact of certain sources of error, whose

contributions were simplified in this project.

Keywords: Quantum network, SCE, optical pulse rotation angle, optical phase difference,

entangled state fidelity, entanglement generation rate.

vii



viii



Contents

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Resumo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

1 Introduction 1

1.1 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory 3

2.1 Quantum Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 The Nitrogen-Vacancy (NV) Center as a Quantum Node . . . . . . . . . . . . . . . . . . . 5

2.2.1 The NV center . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.2 Electron spin as central qubit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.3 Entanglement generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.4 Nuclear Spins as Quantum Registers . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.5 Advantages of using NV centers in quantum networks . . . . . . . . . . . . . . . . 9

2.3 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.1 Single-Click Entanglement (SCE) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.2 Slowing down decoherence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.3 Quantum Memory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.4 Initialization and Read Out Fidelity . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Experimental methods 13

3.1 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Setups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2.1 CR Check - Charge state verification and resonance check . . . . . . . . . . . . . 14

3.3 Phase stabilization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.3.1 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

ix



4 The effect of the optical excitation pulse on spin-photon entanglement 21

4.1 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2 Experimental verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5 Study of the spin-spin entanglement fidelity and generation rate 29

5.1 System’s characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.1.1 Derivation of the fidelity and rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.1.2 Entanglement fidelity simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.2 Experimental verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.2.1 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5.2.2 Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.3 Interpretation of the results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.4 Finding the most efficient entanglement generation strategy . . . . . . . . . . . . . . . . . 42

5.4.1 Other sources of infidelity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6 Conclusion 47

6.1 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Bibliography 49

A Calibration Routine 53

A.1 Single-setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A.1.1 Calibrate the lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A.1.2 Optimize on position: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A.1.3 Getting the lasers on resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A.1.4 Check ZPL alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

A.1.5 Single shot read out . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

A.1.6 Dark ESR (electron spin resonance) . . . . . . . . . . . . . . . . . . . . . . . . . . 54

A.1.7 MW π rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

A.1.8 Skewness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

A.1.9 Single shot read out with MW initialization . . . . . . . . . . . . . . . . . . . . . . . 55

A.1.10 MW π
2 rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

A.1.11 Theta rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

A.1.12 Optical pulse - EOM and AOM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

A.1.13 Check the phase light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

A.1.14 Optical pulse saturation calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

B Corrections and Errors 57

B.0.1 SSRO correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

C Supplementary Figures 59

x



List of Tables

5.1 Fit parameters of equation 5.19 to the experimental data in figure 5.5. . . . . . . . . . . . 38

5.2 Fit parameters of equation 4.6 with fixed F0 = 0 to the experimental data in figure 5.5. . . 40

5.3 Simulation parameters used in figures 5.6 and 5.7. . . . . . . . . . . . . . . . . . . . . . . 41

xi



xii



List of Figures

2.1 Bloch sphere. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Molecular orbitals and their filling in the orbital ground state. . . . . . . . . . . . . . . . . . 6

2.3 Electronic structure of NV−. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Initialization and Control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.5 Dynamical decoupling sequence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1 NV Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2 Single-setup control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Phase stabilization scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1 Spin-photon entanglement test sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.2 Bloch sphere representation of the xy plane measurement axis. . . . . . . . . . . . . . . . 22

4.3 Fidelity with respect to the NV’s |0〉 state as a function of the read out (RO) phase in the

xy of the Bloch sphere (ideal case) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.4 Simulation of the fidelity with respect to the NV’s |0〉 state as a function of the RO phase

in the xy of the Bloch sphere, for different optical pulse rotation angles, θ. . . . . . . . . . 24

4.5 Top view Bloch sphere representation of the measured NV’s electron spin state vector x

and y coordinates after applying the spin-photon entanglement test sequence. . . . . . . 25

4.6 Fit of a cosine function to the experimental points of the NV’s fidelity with respect to the |0〉
state as a function of the measurement basis, after applying the spin-photon entanglement

test sequence with α = 0.5. Measurement performed on nodes B and C with pulse 2. . . 26

4.7 Top view Bloch sphere representation of the measured NV’s electron spin state vector x

and y coordinates after applying the spin-photon entanglement test sequence with α =

0.5. Measurement performed on nodes B and C with pulse 2. . . . . . . . . . . . . . . . . 27

5.1 Characterization of the system’s time evolution when two-node entanglement is attempted,

in the form of a quantum circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

5.2 Schematic overview of the single click entanglement modelling. . . . . . . . . . . . . . . . 31

5.3 Simulated two-node entangled state fidelity for different α, ∆φ, θ and detector. . . . . . . 36

5.4 Fit of a polynomial equation to the experimental calibration points of θ as a function of the

Aaom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

xiii



5.5 Fit of a cosine function to the experimental points of the quantum correlator as a function

of the phase of the measurement basis with respect to the x axis, φ, for both detectors. . 39

5.6 Measured fidelity of the two-node entangled state with regards to the targeted maximally

entangled state as a function of the optical pulse rotation angles in nodes B and C, θB

and θC , respectively, overlapped with the correspondent simulations. . . . . . . . . . . . . 40

5.7 Events ratio measured by each separate detector as a function of the optical pulse rotation

angles in nodes B and C, θB and θC , respectively, overlapped with the correspondent

simulations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.8 Plot of the two-node entangled state fidelity and of the probability of click as a function of

the optical pulse rotation angle, θ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.9 3D plot of functions f1 and f2 as a function of α and β. . . . . . . . . . . . . . . . . . . . . 44

C.1 Fit of a cosine function to the experimental points of the NV’s fidelity with respect to the |0〉
state as a function of the measurement basis, after applying the spin-photon entanglement

test sequence with α = 0.5. Measurement performed on nodes A and B with pulse 1. . . 59

C.2 Top view Bloch sphere representation of the measured NV’s electron spin state vector x

and y coordinates after applying the spin-photon entanglement test sequence with α =

0.5. Measurement performed on nodes A and B with pulse 1. . . . . . . . . . . . . . . . . 60

xiv



List of Abbreviations

AOM: Acousto-Optic Modulator

APD: Avalanche Photodiode

AWG: Arbitrary Waveform Generator

CR: Charge and Resonance

DD: Dynamical Decoupling

DM: Dichronic Mirror

EOM: Electro-Optic Modulator

ESR: Electro Spin Resonance

MW: Microwave

NMR: Nuclear Magnetic Resonance

NV: Nitrogen Vacancy

PID: Proportional–Integral–Derivative

PSB: Phonon Side Band

RO: Read Out

SCE: Single-Click Entanglement

SIL: Solid Immersion Lens

SP: Spin Pumping

SSRO: Single Shot Read Out

ZPL: Zero Phonon Line

xv



xvi



Chapter 1

Introduction

Quantum technologies have become a major research topic, as they promise to offer a radically different

approach to computation and communication. In particular, the so called quantum internet has caught

the media’s attention, mainly by virtue of its intrinsic security [1]. The idea behind it is to build a large

scale quantum network that would allow communication of information, in the form of quantum bits or

qubits, between any two places on Earth, in a way that any interception of the transmission would be

obvious to the user [2]. However, the development of these technologies faces some challenges as the

qubits can easily and quickly decohere due to the system’s interactions with the environment, making

them extremely hard to preserve in time. Therefore, in order to transmit quantum information through

large distances, it is not possible to rely on direct transmission of qubits. To overcome this barrier, a

quantum network cannot rely on the usual amplifiers to boost the signal during transmission, since the

complete state of the qubits would need to be determined and replicated, which is impossible according

to the no-cloning theorem [3]. Instead, intermediate nodes, also named quantum repeaters, are nec-

essary to allow communication to be established between distant nodes without physically sending the

qubit. The role of a quantum repeater is to, first, intermediate the entanglement pair creation between

the two more distant nodes, later allowing a data qubit to be sent using quantum teleportation [2]. Other

and more complex uses of quantum communications have been predicted [4] and as the technology is

explored, an increasing number of applications arises, fuelling the excitement around this field.

Diverse physical implementations are being studied in the development of the most efficient and reli-

able quantum network. In this project we use nitrogen vacancy (NV) centers as quantum nodes. The NV

centre is a defect in diamond caused by a substitutional nitrogen atom and an adjacent lattice vacancy.

It has been proven to be a very promising approach to build the so desired quantum network, mainly

due to its good optical interface that promotes spin-photon entanglement [5], long coherence times of

the electron spin [6] and the possibility to use the neighboring carbon-13 spins as quantum memories

[7]. These advances paved the way to more complex two-node entanglement experiments that have

been vastly explored in recent years [8][9] [10], finally leading to the expansion of the quantum network

to include an extra node, making it a three node quantum network. Along with the extra node, new

exciting experiments on the way and closer to long distance communication mediated by intermediate
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nodes, such as three party entanglement and entanglement swapping, become possible. To succeed at

these experiments, it is essential to get the best out of all parameters because the sources of infidelity

really add up as we increase the number of nodes. It is in this context that this project started, as a way

of improving entanglement generated via the single click scheme, such that the three node experiments

could succeed. This investigation takes shape with the study of the system’s apparent imperfections as

tools to maximize the fidelity and rate.

1.1 Thesis Outline

In chapter 2 we introduce all the background necessary to understand this work, starting with the funda-

mentals of quantum information, continuing with the theory behind NV centers and closing the chapter

with the state-of-the-art techniques used to entangle two distant NV centers and to slow down the deco-

herence of our qubits. In chapter 3, we proceed to present the experimental methods, focusing on the

general design of the setups and description of the control mechanisms used to implement the desired

parameters. In chapter 4 we begin to study how the optical pulse influences the spin-photon entangle-

ment, in theory, and continue with the experimental verification of the resulting simulations. In chapter

5 we explore the potential consequences of the previous findings regarding the entangled state fidelity

and generation rate. This leads to a curious observation that is later analysed and experimentally mea-

sured. Finally, chapter 6 closes off the thesis with a summary of the more relevant conclusions and

recommendations for future research.
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Chapter 2

Theory

2.1 Quantum Information

Quantum technologies rely on the processing, sensing or communication of quantum information, which

has quantum bits, also known as qubits, as its basic unit. Qubits are the analogue of bits in classical

technologies. There are many different physical implementations of a qubit, but they all consist of a two-

level system from which two perfectly distinguishable states of a qubit |0〉 and |1〉 emerge. It is possible

to mathematically describe a qubit’s state as a linear combination, often called superposition, using the

state-vector formalism [11]:

|ψ〉 = α |0〉+ β |1〉 =

α
β

 (2.1)

where α and β are two complex numbers that, when taking their modulus squared (|α|2 and |β|2),

correspond to the probability of measuring the states |0〉 and |1〉, respectively. Additionally, it is required

that |α|2 + |β|2 = 1, i.e., the sum of the probabilities of measuring each state adds up to 1.

There is an equivalent definition of the qubit’s state, up to a global phase, that explicitly incorporates

the normalization requirement:

|ψ〉 = cos

(
θ

2

)
|0〉+ eiφ sin

(
θ

2

)
|1〉 (2.2)

where θ and φ are real parameters that define a vector within a three-dimensional unit sphere, known

as the Bloch sphere (figure 2.1). This allows the perception of the qubit to become more intuitive, given

the graphical representation attached.

Density Matrix

An alternate and equivalent formalism for the qubit’s description is the density matrix. It provides con-

venient means for the characterization of a quantum system that is not completely known and it can be

written as:

3



Figure 2.1: Bloch sphere (from [11]).

ρ ≡
∑
i

ρi |ψi〉 〈ψi| (2.3)

if it is considered that the quantum system is in one of the i states described as |ψi〉 , with respective

probability ρi. If it is possible to write the density matrix simply as ρ = |ψ〉 〈ψ|, then ρ is called a pure

state, which means the state is completely known. Otherwise, it falls into the category of mixed states,

which are not described by the state-vector formalism. The advantage of this representation is that it

allows the possibility of describing the lack of information relative to the qubit’s quantum state.

Additionally, the density matrix has the following requirements [11]:

• Tr[ρ] = 1, all probabilities sum up to 1

• ρ � 0, it is semidefinite positive, the eigenvalues are either positive or 0; negative probabilities have

no physical meaning

Operations on Qubits

Changes occurring to a quantum state can be described using the language of quantum computation.

Analogous to the way a classical computer is built from an electrical circuit containing logic gates, a

quantum computer is built from a quantum circuit containing elementary quantum operators to manip-

ulate the quantum information. A quantum operator is a unitary transformation, U , that describes the

evolution of a quantum system, in the form:

• |ψ′〉 = U |ψ〉, for the state-vector formalism

• ρ′ = UρU†, for the density matrix formalism

The transformed quantum systems, |ψ′〉 and ρ′, have to fulfill the same requirements as the initial

ones, |ψ〉 and ρ, respectively. A single-qubit operation can also be thought as a rotation in the Bloch

sphere. Additionally, quantum operators can further describe stochastic changes to quantum states,

characteristic to quantum noise [11], which can be particularly useful in experimental works.
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Decoherence

In real-life implementations, quantum systems face a major obstacle as a consequence of their inter-

action with the environment — decoherence. There are two quantities that characterize this issue. On

the one hand, there is the relaxation time, T1, which describes the energy relaxation of a qubit to its

ground state, associated with an absolute loss of information (|1〉 decaying into |0〉). On the other hand,

the dephasing time, T2, is related to the deterioration of a pure state to a mixed state. Both phenomena

restrain the time associated with the processing and transmission of qubits, but they particularly affect

the maximum storage time, essential to the development of a quantum memory. However, generally,

T2 is much smaller than T1, making T2 the limiting timescale and object of greatest concern in most

quantum experiments.

2.2 The Nitrogen-Vacancy (NV) Center as a Quantum Node

In order to choose from the long list of possible physical implementations of qubits, it is important to

identify and prioritize the requirements, taking into account the intentions of the developing technology.

In particular, a quantum network node needs to [12]:

• Manipulate quantum states

• Generate entangled states with other nodes

• Store quantum states

The Nitrogen Vacancy (NV) fulfills all the requirements above and is one of the most promising

physical implementations. To understand why, it is essential to study its properties and how they can be

controlled.

2.2.1 The NV center

An NV center consists of a defect in the diamond lattice caused by a substitutional nitrogen atom and a

neighbour lattice vacancy. It has three different types of spin that can be extremely useful: the electron

spin, the nitrogen nuclear spin and the surrounding carbon nuclear spin [13].

In the neutral charged state, NV0, the defect hosts five electrons: three from the bonds of the va-

cancy’s nearest neighbour carbon atoms and two donor electrons from nitrogen. In this project we will

focus on the negatively charge state, NV−, which hosts an extra electron captured from the environment.

Figure 2.2 illustrates the six electrons’ configuration in the the NV− orbital ground state. In the excited

state, an electron from the a1 orbital can be excited to one of the two highest energy orbitals, ex or ey,

because of their degeneracy. The two unpaired electrons, originate a spin singlet and a spin triplet in

both the ground and the excited states.

The spin triplet ground state 3A2 is separated from the spin triplet excited states by 1.945 eV (637

nm) (fig. 2.3a). Additionally, the degeneracy between the the levels ms = 0 and ms = ±1 spin states is
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Figure 2.2: Molecular orbitals and their filling in the orbital ground state (from [14]).

lifted, for both the orbital ground state and excited state (Ex,y and E1,2), due to spin-orbit and spin-spin

interactions, originating a zero-field splitting between the two states (fig. 2.3b).

The Hamiltonian of the orbital ground state is:

H = DS2
z + γeB · S (2.4)

where the zero-field splitting is D ≈ 2.88 GHz and Si are the Pauli spin operators. The presence of a

magnetic field, B, along the NV axis, lifts the degeneracy from the ms = ±1 states through the Zeeman

effect and gyromagnetic ratio γe = 2π · 2.802 MHz/T [15] (fig. 2.3c).

The degeneracy between the Ex,y and E1,2 states can be lifted by a lateral strain or an external

electric field.

The NV can be excited by both resonant or non-resonant light. In the later case, the NV is excited to

a level in the phonon-side band (PSB), rapidly decaying to 3E by emitting a phonon. The excited state

can decay directly in the 3A2 state, emitting a photon in the zero-phonon line (ZPL) or it can decay to the

PSB of the ground state, emitting a less energetic photon. About 3% of the photons are emitted in the

ZPL and the rest is in the PSB. However, the transition between the excited to the ground state can also

occur via the singlet states that lay in between the triplet states, providing a way of non-radiative decay.

2.2.2 Electron spin as central qubit

Since it is possible to discriminate ms = 0, ms = −1 and ms = +1 energies of the orbital ground state, it

is also possible to individually address the electron transitions to and from ms = 0, through microwaves

with frequencies resonant with the desired transitions. This means the two-level system that defines the

qubit’s computational basis can be defined as ms = 0 := |0〉 and ms = −1 := |1〉.

Once the qubit is defined, and in order to fulfil all the quantum network’s requirements mentioned

above, it is necessary to learn how to initialize, manipulate and measure the system.
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Figure 2.3: Electronic structure of NV− (from [14]).

Initialization and read out

Before any protocol can be implemented, there is the need to ensure the qubits are in the desired initial

states and that they can be measured, in order to verify if the experiment was successful.

As it has been already seen, at cryogenic temperatures, there is a discrete energy spectrum that

allows us to selectively address the desired transitions. Therefore, both the preparation and readout

techniques can rely on the resonant excitation of spin-selective optical transitions. In particular, both Ex

and A1 transitions are particularly useful: A1 connects the ground and excited states with spin projection

ms = ±1, whereas Ex connects states with ms = 0 spin projection [14], as shown in figure 2.4(a).

Upon optical excitation, resonant withEx orA1 (Fig. 2.4(a)), the NV− will later decay back to its orbital

ground state, after an optical lifetime of 12 ns [5]. Due to a slight spin mixing (mostly suppressed by low

temperatures) within the excited states and to the decay via the singlet state, there is a small probability

that the spin is flipped upon returning to a lower energy level. This can be seen in the fluorescence’s

decay over time, under resonant excitation (figure 2.4(b)). This optical pumping mechanism enables

high-fidelity spin state initialization [5]. In general, we initialize the electron spin in the |0〉 state via spin

pumping, using the A1 transition and initialize in |1〉 state with an additional MW pulse.

Spin-dependent resonant excitation also allows single-shot electronic spin readout, since the pres-
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Figure 2.4: Initialization and Control (from [5]). (a) Relevant optical transitions of the NV. (b) Exponential
decay of the fluorescence with time under optical excitation. (c) Microwave control of the NV’s quantum
state (purple); Measurement outcome after projection into ms = 0 (blue).

ence or absence of fluorescence under resonant Ex excitation reveals the spin state. More specifically,

if the spin is initialized into ms = 0, photons will be detected as opposed to a ms = −1 spin projection

initialization.

Control

Microwaves pulses can be used to control the qubit’s state through Rabi oscillations1, as it is illustrated

in figure 2.4(c) (purple). Depending on the duration of the microwave pulse, the projected spin varies

coherently between the states |0〉 and |1〉, passing through superpositions in between [5]. An important

note is that, if after the first measurement, in which the spin is measured to be in the |0〉 state, the same

electron spin is measured for a second time, it is obtained a high probability to measure the spin in the

state |0〉, independently of the microwave pulse duration before the first measurement (Fig. 2.4(c) (blue

data)). This means that, as expected, the measurements are projective.

2.2.3 Entanglement generation

A key aspect that allows taking full advantage of the system’s quantum properties and unique advan-

tages is entanglement, e.g. because it permits the determination of the entangled system as a whole

by simply measuring one of its particles. For an NV center, it is particularly simple to generate entan-

glement by taking advantage of the electron spin-photon interaction. More specifically, it is possible

to emit a photon under the condition that the electron spin state is |0〉, if a pulse resonant with Ex is

applied. Mathematically, the resulting state is written as2 |NV, photon〉 = 1√
2
(|01〉+ eiφ |10〉), which cor-

responds to a maximally entangled state up to a local phase, φ. Different optical techniques allow further

entanglement of two distant photon emitters (see section 2.3.1) [17–19].

1Rabi oscillation is the cyclic behaviour of a two-level quantum system in the presence of an oscillatory driving field. The
quantum operation parameters are defined by the phase and frequency of the driving wave [16].

2The second qubit corresponds to the presence, |1〉, or absence, |0〉, of a photon.
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2.2.4 Nuclear Spins as Quantum Registers

It is essential that quantum networks are also able to store information, since memory qubits allow for

multi-node protocols that rely on multipartite entangled states. Therefore, there is the need for quantum

nodes to preserve the state of the qubit for a long time. As mentioned before, decoherence might be an

obstacle, which is why long coherence times are such an attractive feature for quantum networks.

Nuclear spins in solids are promising candidates for quantum registers because of their long coher-

ence times [20] and availability of well-established nuclear magnetic resonance (NMR) techniques to

manipulate them [21]. In particular, nuclear spins in diamond that couple weakly to the electronic spin

of an NV center have shown great potential in quantum registers in several experiments in recent years

[22, 23].

2.2.5 Advantages of using NV centers in quantum networks

The NV is a great candidate for a quantum node — and the one chosen in QuTech’s implementation —

in part because of its long coherence times3, even at room temperature. Additionally, the combination

of different qubits (electron spin, nuclear nitrogen spin and carbon nuclear spin) facilitates the storage

and processing of quantum information. Finally, the electron spin also interacts with photons, which

allows the transmission of quantum states and the connection and entanglement of NV centers, over

long distances.

2.3 State of the Art

Quantum channels enable the implementation of communication tasks, inaccessible to their classical

counterparts. The most famous example is the distribution of secret key. However, in the absence of

quantum repeaters, the rate at which these tasks can be performed is dictated by the losses in the quan-

tum channel. Moving beyond two-node networks, might significantly increase the secret-key rate and

reach beyond the limits of direct transmission. However, no experimental implementation has overcome

the direct transmission threshold, mainly due to the poor entanglement-generation rate. Motivated to

overcome this barrier, the authors in [24] propose a set up based on nitrogen-vacancy (NV) centers in

diamond, embedded in an optical cavity to improve the probability of successfully detecting an emitted

photon, combined with a Single-Click Entanglement (SCE) scheme. They predict that, in these condi-

tions, it will be possible to surpass the capacity of the highest secret-key rate, achievable with direct

transmission, by a factor of 7 and for a distance of approximately 9.2 km.

2.3.1 Single-Click Entanglement (SCE)

Entanglement between two nodes can be generated in different ways. The majority of previous works

on NV centers have used techniques that rely on the detection of two photons [9]. However, a different

3the diamond lattice consists to 98.9% of spinless 12C, leading to only slow dephasing from a fluctuating nuclear spin bath.
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technique, which relies on the detection of a single photon, more specifically the Single-Click Entangle-

ment (SCE) [8], will be used in this work. This protocol starts by initializing two distant NV centers (NV1

and NV2) in the same state:

|NV 〉i =
√
α |0〉i +

√
1− α |1〉i , i=1,2. (2.5)

The emission of photons can be conditioned by the state of the qubit if optical pulses, resonant with a

particular transition (Ex in this case), are applied. In other words, it is possible to entangle the |0〉 (|1〉)
state of each NV center with the presence (absence) of a photon, which is mathematically translated to:

|NV, photon〉i =
√
α |01〉i +

√
1− α |10〉i , i=1,2. (2.6)

The photons emitted by each NV are then transmitted to a beamsplitter, to remove the which-path

information. Upon the detection of a single photon, it is revealed that one of the NV’s was in the |0〉
state (it was optically excited and emitted a photon) while the other was in the |1〉 state (remained

unchanged). In other words, the NV’s state is ideally projected onto the maximally-entangled Bell state:

|ψ〉 = |NV1, NV2〉 = 1√
2
(|01〉 + |10〉). Nonetheless, taking into account the small photon detection

efficiency (pdet � 1), the non-number resolving detectors and the optical phase acquired by the laser

pulses, used to create spin-photon entanglement, as well as the optical phase acquired by the emitted

photons as they propagate (total optical phase difference of ∆φ) [8], the generated state degrades to:

ρNV1,NV2
= (1− α)

∣∣ψ±〉 〈ψ±∣∣+ α |00〉 〈00| (2.7)

with ∣∣ψ±〉 = |NV1, NV2〉 = |01〉 ± ei∆φ |10〉 , (2.8)

where the ± depends on which detector clicks. In order to ensure that the entangled states generated

are available for further use, we need to know exactly what states are being generated, which requires

this optical phase difference ∆φ to be known. The measurement and stabilization of this parameter is

described in section 3.3. The theoretical fidelity4 of this state with the maximally entangled state is F =

1−α and the probability of successfully heralding entanglement is given by 2pdetα. Thus, it is necessary

to adjust the value of α, in order to obtain the desired entanglement rate, without compromising too

much the associated fidelity.

2.3.2 Slowing down decoherence

The electron spin in each NV center is surrounded by a cloud of nuclear spins. Around 1% of the

diamond is composed by 13C, which is a spin-half system, and the rest consists of 12C, which has no

spin. These nuclear spins are a source of decoherence as they flip flop randomly, creating a slow

variation of the magnetic field that surrounds the electron spin. This fluctuations change the energy

4The fidelity of a quantum state is a measure of the ”similarity” of two quantum states, ρ and |σ〉 (a pure state in this case),
defined as F = 〈σ| ρ |σ〉.
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levels of the NV center, which causes the phase evolution of a quantum superposition state to become

random, causing the loss of its quantum properties.

In order to slow down decoherence, it is possible to apply a dynamical decoupling sequence as

showed in figure 2.5.

Figure 2.5: Simplified dynamical decoupling sequence. τ1 corresponds to the dephasing time between
the qubit’s initialization and the phase flip resulting from the π pulse, while τ2 corresponds to the de-
phasing time between that same phase flip and the end of the sequence, where we should recover the
initial state. The ideal number of repetitions of this sequence, N , depends on the fluctuations of the
surrounding magnetic field.

In a graphical way, the dephasing can be explained by imagining a |+〉 state, in the Bloch sphere,

that rotates on the xy plane, as a consequence of the magnetic field, Bz. As this magnetic field changes

randomly, the rotation around the z axis varies accordingly, which means the phase evolution is ran-

domized and the qubit’s quantum state is lost. As a solution, we let the system, initialized in |+〉, evolve

during a time, τ1. It follows a π rotation around the y axis that flips the qubit and inverts the effect of the

magnetic field on the electron spin. In the end it is only necessary to let the qubit evolve for another time

interval, τ2 until it goes back to the original |+〉 state. There are two requirements for the effect of the

magnetic field to be exactly canceled, successfully preserving the quantum state:

• The time before and after the flip has to be the same (τ1 = τ2 = τ ).

• Either the magnetic filed is constant over time, τ , or the qubit is flipped multiple times, N , so that

the changes in the slow varying magnetic field average out. In other words, τ needs to be much

smaller than the timescale of the changes in the magnetic field.

The method that was just described corresponds to the simplest approach that serves as a principle

for other more complex solutions to the decoherence problem, namely the DD protocols with two-axis

control, i.e., with alternating phases of the π pulses, as a way to protect the qubit from pulse errors [25].

This technique is able to protect a qubit for over a second [26], which is 6 orders of magnitude better

than without any correction.

2.3.3 Quantum Memory

Realizing larger multi-qubit registers is challenging due to the need for quantum gates that avoid crosstalk

and protect the coherence of the complete register. In [27], the authors present novel decoherence-

11



protected gates that combine dynamical decoupling (DD) of an electron spin with selective phase-

controlled driving of nuclear spins. They realize a 10-qubit quantum register consisting of the electron

spin of a nitrogen-vacancy center and 9 nuclear spins in diamond. The register was fully connected, as

entanglement between all possible 45 qubit pairs is successfully generated. Coherence times are the

longest reported for a single solid-state qubit, reaching up to 63 seconds. Finally, they store two-qubit

entangled states for over 10 seconds, which is 6 orders of magnitude better than without any correction.

These results open the door to advanced quantum algorithms and quantum networks with NV center

qubits.

2.3.4 Initialization and Read Out Fidelity

In order to have successful experiments, it is important to ensure that the state, in which the system

is initialized, is known and that the measurement results correspond to the actual state of the qubit.

This generally reflects into high fidelities and small errors. Recent experiments, using NV centers, have

achieved a combined initialization and single-shot read-out fidelity of (97.1± 0.2)% [9].
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Chapter 3

Experimental methods

3.1 Samples

An NV center consists on a defect in the diamond lattice caused by a substitutional nitrogen atom and

a neighbour lattice vacancy. The NV centers used in this experiment naturally occur in chemical vapor

deposition grown ultra-pure type IIa diamonds, supplied by Element Six. In order to improve the photon

collection efficiency, solid immersion lens (SIL) are fabricated around the NV’s (see fig. 3.1), minimizing

the internal reflection and an Al2O3 anti-reflection coating is deposited on top of the diamond, improving

the signal-to-noise ratio. On the surface of the diamond, next to the SIL’s, are a gold strip line for applying

magnetic resonance pulses (radio and microwave) and gold electrodes for applying DC voltages, that

shift the optical resonances of the NV centre by the DC Stark effect, allowing two separate NV centres

to emit indistinguishable photons, and thereby opening doors for remote entanglement.

Figure 3.1: The NV sample (from [14]).

3.2 Setups

The excitation light is focused onto the NV through a microscope objective located above the cryostat.

The same objective collects the emitted photons. Additionally, a half wave plate is placed right before
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Figure 3.2: Single-setup control (from [14]). A PC programs the control loop on a microcontroller (ADwin)
and pulse sequences on an arbitrary waveform generator (AWG). The ADwin triggers the AWG to start
the pulse sequences and the AWG notifies the ADwin when they are completed. The lasers pulses
for charge re-pumping (Green/Yellow), electron spin pumping (SP) and electron spin read-out (RO) are
generated via acoustic-optic modulators (AOM’s), controlled by both the AWG and ADwin. In addition,
the RO laser pulses can be modulated into nanosecond optical excitation pulses via an electro-optic
modulator (EOM), controlled by the AWG. The laser frequencies are read by a wavemeter and adjusted
by a proportional–integral–derivative (PID) controller on the PC. The frequency adjustment signal from
the PC is fed into a digital to analog converter (DAC) that is connected to the lasers. The microwave
(MW) source, controlled by the AWG, outputs a signal that is later on amplified and put through a MW
switch, also controlled by the AWG, to reduce the noise. Additionally, the gate voltage is controlled by a
PID controller on the PC.

the objective (cryo half wave plate), such that we can control the polarization of the excitation light (see

appendix A.1.11).

The zero-phonon line (ZPL) and phonon side band (PSB) photons, emitted by the NV upon exci-

tation, are split into different paths by a dichroic mirror (DM). The PSB photons are then detected by

an avalanche photodiode (APD). The ZPL photons are further filtered by another DM to separate them

from the green excitation light. Resonant excitation light is then filtered by a half and a quarter wave

plates and a polarizer and then detected by a superconducting nanowire single-photon detector. The

APD’s are connected to the ADwin and to a time-to-digital converter (PQ time-tagger) for counting and

synchronization purposes, respectively.

3.2.1 CR Check - Charge state verification and resonance check

Resonant excitation light can ionize the NV − defect and turn it into the undesired neutral charge state.

Additionally, the local charge environment of the defect can fluctuate, changing the the optical transition
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frequencies. These changes may induce different set ups to emit photons with different frequencies,

breaking the indistinguishably condition, required to generate remote entanglement. Therefore, a se-

quence for charge state verification and resonance check was developed [28]. Before the experiment

starts, the verification step starts by simultaneously turning on the spin pump and the read-out lasers,

while the fluorescence is detected. Given that the laser frequencies are set to be resonant with the

optical transitions of the NV− charge state and that these same frequencies are no longer resonant with

the optical transitions of the NV0 state, it is expected that the number of counts is significantly lower

for the last case. Therefore, it is necessary to set the minimum number of counts that characterizes

the negative charge state, thr1. In case the number of counts is smaller than the defined threshold,

the green/yellow laser is turned on, such that the NV− charge state is recovered, followed by another

verification step. However, this repumping process can change the local charge environment, therefore

changing the resonance frequencies. Consequently, after the first threshold is exceeded, the minimum

number of counts that is to be accepted for the experiment to continue, thr2, is set such that if the num-

ber of counts is larger than the threshold, the experiment can continue, otherwise we change the gate

voltage such that we bring the NV back to an on-resonance configuration. Finally, an extra threshold can

be set such that if the previous CR check was successful, the number of counts necessary to continue

the experiment is thr3. All thresholds are determined by hand, based on CR check statistics.

3.3 Phase stabilization

The entangled state prepared using the single click scheme (see section 2.3.1), in an ideal system

with no losses, that relies on perfect detectors able to resolve the number of photons that reach them,

is described by equation 2.8. Assuming the target state, i.e., the final state we intend to generate, is

|ψ〉 = 1√
2
(|01〉+ |10〉), the fidelity of the entangled state prepared in this ideal system can be written as

F(∆φ) =
1

2
+

1

2
cos ∆φ. (3.1)

In order to experimentally demonstrate that we are able to generate entanglement, we need to pre-

pare and measure several entangled states. If this optical phase difference, ∆φ, resulting from the

path length difference that the photons travel through before interfering at the beam splitter (see section

2.3.1), changes during experiments, then the heralded states are no longer consistent, which is math-

ematically equivalent to integrating the effective entangled state over all possible phases, arriving at a

fidelity of 0.5, which corresponds to the threshold at which an entangled state becomes unusable. In the

particular experimental apparatus used throughout this project, the two main sources of noise, respon-

sible for the optical phase difference fluctuations, have been identified to be the vibrations of the optical

fibers and the vibrations induced by the cryostats, used to keep the samples at low temperatures, onto

the sample stages or microscope objectives. In order to mitigate this source of infidelity, we stabilize

the optical phase difference to a pre-determined set point before the heralding click, making sure we

are consistently preparing the same entangled state and that we know exactly what that state is. As a
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consequence, this phase will be characterised by a Gaussian distribution whose standard deviation, σ,

corresponds to the phase uncertainty, δφ, culminating in a fidelity given by

F(δφ) =
1

2
+

1

2
e−(δφ)2/2. (3.2)

If we want to arrive at the fidelity expressed in equation 3.2, we need to be able to actually stabilize

this phase, ∆φ. To do that, a combination of homodyne and heterodyne phase detection is used. Unlike

the homodyne phase detection scheme that, as the name suggests, requires the light in both arms

of the interferometer to have the same frequency, the heterodyne phase detection scheme actually

relies on distinct frequencies for each arm. Consequently, the intensity in the output ports, I3,4, will

naturally depend on which phase detection scheme we are using. More specifically, considering the

input light intensities, I1,2, and frequencies, ω1,2, and assuming the light is linearly polarized and perfectly

overlapping spatial modes [29], the output intensities may be described by constructive or destructive

interference, depending on ∆φ (equation 3.3) for homodyne phase detection or result in a beat signal

(equation 3.4) for heterodyne phase detection.

Ihomodyne3,4 = I1 + I2 ± 2
√
I1I2 cos ∆φ (3.3)

Iheterodyne3,4 = I1 + I2 ± 2
√
I1I2(cos ((ω1 − ω2)t−∆φ) + cos ((ω1 + ω2)t−∆φ)) (3.4)

Equation 3.4 shows that the amplitude of the beat signal, in the case of the homodyne phase de-

tection, does not depend on the phase, which means that the phase measurement is not vulnerable to

fluctuations of the input light, on the contrary to what happens when we rely on homodyne phase detec-

tion. Additionally, it shows we can control the amplitude of the beat signal just by increasing the input

intensity of one of the arms, which facilitates the measurement of small signals. However, the phase

detection scheme we use for each interferometer depends on the requirements of each part of the set

up.

3.3.1 Implementation

In a three-node experiment, there are two interferometers that need to be stabilized, one for the first (A-B)

and the other for the second (B-C) spin-spin entanglement. The two entanglement pairs have one node

in common, node B. Therefore, both interferometers share part of their optical paths, more specifically,

the path used for exciting the NV and collecting the resulting photons from node B, conducting them to

the detectors after passing through the beam splitter.

In order to stabilize the phase to a given set point before entanglement is attempted, the optical

phase difference needs to be measured before an adjustment to the optical pathlength can be made.

The phase difference measurement relies on classical interference of excitation light reflected off the

diamond surface. However, this signal is minimized such that we can distinguish reflected excitation

light from the ZPL photons that will herald entanglement (see section A.1.11). Therefore, this signal is

very small, demanding a long time for phase stabilization. To avoid this, the two interferometers are split
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into six different interferometers [30] and a different light source (purple lines in figure 3.3) is used to

stabilize the path that otherwise would have a very small signal, ensuring all the interferometers have

enough light to stabilise relatively fast, while maintaining an optimal rejection of the excitation light.

Figure 3.3: Phase stabilization scheme (adapted from [30]). Three out of six interferometers are repre-
sented. The cutted lines lead to node C, which operates with node B analogously to what is depicted in
this figure. The excitation laser, concerning the solid blue lines, has the same frequency as the |0〉 ↔ |e〉
transition, whereas the phase light, concerning the solid purple lines, has a frequency offset of 10 MHz
with regards to the excitation laser. Locally, the heterodyne beat signal (intermittent blue and purple line)
is measured and compared to an electronic reference signal. Globally, the interference is measured by
the single photon detectors. An optical switch allows the same single photon detectors to be used for
both entanglement pairs. After the phase measurement, feedback to the optical paths is applied to a
fiber stretcher, in the case of global phase stabilization, and on a mirror on a piezoelectric element, in
the case of local phase stabilization.

Figure 3.3 illustrates a diagram of three out of the six combined interferometers, where each optical

path is associated with a phase, φi, that corresponds to the phase that an electromagnetic wave going

through that same path would acquire. Although the used setup consists on a three-node network, in

order to avoid redundancy, the diagram illustration and associated equations, presented in this section,

exclusively regard a two-node phase stabilization. The reason for this being that the exact same rep-

resentations apply to the third node, i.e., if node B and all its associated φBi,β are fixed, then writing

node A or C is simply a matter of labelling, since their surrounding setups are analogous and the same

conditions apply. Therefore, we can consider that for every equation presented in this section, the same
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is required for the third omitted node.

The condition we want to enforce to guarantee phase stability for A-B entanglement is equation 3.5

for phase stab first.

φA2 + φA3 − (φB2 + φB3) = W (3.5)

W takes different values, depending on the desired entangled state phase, ∆φ 1. However, this interfer-

ometer was split into three different ones, which naturally implies three different conditions we need to

verify for each entanglement link, described by the following equation system


φA1 + φβ1 − (φA2 + φα) = X

φBA1 + φβ1 − (φBA2 + φα) = Y

φA1 + φA3 − (φBA1 + φB3) = Z

(3.6)

where Z −X + Y = W . It is worth mentioning that the phase measurement only determines the phase

within 180◦, i.e., from −90◦ to +90◦. Once this phase is measured, the setup is adjusted such that

the phase is set to its pre-determined value, W . Logically, the closer the measured phase is to the

set-point, the smaller the modification of the setup and the more stable the system is, making the 0◦

set-point the logical choice, if no specific ∆φ is required. However, if that is not the case and we intend

to stabilize the interferometer at W = +90◦, we would have a lot of phase measurements away from that

point, which would hamper the stabilization and result in a larger uncertainty, since the system would be

subject to bigger changes. Luckily, with the fragmentation of the interferometer, we can easily choose

any entangled state phase, ∆φ, with no restrictions, since it allows us to play with three different set-

points instead of one, therefore making three small changes (X,Y and Z) instead of a single abrupt one

(W ), not jeopardizing the stability of the setup.

The global interferometer, concerning the last condition in equation system 3.6, stabilizes the optical

path connecting the nodes to the central beam splitter, via single-mode optical fibers. Due to the limited

bandwidth of the single photon detectors and considering the fact that entanglement generation requires

the arms to have the same frequency, homodyne phase detection is used for the global interferometers.

The interference signal is measured by the same single photon detectors used for the heralding click

and the optical phase difference is calculated using the intensity difference measured between the two

detectors. Since these two detectors are shared for both entanglement links, the same switch we use to

select which two nodes we want to use for experiment, is used to select the interferometer we want to

stabilize, i.e., link A-B or B-C.

Locally the optical paths are stabilized using heterodyne phase detection, given that this method is

not sensitive to intensity fluctuations and there are no setup conditions preventing us from choosing it.

This part of the interferometer is responsible for the stabilization of the excitation path and free space

optical path close to the cryostat, which is achieved by means of enforcing the first and second conditions

1The purpose of this section is to show how the phase can be stabilized to a given set-point, how to further determine W as
a function of ∆φ, will become clear in the next chapter.
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in equation system 3.6. The beat signal (intermittent blue and purple line in figure 3.3) is produced by

combining the reflected excitation pulse in arm, that can be separated from the photons emitted by

the NV using a polarizing beam splitter (PBS) (see section A.1.11), with a strong laser pulse with a

frequency offset of 10 MHz (solid purple line in figure 3.3) in the other arm. The beat signal is measured

by a photodiode detector and the optical phase difference is extracted by comparing this signal with a

reference wave. The middle node (B) can be excited by two different lasers, depending on what other

node (A or C) we intend to use for entanglement, which means that two local paths associated with this

node can be stabilized, leading to two different local interferometers.

Finally, the measured phase is used to compute the feedback that needs to be applied to the optical

path with a mirror on a piezoelectric element, in the case of local phase stabilization, or a fiber stretcher,

in the case of global phase stabilization.

Once all interferometers are stabilized, we can be sure we are always preparing the same entangled

state, whose fidelity, written as a function of the desired optical phase difference, ∆φ, is described by

equation 3.2.
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Chapter 4

The effect of the optical excitation

pulse on spin-photon entanglement

Taking into consideration that three-node experiments usually rely on multi-qubit entangled states, the

entanglement generation rate and the fidelity of the prepared entangled states are critical for the success

of the experiments.

In order to make sure we minimize every source of infidelity, we first need to identify them and then

find out if there is some way we can correct for them.

Every attempt of generating entanglement between two nodes starts with the entanglement of the

electron spin state and a photon state, for each set up, obtained through the sequence depicted in figure

4.1.

SPIN PUMPING 𝛼

OPTICAL PULSE

READ-OUT 
IN 𝑥𝑦 PLANE

Figure 4.1: Spin-photon entanglement test sequence. It starts by spin pumping (SP) the electron spin
in the |0〉 state, bringing it to a superposition with a MW α pulse and a 2ns optical π pulse that excites
the population in the |0〉 to the |e〉 state. Upon decay, the electron spin will be entangled with the photon
state. Finally, the NV is measured in the xy plane of the Bloch sphere.

The spin-spin entanglement is mediated by the spin-photon entanglement of each node. Therefore,

it is necessary to verify if the spin-photon entanglement sequence, in each node, produces the expected

results.

To test this, we consider the case where an entanglement attempt is performed but the photon

is not measured, i.e., we initialize the electron spin state, bring it to a superposition state (
√
α |0〉 +

√
1− α |1〉) and send an optical excitation pulse such that the density matrix that describes the spin-
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Figure 4.2: Bloch sphere representation of the xy plane measurement axis. The green plane represents
the xy or equator plane and the associated green vectors are examples of possible measurement axis
that can be selected in the sequence depicted in figure 4.1.

photon entangled state can be written as:

ρNV,γ = α |01〉 〈01|+ (1− α) |10〉 〈10|+
√
α(1− α)(|01〉 〈10|+ |10〉 〈01|) (4.1)

Then, we simply measure the NV state and ignore the photon state, therefore losing information. In

order to simulate what results we expect from this measurement, we need to isolate the NV density

matrix, using the partial trace over the photon state, which means that the spin state becomes mixed.

More specifically:

ρNV = 〈0γ | ρ |0γ〉+ 〈1γ | ρ |1γ〉

=

α 0

0 1− α

 (4.2)

In this case, ρNV is a diagonal matrix, which means that we lose all coherence in the process and end

up with a classical mixture. If we measure the fidelity of the NV’s state with respect to the |0〉 state

through the equator plane, we should expect a flat line, as depicted in figure 4.3. However, performing

this sequence experimentally, persistently, yielded a consistent oscillation signature that disagreed with

this prediction and seemed to indicate that we weren’t considering the full picture in our predictions.

4.1 Simulation

We hypothesised that the optical pulse didn’t fully saturate the optical transition between the NV’s |0〉
and |e〉 states. To understand what this means, it is important to clarify that this operation occurs through

the same process as the control of the NV when MW pulses are used, i.e., Rabi oscillations. This means
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Figure 4.3: Fidelity with respect to the NV’s |0〉 state as a function of the read out (RO) phase in the xy
of the Bloch sphere. The 0° phase corresponds to the positive x axis. For the ideal case we loose all
coherence, expecting a flat line.

that if we send a pulse resonant with the energy difference associated with the |0〉 ↔ |e〉 transition, the

process that follows can be seen as a rotation in the Bloch sphere defined by the two-level system |0〉,
|e〉, in which the angle of rotation, θ, will depend on the power and length of the pulse.

Ideally, the optical pulse makes a π rotation and excites the entire population from the |0〉 to the

|e〉 state. However, the hypothesis we want to test is that this angle of rotation is not exactly π, as

we aimed for. Instead, we considered the effect of the optical pulse to be described by the following

transformations:

|0〉 → cos
θ

2
|0〉+ sin

θ

2
|e〉

|1〉 → |1〉
. (4.3)

Upon resonant excitation, the excited state population will decay back to the lower energy level, after

the optical lifetime of 12 ns, emitting a photon. In other words, once applied the optical pulse, the NV

emits a photon with probability p = | sin θ
2 |2. Considering that the NV is prepared in a superposition

state with bright state population α, the entangled state between the NV and the photon, after the optical

pulse is applied, can be described by equation 4.4

|NV 〉 |γ〉 =
√
α |0〉

(
cos

θ

2
|0〉+ sin

θ

2
|1〉
)

+
√

1− α |1〉 |0〉 (4.4)

Proceeding again with the partial trace over the photon state (eq. 4.2), we are able to calculate the

NV’s density matrix. If we then simulate the probability of measuring states in the xy plane of the Bloch

sphere, for different values of θ, in an attempt to compare the data with the ideal case represented in

figure 4.3, we obtain the plot in figure 4.4.

When no optical pulse is applied, i.e., θ = 0, we see an oscillation with a very large amplitude, since

we are essentially measuring the NV in the |+〉 state (superposition state in which the NV was prepared).
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Figure 4.4: Simulation of the fidelity with respect to the NV’s |0〉 state as a function of the RO phase in
the xy of the Bloch sphere, for different optical pulse rotation angles, θ (represented in different colors).
The 0° RO phase offset corresponds to the positive x axis.

As we increase the angle of rotation, θ, the oscillations tend to vanish, i.e., the amplitude decreases,

up to the point that the ideal optical π pulse is reached and the probability of measuring the state with

eigenvalue λ = +1, all over the xy plane is 1
2 no matter what read out phase is picked. Therefore, for

this ideal case, we can say that, once the photon state is ”measured” by the environment, the NV is

projected to either |0〉 or |1〉 and all the coherence disappears.

As we continue to increase θ the oscillations reappear with a phase flip of 180°, which can be ex-

plained by an over rotation, i.e., for large pulse powers, we might be driving a the optical transition by

θ > π, instead of π, as we intended. In a normal situation this rotation would originate a global phase

that could be neglected, but since we are now considering a three level system - |0〉, |e〉 and |1〉 - a phase

acquired by a 2π rotation between the |0〉 and |e〉 states, will turn into a relative phase between the qubit

states |0〉 and |1〉.

In order to have a clearer and more succinct idea on what is happening to the NV’s electron spin

state when we change the power of the optical pulse, we resort to the amplitude, A, and phase, φ, of the

cosine curves simulated in figure 4.4 and calculate the x and y coordinates on the Bloch sphere of the

NV’s spin state vector, simply using equations 4.5.

x = 2A cosφ

y = 2A sinφ

(4.5)

In this representation (see figure 4.5), for θ = 0 we should measure the |+〉 state, i.e., the coordinates

of the state vector should be {x, y} = {1, 0}, which corresponds to the superposition state with bright

state population α = 0.5 that was prepared before the optical pulse. As we increase θ, the Bloch vector

length should decrease and the electron spin state coordinates should follow the negative direction of

the x axis towards the centre of the equator plane of the Bloch sphere. When θ = π the NV’s state should

be projected into the z axis of the Bloch sphere that, when observed from the top, should correspond to
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Figure 4.5: Top view Bloch sphere representation of the measured NV’s electron spin state vector x and
y coordinates after applying the sequence in figure 4.1 with α = 0.5.

a point at {x, y} = {0, 0}. As we continue to increase θ, the state vector coordinates should continue to

follow the negative direction of the x axis until θ = 2π and we reach {x, y} = {−1, 0}.
In short, the simulations show some residual coherence for imperfect optical pulses, i.e., for angles

of rotation θ 6= π, which is in agreement with our hypothesis. However, we haven’t measured this effect

for multiple angles of rotations, θ, and we’ve never reached the no oscillations point. Therefore, even

though it is a plausible explanation for the observed oscillations, it is hard to claim that the proposed

hypothesis is confirmed, simply holding this information. Additionally, even if we assume the hypothesis

to be true, we are clearly not correctly calibrating the power of the optical pulse, otherwise we wouldn’t

have observed any oscillations in the first place. Consequently, it is of our best interest to reproduce the

simulations with experimental data, not only to determine the validity of our hypothesis but also to find

at what power we can produce the optical π pulse and eliminate the oscillations altogether.

4.2 Experimental verification

In an attempt to definitely confirm the hypothesis proposed in the previous section, we experimentally

performed the sequence illustrated in figure 4.1 (with α = 0.5) for different AOM amplitudes1 and fitted

the results to the function:

y(x) = A · cos (x− φ) +A0, (4.6)

with A0 = 0.5 fixed.

The quantum network used throughout this project comprises three different nodes and two different

1AOM amplitude refers to the amplitude of the signal sent to the RF source that will then output an oscillating electrical signal
to the AOM. Therefore, the AOM amplitude is related to the optical excitation pulse power. For the values we use in this section
there are two regimes: 1) the power increases with the AOM amplitude; 2) the power is saturated and the increase of the AOM
amplitude no longer has an effect on it.
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excitation pulses. In order to succeed at three node entanglement experiments, we need to be able to

generate high fidelity entanglement between nodes A and B - long distance entanglement (LDE) 1 - and

also between nodes B and C - LDE 2. The same optical pulse is used to excite the two nodes that will

become entangled. More specifically, when we want entangle nodes A and B, we use optical pulse 1

and when we want to entangle nodes A and C, we use optical pulse 2. This creates a necessity for both

pulses to be calibrated in order to perform three-node entanglement. Therefore, if we want to ensure

a high fidelity three-node entangled state, both entanglement pairs need to be improved and for that

reason, the hypothesis needs to be tested for both entanglement pairs, each pair associated with two

nodes and one optical pulse. However, since the same discussion can be applied to both links, both in

this chapter and in chapter 5, we will focus on the experimental results associated with link B-C, leaving

the identical results regarding the other link, A-B, to be depicted in appendix C, to avoid redundancy.

NODE B WITH PULSE 2 NODE C WITH PULSE 2

Figure 4.6: Fit of the function 4.6 to the experimental points after applying the sequence in figure 4.1
with α = 0.5. The y axis of the plot corresponds to the fidelity of the NV’s electron spin state with the
|0〉 state, after a rotation to the right read out basis, while the x axis corresponds to the read out phase
in the xy of the Bloch sphere. The 0◦ RO phase corresponds to the positive x axis. The different colors
correspond to different AOM amplitudes that are related to power of the optical pulse.

As we can see in figure 4.6, the experimental results resemble the simulation’s, given that a clear

sinusoidal behavior and a 180° phase flip are observed for both entanglement pairs. However, we never

see the flat line that is expected in the ideal case, suggesting that the optical pulses that drive the

|0〉 → |e〉 transition, are never equivalent to perfect π rotations for any of the measured points.

Once again, displaying the evolution of the NV’s electron spin state as a function of the power of the

optical pulse, in a more intuitive representation, we resort to the amplitude, A, and phase, φ, parameters

obtained from the fit of the function 4.6 to the experimental points displayed on figure 4.6 and calculate

the x and y components of the NV’s spin state vector, simply using equations 4.5.

The behaviour simulated in figure 4.5 is indeed what we observe when analysing the data points

for both entanglement pairs, in figure 4.7. The NV’s state vector coordinate starts at some point with

positive x coordinate and y ≈ 0 and, as we increase the delivered power (governed by an increase of

the AOM amplitude), it follows the negative direction of the x axis, passing through the center of the xy

plane of the Bloch sphere. Although we don’t measure the exact point corresponding to θ = π, we see

that it is merely a problem of the selected power sweep points, i.e., the perfect π pulse is somewhere in
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NODE B WITH PULSE 2 NODE C WITH PULSE 2

Figure 4.7: Top view Bloch sphere representation of the measured NV’s electron spin state vector x and
y coordinates after applying the sequence in figure 4.1 with α = 0.5.

between the AAOM = 0.5 and AAOM = 0.7 and we should be able to reach it within uncertainty.

In conclusion, the experimental data validates the hypothesis that the oscillations observed when

measuring the NV’s electron spin state, after being entangled with a photon state, were caused by a non

perfect excitation pulse that can be easily improved with an accurate calibration. Nonetheless, an error

in the excitation pulse means that from the absence of a photon we can no longer infer that the NV is

in the |1〉 state and thus, the spin-photon entangled state, on which the two-node entanglement relies

on, is not what we initially assumed. Consequently, it is important to study the effect of a non perfect

excitation pulse on the fidelity of the final spin-spin entangled state, such that we can comprehend how

accurate this extra calibration step need to be.
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Chapter 5

Study of the spin-spin entanglement

fidelity and generation rate

We are now able to identify the source of the oscillations and claim that the calibration of the optical

pulse (see section 4.2) is slightly inaccurate for the simple reason that it led to a misidentification of the

power at which a perfect excitation occurs. In other words, it didn’t allow us to find the power of the

optical pulse, that used in the sequence illustrated in figure 4.1, would have projected the NV’s state

vector somewhere (depending on α) along the z axis and, consequently, when observed from the top of

the Bloch sphere (see figure 4.5) seen as a point exactly at the middle of the xy plane. Consequently,

the following step is to determine to what degree this imperfection affects the final spin-spin entangled

state, so we know how accurately we need to set the excitation pulse power in order to guarantee the

fidelity is not affected.

5.1 System’s characterization

In this section, we present the complete derivation of the fidelity and rate expressions and study their

dependence on the rotation angle of the optical pulse, θ. Other sources of infidelity have been studied

and considered in previous works [31], when simulating the fidelity of the final spin-spin entangled state.

Nonetheless, in this section, we will simply focus on the imperfections of the optical pulse, while also

taking losses and non-number resolution detectors into account, leaving the remaining details for later.

5.1.1 Derivation of the fidelity and rate

To make this derivation as general as possible within the purpose of this section, we consider the two

nodes to be imbalanced, i.e., for each free parameter associated with node A, there is an analogous

free parameter associated with node B. This is important because it allows a more rigorous simulation

of the experiment, since the three nodes we have at our disposal are not exactly the same. All three set

ups will naturally differ in certain aspects, making it unfair to restrict this investigation to the unrealistic
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Chapter 7

Future work

A complete study of the entanglement fidelity and rate, considering the non-perfect excitation of the

optical pulse, dark counts, double excitation, distinguishability of the interfering photons and phase un-

certainty, might lead to a different conclusion, i.e., it is possible that the high fidelity states achieved with

a low ✓ optical pulse actually make the entanglement process more efficient. This is only possible if we

see that the other sources of infidelity decrease in this regime, increasing the fidelity with regards to the

simulations presented in section 5.1.
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Figure 5.1: Characterization of our system’s time evolution when two-node entanglement is attempted,
in the form of a quantum circuit. Each box corresponds to a unitary transformation that is properly
characterized throughout this section, with the exception of the last two boxes that represent a measure-
ment. The circuit is to be read from left to right. Six different quantum states are represented - |NVA〉
and |NVB〉 that correspond to the electron spin state of nodes A and B, respectively; |γA〉 and |γB〉 that
correspond to the number of photons in channels γA and γB that lead to the single photon detectors 1
and 2 (see figure 5.2), respectively; |γrA〉 and |γrB〉 that correspond to the presence/absence of a photon
in the loss channels γrA and γrB . The circuit starts with all six states initialized in |0〉. Then, U j1 , describing
the spin evolution resulting from a MW pulse, brings the NV’s to a superposition state. It follows U j2 that
characterizes the effect of the optical pulse and entangles each NVj with a photon state |γj〉. Later,
U
ηj
3 expresses the losses associated with node j and Uη=0.5

3 portrays the photon interference between
channels γA and γB at the central 50:50 beam splitter. Finally, the photons in these two channels will be
measured and a spin-spin entangled state is heralded once one of the detectors records an event. The
red crosses represent a partial trace over those specific quantum states, given that we have no way of
determining them.

case of perfectly identical setups. Accordingly, we can start the derivation by considering two nodes, A

and B, to be both initialized in the |0〉 state and proceed to the characterization of the MW pulse, as the

subsequent step in the sequence of figure 4.1. For that, we rely on the unitary transformation U j1 , such

that each NV electron spin state is transformed as

U j1 : |0〉NV →
√
j |0〉NV +

√
1− j |1〉NV , (5.1)

ending up in a superposition state with bright state populations α and β in the case of node A and B,

respectively. The corresponding joint state can be described by equation 5.2.

|Ψ1〉NVA,NVB
= (Uα1 |0〉NVA

)︸ ︷︷ ︸
|Ψ1〉NVA

⊗ (Uβ1 |0〉NVB
)︸ ︷︷ ︸

|Ψ1〉NVB

=
(√

α |0〉NVA
+
√

(1− α) |1〉NVA

)
⊗
(√

β |0〉NVB
+
√

(1− β) |1〉NVB

) (5.2)
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DETECTOR 

2
DETECTOR 

1

Figure 5.2: Schematic overview of the single click entanglement modelling. Channels γA and γB are
physical channels that connect NVA and NVB to detectors 1 and 2, respectively. Channels γrA and γrB
correspond to the loss channels that, along with beam splitters BSA and BSB , model the photon losses
that naturally occur in experiments. BSc corresponds to the central beam splitter in which the photons
in channels γA and γB interfere.

Then, as the optical pulse is applied to each node, a fraction of the population in the |0〉NVj
state is

transferred to the |e〉NVj
state, leaving the |1〉NVj

state intact. Such an excitation process can be pictured

as a rotation of an angle θj in the Bloch sphere, defined by the {|0〉NVj
, |e〉NVj

} basis. Accordingly, the

fraction of the population that gets excited is equal to
∣∣∣sin θj

2

∣∣∣2, where θj is experimentally determined by

the pulse’s power and length. Upon the decay of the |e〉NVj
state population back to the ground state,

|0〉NVj
, a subsequent photon is emitted into channel γj (see figure 5.2). In other words, the expanded

system, |Ψ2〉 = |Ψ1〉 |γA〉 |γB〉, we are now describing, which assembles not only both NV’s electron spin

states but also the presence/absence of photons in channels γA and γB , is mathematically transformed

by the optical pulse according to the unitary transformation, U j2 , that can be written as:

U j2 :

|0〉NVj
|0〉γj → cos θi2 |0〉NVj

|0〉γj + sin
θj
2 |0〉NVj

|1〉γj
|1〉NVj

|0〉γj → |1〉NVj
|0〉γj

. (5.3)
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We can proceed to write the joint state of the transformed system:

|Ψ3〉 =
[
UA2

(
|Ψ1〉NVA

|0〉γA
)]

︸ ︷︷ ︸
|Ψ3〉A

⊗
[
UB2

(
|Ψ1〉NVB

|0〉γB
)]

︸ ︷︷ ︸
|Ψ3〉B

=

[(√
α cos

θA
2
|0〉NVA

+
√

1− α |1〉NVA

)
|0〉γA +

√
α sin

θA
2
|0〉NVA

|1〉γA
]

⊗
[(√

β cos
θB
2
|0〉NVB

+
√

1− β |1〉NVB

)
|0〉γB +

√
β sin

θB
2
|0〉NVB

|1〉γB
]
.

(5.4)

Equation 5.4 highlights that, in this derivation, the spin-photon entangled state is no longer charac-

terized by equation 2.6, as initially suggested in section 2.3.1, but instead, it is generalized to equation

4.4, that nicely agrees with the experimental data analysed in section 4.2.

Furthermore, since the setups are subject to significant losses (photons that are emitted but not

detected), it is important to understand how we can mathematically describe them. First, it is important

to note that we treat these losses as if they all occurred before the central beam splitter and describe

them using η, defined as the fraction of emitted photons that are detected. To support this assumption,

we identify where the losses take place. Some of them result from photon emission in the phonon

side band, i.e., the emitted photons’ frequency doesn’t correspond to the frequency associated with

the |0〉 ↔ |e〉 optical transition. Given that a requirement for the single click entanglement scheme is the

indistinguishably of the photons, we can only use, for entanglement purposes, the photons emitted in the

zero-phonon sideband, with a very well defined frequency, corresponding only to 3% of the emissions.

Therefore, this effect alone, leads to a 97% loss. Additionally, as described in section 3.1, even with

the solid immersion lens (SIL) fabricated around the NV to maximize the photon collection, the fraction

of photons that end up being collected is limited by the numerical aperture of the microscope objective

(also responsible for the focusing of the laser light onto the NV, as mentioned in section 3.2), therefore

decreasing even more the photon detection probability. Finally, the coupling of the emitted light into the

single mode fibers that guide the photons to the central beam splitter is not perfect. All these losses

occur before the central beam splitter. After this component, the only significant loss is due to the non-

perfect efficiency of the detectors, which is around 95% - a negligible value to what the previous causes

account for. Consequently, we can proceed to model the losses as two extra beam splitters, BSA and

BSB , placed before the central beamsplitter, BSc, that can either reflect (loss term) or transmit the input

photons, as illustrated in figure 5.2. More specifically, we consider single dielectric layer ηj : (1 − ηj)
beam splitters that transform any two interfering channels γ1 and γ2 through the unitary Uηj3 (equation

5.5), where ηj corresponds to the fraction of input photons that are transmitted through BSj . To treat

it quantum mechanically, we may consider a system, |Ψ4〉 = |Ψ2〉 |γrA〉 |γrB〉, that includes both NV’s

electron spin states and the presence/absence of photons in channels γA and γB - transmitted photons

- and channels γrA and γrB - reflected photons - and use the unitary transformation Uηj3 to relate the input

and output modes of the considered channels as [32]:
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U
ηj
3 :



|0〉γin
1
|0〉γin

2
→ |0〉γout

1
|0〉γout

2

|0〉γin
1
|1〉γin

2
→ √ηj |0〉γout

1
|1〉γout

2
+ i
√

1− ηj |1〉γout
1
|0〉γout

2

|1〉γin
1
|0〉γin

2
→ i

√
1− ηj |0〉γout

1
|1〉γout

2
+
√
ηj |1〉γout

1
|0〉γout

2

|1〉γin
1
|1〉γin

2
→ (2ηj − 1) |1〉γ1 |1〉γ2 + i

√
ηj(1− ηj)(|0〉γ1 |2〉γ2 + |2〉γ1 |0〉γ2)

. (5.5)

Additionally, knowing the photons in channels γA and γB will later interfere at the central beam

splitter, it is necessary to consider the different optical phases, φA and φB , respectively, associated with

each path-length, acquired by an electromagnetic wave travelling through each channel. This particular

evolution of the system can be characterized by the unitary transformation

U j4 :

|0〉γj → |0〉γj|1〉γj → eiφj |1〉γj
, (5.6)

which can be further used to describe the system’s state right before the photons arrive at the central

beam splitter, BSc, as

|Ψ5〉 =
[
UA4

(
UηA3 |Ψ3〉A |0〉γr

A

)]
⊗
[
UB4

(
UηB3 |Ψ3〉B |0〉γr

B

)]
=

[(√
α cos

θA
2
|0〉NVA

+
√

1− α |1〉NVA

)
|0〉γA |0〉γr

A

+
√
α sin

θA
2
|0〉NVA

(
eiφA
√
ηA |1〉γA |0〉γr

A
+ i
√

1− ηA |0〉γA |1〉γr
A

)]
⊗[(√

β cos
θB
2
|0〉NVB

+
√

1− β |1〉NVB

)
|0〉γB |0〉γr

B

+
√
β sin

θB
2
|0〉NVB

(
eiφB
√
ηB |1〉γB |0〉γr

B
+ i
√

1− ηB |0〉γB |1〉γr
B

)]
,

(5.7)

considering the channel correspondence |γ1〉 |γ2〉 = |γj〉
∣∣γrj 〉, with j = {A,B}, when using unitary Uηj3 .

Moreover, the photons transmitted through BSA and BSB will interfere at the central 50:50 beam

splitter, which means we can rely once again on transformation Uηi3 , but this time considering ηi = 1
2

and the interfering channels to be |γ1〉 |γ2〉 = |γA〉 |γB〉. The final state of the entire system before the
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excitation photons reach the detectors can be written as

|Ψ6〉 =

[(√
α cos

θA
2
|0〉NVA

+
√

1− α |1〉NVA

)
|0〉γr

A
+ i
√
α(1− α) sin

θA
2
eiφA |0〉 |1〉γr

A

]
⊗[(√

β cos
θB
2
|0〉NVB

+
√

1− β |1〉NVB

)
|0〉γr

B
+ i
√
β(1− β) sin

θB
2
eiφB |0〉 |1〉γr

B

]
|0〉γA |0〉γB

+
eiφB

√
2

[(√
α cos

θA
2
|0〉NVA

+
√

1− α |1〉NVA

)
⊗
(√

βηB sin
θB
2
|0〉NVB

)
|0〉γr

A
|0〉γr

B
+(√

α(1− ηA) sin
θA
2
|0〉NVA

)
⊗
(√

βηB sin
θB
2
|0〉NVB

)
|1〉γr

A
|0〉γr

B

](
|0〉γA |1〉γB + i |1〉γA |0〉γB

)
+
eiφA

√
2

[(
√
αηA sin

θA
2
|0〉NVA

)
⊗
(√

β cos
θB
2
|0〉NVB

+
√

1− β |1〉NVB

)
|0〉γr

A
|0〉γr

B
+(

√
αηA sin

θA
2
|0〉NVA

)
⊗
(√

β(1− ηB) sin
θB
2
|0〉NVB

)
|0〉γr

A
|1〉γr

B

](
i |0〉γA |1〉γB + |1〉γA |0〉γB

)
+

[
i√
2
ei(φA+φB)

(√
α sin

θA
2

√
ηA |0〉NVA

)
⊗
(√

β sin
θB
2

√
ηB |0〉NVB

)]
|0〉γr

A
|0〉γr

B

(
|0〉γA |2〉γB + |2〉γA |0〉γB

)
(5.8)

Finally, one of the detectors records an event and we can identify two different situations that can

lead to this event:

• Only one photon arrived at the detector. In this case the detected modes are projected onto

|1〉γA |0〉γB (|0〉γA |1〉γB ) if detector 1 (2) clicks. This situation can happen either because only one

of the NV’s was excited and emitted a photon that ended up being detected or because both NV’s

were excited and emitted a photon each, but only one photon arrived at the detector, since the

other one was lost. The un-normalized system will then be described as1

|Ψ7〉 =


(
〈1|γA 〈0|γB

)
|Ψ6〉 , if detector = 1(

〈0|γA 〈1|γB
)
|Ψ6〉 , if detector = 2

=

[(√
α cos

θA
2
|0〉NVA

+
√

1− α |1〉NVA

)
|0〉γr

A
+
√
α(1− ηA) sin

θA
2
|0〉NVA

|1〉γr
A

]
⊗(

eiφB
√
βηB sin

θB
2
|0〉NVB

|0〉γr
B

)
+ i(−1)detector

(
eiφA
√
αηA sin

θA
2
|0〉NVA

|0〉γr
A

)
⊗[(√

β cos
θB
2
|0〉NVB

+
√

1− β |1〉NVB

)
|0〉γr

B
+
√
β(1− ηB) sin

θB
2
|0〉NVB

|1〉γr
B

]
(5.9)

• Two photons arrived at the detector because both NV’s were excited and no loss occurred. In this

case, the detected modes are projected onto |2〉γA |0〉γB (|0〉γA |2〉γB ) if detector 1 (2) clicks. The

un-normalized system will then be described as1

1Generally, the collapse of a wave function |Ψ〉 is represented as P |Ψ〉, where P is a matrix form projector, i.e., P = |b〉 〈b|
where |b〉 is the basis we want our system to be projected onto. For the sake of simplicity, we project our system in a way that its
dimension is reduced from six to four sub-systems. Given that, in the end, we are only interested in the NV’s states, this way we
avoid having to redundantly specify the |γA〉 |γB〉 states that were previously projected.
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|Ψ8〉 =


(
〈2|γA 〈0|γB

)
|Ψ6〉 , if detector = 1(

〈0|γA 〈2|γB
)
|Ψ6〉 , if detector = 2

=

(
eiφA
√
αηA sin

θA
2
|0〉NVA

|0〉γr
A

)
⊗
(
eiφB

√
βηB sin

θB
2
|0〉NVB

|0〉γr
B

) (5.10)

Since the single photon detectors cannot distinguish between one or more photons arriving at the same

time, we cannot distinguish between these two situations. Additionally, given the lost photons end up

never being measured, we can trace over the undetected modes, ending up with a density matrix, ρ1

or ρ2, that describes the joint state of the NV’s, in case one or two photons arrived at the detector,

respectively.

ρ7,8 =

1∑
i,j=0

γr
A γr

B
〈i j| (|Ψ7,8〉 〈Ψ7,8|) |i j〉γr

A γr
B

(5.11)

Finally, we can write the density matrix of the final two-node entangled state as

ρ =
ρ7 + ρ8

pclick
(5.12)

where pclick corresponds to the probability of succeeding at preparing an entangled state defined as

pclick = Tr(ρ7 + ρ8).

After all these calculations and associated assumptions we can finally explicitly write the two final

quantities we are interested in - the fidelity, defined as

F =
〈
Ψtarget

∣∣ ρ ∣∣Ψtarget
〉

=
1

2pclick

(
α(1− β)ηA sin2 θA

2
+ β(1− α)ηB sin2 θB

2
+ 2
√
α(1− α)ηA

√
β(1− β)ηB sin

θA
2

sin
θB
2

)
(5.13)

where |Ψtarget〉 = |01〉+ eiφtarget |10〉 is the maximally entangled state and the probability of click:

pclick = βηB sin2 θB
2

+ αηA sin2 θA
2
− αβηAηB sin2 θA

2
sin2 θB

2

+ 2(−1)detectorαβ
√
ηAηB cos ∆φ sin

θA
2

sin
θB
2

cos
θA
2

cos
θB
2

(5.14)

with ∆φ = φA − φB − π
2 . Although all the eight parameters that define both these quantities have had

been mentioned before, the following list shortly clarifies what they all stand for:

• α (β) - bright state population of setup A (B)

• θA (θB) - angle of rotation of the optical pulse on setup A (B)

• ηA (ηB) - number of photons emitted by setups A (B) that end up being detected
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• ∆φ - optical phase difference between the optical paths of the two used setups

• detector - (as it self-explains) detector that measures the photon; it can be either equal to 1 or 2

5.1.2 Entanglement fidelity simulation

Going back to the main goal of studying the effect of a faulty optical pulse on the fidelity of the prepared

spin-spin entangled state, with regards to the maximally entangled Bell state |ψtarget〉, we can now use

equation 5.13 to plot the fidelity as a function of θA and/or θB , while fixing all the other parameters. To

start, let’s take the simple case and consider the setups to be balanced, i.e., θA = θB = θ, α = β, and

ηA = ηB . In principle, this is the case we are aiming for because if both setups are exactly the same

(even though it’s not realistic as mentioned before), then, after a photon passed through the central

beam splitter, it is not possible to determine from which setup it was emitted, therefore maximizing the

fidelity. Additionally, since there is no special reason to favor any set of parameters, figure 5.3 depicts

several plots of the fidelity in different regimes (different α, ∆φ and detector values). We also consider

ηA = ηB = 10−4, which resembles the experimental conditions.

DETECTOR 2DETECTOR 1 AVERAGE

Chapter 7

Future work

A complete study of the entanglement fidelity and rate, considering the non-perfect excitation of the

optical pulse, dark counts, double excitation, distinguishability of the interfering photons and phase un-

certainty, might lead to a different conclusion, i.e., it is possible that the high fidelity states achieved with

a low ✓ optical pulse actually make the entanglement process more efficient. This is only possible if we

see that the other sources of infidelity decrease in this regime, increasing the fidelity with regards to the

simulations presented in section 5.1.

�� = 0

�� =
⇡

2

(7.1)

46

Chapter 7

Future work

A complete study of the entanglement fidelity and rate, considering the non-perfect excitation of the

optical pulse, dark counts, double excitation, distinguishability of the interfering photons and phase un-

certainty, might lead to a different conclusion, i.e., it is possible that the high fidelity states achieved with

a low ✓ optical pulse actually make the entanglement process more efficient. This is only possible if we

see that the other sources of infidelity decrease in this regime, increasing the fidelity with regards to the

simulations presented in section 5.1.

�� = 0

�� =
⇡

2

(7.1)

46

(a) (b) (c)

0 50 100 150 200 250 300 350
θ (º)

0.6

0.7

0.8

0.9

1.0
ℱ

0 50 100 150 200 250 300 350
θ (º)

0.6

0.7

0.8

0.9

1.0
ℱ

0 50 100 150 200 250 300 350
θ (º)

0.4

0.5

0.6

0.7

0.8

0.9

1.0
ℱ

0 50 100 150 200 250 300 350
θ (º)

0.6

0.7

0.8

0.9

1.0
ℱ

0 50 100 150 200 250 300 350
θ (º)

0.6

0.7

0.8

0.9

1.0
ℱ

0 50 100 150 200 250 300 350
θ (º)

0.6

0.7

0.8

0.9

1.0
ℱ(d) (e) (f)

Figure 5.3: Plots of the simulated two-node entangled state fidelity - defined by equation 5.13 in the first
two column plots where we consider the case of the heralding photon hitting detector 1 or 2, separately;
and defined by equation 5.15 in the last column plots where we take the entire system (both detectors)
into account and calculate the weighted average of the first two columns - as a function of the optical
pulse rotation angle, θ = θA = θB , in different optical phase difference, ∆φ, and bright state population,
α = β, regimes. We also considered ηA = ηB = 10−4, similarly to experiments.

Starting by analysing the simulations for ∆φ = π
2 , it is clear that the fidelity varies with θ in different

ways depending on which detector measured the photon. More specifically, on the contrary to what is

observed in figure 5.3(b), in which the maximum fidelity is at θ = π, in figure 5.3(a) we are able to reach

an increasingly higher fidelity the further away we step from the ideal optical π pulse, the only single

difference between these two figures being which detector measured the heralding photon, or in other

words, which path the photon followed after the central beam splitter. This observation sparked a certain
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curiosity because, in principle, one would expect the fidelity to be either maximum for an ideal π pulse or

not depend on θ at all, deserving special analysis further on. Moreover, if we analyse the ∆φ = π
2 plots,

the dependence of the fidelity on θ, vanishes, regardless of what detector measured the photon.

When we examine the entire setup and account for all photons that are detected (either by detector

1 our 2) we can calculate the average fidelity as

Faverage = F1pclick1 + F2pclick2 , (5.15)

Fi and pclicki being associated with detector i. Although, in case it’s beneficial, we can filter out the

states heralded by either one of the detectors, the average fidelity is the parameter we usually rely on

to validate the experiment, since it takes into account the entire setup, instead of disregarding part of

the heralding clicks. In figures 5.3(c) and 5.3(f) the average fidelity, Faverage, is plotted once again as a

function of the angle of rotation of the optical pulse, θ. For both optical phase differences ∆φ = π
2 and

∆φ = 0, the average fidelity is independent of θ. In other words and answering the question in section

4.2, regarding how accurately the optical pulse needs to be calibrated if high fidelity entangled states are

our only concern, in the specific conditions considered in these plots - balanced setups in a high loss

regime - it is not important whether the the optical pulse can perfectly excite the NV’s |0〉 state or not.

5.2 Experimental verification

After the development of every model, it is valuable to take experimental data in order to confirm its

validity. That is the purpose of this section. In the previous section, the entanglement fidelity and

probability of click equations were derived, leading to some theoretical prediction that culminate in figure

5.3. The following step is to verify those same predictions, i.e., we are interested in reproducing what

was simulated in figure 5.3 both for ∆φ = 0◦ and ∆φ = 90◦. All the measurements in this section were

performed using nodes B and C.

5.2.1 Calibration

The final three quantities we are interested in measuring are the fidelity, F , the probability of preparing

an entangled state Pclick and the rotation of the optical pule, θ. Logically, there is no detector capable

of directly measuring these parameters. Therefore, we use the setup at our disposal to calibrate some

of them.Then we prepare the same state over and over again such that it can be measured in different

basis. After applying the sequence in figure 4.1 to both NV’s and measuring a heralding photon, their

electron spin states are measured in the xx, yy and zz basis. The results of these measurements allow

us to calculate the quantum correlator for each basis, given by:

Correlation =
N00 −N01 −N10 +N11

Ntotal
. (5.16)
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Then, we are able to calculate the final fidelity as 2

F =
1 + | < ZZ > |+ | < XX > |+ | < Y Y > |

4
(5.17)

In order to find θ, we use the optical pulse saturation calibration (see section A.1.14) that relates the

AOM amplitude to the number of detected PSB photons. Afterwards we consider that the number of

counts is proportional to the population that was excited to the |e〉 state, p|e〉, and normalize, assuming

the maximum data point to correspond to the point where the entire population was excited, i.e., p|e〉 = 1.

Finally we consider that θ relates to the population in the excited state as

p|e〉 = sin2 θ

2
(5.18)

and plot the AOM amplitude as a function of θ and fit the data to a polynomial function

θ(AAOM ) = a1AAOM + a3A
3
AOM + a5A

5
AOM , (5.19)

such that we can continuously relate these two quantities.

Figure 5.4: Fit of equation 5.19 to the experimental calibration points of θ as a function of the Aaom.

Node ∆φtarget a1 a3 a5

B 0◦ 233, 3± 8.6 −36, 2± 11.4 0 (fixed)
90◦ 206.6± 8.8 0 (fixed) −12.5± 12.9

C 0◦ 213.9± 7.1 −31.2± 9.4 0 (fixed)
90◦ 189.9± 4.5 0 (fixed) −9.1± 6.6

Table 5.1: Fit parameters of equation 5.19 to the experimental data in figure 5.5.

One important detail before starting the final measurement is to set the phase of the entangled state

2Note that fidelity is calculated with regards to one of the two
∣∣Ψtarget〉 = 1√

2
(|01〉 ± |10〉) states. Only for those two cases

we observe perfect (anti)correlation in all three measurement basis. These two cases are achieved when we set the optical phase
difference to be ∆φ = {0, π}. The states heralded by an event on detector 1 will be the plus state and the other detector will record
the minus state. Therefore, if it is the case that we are not aiming for such optical phase difference values, instead of changing the
way we calculate the fidelity, we can use a different trick - we can shift the equatorial measurement basis by ∆φ, i.e., x′ = x+ ∆φ
and y′ = y+ ∆φ. This way we can prepare an entangled state with whatever phase we want, shift the measurement basis an use
the same analysis code to calculate the fidelity.
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we are preparing. This can be done by preparing the same entangled state several times and measuring

one NV in the x basis and the other in several different basis in the xy plane. After calculating the

correlator (equation 5.16), we can plot it as a function of the phase of the measurement basis with

respect to the x axis, φ. We expect maximum correlation when the NV’s are measured in the xx basis

(φ = 0), no correlation for φ = π
2 (node B and C being measure in x and y, respectively) and for φ = π

maximum anti-correlation3. If this is not the case, then we can extract the phase of the entangled state,

fitting the correlator data points to a cosine curve. The fitted phase corresponds to ∆φ. In case we intend

to set a specific phase onto the entangled state, we can shift the set point W2 by that same amount (see

section 3.3).

5.2.2 Measurement

It is worth mentioning that the following data, aiming for ∆φ = 0◦ was taken in two different sets. The

reason for this is that this measurement would be very long and some setup parameters would sig-

nificantly drift if we took the data all at once. For instance, we predict that if we would measure ∆φ

before and after the main experiment, the results wouldn’t be compatible within error and we wouldn’t

be able to claim that ∆φ was kept constant throughout the measurement. To avoid that, we can divide

the complete experiment in steps - first we calibrate the position (see section A.1.2) and measure the

tail sweep (see section A.1.14) for further calibration; then we measure the ∆φ, adjust it and measure

it again to make sure we set it to the desired value; later, we take the first data set, measuring ∆φ right

after, to confirm if it stayed constant within error; we can later calibrate the position again and adjust

and measure ∆φ, once again; we proceed to the second data set and a final ∆φ measurement, right

after. The optical phase difference measurements right before and after each data set are important to

estimate an average ∆φ we can associate with every data point.

Figure 5.5: Fit of equation 4.6 with fixed A0 = 0 to the experimental points of the quantum correlator
(equation 5.16) as a function of the phase of the measurement basis with respect to the x axis, φ, for
both detectors.

3This only applies for one of the detectors. The other one should exhibit the same behaviour although with a phase difference
of π.
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∆φtarget(◦) Data set ∆φbefore(◦) ∆φafter(◦) ∆φaverage(◦)

0
1 3.0± 9.7 15.0± 9.3

9.6± 5.02 10.7± 6.5 53.4± 9.0
90 1 −99.7± 6.3 −85.8± 3.1 −92.8± 3.5

Table 5.2: Fit parameters of equation 4.6 with fixed F0 = 0 to the experimental data in figure 5.5.
Note that when aiming for ∆φtarget = 90◦, we settled for ∆φaverage = −94◦, since for the purpose of this
project, the expected behaviour should be the same for both cases. The ∆φaverage obtained when aiming
for ∆φ = 0◦ doesn’t take ∆φafter = 51.8◦, measured after taking the data set 2, into consideration, since
it would be hard to claim that ∆φ was approximately constant throughout that measurement. Instead,
we filter out last two third of data set 2.

Proceeding to the final measurement, in figure 5.6, we plot the experimental results of the fidelity

of the final entangled state with regards to the target state 1√
2
(|01〉 ± ei∆φ |10〉), overlapped with the

simulations developed in the previous section and based on the parameters in table 5.3 that were either

pre determined - as it is the case of α, β and ∆φ - or estimated - as it is the case of ηA and ηB that can

be extracted from the optical pulse saturation calibration measurement (see section A.1.14). Relying

on table 5.3, which specifies the parameters, associated with the other four sources of infidelity that

were previously studied and estimated in the group, we can roughly determine the average fidelity of the

prepared entangled states for a perfect excitation pulse to be Faverage(θ = π) = 0.409. Therefore, the

simulations depicted in figure 5.6 were multiplied by a factor of 0.409
Faverage(θ=π) to compensate for those

errors that were not taken into account in the calculations demonstrated in section 5.1.1.

Figure 5.6: Measured fidelity of the two-node entangled state with regards to the targeted maximally
entangled state as a function of the optical pulse rotation angles in nodes B (bottom axis) and C (top
axis), θB and θC , respectively. The fidelity for the data points was calculated with equation 5.17, for each
separate detector (red and green points), later used to calculate their average (blue points), weighted
by the fraction of events recorded in each detector. The solid lines together with the same color bands
correspond to the fidelity simulations according to equations 5.13 and 5.15. Both the simulations and the
data points are associated with specific parameters - αB = 0.4, αC = 0.6, ηB = 1.5×104, ηC = 1.0×104,
∆φ = −96.8◦ (left plot), ∆φ = 9.6◦ (right plot). The colored bands cover the simulation values within the
uncertainty associated with ∆φ. The simulations were further multiplied by a 0.409

Faverage(θ=π) factor.

Analysing the ∆φ = (9.6 ± 5.0)◦ case, we observe that the simulations agree with the experimental
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Figure 5.7: Events ratio measured by each separate detector as a function of the optical pulse rotation
angles in nodes B (bottom axis) and C (top axis), θB and θC , respectively. The data points were calcu-
lated by dividing the number of events detected by each detector by the total number of photon detection
events. The solid lines together with the same color bands correspond to the events ratio simulations,
based on equation 5.14. Both the simulations and the data points are associated with specific parame-
ters - αB = 0.4, αC = 0.6, ηB = 1.5× 104, ηC = 1.0× 104, ∆φ = −96.8◦ (left plot), ∆φ = 9.6◦ (right plot).
The colored bands cover the simulation values within the uncertainty associated with ∆φ.

Detection window Dark counts rate |e〉 lifetime Visibility Phase uncertainty
20× 10−9 s 10 s−1 12.1× 10−9 s 0.7 15◦

Double excitation probability αB αC ηB ηC
0.06 0.4 0.6 1.5× 10−4 1.0× 10−4

Table 5.3: Simulation parameters used in figures 5.6 and 5.7.

data - for θ = 180◦ the fidelity for both detectors is the same within error bar and as θ decreases the

fidelity increases for detector 1, decreases for detector 2 and the average is approximately constant.

Additionally, we can verify that the fidelity can go from F ≈ 0.35 up to F ≈ 0.65, just by decreasing the

probability of excitation of the optical pulse, which corresponds to the behaviour we had predicted in the

previous section. For ∆φ = (−92.8 ± 3.5)◦ we can also say the fidelity (for detectors 1 and 2 and their

average) is approximately constant as the simulations suggest.

Finally, as another way of confirming the validity of the model described in section 5.1.1, we can also

look at the fraction of events that were measured in each detector, as it is connected to the other key

aspect studied in this research - the entanglement rate generation.

We observe that higher fidelity states in a particular detector come at the expense of a lower entan-

glement rate generation, which is more clearly seen in the ∆φ = 9.6◦ case (right plots in figures 5.6 and

5.7). As for ∆φ = −92.8◦ , both detectors record approximately the same number of events, within error,

as predicted in the simulations.
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5.3 Interpretation of the results

We see that the fidelity’s dependence on θ is itself dependent on the detector and optical phase differ-

ence ∆φ. The fidelity, for a given detector, at θ = π can either be maximum, minimum or equal comparing

to all other θ’s. Regarding the optical phase difference, ∆φ, we observe two different regimes in figures

5.3 and 5.6 - in case ∆φ ≈ π
2 the fidelity (individually considered for each detector) doesn’t depend on θ,

whereas in case ∆φ ≈ 0, the dependence on θ is different depending on which detector clicked. In order

to physically understand these results, it is worth mentioning that, in this derivation, |NVA, NVB〉 = |00〉
is the only state responsible for decreasing the fidelity, either because two photons were emitted and

one of them was lost or both photons passed through the beam splitter and were consequently sent to

the same non-number resolution detector, or because only one of the nodes was excited by the non-

saturating optical pulse and therefore only one photon was emitted and detected. Consequently, only

in case the photon(s) produced by such a state are disproportionately hitting one of the detectors, we

can observe such a difference in fidelity, when comparing the entangled states heralded by the different

detectors. Essentially, the optical phase ∆φ sets an imbalance between the detectors or, more precisely,

determines what fraction of the photons that are a product of |NVA, NVB〉 = |00〉 states are sent to what

detector. On the other hand, it is clear that once the imbalance is set by ∆φ ≈ 0, as we move θ fur-

ther away from π, this imbalance becomes larger and larger, i.e., the fidelity increases in one detector

and decreases in the other. Additionally, if we look at equation 4.4, we observe that θ influences the

probability of such |00〉 state being generated, therefore governing how big this imbalance can be.

5.4 Finding the most efficient entanglement generation strategy

Curiously, the simulations suggest that, if we set the right ∆φ and choose the right detector, we should

be able to achieve very high fidelity states, by decreasing the power of the optical pulse such that it is

equivalent to a very small θ. Considering the initial goal was to find a pulse as close as possible to a π

rotation, we now seem to be able to produce high fidelity states as further away we step from the perfect

pulse. However, the measurements in section 5.2.2 suggest that these same low θ entangled states are

associated with lower entanglement generation rates.

The literature [8] points to a preparation of NV’s in low α superposition states as a way of achieving

high fidelity states. However, tuning the right ∆φ and θ appears as another possible way of accomplish-

ing that same goal. The remaining question is whether we can take advantage of this effect or if it is

simply equivalent to decreasing α. First, it is useful to remember the two quantities we are interested

in maximizing when studying entanglement - fidelity and rate (proportional to pclick). Figure 5.8 illus-

trates the plot of both these quantities as a function of θ, considering the promising case ∆φ = 0 and

detector = 1, to help us answer the question.

In figure 5.8, each color corresponds to a different α and is associated to a certain fidelity and

probability of click, represented by the continuous and dashed lines, respectively. To more easily

analyse this figure, let’s say we are looking for a set of parameters corresponding to a fidelity F =
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Figure 5.8: Plot of the two-node entangled state fidelity defined by equation 5.13 (solid colored lines to
be read on the left side of the plot) and of the probability of click expressed in equation 5.14 (dashed
colored lines to be read on the right side of the plot). The considered parameters are α = β, θ = θA = θB
, ηA = ηB = 10−4, ∆φ = 0 and detector = 1. The black lines and intersection points are identified for
further analysis.

0.8, which can be identified by drawing an horizontal line that reads F = 0.8 on the left side of the

plot and fixing the points at which this line intersects the various continuous fidelity lines - (α, θ) ≈
{(0.2, 180◦), (0.4, 75◦), (0.6, 45◦)}. Using theses same parameters, we can compare to what probability

of click these parameters lead to, by drawing a vertical line associated with each previously identified θ

and finding its intersection with the associated α dashed line - (α, θ, Pclick × 103) ≈ {(0.2, 180◦, 0.04),

(0.4, 75◦, 0.02), (0.6, 45◦, 0.01)}. This analysis suggests that the probability of click increases as closer

we get to θ = 180°. Re-framing this result in the bigger picture, although we can indeed play both with α

and θ to arrive at the same fidelity, if we simultaneously want to maximize the rate at which such states

are generated, then we should go back to the initial goal of calibrating the optical pulse at θ = π.

Although the analysis of figure 5.8 is good to gain some intuition on the fidelity vs rate dynamics as a

function of θ, it doesn’t allow us to take definite conclusions regarding the parameters that maximize the

combined fidelity and rate, since we are only looking at a discrete selection of parameters, leaving aside

many other sets of possibilities. To generalize the analysis, we start by simplifying equations 5.13 and

5.14 to equations 5.20 and 5.21, respectively, by considering α = β, θA = θB = θ and ηA = ηB = η � 1

(this approximation is validated by the measured experimental efficiency η ≈ 10−4, which is indeed much

smaller than 1).

F(α, θ,∆φ) =
4η(α− 1)

η(αη − 4) + 2αη cos (∆φ) + α(2η cos (∆φ)− η2) cos θ

(η�1)≈

≈ 1− α
1− cos (∆φ) cos2 θ

2

(5.20)

pclick(α, θ, η,∆φ) =
1

2
α
(
4η + αη2(cos θ − 1)− 2αη cos (∆φ)− 2αη cos (∆φ) cos θ

)
sin2 θ

2

(η�1)≈

≈ 2αη sin2 θ

2

(
1− cos (∆φ) cos2 θ

2

) (5.21)

We see that while the detection efficiency, η, doesn’t affect the fidelity, it proportionally changes the
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probability of generating entanglement. Therefore, it is clear that we should always try to maximize η,

through the calibrations (see section A) and alignment. We then proceed to find the set of parameters

that, for the same fidelity:

F(α, π,∆φ) = F(β, θ,∆φ)⇔

⇔ 1− α =
1− β

1− β cos (∆φ) cos2 θ
2

⇔

⇔ sin2 θ

2
= 1− 1

β cos (∆φ)

(
1− 1− β

1− α

)
︸ ︷︷ ︸

f1(α,β,∆φ)

∈]0, 1],

(5.22)

results in a higher rate than the one associated with θ = π:

pclick(α, π, η,∆φ) < pclick(β, θ, η,∆φ)⇔

⇔ 2αη < 2βη sin2 θ

2

(
1− β cos (∆φ) cos2 θ

2

)
⇔

⇔ 0 < (1− β)

(
β − 1

cos (∆φ)

(
1− 1− β

1− α

))
︸ ︷︷ ︸

f2(α,β,∆φ)

.

(5.23)

𝑓"(𝛼, 𝛽, ∆𝜙 = 0)

𝑓,(𝛼, 𝛽, ∆𝜙 = 0)

Figure 5.9: 3D plot of functions f1 (blue) and f2 (orange) defined in (in)equations 5.22 and 5.23, respec-
tively, as a function of α and β and for ∆φ = 0.

We now have two conditions that need to be simultaneously verified in order to claim that we should

aim for a different set of parameters than the ones initially proposed. To do that, we consider again the

most promising case - ∆φ = 0 - and numerically solve both conditions in Mathematica. No solution was

found, as visually suggested when plotting both functions f1 and f2 in figure 5.9.

Notice that the we are only plotting the functions in the appropriate domain of α and β, in which, both

functions are never simultaneously found in the interval of interest ]0, 1], i.e., both conditions 5.22 and

5.23 are not simultaneously verified in this domain. Therefore, we can claim that, if the setup is ex-

clusively subject to the errors mentioned in section 5.1.1, we cannot achieve a better fidelity and rate

combination than the one we get for a perfect optical π pulse.
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In conclusion, in order to prepare entangled states reaching the maximum fidelity and rate combined,

the calibration of the optical pulse cannot be neglected, although the fidelity and rate are less affected

by fluctuations in θ, in the low α (high fidelity) regime and for values of θ close to π, where the cosine

fidelity and rate curves reach an inflection point. We also see that we can use interference such that, by

setting a non-perfect excitation pulse, high fidelity states are disproportionately heralded by one of the

detectors. However, this comes at the cost of a lower entanglement rate.

5.4.1 Other sources of infidelity

As mentioned before, there are other sources of infidelity dismissed in this section, from which the

following four were identified to be the most significant [31]:

• the optical phase difference uncertainty (see section 3.3)

• the detectors register the measurement of a photon even though they were in complete darkness,

effect commonly known as dark counts

• a single optical pulse excites the NV twice, which invalidates spin-photon entangled state used to

calculate the final spin-spin entangled state fidelity

• non-perfect photon indistinguishability

If all these effects occur independently, as considered in the simulations of figures 5.6 and 5.7, the

fidelity could be simply corrected by a multiplying factor, not shifting the idea that the best approach

to high fidelity states is through calibrating the optical pulse to be a π rotation. However this is not

necessarily the case. For instance, when the optical pulse power delivered to the NV is decreased, the

probability of double excitation also decreases, leading to an increase in fidelity. Therefore, it is possible

that the further study of all these effects combined lead to a change of perspective.

5.5 Summary

In summary, we consistently observe the simulations and experimental data to qualitatively match. Re-

garding the light quantitative mismatch, it is possibly explained by a slight inaccuracy regarding the

parameters estimation and by an oversimplified and faulty correction of all the extra sources of noise

with a single and constant multiplying factor, since there are some indications that this method is not

entirely correct, namely the expected dependence of the other sources of infidelity on θ. Nonetheless, it

is clear that the general behaviour of the simulations agrees with the experimental data.
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Chapter 6

Conclusion

In this work we set out to study how we could improve the fidelity of an entangled state prepared via the

single click scheme. This process involved not only the simulation and experimental confirmation of the

NV’s electron spin state after being entangled with a photon state for different excitation pulse powers,

but also the derivation and further study of its effect on the fidelity of the final two-node entangled state.

In this regard, we found that the optical pulse can result in some curious interference effects.

The beginning of this investigation was prompted by the observation of oscillations, when checking

the spin-photon entanglement. We experimentally confirmed that they were a direct result of non-perfect

excitation of the optical pulse. In the general picture of the experiment, particularly in the high loss regime

and taking into consideration the events registered by both detectors, this effect can be considered as an

extra loss source just like the photon collection efficiency and all the other causes mentioned throughout

this project, i.e., the (im)perfection of the excitation process, resulting from the optical pulse, won’t affect

the average fidelity, estimated to be F = 1 − α. Nonetheless, in the right regime, it can be the cause

for the generation of high fidelity states for, what at first sight seemed to be faulty but turned out to

be, more objectively, simple low excitation (small θ) optical pulses. This behaviour was simulated and

experimentally confirmed with the help of the fragmented phase stabilization scheme. However, the

simulations seem to suggest that in order to achieve such high fidelity states, we would need to accept

a smaller entanglement generation rate, meaning that it doesn’t seem to be the most efficient way of

getting to the desired fidelity.

In summary, this project seems to suggest the most efficient way of generating entanglement is by

finding the perfect optical π pulse, which can be done via the optical pulse saturation calibration without

significantly affecting the fidelity and rate.

6.1 Future work

A complete study of the entanglement fidelity and rate, considering the non-perfect excitation of the

optical pulse, dark counts, double excitation, distinguishability of the interfering photons and phase un-

certainty, might lead to a different conclusion, i.e., it is possible that the high fidelity states, achieved via
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low θ optical pulses, actually make the entanglement process more efficient. This is only possible if we

see that the other sources of infidelity decrease in this regime, increasing the fidelity with regards to the

simulations presented in section 5.1, with no damage to the rate. It is important to carry out this inves-

tigation, since it might reveal a way of boosting the fidelity of entangled states, generally contributing to

the reliability of a quantum network based on NV centers.
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Appendix A

Calibration Routine

The three available set ups need to be calibrated so that the experiments can be successfully executed

and the analysis and conclusions can be reliable. Depending on the nature of the experiment, different

calibrations are required. Given that the aim of this project involves generating remote entanglement

between the nodes, the single setup calibrations need to be followed by multi-setup calibrations.

A.1 Single-setup

A.1.1 Calibrate the lasers

We want to be able to select the power we want from each laser. For that we need to know the corre-

spondence between the output power and the amplitude of oscillating electric signal applied to the AOM,

via the ADWIN and/or AWG.

A.1.2 Optimize on position:

There is a microscope objective located inside the cryostat that focuses light onto the sample and col-

lects the emission photons. Therefore, in order to maximize the efficiency of the experiments, we need

to optimize the position of the NV relative to the objective. This is achieved by sending green light and

setting the sample (or objective, depending on the setup) in a position such that the number of collected

photons is maximized.

A.1.3 Getting the lasers on resonance

We need to ensure that the lasers are well on resonance with the optical transitions we want to address.

The way we do this is by running a set of CR checks (that turns on both red lasers) and tuning the lasers

to the frequencies that lead to the larger number of counts per CR check.
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A.1.4 Check ZPL alignment

Since the ZPL photons are just a small fraction of the light emitted by the NV, we need to make sure we

maximize its detection efficiency. Consequently, it is critical to improve the coupling of the ZPL photons

to the single-mode optical fibers that lead them to the detectors. To optimize that coupling, the setup

incorporates a deformable mirror that we can reshape. For that, we turn on the green light to excite

the NV, sweep different Zernike modes and find the optimum shape that will correspond to a linear

combination of the different modes, such that the detection of ZPL photons is maximized.

A.1.5 Single shot read out

Before any other qubit control calibration, it is necessary to determine the read out pulse duration that

leads to a larger fidelity. Additionally, we need to be able to quantitatively characterize the read out

method, so that its error can be propagated and taken into account in the final results of any experiment.

Therefore, we initialize the electron spin, read out its state and repeat the same sequence for a range

of different read out durations. This calibration is performed for both ms = 0 and ms = ±1 initial states.

In principle, for the initialization in the ms = 0 state, the larger the RO time, the larger the probability of

detecting a photon and, consequently, the larger the fidelity. However, the measurement of the ms = ±1

state consists of not detecting any photon, which means that the larger the RO time, the smaller the

fidelity. Therefore, the single-shot read out calibration sets the RO duration that corresponds to the

largest average fidelity.

A.1.6 Dark ESR (electron spin resonance)

It is important that the NV ground-state transition frequencies are known, in order to properly control

the qubit state transitions |0〉 ↔ |1〉. This calibration starts with an initialization of the electron spin in

the |0〉 state, followed by the application of a MW pulse, and finally, the read out of the electron spin

state. We repeat the same sequence and sweep of the frequency of the MW pulse. It is expected

that, once the frequency of the MW matches the ground-state transition frequencies of the electron

spin, the probability of measuring the |0〉 state decreases. Additionally, considering the NV ground-state

transitions dependence on the nitrogen-state, three close frequencies should be identified for all spin

state transition, each one corresponding to a different nitrogen state.

A.1.7 MW π rotation

As mentioned in section 2.2.2, a MW can be used to control the electron spin state, i.e., to perform

arbitrary rotations. The angle of these rotations is determined by the amplitude and the duration of the

MW pulse. For this experiment, the pulse needs to cover all three transition frequencies found in the

dark esr calibration, which means that the MW pulse needs to be short. Therefore, in order to calibrate

a full π rotation, able to flip the |0〉 state to the |1〉 state and vice-versa, we can sweep the MW pulse
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amplitude and read out the electron spin such that we are able to find the point where the electron spin

is completely flipped.

A.1.8 Skewness

As mentioned in section 2.2.2, the MW pulse frequency is determined by the transition frequency of the

ms = 0 and ms = ±1 two-level system. However, the MW pulse frequencies are transmitted depending

on the transfer function of each setup, which means some frequencies in the Hermite MW pulse range

are more efficiently transmitted than others and consequently, the shape of the pulse is deformed. In

order to correct this distortion and maximize the fidelity of a MW pulse, the Fourier transform of the

Hermite pulse is multiplied by a linear function [33]. More specifically, the calibration consists on applying

π pulses and sweeping the slope of this linear function (that we call skewness of the pulse), such that

we determine the value that gets us closer to the |1〉 state.

A.1.9 Single shot read out with MW initialization

The same principle as for the first single shot read out calibration applies but, in this case, the electron

spin is initialized using the MW pulse calibrated in the MW π calibration, since it is the initialization

method that is used in the experiments. Therefore, a new optimum MW pulse duration is determined

and set in the parameters.

A.1.10 MW π
2

rotation

This calibration takes into account that a π
2 and π− π

2 rotations around the same axis should be equiva-

lent. Therefore, the MW amplitude is swept such that we find the value for which, for both situations, the

final state is in the x axis, using the same MW amplitude and MW pulse duration parameters.

A.1.11 Theta rotation

The same principle as for the MW π calibration applies but in a more general way, i.e., instead of

calibrating a single transition (|0〉 ↔ |1〉), it calibrates the MW pulse for a range of different superposition

states. The calibration range is restricted to what is considered to be useful for the experiment, such

that the control of the electron spin state is more reliable.

Multi-setup calibration

Optimize rejection of the reflected light

Some of the light that is sent to the NV to spin pump or read out the electron spin can be reflected

back, going though the same path of the ZPL photons. This can turn into a problem because we might

be mistaking laser light for ZPL photons. However, if we use a waveplate to set the polarization of
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the excitation light to be almost orthogonal to the polarization of the electron spin, we will be able to

further filter the reflected light from the ZPL photons, with the help of extra waveplates and a polarizer.

Therefore, we can turn on the laser, set its polarization with the cryo half wave plate (see section 3.2)

and finally, rotate a half-wave plate and a quarter-wave plate, such that we minimize the light going

though the polarizer to the detector.

A.1.12 Optical pulse - EOM and AOM

The entanglement generation rate and fidelity highly depend on the calibration of the optical pulse,

responsible for the excitation of NV’s. As mentioned in section 3.2, this laser light goes through an AOM

and an EOM for pulse modulation. The shape of the final pulse will depend on the voltage applied to the

EOM and on the amplitude of the oscillating electrical signal applied to the AOM, which means that both

settings need to be calibrated.

The on voltage that needs to be applied to the EOM is already determined by the fabricator. However,

it is important to calibrate the EOM off voltage, i.e., the voltage for which the pulse coming out the EOM

reaches the lowest power possible. For that, we send optical light pulses for a range of off voltages

applied to the EOM and record the tail counts1 per shot.

Finally, in order to ensure that the pulse is able to fully excite the electron spin, we send pulse light

shots to the NV, for a range of different AOM amplitudes2, record the tail counts per shot and check the

amplitude for which the tail counts reach a plateau.

A.1.13 Check the phase light

In the global phase stabilization measurement (see section 3.3) it is necessary that we know the intensity

of the input light such that, by measuring the output light, we can determine the optical phase difference,

∆φ. Therefore, we can turn on the phase light laser (purple solid lines in figure 3.3), block the light from

one of the setups such that we can measure the light intensity from each arm of the interferometer at

a time, and rotate a half wave plate, placed between the laser and the central beam splitter, until we

measure the desired intensity in the single photon detectors.

A.1.14 Optical pulse saturation calibration

This calibration step fits the purpose of finding the optical pulse power that completely excites the NV.

This is achieved first by preparing the NV in the |+〉 superposition state and then applying an optical

pulse with varying powers (more specifically changing the AOM amplitude) and measuring the number

of detected photons. As we increase the power we should see an increse in the number of photons until

the point where it saturates (reaches the perfect π rotation). We estimated that for a perfect π pulse we

should record an average of 0.12 counts. If this requirement is met for a specific power, then we set the

aom amplitude of the optical pulse to that same value.
1Tail counts refer to the number of photons considered to be emitted during decay, after an optical excitation pulse.
2AOM amplitude refers to the amplitude of the signal sent to the RF source that will then output an oscillating electrical signal

to the AOM.
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Appendix B

Corrections and Errors

As in any experimental project, the experimental results presented in this project have errors associated.

This appendix aims to clarify how they were calculated.

All the errors are propagated as:

σf(x,y,z,...) =

√(
∂f

∂x

)2

σ2
x +

(
∂f

∂y

)2

σ2
y +

(
∂f

∂z

)2

σ2
z + ... (B.1)

B.0.1 SSRO correction

This correction is applied to every NV electron spin state measurement presented in this work. In the

single shot read out calibration (see section A.1.5), we can determine the fidelity, F0 and F1, associated

with each state, |0〉 and |1〉, respectively, by calculating the fraction of times that the qubit prepared in |i〉
is measured to be in that same state. Relying on these two quantities, we can build an operator

R̂ =

 F0 1− F1

1− F0 F1

 , (B.2)

that relates the measured populations, M = (m0,m1)T , with the expected populations, P = (p0, p1)T , as:

M = R̂ P. (B.3)

This equation assumes that the measured population in a certain state is equal to the correctly assigned

population in that state plus the incorrectly assigned population in the other state.

The SSRO correction aims to obtain the expected populations P, by correcting every qubit’s state

measurement, experimentally obtained as:

m0 =
N0

N

m1 = 1−m0

, (B.4)

where Ni is the number of times we measured the |i〉 state out of the total number of repetitions of that
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same experiment, N , with the help of the R̂ operator, experimentally obtained with the SSRO calibration.

Finally, we simply need to invert equation B.3, arriving at:

P = R̂−1 M, (B.5)

or more specifically:

p0 =
F1m0 + (F1 − 1)m1

F0 + F1 − 1

p1 =
(F0 − 1)m0 + F1m1

F0 + F1 − 1

. (B.6)

Uncertainty

The probability distribution of N0 is the Binomial distribution, whose variance is Nm0(1−m0). Therefore,

we can calculate the uncertainty of m0 as:

σm0
= σm1

=

√
m0(1−m0)

N
, (B.7)

propagating to the expected populations uncertainty:

σp0 = σp1 =
σm0

F0 + F1 − 1
. (B.8)
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Appendix C

Supplementary Figures

NODE B WITH PULSE 1

NODE A WITH PULSE 1

Figure C.1: Fit of the function 4.6 to the experimental points after applying the sequence in figure 4.1
with α = 0.5. The y axis of the plot corresponds to the fidelity of the NV’s electron spin state with the |0〉
state, after a rotation to the right read out basis, while the x axis corresponds to the read out phase in
the xy of the Bloch sphere. The 0 degrees RO phase corresponds to the positive x axis. The different
colors correspond to different AOM amplitudes that are related to power of the optical pulse.
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NODE B WITH PULSE 1

NODE A WITH PULSE 1

Figure C.2: Top view Bloch sphere representation of the measured NV’s electron spin state vector x and
y coordinates after applying the sequence in figure 4.1 with α = 0.5.
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