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Abstract

One of today’s challenges to realise computing based on quantum mechanics is to re-
liably and scalably encode information in quantum systems. Here, we present a photon
source to on-demand deliver photonic quantum bits of information based on a strongly
coupled atom-cavity system. The source operates intermittently for periods of up to
100 us, with a single-photon repetition rate of 1 MHz, and an intra-cavity production effi-
ciency of up to 85%. Our ability to arbitrarily control the photons’ wavepackets and phase
profiles, together with long coherence times of 500 ns, allows to store time-bin encoded
quantum information within a single photon. To do so, the spatio-temporal envelope of
a single photon is sub-divided in d time bins which allows for the delivery of arbitrary
qu-d-its. This is done with a fidelity of > 95% for qubits, and 94% for qutrits verified
using a newly developed time-resolved quantum-homodyne measurement technique.

Additionally, we combine two separate fields of quantum physics by using our de-
terministic single-photon source to seed linear optics quantum computing (LOQC) cir-
cuits. As a step towards quantum networking, it is shown that this photon source can be
combined with quantum gates, namely a chip-integrated beam splitter, a controlled-NOT
(CNQOT) gate as well as a CNOT4 gate. We use this CNOT4 gate to entangle photons
deterministically emitted from our source and observe non-classical correlations between
events separated by periods exceeding the travel time across the chip by three orders of
magnitude. Additionally, we use time-bin encoded qubits to systematically study the de-
and re-phasing of quantum states as well as the the effects of time-varying internal phases
in photonic quantum circuits.
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Chapter 1

Introduction

Feynman’s and Deutsch’s idea to realise versatile computers and networks with the help of
quantum-mechanical systems [ |, 2] marked the beginning of a novel research area, namely
quantum information science [3, 4]. To process quantum information in physical units,
single quantum-mechanical systems are necessary where the quantum information can be
produced, manipulated, distributed and stored. The smallest unit of quantum information
is the qubit which is a two-state quantum mechanical system being in a superposition of
both of these states at the same time. The classical analogue to the qubit is the bit which

can only be in one state or the other at the same time.

To manipulate quantum bits of information, a universal set of quantum gates is neces-
sary which acts on one single or more qubits [5]. Single photons commonly act as carriers
of quantum information [6, 7, 8] as they are not too strongly susceptible to decoherence.
This allows for the transport of information over large distances in free space [9] or in fibre
[10]. The information itself can be imprinted on a superposition state of a particular degree

of freedom such as for example their polarisation or their photon number in a particular



mode.

In this thesis, we introduce a single-photon source based on a strongly coupled atom-
cavity system with which it is possible to encode quantum information in the time domain.
As a prerequisite, we show theoretically and experimentally that it is possible to arbitrarily
shape the spatio-temporal envelope of the single photons emitted from this source. We
imprint time bins onto each photon directly in the cavity by dividing the photon’s spatio-
temporal envelope into d separate peaks, putting each photon in a coherent superposition
of the respective number of d peaks. Two-peaked photons can be interpreted as time-bin

encoded qubits, three-peaked as qutrits and four-peaked as ququads.

Up to 2001, it was believed that the realisation of a quantum gate based on an op-
tical approach would require a nonlinear effect as one quantum state needs to influence
the state of another one. Effectively, this means that two single photons need to inter-
act nonlinearly, which is a very weak effect as traditionally, optical nonlinear effects [ ! 1]
such as for instance second harmonic generation [12] require high-intensity laser pulses
containing many photons. In 2001, Knill, Laflamme and Milburn [13] (KLM) discovered
that quantum gates can indeed be realised without the necessity of a nonlinear interaction
between two single photons. Their approach is based on the use of linear optical elements
and the measurement of auxiliary photons which provides for the required nonlinearity.
Therefore, this is a conditioned version of a quantum gate. For an all-optical KLM quan-
tum computer, deterministic sources of indistinguishable single photons in pure states are
required. In addition to the source of quantum bits of information, one only needs beam
splitters, phase shifters, and mirrors to process and efficient single-photon detectors, feed-

back from photo-detector outputs and quantum memories to store quantum information.
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The KLM approach is the foundation of the area of research now commonly referred to
as linear optical quantum computing (LOQC). To date, several quantum gates have been
demonstrated experimentally [14, 15, 16]. However, the scalability of these demonstra-
tions — a feature which is key to constructing real quantum computers [5] — is often limited
by the probabilistic nature of the spontaneous parametric down conversion (SPDC) photon

sources that are commonly used.

In this thesis, a single-photon source which is intrinsically different from SPDC sources
is introduced to linear optics quantum computing. This source produces narrowband pho-
tons deterministically from an atom-cavity system with a 200 ns coherence time and a
1 MHz repetition rate. As a step towards quantum networking, it is shown that this
photon source can be combined with quantum gates, a chip-integrated beam splitter, a
chip-integrated controlled-NOT (CNOT) gate [17] as well as a CNOT4 gate. We use this
CNOT4 gate integrated into a photonic chip to entangle our photons, and observe non-
classical correlations between events separated by periods exceeding the travel time across
the chip by up to three orders of magnitude. Additionally, we use time-bin encoded qubits
to systematically study the impact of dephasing of quantum states on the fidelity and er-
rors of photonic quantum circuits. In particular, we evaluate the CNOT functionality for

time-bin encoded qubits with various imprinted phases.

In Chapter 2, we focus on the physical and theoretical prerequisites to generate sin-
gle photons from an atom-cavity system. We discuss different types of photon sources
and put our single-photon source into a broader context. Also, we introduce the vacuum-
stimulated Raman adiabatic passage (V-STIRAP) used to generate single photons in our

experiment. Additionally, we explain how to shape the spatio-temporal envelopes of atom-



cavity photons and how that enables us to encode quantum information in this type of in-
formation carrier. Finally, we theoretically investigate the atom preparation in our system,
in particular how atoms can be cooled and trapped in a magneto-optic trap (MOT) and how
we can make these atoms interact with the cavity to form the strongly coupled atom-cavity

system.

We explain the prerequisites to deterministically produce single photons with an arbi-
trary spatio-temporal envelope from a strongly coupled atom-cavity system in Chapter 3.
We discuss the technical details of our experiment, in particular the laser system, the cav-
ity and the cooling and trapping of Rubidium atoms with the help of a MOT as well as
their launching with the help of an atomic fountain. Also, we describe how all parts of the

experiments need to be put in sync to achieve the overall goal of producing single photons.

Chapter 4 introduces the experimental work. We discuss the production of novel quan-
tum bits of information encoded in the time domain refered to as time-bin encoded pho-
tonic qubits, qutrits and ququads. To determine their properties, we introduce the novel
method of quantum homodyning. A thorough discussion about the differences between

quantum and ‘classical’ homodyning can be found in the Appendix, Chapter 7.

Chapter 5 discusses the second set of experiments. We demonstrate quantum logic
using our single photons from our strongly coupled atom-cavity system. We link two
fields of physics which have not been linked to date — namely cavity quantum electro-
dynamics (c-QED) and LOQC - and demonstrate the ability to do so with the help of a
simple chip-integrated beam splitter, CNOT and CNOT4 gate. With a defining feature of
two-qubit logic being the ability to generate entanglement from separable input states, we

demonstrate the generation of a maximally entangled Bell state with the help of this chip-
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integrated CNOT4 circuit. Additionally, we use time-bin encoded qubits to systematically
study the de- and re-phasing of quantum states as well as the the effects of time-varying
internal phases in photonic quantum circuits. Chapter 6 concludes this work with a discus-
sion of potential ways of continuing experiments regarding a strongly coupled atom-cavity

system.






Chapter 2

Theory — How to produce photons

from an atom-cavity system

In this Chapter, the main focus is on the physical and theoretical basics necessary to
understand the single-photon source experiment. We discuss different types of photon
sources in Sec. 2.1 and put our single-photon source based on a strongly coupled atom-
cavity system into a broader context. Also, we investigate the question of why we utilise
a cavity to produce single photons from a single emitter as well as the necessary prereq-
uisites to achieve this in Sec. 2.2. We moreover learn how to shape the spatio-temporal
envelopes of atom-cavity photons in Sec. 2.3 and how that helps us to encode quantum in-
formation in this type of carrier. Additionally, we investigate the atom preparation in Sec.
2.4, in particular how atoms can be cooled in Sec. 2.4.1 and trapped in a magneto-optic
trap (MOT) in Sec. 2.4.2. How we can make these atoms interact with the cavity to form

7
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the strongly coupled atom-cavity system is discussed in Sec. 2.4.3.

2.1 Introduction to single-photon sources

Before discussing different types of single-photon sources, we need to define what a pho-
ton is in the first place. A photon is an excitation of one single mode of the quantised
electromagnetic field [18]. Mode m of the quantised electro-magnetic field is described
by its frequency v,, and a photon — one excitation of this mode — possesses the energy of
hv,,, with h being the Planck constant. Let us continue with defining what an ideal source
for these photons is: An ideal single-photon source emits photons at the push of a but-
ton, at a user-defined point in time. The probability of emitting only one photon at a time
is 1 and the probability of emitting more than one is 0. Additionally, the emitted single
photons are indistinguishable, and the repetition rate is as fast as the user wishes and only
potentially limited by the duration of the single-photon pulse. To date, no single-photon
source has yet met these criteria.

In practice, there are various schemes [19] for producing single photons in modern
quantum optics. These non-ideal photon sources can be based on colour centres [20, 21],
quantum dots [22, 23], single atoms [24], single ions [25], single molecules [26] and
atomic ensembles [27]. In theory, these sources produce a single photon in response to an
external control or trigger, therefore, these sources are often referred to as deterministic'.
The alternative approach is to probabilistically produce single photons. These sources can
rely on photons created in pairs via spontaneous parametric downconversion (SPDC) in

bulk crystals [28, 29], waveguides [30] and by four-wave mixing (FWM) in optical fibers

IPlease note that due to extraction loss, these sources — which are in theory deterministic — become
probabilistic in reality.
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[31, 32] or waveguides [33]. One property of these sources is that the photons are created
in pairs, allowing for one photon to be used as a signal and one as a herald photon. In
theory, the distinction between deterministic and probabilistic delivery of single photons
is clear, however, in practice, this is not so much the case. In this thesis, we will focus
on a deterministic single-photon emitter based on a strongly coupled atom-cavity system

which we for this reason also refer to as photon pistol.

2.2 Single photons from an atom-cavity system

The technique to produce single photons from an atom-cavity system is based on a coher-
ent Raman process pioneered by Kuhn et al. [8, 34, 35, 36, 37]. The idea is to emit exactly
one single photon from a single emitter into a single mode of a radiation field when being
triggered to do so. This corresponds to the ‘on-demand’ criteria of an ideal photon source.
The single emitter is identified as an atom strongly coupled to a high-finesse optical cav-
ity, the single mode as a mode of the radiation field of such a cavity and the trigger as a
classical light pulse. This technique combines cavity quantum electro-dynamics (c-QED)

with an adiabatic transfer technique.

We start this Section with a description of an optical resonator in the form of a cavity
in Sec. 2.2.1, and motivate why we are using such an element in our experiment in Sec.
2.2.2. We learn how single emitters and cavities interact in Sec. 2.2.3 in general and why
it is necessary to have an atom-cavity system in the strong coupling regime in Sec. 2.2.4.
We conclude this Section with how we have to treat this system if the single emitter is a

87Rb atom in Sec. 2.2.5.
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vacuum mode
of cavity

cavity length d
<>

T, Ry, Ly \\%\ T, Ry, Ly

incoupling mirror outcoupling mirror

Figure 2.1: Cavity of length d with mirrors of reflectivity { R, Ro}, transmittivity {77, 75} and
loss {L1, Lo}. Around resonance transmission, one can determine the linewidth Avgwym of the
cavity. If one strongly couples an atom with the vacuum mode of the cavity (grey), one can produce
a single photon in this mode as described in Sec. 2.2.4. There are two potential loss channels to
lose this excitation, denoted « and -, also discussed in Sec. 2.2.4.

2.2.1 What is a cavity?

A cavity or Fabry-Pérot resonator consists of two reflective surfaces or ‘mirrors’ separated
by a distance d. Light, that hits the surface of a mirror can either be reflected, transmitted
or lost by absorption or scattering. Therefore, we can describe our resonator by the coeffi-
cients R;, T; and L;, where i € {1, 2} identifying the reflected, the transmitted and the lost
amount of light on the mirror. Due to energy conservation we find that R; + 7 + L; = 1.

An illustration of a cavity and the key parameters can be found in Fig. (2.1).

Light coupled into the resonator must fulfil the resonance condition and that the elec-
tric field is zero at the mirror surfaces. The resonance condition arising from boundary

conditions at each mirror reads

mit =, 2.1
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where m is an integer. The length of the resonator is consequently the m-times half the

wavelength of the incoupled light. Therefore, the resonant frequencies are

b= (2.2)

>
3

The spacing between resonant frequencies thus is Av = v, 1 — v,. This parameter
is called the free spectral range Avgsg of the cavity. With Egs. (2.1) and (2.2) we can

calculate the free spectral range to be

c
AVpSR = Vg1 — Vm = = (2.3)

2d

Another important property of the resonator is the linewidth Avgwpy which describes the
spectral width of the resonance transmission, or more precisely, the spectral full-width-
half-maximum (FWHM) value of the transmitted Lorentzian profile. The cavity’s finesse

JF 1s defined as

F— AVFSR . W\/ﬁ

= = 2.4
Avpwam 1-R’ @4

where R = /R R,. The finesse is commonly used as a measure of the quality of the
resonator as it can be thought of as the mean number of round trips of a photon in the
cavity. Assuming no absorption or scattering loss, in the vicinity of the resonance we find

twice the decay rate of the cavity [37] to be

2Kk = AVFSR/.F. (25)
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The experimentally determined parameters for the cavity used in the photon-pistol exper-
iment, such as its length d, its linewidth Avgwywm and the free spectral range Avgsg can be

found in Secs. 3.2.6 and 3.2.7, respectively.

2.2.2 Why using a cavity?

The first question which needs to be asked is why we want to put a single emitter inside a
high-finesse optical cavity to produce our single photons. There are two reasons to do so:
Firstly, we want to eliminate the possibility that the photons are emitted in all directions,
which clearly reduces the versatility of a photon source as the photons need to be collected
from a large solid angle. Secondly, as already stressed in the introduction, we do not want
to spontaneously emit our photons into free space but into one well-defined mode of the
electro-magnetic field. As discovered by Purcell in 1946 [38], the spatial mode density
inside a cavity changes if a single emitter is placed inside it. Therefore, the spontaneous
emission rate into the cavity mode can be either enhanced or suppressed [36]. The equation

for the Purcell factor f describing this phenomenon reads

3Q\°
f= 47?2‘/ (2.6)

where V' is the mode volume of the cavity, )\ the wavelength of the emitted radiation and
@ the quality factor of the resonator. The quality factor is defined as Q = v/Vrwum,
the ratio of the resonance frequency v and the cavity linewidth vgwym. For f < 1, the

spontaneous emission rate is enhanced or, if f > 1, suppressed. Moreover, the probability

’The original finding was that the spontaneous emission of a fluorescent molecule can be enhanced by
putting it into a matched resonant cavity.
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of spontaneous emission of a photon into the cavity reads [37]

8= ffCH @.7)

where f is the Purcell factor introduced in Eq. (2.6). Therefore, it can be seen easily that
for a large value of f — obtained by a very small mode volume V" or a very high quality
factor () — the probability of a photon being emitted into the vacuum mode of the cavity is
significantly larger than the probability of a photon being emitted into free space, which is
traditionally referred to as «y. This effect has first been demonstrated by Carmichael [39]

and DeMartini [40].

2.2.3 Atom-photon interactions inside an optical resonator

Having already motivated the use of a cavity when we want to produce single photons,
this Section discusses what happens when a single emitter is placed inside a resonator.
Any single quantum system which exhibits discrete energy levels can be coupled to a
quantised mode of a radiation field inside an optical cavity [37]. The interaction with
a monochromatic, resonant light field of frequency w.,, can be described by the Jaynes-
Cummings model [41], however, this model only applies for two-level systems. This is
thoroughly discussed for instance in [42].

In extension to the Jaynes-Cummings model, we are here considering the atom as a
A-type three-level system® with two long-lived ground states |u), |g) and one excited state

|e) taking part in the interaction. An abstract depiction of the scheme can be found in Fig.

3This will be of help for the discussion in Sec. 2.2.4.
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A

o le,0> tAC‘aSS A Aatom—cavity
A U cav i coupling g
| B R e

)
L

£
T Wcav
“5 Welass

3 Wye = We~Wy

5| |u,0> =.-

o | Wge =We-Wy v

(0]

lg.1>

Figure 2.2: A A-type three-level system with two ground states |u), |g) and one excited state
le): The transition frequencies between the levels are Wge = We — Wg and wye = We — wy. To
address the states, we use a classical light field wcjass With Rabi frequency {27. The detunings are
Acay = Weg — Weay and A¢jass = Weu — Welass-

(2.2). The transition frequencies between the levels are wye = we — Wy and wWye = We — wy.
To address the states, we use a classical light field w,,ss with Rabi frequency {21, where the
subscript T stands for trigger. The detunings read Acyy = Weg—Weay aNd Acjasg = Weu—Welass-

The cavity field is quantised and can be expressed by a superposition of number states
|n), where n denotes the number of photons inside the cavity. As the corresponding en-
ergy spacing is equidistant, we can treat the cavity as a quantum mechanical harmonic

oscillator. Therefore, the cavity’s Hamiltonian reads

By = iy (80 + ), 2.8)

where G and @ are the creation and annihilation operators of a photon inside the cavity.

The Hamiltonian of the atom reads
f{atom = hWU|u> <U| + hwg‘Q) <9| + hwe|e> <6|‘ (2.9)

The three-level-extended Jaynes-Cummings Hamiltonian of the whole system is given by
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the sum of the cavity’s, the atom’s and the interaction Hamiltonian
HJC,3 = Hcavity + Hatom + Hinteraction, (210)

of which we already know ﬁcavity and If[amm. A complete discussion of the process can be

found in [36]. The interaction Hamiltonian in the interaction picture reads

A h
Hineraction = 5 (2t l) (] + 24| 9) (gl = 2r(Ju)(e] + e} {ul) (2.11)

— 2g0(|e)(gla + a'|g)(el) )

from which we can see that only the states |u,n — 1), |e,n — 1) and |g,n), where n
denotes the photon number in the cavity, are coupled. In the following, we assume that the
detunings A.,y = Acas = A. The eigenfrequencies of the interaction Hamiltonian given

in Eq. (2.10) depending on the photon number 7 in the rotating wave approximation read

Wl = Weay(n +1/2), (2.12)

WE = wean(n +1/2) + 1/2(A % \dngd + 2§ + A?) =

:wg+1/2(Ai\/4ng§+Q%+A2>. (2.13)

If we assume the photon number n to be exactly equal to one, we find the eigen- or dressed

states to be
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la™) sinfcos¢ sinfsing cosd lg, 1)
lat)| = | cosfcos¢p cosfsing —sind | ||u,0)]| - (2.14)
|a®) —sin ¢ cos ¢ 0 le, 0)

So, the definition of the dressed states is nothing else than a rotation of the states |g, 1),

|u, 0), and |e, 0). The rotation angles ¢ and 6 are defined as

0
tan ¢ = —- (2.15)
290

V4gs + 2%
tan§ = BT (2.16)

VAR + B+ A - A

We conclude that the interaction with a classical light field of Rabi frequency (2r lifts the
degeneracy of the eigenstates. However, as we can see from Eq. (2.14), there is one of
the dressed states |a”) which does not contain a component of the excited state |e, 0), so it
cannot decay spontaneously — it is a ‘dark’ state. If {2r = 0, the dark state is equal to the
initial state |u,0). By applying a classical light field of Rabi frequency (21, we find that
there is a mixture of states |u, 0) and |g, 1). In case of 2y > 2g, the term 1/(tan ¢) will
go to zero and the eigenstate reduces to |g, 1). With a suitably chosen light field of Rabi
frequency (2r it is possible to transfer the atom from the initial state |u, 0) to the end state
|g, 1), without populating the excited state. This only works if the adiabaticity is kept [43].
The three-level-extended Jaynes-Cummings Hamiltonian as shown in Eq. (2.10) does not
include any coupling to an environment leading to decay. To include loss mechanisms
such as the spontaneous decay ~ into free space — also referred to as atomic polarisation

decay rate — as well as the field decay rate out of the cavity x, one has to use a master
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A €07
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Figure 2.3: Single photon production via an adiabatic Raman process: Ground state |u, 0) of the
atom is coupled to the excited state |e, 0) via the trigger pulse (2r. The other ground state, |g, 1)
is coupled to the excited state |e, 0) via the vacuum mode of the cavity. The atom is prepared in
one ground state |u, 0) and with the help of a trigger pulse of Rabi frequency {21 and experiencing
the two couplings, it is pumped to |g, 1) without populating the excited state |e, 0). To restart the
process, the atom is transferred to the initial ground state |u, 0). Please note that the states |0) and
|1) denote the population of the cavity mode with no or exactly one photon.

equation approach. These two decay channels are pictorially represented in Fig. (2.1). For

a complete discussion of this system please refer to [34].

2.2.4 Producing a single photon from a strongly coupled atom-

cavity system

To produce single photons from an atom-cavity system, we drive the vacuum-stimulated
Raman adiabatic passage (V-STIRAP). As Sec. 2.2.3 has discussed this scheme purely
theoretically, we briefly summarise the principle in words and without equations: In an
idealised atomic A-type system with ground states |u,0), |g, 1) and excited state |e, 0),
we choose the resonance frequency of the used cavity to be close to the atomic transition
between states |g, 1) and |e, 0), coupling both states. The other ground state, |u,0), is

coupled to the excited state |e,0) with the help of an external laser pulse with the Rabi
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frequency (27 as it can be seen in Fig. (2.3). If the atom is prepared in this ground state
|u, 0) in the cavity with no photon present, it is possible to coherently transfer the atom
between both ground states without populating the excited state as well as emitting a sin-
gle photon into the cavity mode. A constraint is that the control fields change sufficiently

slowly (adiabatically)* [34].

Up to this point, we have considered the system’s Hamiltonian in Eq. (2.10), in par-
ticular its interaction Hamiltonian in (2.11), the associated eigenvalues in Egs. (2.12) and
(2.13) and dressed states in Eqs. (2.14) that we obtain when coupling a /A-type three-level
atom to a cavity. However, we have not discussed any couplings to an environment leading
to decay. In Sec. 2.2.3, we already hint at the spontaneous decay from the excited state
le, 0), ~, into free space as well as the cavity decay rate . The cavity decay rate leads
to the loss of the excitation out of the cavity which reduces the state |g, 1) to |g,0) and

decouples this state from further evolution.

Therefore, the most important requirement for the V-STIRAP process to occur is that
the atom-cavity system 1is in the strong-coupling regime [36, 37] during the V-STIRAP
process. This means that the coherent interaction with the cavity dominates over the decay.
The important parameters are the atom-cavity coupling ¢g(7) and the two decay channels

v and K.

In general, the atom-cavity coupling constant depending on the position of the atom 7

“This adiabaticity will be of great help when it comes to ‘shaping’ of single photons which will be
discussed in Sec. 2.3.
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is given by [36]

p| - | B

9(r) = go Weavity (1), with go = a—

where g, is the maximum coupling constant, ¥,y () the mode function of the cavity
mode, F is the electric field in the cavity and u the electric dipole moment of the respec-
tive atomic transition. For the vacuum mode of the cavity, the amplitude of E can be
rewritten as | E| = |/fwe,y/2€60V, where V' is the volume of the mode and we,, the reso-
nance frequency of the cavity. In particular, for the cavity coupling the transition between
the excited state |e¢) and ground state |g) of the atom, the atom-cavity coupling constant

g(r) reads

M?:g wge
= B g (). 2.17
g(,r) 2h€0‘7 ty("”) ( )

In the case of maximum coupling, Y ,iy(r) = 1 and we find g(r) = go, which is for

instance the case in an anti-node of the cavity.

Potential decay channels have been introduced above as the spontaneous emission rate

~ and the cavity decay rate . The strong-coupling regime constraint [36] is fulfilled if

9> {7k}, (2.18)

where g is the coupling strength of the atom with the vacuum mode of the cavity as it has
already been introduced in Eq. (2.17). To obtain a high g, we therefore need a short cavity

with a resulting small mode volume V' as g < 1/V. Additionally, we want to influence
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the loss rate « and keep it at a low level. This is experimentally done by the right choice
of reflectivities of the cavity mirrors and qualified by the cavity finesse JF as it is shown
in Eq. (2.5). The finesse has already been introduced in Sec. 2.2.1 and Eq. (2.4). As
F x VR/\V/1— R, where R = \/R| R, and R, and R, are the reflectivities of the cavity
mirrors, we can see that we need highly reflective mirrors. The relation between the decay
rates and the coupling constant of atom and vacuum mode of the cavity can be described

by the cooperativity parameter

c=9_ (2.19)

which determines the effect of one single atom inside a cavity [44]. We can use the co-

operativity parameter to determine the maximum possible photon production efficiency

2C

max — S~ . 40 2.20
Mhmax = 9641 (2:20)

which is solely dependent on the cooperativity. As it can be seen from Eq. (4.5), the
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Figure 2.4: V-STIRAP process on the Dy-line between states 52 S1/2 and 52 P35 of 8TRb. The
atom is prepared in the F = 2 hyperfine state and pumped to the F = 1 state via emitting one single
photon into the vacuum mode of the cavity. With a repump laser, the atom is excited to the F* =2
state from where it probabilistically decays into the initial state F = 2. From there, the V-STIRAP
process can be restarted.

stronger the atom-cavity coupling, the closer the photon production probability is to 1.

2.2.5 Producing a single photon from a *Rb atom

The atom that we want to strongly couple to our high-finesse optical cavity is a ¥’Rb atom’
due to the fact that it has the lowest nuclear spin and therefore the simplest hyperfine
structure. Additionally, we can address its hyperfine levels with cheap commercial® diode
laser systems. Also, cavity mirrors are better in the near infrared. From other groups, we
know that the reflectivities of the mirrors in the blue or much beyond 800 nm in the red
are not as good. In our particular case, we use Rubidium’s D,-line (52 S; 2 — 52 Py /2)>
which is illustrated in Fig. (2.4).

We identify the states |u, 0), |e,0) and |g, 1) introduced in Secs. 2.2.3 and 2.2.4 as the

SHistorically, all the Alkalis have been of interest in atomic physics due to the fact that these atoms only
possess one valence electron. Therefore, one could also think of Lithium (671 nm) or Sodium (589 nm)
as an Alkali. Their atomic structure could be addressed with visible light, however, there are practically
no laser systems at these wavelengths. Another option would be Cesium, in which case one would have
to go to higher hyperfine energy levels, F = 4 and F = 5. Instead of 3"Rb, one could also think of 5Rb.
The advantage here would be that 8°Rb is more naturally abundant than 3"Rb and cheap commercial laser
systems are also available. However, the scheme to produce photons of alternating polarisation wouldn’t
work on this atomic structure.

Thanks to the CD-ROM player there are cheap laser diodes available at around 785 nm.
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hyperfine energy levels F =2, F* =1 and F = 1. Therefore, we find that the V-STIRAP
process starts with the 3’Rb atom prepared in the F = 2 hyperfine ground state. This atom
experiences two couplings, one to a classical light field of Rabi frequency {21(¢) resonant
to the atomic transition from the F = 2 to the F” = 1 hyperfine energy level (|u, 0) — |e, 0)).
We refer to this light field as STIRAP, drive or pump laser field. The other coupling is to
the vacuum mode of the cavity the atom is placed in. The cavity’s resonance frequency
is close to the F = 1 — F’ = 1 hyperfine transition of the atom originally introduced as
lg,1) — |e,0) and therefore far off-resonance to the atomic transition F =2 — F = 1.
With the help of these couplings as well as a suitably chosen light field of Rabi frequency
(27, it is possible to transfer the atoms, we can create a photon in the vacuum mode of the
cavity. The photon leaks out of the cavity with a rate of x, as it has also been thoroughly

discussed in Sec. 2.2.4.

After this, the system is in state F = 1 corresponding to |g, 0) and has to be repumped
to its initial state F = 2 introduced as |u, 0) in order to restart the single photon production
process. We achieve this with the help of the repump laser, resonant to the F =1 —
F’ = 2 transition, which optically pumps the atom to the hyperfine state F* = 2 from where
it probabilistically decays back to its initial state of F = 2. At that point, the photon
generation process can be restarted and the next single photon can be produced. All the
experimental details such as for instance how the laser beams need to be prepared to drive
the V-STIRAP process can be found in the experimental Chapter 3 in Sec. 3.1, in particular

in Figs. (3.1) and (3.3).
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2.3 Arbitrarily ‘shaped’ single photons from an atom-

cavity system

Having shown theoretically that we can produce single photons from an atom-cavity
system in Sec. 2.2, we discuss how we can imprint an arbitrarily shaped spatio-temporal
envelope on the photon, which we also sloppily refer to as their ‘shape’. This Section is
based on the analytic recipe of how to drive an atom-cavity system to have such a photon
delivered, published in [45]. A proof of principle test of this recipe can be found in Fig.
(2.5).

The idea is to start from the desired spatio-temporal envelope of the photon in final
state |g, 1) and to work backwards to calculate the required driving pulse of Rabi frequency
(21(t) acting on initial state |u, 0). The abstract level scheme we base our nomenclature
on can be found in Figs. (2.3) and (2.4). The atom-cavity system is described by the

time-dependent Schrodinger equation

d 5 0 0(t) 0
ih—c(t) = —= | 20(t) 20y 2g | c(?), (2.21)
dt 2 )
0 29 2K
H(t)

where c(t) = [c,(t), ce(t), cg(t)]" are the probability amplitudes for the two ground states
|u, 0) and |g, 1) and the excited state |e,0). The cavity decay rate  as well as the atomic
polarisation decay rate v have been phenomenologically introduced by non-hermitian
damping terms as opposed to for instance in Eq. (2.11). Please note that this Hamiltonian
is in the interaction picture and that the rotating wave approximation has been applied.

Also, all detunings and higher number photon states have been neglected. As the Hamilto-
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nian H (t) is known, the calculation of the time-dependent Rabi frequency is more or less

straightforward [45]. The coupled equation system can be written out explicitly

d 1

Zacu(t> = —§QT(t)Ce(t), (222)
d 1

z'%ce(t) = —§QT(t)cu(t) — 1yce(t) — geg(t), (2.23)
d

i%cg(t) = —gce(t) —ircy(1). (2.24)

eult)
Or(t) = =242 2.25
T( ) ¢ Co (t) ( )
Now, we define the desired shape of the photon’s probability amplitude Wppoton(t)
!pPhoton<t) = \/ﬁwo(t), (226)

where W, (t) denotes the normalised photon wavefunction with [ dt|%(¢)|> = 1 and n
is the total probability for a single-photon emission from the cavity. The photon’s field
amplitude is only defined by the probability amplitude of the final ground state |g, 1) with

one photon being present, scaled by v/2x

o LpPhoton (t)

cg(t) = o (2.27)

where « is the cavity decay rate which has been phenomenologically introduced in Sec.

2.2.3. From this equation, it can be seen that the probability amplitude c,(t) is directly
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Figure 2.5: Twin-peak single photon from atom-cavity systems: The red line shows the calculated
Rabi frequency (2r(t) required to obtain twin-peak photons for values (g, , v) = 2 7 (15, 12, 3)
MHz and a photon emission probability of = 0.81. Also, we show the experimentally measured
twin-peak photon data. We actively use this shaping method in Chapter 4.

proportional to the desired photon’s probability amplitude. From re-arranging Eq. (2.24),

one obtains

e(t) = —; (jtcg(t) T keg(t)). (2.28)
As a next step, the probability amplitude of the excited state taking part in the interaction
cu(t) needs to be determined. As a clear expression cannot be obtained from the Hamil-
tonian [45], a different approach has to be taken which uses the diagonal elements of the
density matrix — the population. The population of the system can only be lost via the two
channels v and x — the atomic polarisation decay rate v which as well as the cavity decay
rate x also has been phenomenologically been introduced in Sec. 2.2.3. The probability

to find the system in its initial state |u, 0) can be written as

pu0) = 1= pealt)pa(t) = [ dh[2rpeet) + 2npyg 1), (2.29)

*

where the density matrix element p,, = cc, and analogously p.. = c;c. and pg; = Cq

Cg.



26 2.4. How to get atoms inside a cavity

As ¢,(t) and c,(t) are purely real and c.(¢) purely imaginary, one can write

cu(t) =/ pu(t). (2.30)

Inserting this result into Eq. (2.25), the Rabi frequency — a real function that defines the

driving pulse to obtain the desired photon shape Wppoon(t) — can be calculated

%Puu (t)

QT t) = —1—8%—-——.
<) Ce@) puu(t)

(2.31)

This is the analytical recipe of how to calculate the Rabi frequency in order to produce
a single photon with an a-priori defined spatio-temporal mode from a A-type three-level
system. To calculate the Rabi frequency on a daily basis, a Mathematica script is used to
solve Eq. (2.31) numerically. If we put this recipe to the test, the result can be seen in Fig.

2.5).

2.4 How to get atoms inside a cavity

Having studied theoretically how to produce single photons from a strongly coupled atom-
cavity system in Secs. 2.2 and 2.3 of this Chapter, we are focussing on how the atoms as
such need to be prepared. In the following, we discuss the principles of cold neutral atoms
in Sec. 2.4.1, in particular how to create a magneto-optical trap (MOT) in Sec. 2.4.2.
The MOT has become a standard tool in contemporary atomic-physics experiments when
cold, neutral atoms are required as it both laser cools and magneto-optically traps them

[46]. The first MOT has been realised in 1987 by Raab [47]. Additionally, we answer the
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question how to make cold atoms interact with the cavity in Sec. 2.4.3.

2.4.1 Doppler-cooling — the optical molasses technique

The technique to laser-cool atoms is based on the principle that laser light can experimen-
tally slow moving atoms down and also manipulate them. We assume a two-level system’
with a transition frequency w, and shine near-resonant laser light of frequency w onto it
with w = wy £ A, where +A is the detuning. Due to the Doppler shift, atoms of a certain
velocity class v = A/k see resonant light with their transition of frequency wy. With k& we
denote the photon’s wave vector. Assuming a red-detuned laser light, it is ensured that any
atom which moves fowards the laser sees Doppler-shifted light on resonance and experi-
ences a momentum transfer opposite to its direction of motion. This momentum transfer
can occur when an atom absorbs and re-emits a photon of Doppler-shifted resonant light.
Conversely, an atom moving in the opposite direction — away from the light source — sees
Doppler-shifted light away from resonance. As the photons are strictly coming out of
one direction and can be re-emitted non-directionally in 47, the atoms are slowed down.
Therefore, two counter-propagating laser beams help to reduce the atoms’ momentum in
both directions of motion in one dimension. Three pairs of counter-propagating beams
ensure the cooling of atoms in three dimensions. This technique is referred to as optical

molasses [40, 48].

Naturally, the closer the Doppler-shifted light is to the transition frequency of the

atoms, the higher is the scattering rate [24 s, Of the atom. Mathematically, with R cay

"This assumption is justified in our case as the linewidth of the laser is small enough to not address a
different energy level.
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being the scattering rate on resonance, we find

Ri,scatt = RO,scatt : (2.32)

where [’ is the linewidth of the transition corresponding to the transition frequency wy, w
the frequency of the laser, 0. = w — wy £ kv = A + kv the difference between laser
frequency w and atomic transition frequency wy taking into account the Doppler shift.
For lower power, indicating that intensity / is much smaller than the saturation intensity

(I /I < 1), we obtain as a velocity-dependent force on the atoms in the molasses phase

Fra(v) = Bk, (B eat = B sean) = (2.33)

photon momentum

scattering rate

= hk Ro scau - ( ! 5 — ! 2). (2.34)
1 () 1+ (7R)
Due to momentum transfer, the atoms can be cooled by absorbing and re-emitting pho-
tons. What we have not taken into account is — when emitting the photon into 47 — the
atom receives a momentum ‘kick’ in a random direction which leads to a random walk
in velocity space [46] and therefore to heating. The minimum temperature we can cool
the atoms in the optical molasses technique is determined by the balance of this heating
process and the cooling of the laser is referred to as Doppler temperature 7pgppier Which is
146 ;K for the 8'Rb D,-line [49]. To both cool and trap the atoms at the same time, we

have to go to even lower temperatures. How we achieve this is discussed in Sec. 2.4.2.
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Figure 2.6: By applying a magnetic field to our optical molasses technique, we can also confine
our atoms: The magnetic field is generated with the help of two anti-Helmholtz coils and is — if
the earth magnetic field is compensated for — O in the centre of the trap. By the magnetic field,
the degeneracy of the mp states is lifted the further the atom moves away of the centre of the trap.
With the help of red-detuned laser light and the correct polarisation, we can ‘kick’ the atoms back
towards the centre of the trap.

2.4.2 Sub-Doppler-cooling — the magneto-optical trap (MOT)

In Sec. 2.4.1, we have discussed the optical molasses technique to cool atoms, however,
this cooling technique does not trap these atoms at the same time. To implement a trap,
a spatially dependent quadrupole magnetic field is introduced [46] with the help of two
coils in anti-Helmholtz configuration (currents in opposite direction). To explain the prin-
ciples of a magneto-optical trap, we are considering an atom with a ground state and an
excited state with angular momentum F = 1 and three degenerate energy levels namely
mp = {—1,0, 1} in the following.

As it can be seen in Fig. (2.6, upper), there is no magnetic field at the centre of the
two anti-Helmbholtz coils. Discussing this problem in only one dimension, we refer to
this centre point as x = 0. With B(x) = 0, atoms do not experience any magnetic field

and their atomic energy levels remain unperturbed. However, if they are displaced from
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this position, they experience a Zeeman shift in their magnetic sub-levels mg and their

degeneracy is lifted according to

AE(x) = gg up mg B(z), (2.35)

where up is the magnetic moment, and gg is the Landé factor®. A schematic illustra-
tion can be found in Fig. (2.6, lower). To form a magneto-optical trap, we shine three
counter-propagating laser beams intersecting each other at x = (. The laser beams are
circularly polarised and red-detuned from the atoms’ resonance frequency. Analogously
to the scattering force for the optical molasses technique in Eq. (2.33), one can deduce
the velocity-dependent force the atoms experience with respect to their scattering rates

Ry scaw and R, _ cqy for both incoming o, o_ circularly polarised laser beams

FMOT(Ua ZL’) = hk(RU,,scatt - RU+,scatt) =

1 1
= hkRoscar - ( 7 — 2), (2.36)
’ 0_—AE(x)/h 0++AE(x)/h
L (BB (LAl

where §; = w — wy + kv and 0_ = w — wy — kv. Please note that wy + AE(x)/h is
the resonant transition frequency in the mg = 1 and wy — AE(x)/h in the mg = -1 case.

Therefore, we find

Fyor(v, ) = hk(Ry_ scan(w —wo — AE(z)/h — kv) (2.37)

— Ry scat(w — wo + AE(x)/h + kv). (2.38)

8For most of the transitions used in laser cooling experiments g ~ 1 [46].
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For the velocity-dependent part of the force, we find using the Taylor expansion’

Fyor(v) = Fo_ scan(w — wo — kv) — Fy | sea(w — wo + kv) =

aF scatt
Ow

ancatt) _

- Fsca -
( w(w —wp) + kv 5

~ Fscatt(w - WO) — kv

ancatt
Oow

= —2kv = —au, (2.39)

assuming small velocities.

For the position-dependent part force on the atoms in the MOT phase, in the approxi-

mation of small values of x and a linear magnetic field B(x), we find

FMOT(m) = Fa_,scatt(wo - AE/h) - Fa+,scatt<w0 + AE/h) =

AFE OF ,0B(x)
— —27 ~
h Owy B ox o

=—0ux, (2.40)

assuming small detunings and a small Zeeman shift. The prefactor 5'0B(x)/0x with
0B(x)/0x = const. looks like a spring constant. This indicates that the further the dis-
tance of the atoms to the x = 0 point, the more they are forced back. Taking Eqgs. (2.39)
and (2.40) into account, we find the total force on the atoms to be Fyor(v, z) = —av —fz,
which is similar to the structure of a damped harmonic oscillator [46]. This leads to the

cooling of atoms as well as to their local confinement.

£ ()| pmuy = f(z0) + f'(z0)(x — m0). We identify f’ as g—f).
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2.4.3 The atomic fountain

Having discussed how to cool and trap atoms in Secs. 2.4.1 and 2.4.2, the final question
to answer is how we can make the atoms interact with the vacuum mode of the cavity
and form a strongly coupled atom-cavity system. To do so, we use an atomic fountain
technique, which launches the atoms towards the cavity after having cooled them down
in a MOT to sub-Doppler temperatures as described above. If the momentum is applied
correctly to the atoms, their upper turning point is equivalent to the centre of the cavity
mode. This guarantees reasonably long interaction times. This technique is called moving
molasses technique.

To launch the atoms, the upper and lower MOT beams are frequency detuned w + Aw,

with respect to each other. In a moving reference frame with velocity [46]

v="e, (2.41)

the Doppler shift amounts to Aw, such that all beams appear to have the same frequency
and the atoms are cooled into a moving rest frame. After the launch of the atoms, all
MOT beams are switched off, the cloud of atoms ballistically moves towards the cavity
and eventually interacts with the cavity mode. For all the experimental parameters of the
MOT and cold atoms please refer to the experimental Sec. 3.3. In this referenced Section,
we show stationary pictures of the MOT such as in Fig. (3.16), how the atoms slowly move
upwards after being launched in Fig. (3.19), demonstrate the MOT’s loading, expansion

and temperature in Sec. 3.3.2, and its dynamic properties in Sec. 3.3.3.
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Technical discussions — The

nitty-gritty details of photon pistols

One of our primary goals is to deterministically produce single photons with an arbi-
trary spatio-temporal envelope from a strongly coupled atom-cavity system. To do so, we
first need to deliver one single 8"Rb atom between two mirrors of a high-finesse optical
cavity. This is done by first cooling roughly 10° atoms to xK regime with the help of a
magneto-optical trap (MOT) and then launch them upwards with an atomic fountain. The
cavity itself needs to be locked to a Rubidium resonance with the help of a reference laser.
This cavity frequency couples one ground and one excited state of our atomic /A-type level
scheme taking part in the interaction to drive the V-STIRAP process. The other ground
state is coupled to the excited state with a driving laser. This V-STIRAP process delivers
the single photon deterministically in the vacuum mode of our cavity.

In Sec. 3.1 of this Chapter, we describe the diode laser system and their locking proce-
dure, common to all the elements of the setup. Next, we discuss the cavity, its properties
and its locking scheme in Sec. 3.2. In Sec. 3.3, we focus on the atoms in the experimen-
tal setup. Finally, we discuss the repetitive experimental sequence used for single-photon

33
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generation in Sec. 3.4.
3.1 The laser system

The key to the photon pistol experiment is a well-characterised and stably operating laser
system. Our infrared diode laser system consists of two Toptica DL100s. In the follow-
ing, we discuss how to actively stabilise them to a frequency reference and the way they
are aligned in the lab to operate a magneto-optical trap, lock the cavity and drive the V-

STIRAP process.

3.1.1 Frequency stabilising the laser system and Rubidium spec-

troscopy

Two DL100 Toptica diode lasers in Littrow configuration are sufficient to provide all nec-
essary frequencies to generate a MOT, to launch the atoms towards the cavity, to lock the
cavity and to drive the V-STIRAP process. An overview of the complete level and laser
locking scheme can be found in Fig. (3.1). We use the F =2 — F’ = 3 transition in the
Rubidium Ds-line [49] to cool and trap the atoms. We refer to the laser addressing this
transition as the MOT cooling. Atoms could also potentially be excited into the F* = 2
state. From there, they can decay into the F = 1 state and are lost from the MOT cycle as
they do not interact any more with the cooling laser. Therefore, a MOT repump laser is
needed in addition which drives the atoms from state F = 1 to state F° = 2. From there,
they may decay into F = 2 and again participate in the magneto-optical trap’s cooling cy-
cle. Additionally, we need laser beams of certain frequencies to lock our cavity to and to

drive the photon generation process. As already described in Chapter 2, the cavity couples
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Figure 3.1: Hyperfine level scheme of the Da-line of 8Rb (left) and necessary frequencies to drive
the V-STIRAP process as well as to provide for the MOT cooling and repumping light (right):
The laser system consists of two DL100 Toptica diode lasers. With the help of its commercial
Pound-Drever-Hall locking circuit the laser used for cooling is locked to the crossover point X13,
the midpoint between the F=2 — F’ =1 and F = 2 — F’ = 3 transitions, whereas the repump
laser is locked to the crossover point X12, the midpoint between the F=1 - F =1and F=1
— F’ = 2 transitions. To prepare the laser beams at the correct frequencies, the respective laser
beam frequency is shifted with double- or single-passed acousto-optic modulators (AOMs). The
measured spectra and error signals can be found in Fig. (3.2).

one of the two ground and one excited state of our Rubidium atom idealised as a A-type
levels scheme. We refer to this transition as the cavity locking transition. To drive the
atomic photon generation process, we need the STIRAP pump laser and, after the atom has

generated one single photon, the STIRAP repump laser to restart the process.

The two DL100 grating-stabilised diode lasers are locked via a Doppler-free saturated
absorption spectroscopy of Rubidium in a room-temperature vapour cell, which is a stan-
dard technique in atomic physics [50]. As it can be seen in Fig. (3.1), the cooling laser
is locked to the crossover point that is halfway between transitions F =2 — F’ =1 and
F =2 — F =3, referred to as X13. The repump laser is locked to the crossover point of

transitions F=1 - F =1and F=1 — F =2, referred to as X12. The locking scheme of
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the lasers consists of the commercial Toptica Pound-Drever-Hall (PDH) and proportional-
integrative-derivative (PID) action controller. The PDH modulates the laser current at 20
MHz via the BIAS-T of the laser head which gives rise to sidebands of £20 MHz spectral

distance to the centre frequency of the laser.

The locking circuit operates as follows: A small amount of light is double-passed
through a cell filled with natural abundance Rubidium vapour in the pump-probe scheme.
With the term ‘pump-probe scheme’ we mean that we send a beam of around 1 mW
laser power through the vapour cell — the pump beam — and counter-propagatingly the
probe beam of the same frequency. The probe beam is registered on a photodiode. Only
if the laser beams are close to the atomic resonance within the natural linewidth I, the
two beams address atoms of the same velocity class and direction of motion. Close to
resonance, the pump beam will excite the atoms and as soon as the number of atoms in the
excited state and the number of atoms in the ground state are equal, the transition is called
saturated. When the transition is saturated, the rate of absorption is equal to the rate of
stimulated emission and so the probe beam is barely attenuated. Hence, the saturation of
the absorption by the pump beam leads to a narrow peak in the intensity of the probe beam
transmitted through the vapour cell. Therefore, we see a peak in the absorption spectrum

on the photodiode, e.g. at the hyperfine resonances.

Additionally, we observe strong peaks at frequencies exactly between two hyperfine
transitions which are called crossover resonances [46, 50]. In the case of the cooling laser,
there are two transitions involved, namely F=2 — F =1 and F =2 — F’ = 3 which
clearly share the F = 2 energy level. As two transitions and one common ground state are

involved, we have to apply a three-state picture. On resonance with either transition F = 2



Chapter 3. Technical discussions — The nitty-gritty details of photon pistols 37

X23X13 X12

' E'rrorsign'alwith n’ofastcu’rrentfee’dback i
‘ Spectroscopy with high-amplitude sidebands ‘
X01 X02 Xx12
— —_ F'=0 F'=1. . F'=2
:5_ [ 3: B 1 1 1 : : 1 //"'.
8 s AN AN |
() Q I ! :
D ¢ o : : i |
i 2 | A
S S| | A 1
'\ Co
N EE AR
~400-300-200-100 0 100 200 300 200-150-100 -50 0 50 100 150 200
Frequency [MHz] Frequency [MHz]

Figure 3.2: Measured signal of the Doppler-free saturated absorption spectroscopy: The black
line corresponds to the measured spectrum of the probe beam on a photodiode, the red trace is
the error signal from the laser’s Pound-Drever-Hall action controller. (Left) We lock the cooling
laser to the crossover point X13 (marked in green), corresponding to the midpoint between the
transitions F=2 — F’ =1 and F =2 — F’ = 3. (Right) The repump laser is locked to the crossover
point X12 (marked in blue), corresponding to the midpoint between the transitions F=1 — F =1
andF=1—F =2.

— F’ =1and F=2 — F’ = 3, the pump beam depletes the atom population at the velocity
class around v ~ 0. Therefore, we see an intensity peak in the probe beam as its light gets
barely absorbed and consequently barely attenuated. Additionally, exactly at the midpoint
between the two transitions, the pump beam burns a hole in the population of two different
velocity classes corresponding to either transition F=2 - F =1 orF=2 — F = 3. The
probe beam absorption gets attenuated at inverse velocity classes of transitions F =2 —
F'=3orF=2 — F =1 which gives rise to a strong intensity peak on the photodiode,
the crossover resonance. Similarly, this principle holds for the X12 crossover resonance,
where two transitions F=1 —+ F =1 and F=1 — F’ = 2 which share the F = 1 energy
level are involved. As we can observe in Fig. (3.2, black trace), the absorption peaks

in the probe spectrum originating from these crossover resonances can be quite strong.

Therefore, we use them in our laser locking circuits.
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Coming back to our initial question of frequency stabilising our laser system, we need
to know how far the laser has drifted from the crossover point of the atomic resonance at
any point in time. The problem is that the atomic resonance itself is symmetric and does
not contain any information about in which direction in frequency space the laser fre-
quency has drifted. To obtain this information, we apply the Pound-Drever-Hall technique
[51]. In this technique, we need the 20 MHz sidebands modulated around the centre
frequency of the laser as a reference. This component in the signal transmitted through the
Rubidium vapour cell is subject to a 7 phase shift above the resonance, and to zero phase
shift below. Hence frequency mixing of the transmitted AC component at 20 MHz with
a reference signal of the same frequency results in an effective phase measurement. The
deviation from 7 /2 is used as the error signal feeding the PID locking circuit which keeps
the laser on the resonance. Both the initial absorption signal from the photodiode as well

as the error signal for both cooling and repump laser can be found in Fig. (3.2).

This error signal is fed into the PID action controller in the laser’s electronics rack that
processes the error signal of the laser frequency and then amplifies is to the power level
sent to the piezo-electric transducer. The latter acts on the angle of the grating as well as

the length of the external cavity.

This locking scheme reduces the frequency fluctuations of both the cooling and repump
laser around their respective centre frequencies to around 500 kHz and 400 kHz. These two
values are referred to as the lasers’ linewidths. Techincally, the linewidth of a diode laser
is limited by noise sources such as for instance fluctuations in the length of the resonator,

the the current going to the laser diode or the temperature of the laser diode.
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3.1.2 The laser beam preparation

The two lasers of our infrared laser system provide for the MOT pump and repump beams,
the beams to drive the V-STIRAP process as well as the locking beam for the cavity.
Additionally, the setup comprises a MOT and atomic fountain imaging system. In the
following, we discuss how these beam lines need to be set up on the optical table such that
each beam can be switched individually at the correct point in time. A complete overview
of all beam lines can be found in Fig. (3.3).

As a first element in the setup, an anamorphic prism pair can be found that helps
to transform an elliptical laser beam' into a nearly circular one by magnifying it in one
dimension. With the help of a subsequent Rubidium vapour cell, we can lock our lasers to
the crossover points in the Rubidium spectroscopy as thoroughly discussed in Sec. 3.1.1.
Another control mechanism is the use of Fabry-Perot cavities as monitoring devices which
show whether the lasers are running single-mode spectrally or not.

On the cooling laser’s beam line, the MOT cooling beams need to be subdivided into
two sets of beams, namely the cooling upper and the cooling lower ones as we have to
detune these beams relatively to each other when intending to launch the atoms upwards.
The technique is more thoroughly discussed in Sec. 3.3.3. A double-passed acousto-
optic modulator (AOM) provides for both the correct frequency detuning as shown in
Fig. (3.1) as well as the on- and off-switching. This is analogously the case for the
STIRAP pump and the saturated absorption imaging beam. The importance of the latter
as a monitoring device is explained in Sec. 3.3.1. All these beams are fibre coupled before

they reach the vacuum chamber where the cavity and the MOT are located. As we want

!ntrinsic problem of these type of lasers due to their diode.
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Figure 3.3: Complete overview of beam preparation lines of the photon pistol experiment: The
cooling laser (lower) provides for the two MOT cooling beams, the STIRAP pump beam, and the
illumination beam to do absorption imaging of the MOT and the fountain in flight. The repump
laser (upper) provides for the cavity stabilisation, the MOT repump, the STIRAP repump and the
MOT repump beam. Being locked to the crossover resonances X12 and X13 of the Rubidium
spectrum, respectively, the laser light is shifted to the correct wavelength with the help of an AOM.
The frequencies have already been shown in Fig. (3.1).

an intrinsically stable MOT as well as STIRAP alignment, the beam preparation stage
is completely decoupled from the actual experimental stage with the help of this fibre

coupling.

The repump laser’s side is similar to the cooling laser’s one. However, there is one
experimental quirk in place — a physical shutter which is used in the cavity locking beam
line. We refer to this device as AOM click clack. Light is needed to lock the cavity to a
certain resonance, however, as soon as the V-STIRAP process happens inside the cavity,

it needs to be completely field-free. An AOM can switch light but never guarantee that
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there is absolutely zero light travelling towards the cavity. Therefore, we need a physical
shutter operated in front of the cavity. Additionally, it also serves as a protecting device
as when the photon generation process is taking place in the cavity and the single-photon
counting modules (SPCMs) are switched on, the power level used to lock the cavity would
destroy these sensitive devices instantly. The click clack device itself is based on a relay
(Tyco-T9AS/V) [52, 53] and a simple control circuit. To minimise vibrations, the shutter
is screwed to the laser table with a neoprene mount. More on the actual switching and

safety measures can be found in Sec. 3.4.

3.2 The cavity

The cavity is the core element of the photon-pistol experiment. Its key physical proper-
ties are the free spectral range vpgg, its mechanical stability, its linewidth vgwpy and the
quality of its active stabilisation. In the following, we discuss how to choose, control and

characterise these.

In particular, we discuss the chosen cavity design for our experiment in Sec. 3.2.1.
As we need to actively vary the length of the cavity, we touch upon the properties of
the piezo-electric transducers the cavity mirrors are mounted on in Sec. 3.2.2. The active
stabilisation technique to keep the cavity on or close to the atomic resonance for the photon
production process is discussed in Sec. 3.2.3. Also, we determine the properties of the
cavity if the active stabilisation is not in use in Sec. 3.2.4. We introduce a new element
to the active stabilisation chain, the new ‘cavity lock box’ in Sec. 3.2.5. This lock box

enables us to run various characterisation measurements on the cavity, such as the above
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mentioned free spectral range vgrsg as well as its linewidth vpwyyv. These measurements

are presented in Secs. 3.2.6 and 3.2.7.

3.2.1 The best of all possible cavities

Loosely adapted from Gottfried Leibnitz, we discuss the properties of our high-finesse
optical cavity. There are two properties the design of our high-finesse optical resonator
needs to provide. First of all, we want our atom-cavity interactions to take place in the
strong coupling regime [36] as it has been discussed in Sec. 2.2.4. This means that the
coherent interaction of atom and cavity mode dominates over the incoherent decay, as
expressed by g > {k,v}. We therefore need cavity mirrors with the highest possible
reflectivity. Secondly, we also want to be able to detect our single photons eventually. This
means they need to leak out of the cavity at some point in time, which clearly requires low
reflectivity mirrors. As these two properties seem to be contradictory, both constraints
can be fulfilled with the help of an asymmetric cavity design. This means, for our cavity,
we choose one almost perfect mirror, the incoupling mirror — in the convention of Fig.
(2.1) — and one with larger transmission, the outcoupling mirror. The design chosen has
been similarly used by the Kimble [54] and the Meschede [55] group. By choosing an
asymmetric cavity design, the overall finesse of the cavity is reduced, however, one is still
in the strong coupling regime.

The mirrors we use in the experiment are of transmissions 7; = 0.5 ppm?” and T, ~ 40
ppm [52]. The mirrors® consist of a cylindrical BK7 substrate with a diameter of 7.75 mm

and a length of 4 mm [52]. The front facet is polished to obtain a spherical concave surface

2ppm = parts per million = 1076,
3Manufactured by Research-Electro-Optics Inc., Boulder, Colorado.
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of radius of curvature R. = 50 mm. A dielectric reflective coating has been deposited on
the front and an anti-reflective coating on the back of the lower-reflectivity mirror. In
addition to that, the mirrors were machined down to a cone with a surface diameter of 1.5
mm*. The cavity and its parameters is thoroughly characterised in Sec. 3.2.6, determining
its length d, its free spectral range Avggg, its linewidth Avgwyy as well as the spacing of

the transverse modes Avj,,s. In Sec. 3.2.4, we also determine its mechanical stability.

3.2.2 The cavity piezo

As the cavity resonance frequency needs to be chosen close to the atomic transition be-
tween the atomic states |g) and |e) as introduced in Sec. 2.2.4, we need to make sure
experimentally that the cavity stays close to this atomic resonance over a certain period of
time. With the help of a piezo-electric transducer (Noliac CSAPO3), the cavity’s length
can be varied. The two cavity mirrors are mounted on two shear piezos which gives a
1.5 pum peak-to-peak stroke at =320 V, respectively. Each of these two piezos is sufficient
to scan the cavity over a free spectral range with respect to distance. To span the complete
spectral range, the peak-to-peak stroke needs to be around 0.4 um. In earlier stages of the
photon-pistol experiment, it was intended to use the two piezos independently [52], but
one of the piezos was electrically shorted. This leaves one of the two mirror fixed to one
position and only the other mirror can be displaced and therefore alter the length of the
cavity.

In Fig. (3.4), the stroke versus applied voltage relationship for the shear plates can

be found. According to [56], the polynomial trend follows the experimental relationship

#Machining done by Hellma Optics GmbH, Jena.
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Figure 3.4: Characterisation of the cavity’s piezo-electric transducer (Noliac CSAP03): As it
can be seen, the stroke versus applied voltage relationship for shear plates is not linear. A typical
measurement taken from [56] is shown. The displacement per voltage unit increases when the
actuator is used close to the maximum recommended voltage. In this graph, the current possible
voltage is shown (Falco amplifier) as well as the necessary voltage to span the full free spectral
range (FSR) of the cavity. The Noliac terminology has been used in this graph (half-peak voltage
= amplitude, peak-to-peak stroke = 2x displacement ).

§ = 2.88-10"1tE%4-5.0- 1019t E, where ¢ is the displacement, ¢ the height of the actuator
(0.5 mm) and E the applied electrical field (Voltage/height). The graph also shows that the
present amplification (see Sec. 3.2.5) we can achieve is insufficient to scan the full free

spectral range of the cavity.

3.2.3 The cavity’s active stabilisation

To keep the cavity’s resonance frequency close to one atomic resonance as described in
Sec. 3.2.3, we need to actively stabilise it on this resonance. This is achieved with the
help of the shear piezo-electric transducer described in Sec. 3.2.2 and an electric locking
mechanism similar to the one used to lock the lasers as described in Sec. 3.1.1. In par-
ticular, we use the repump laser’s Pound-Drever-Hall module, a home-buit PID regulator,

a sample-and-hold circuit and a newly designed cavity lock box as shown in Fig. (3.9).
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Figure 3.5: Active feedback loop for the stabilisation of the cavity: The cavity locking beam,
tapped of the repump laser system, is frequency shifted with the help of an AOM. As the cavity
needs to be completely dark in the time the single photons are produced, a mechanical shutter is
in place behind the AOM output. After passing through the mode-cleaning fibre, the stabilisation
beam hits the end facet of the cavity and is reflected in the non-resonant case. The interesting
frequency component is detected with the help of a Thorlabs photodiode and further processed in
the repump laser’s PDH module, the home-built PID and added onto a high-voltage offset generated
in the cavity lock box until it reaches the cavity’s piezo.

An illustration of the complete experimental cavity locking circuitry can be found in Fig.
(3.5).

The beam to stabilise the cavity on is tapped off the repump laser system which is
stabilised on the crossover resonance X12 of the Rubidium spectroscopy as shown in Fig.
(3.1). After shifting its centre frequency with the help of an AOM, a mechanical beam
shutter is put in place to make sure the cavity remains completely dark in the time the
single photons are produced. Before the laser beam hits the end facet of the cavity, it
is mode cleaned with the help of a 10 cm single-mode fibre. Due to imperfect optical
impedance’ and mode matching® [57], most of the light is reflected back the same way it
came from even in the resonant case. As there is also a QWP in front of the cavity which

the light passes through in twice — once when leaving the fibre as well as when being

SPerfect impedance matching is achieved when the transmission through the input mirror equals all losses
of the resonator.
®Mode matching means that the beam’s size, shape and wavefront curvature match the cavity mode.
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Figure 3.6: Functionality of sample-and-hold circuit (S&H) used to lock the cavity in a running
experiment. While the actual photon production is taking place 25,000 times in a row, no light
from the cavity locking beam is supposed to be inside the cavity. To keep the cavity on resonance
in this time period, the S&H circuit freezes the voltage of the cavity piezo and as soon as the photon
production phase of 25 ms is finished, the the electronic signal is un-frozen and the PID regulator
works again to keep the cavity on resonance. The black signal is the signal going into the sample-
and-hold circuit. The blue signal is the S&H gate (which decides whether the signal goes through
or is frozen) and the red signal is the S&H output. It can easily be seen that the circuit does exactly
what it is supposed to do when the gate is switched off.

reflected off the end facet of the cavity — it accumulates a polarisation phase shift of m
and, when passing through a PBS, it is sent out off the beam line and onto an adequate

photodiode’.

To lock the cavity, we use the laser’s commercial Pound-Drever-Hall action controller
where the signal from the photodiode is mixed to base-band [57] and therefore generates
the necessary error signal. The abstract functionality of the PDH module [51] has already

been discussed with respect to the locking procedure of the laser system in Sec. 3.1.1.

As a next step in the feedback chain, the error signal filtered with a 1 kHz lowpass
filter to remove high-frequency noise. As a next step, it passes through a sample-and-
hold circuit (S&H). This element is necessary, as — while single photons are produced —

the cavity needs to be completely empty of photons as we need the vacuum mode of the

"Thorlabs PDA 10A
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cavity to drive our transition. Therefore, the cavity stabilisation beam has to be switched
off in this period and the regulating signal has to be held or ‘frozen’ at this locking point
for 25 ms while 25,000 1 ps STIRAP drive pulses are fired. The freezing of the regulating
signal is the task of the sample-and-hold circuit, which operates computer controlled. A
measured trace of its functionality can be seen in Fig. (3.6). More on the experimental

timings can be found in Sec. 3.4.

Having passed the S&H, the error signal enters the home-buit PID regulator. The PID
regulator generates a regulating signal according to the error signal sent into it to keep the
cavity on resonance. After the PID regulator, the regulating signal is added onto a high-
voltage offset generated in the cavity lock box thoroughly described in Sec. 3.2.5 and thus
controls the cavity length via the piezo-electric transducer. The elements of the feedback
chain such as PID regulator, S&H, as well as the cavity lock box are powered with four
24 V lead-acid batteries which were initially put in place to remove the 50 Hz noise of the

mains®.

This is how we frequency-stabilise our cavity — on ‘good’ days we can observe a locked
cavity for several hours. With ‘locked’ cavity we refer to the cavity constantly staying on
resonance with the light of the repump laser and transmitting it. If this is the case and
the cavity is locked, the PDH and PID regulator account for all drifts occurring in the
environment such as for instance temperature drifts in the laboratory, vibrations or laser
frequency drifts. It would be interesting to determine the locked cavity’s linewidth over

time, however, this is not possible as we cannot lock and scan it at the same time. This

8... and most probably saved the authors’ PhD when a surge peak in Dec. 2013 damaged several parts of
the lab electronics such as laser and Fabry-Perot-cavity piezo-electric transducers, laser diodes and various
other parts.
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Figure 3.7: Demonstration of the cavity’s
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topic of scanning the cavity is thoroughly discussed in Sec. 3.2.5.
The most probable causes for an ‘unstable cavity lock’ is an unstable laser lock caused
by mode hops e.g. due to temperature fluctuation in the lab or heavy mechanical vibrations

in the building’.

3.2.4 The cavity’s mechanical stability

When we drive the V-STIRAP process, we need the cavity to be completely field-free.
Therefore, we need to interrupt the locking circuit, switch off the cavity’s active locking
procedure described in Sec 3.2.3 for the photon production time of 25 ms. Nevertheless,
the cavity needs to stay on or close to the atomic resonance. This is why we also investigate
the cavity’s passive or mechanical stability.

To measure this potentially limiting factor of the cavity’s overall stability, we set the

th

cavity close to resonance with the help of the high voltage offset'” while the regulating

signal coming from the active feedback loop shown in Fig. (3.5) is unplugged from the

9The mechanical workshop is close to the lab — the cavity is known to lock much better after 5 pm.
19This high-voltage offset is thoroughly discussed in Sec. 3.2.5.
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setup. We measure the laser power after the outcoupling mirror of the cavity with the
help of a photodiode and a long oscilloscope trace. Fig. (3.7, black) shows a characteristic
measurement of the passive or mechanical stability of the cavity. The trace shown in green
in Fig. (3.7) is a fitted Lorentzian with a determined full-width half maximum value of
7.3 s. Therefore, we can determine the drift-speed as a function of frequency-drift over
time for this characteristic measurement. Taking into account the measurement shown in
Fig. (3.7), the vgwnwm, corresponding to the measured 30 MHz in Fig. (3.10) is being
traversed in 7.3 s. So, the cavity’s frequency drift is on average less than 4.2 MHz/s.

This result shows that — although having its fundamental problems as described above
— the cavity is mechanically stable on ‘long’ timescales and therefore ideal for our purpose
as no active feedback can be applied in the &~ 25 ms while the atoms are being driven with
the STIRAP pump and repump beams. We conclude that it is the best of all possible

cavities.

3.2.5 Scanning and frequency locking the cavity

To gain full control of the photon production process, it is essential to know every single
parameter of the setup. Characterising the cavity to every respect is therefore crucial. The
ability to scan the cavity mirror separation d — which means applying a high-voltage ramp
to its piezo-electric transducer — provides a clear picture of its properties. One of its most
important parameters which needs to be determined is its linewidth vgwhy, theoretically
introduced in Sec. 2.2.1. To obtain information about the cavity, the resonance condition
m - Am/2 = d needs to be fulfilled. As it can be seen from the equation, we can do this

by either varying the the length of the cavity d or change the wavelength \ of the light
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Figure 3.8: In a previous version of the photon-
pistol experiment [52, 53], the cavity linewidth
has only been determined with frequency mark-
ers at 220 MHz being modulated around the cen-
tre frequency of the repump laser. To obtain
transmission through the cavity, the laser needed
to be scanned. The alternative — scanning the
cavity externally — was not available at that point.
Reproducing this method’s result, it can be seen
that the linewidth cannot be measured precisely
as the sidebands are hardly separated from the
centre transmission. A measurement with the
cavity being scanned externally and frequency . . : .
markers at +100 MHz can be seen Fig. (3.10). Frequency [a.u.]
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impinging on the cavity (‘scanning the laser’).

The first approach that we take to measure the linewidth of the cavity is to vary the
wavelength of the laser. In this technique, the sidebands on the repump laser at £20 MHz
around the centre frequency are used as frequency markers. As it can be seen in Fig. (3.8),
this technique leads to a rather unsatisfying result as the frequency markers are hardly
distinguishable from the centre frequency — they cannot be clearly resolved spectrally. A
conclusive fit of three superposed Lorentzians to the data is therefore unsatisfactory. We
conclude that the laser’s intrinsic 20 MHz sidebands cannot be used to determine this

‘broad’ cavity’s properties.

The second possibility is that we vary the cavity length d. In the setup that the author
took over from the previous DPhil students, this was not possible. For this reason, a new
electronic circuit had to be designed and constructed to modulate the length of the cavity

externally without scanning the laser. This circuitry is presented in the following.

In addition to the ability to modulate the cavity length, we also need to monitor the

cavity performance on a daily basis. Therefore, the electronic circuit needs to operate in
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two different modes — the debug and the default mode. In the debug mode, the input into
the circuit is electronically amplified by a factor of 20. This mode — also referred to as
Case I — is only used for characterisation purposes and not on a daily basis. The second
operational mode is the default mode or Case II. The input into the circuit is not amplified
but added on an internal voltage offset which is a user set value between -6 V and +6 V
amplified by a factor of 20. The circuit diagram and its operational principle can be found
in Fig. (3.9). We refer to the whole electronic circuitry being located after the home-
built PID regulator and before the cavity’s piezo-electric transducer as the cavity lock box.
Externally, we see that the box has an input and an output which goes to the piezo. The
respective operational mode is chosen by the user with the help of a two-way switch on

the front plane of the cavity lock box.

We start with discussing the debug mode in detail. In this mode, the Falco amplifier
amplifies the user-set offset as well as the input signal by a factor of 20. The user-set
value of the offset is any value from -6 V to +6 V, which is fed by two standard battery
blocks and changed by trimpots on the front panel of the cavity lock box. The battery used
as an input into the Falco amplifier is a free-floating potential and never on case ground.
However, the Falco'' amplifier’s 0, the signal ground, is on case ground. This mode has

been mainly used for externally scanning the cavity to measure its linewidth.

In the default mode, the input signal into the cavity lock box is added on top of the
user-set HV-offset. The HV-offset is generated by the user by setting any value between
-6 V and +6 V multiplied by a factor of 20. This is the standard setting for the experiment

being operated on a daily basis. Both the amplifier’s 0 as well as the battery’s 0 are on the

Low voltage DC/battery powered high voltage amplifier WMA-01, Falco Systems
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Figure 3.9: The new lock box can be operated in two different modi — labelled Case I and II in
this graph. In the debug mode (Case I, x20), the user plugs a signal input on the front plane of the
cavity lock box, most probably a voltage ramp from a standard function generator. This voltage
ramp is amplified by a factor of 20 with the help of the Falco amplifier. The user has to make
sure that the battery offset is set to V = 0 to be able of being in complete control with the function
generator offset. It has to be noted that there is an additional Zener diode circuit (not displayed) in
place to make sure that there in not more that 6 V going towards the Falco amplifier. The default
mode (Case 11, x1) provides the daily operational mode. The user sets a voltage from -6 V to +6 V
with the help of two batteries and variable resistors. The chosen offset value is then amplified by
a factor of 20 with the help of the Falco amplifier. After that, the input signal e.g. the regulating
signal from the home-built PID regulator is added on the amplified high-voltage offset.
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same level — the signal ground — but not on case ground.

With the possibility of externally scanning the cavity it is also possible to observe the
transverse mode spectrum of the cavity which can be seen in Fig. (3.14). Ideally, one
would be able of scanning the complete free spectral range of the cavity which could be
verified by observing two TEM0O mode. Due to the fact that there is only one piezo-
electric transducer one mirror is glued on working as described in Sec. 3.2.2, this is not

possible in the current piezo-amplifier-configuration.

3.2.6 The cavity linewidth, length and free spectral range

As already briefly discussed in Sec. 3.2.5, there are two different ways of determining the
cavity linewidth. One can for instance scan the laser over the cavity resonance and make
use of the laser’s side bands at 20 MHz as frequency markers. As the cavity linewidth
Avgwawm is of the order of 30 MHz for the TEMOO mode, it is hard to properly calibrate
the frequency reference of 40 MHz as the 20 MHz sidebands peaks are not well resolv-
able. This can be observed in Fig. (3.8). A different approach is to scan the cavity over
resonance externally and at the same time modulate frequency sidebands of 100 MHz

onto the laser. The sidebands are used to calibrate the frequency axis.

In Fig. (3.10), a least-squares fit and experimental data for the linewidth of a TEMO00
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mode'? of the cavity is shown. A triple Lorentzian (green line) of the form

. I 2A1 w + 2Am Wm
y=hom 4(z — z)? + wf 7 A(x — zom)? + w2
2A, Wy

T 4(x — xo)? + w2’

3.D

+

is fitted to the data with the help of a self-programmed Matlab routine based on the Matlab
internal function nlinfit. A; refers to the amplitude, w; to the FWHM width, and z; to
the position of the respective Lorentzian, i € {1, m, r} corresponding to left, middle and
right. The results for the respective fit parameters have been printed into the figure as it can
be seen in Fig. (3.10). The shown data is one linewidth measurement with the scan fre-
quency of the cavity piezo of 20 Hz and a 190 mV peak-to-peak scan amplitude'®. Before
the data is taken, it is made sure that the incoupling of the TEM0O mode into the cavity is
maximised. To estimate an error on the determined linewidth value, we take several mea-
surements with different scan speeds between 10 Hz and 65 Hz with a constant, minimal
peak-to-peak scan amplitude and at the correct wavelength of 780.24+0.1 nm measured
with a Highfinesse'* wavelength meter. The given error corresponds to the manufacturer’s
specified error. The result can be found in Fig. (3.11). As cavity linewidth we find
Avpwam = 29.6+0.4 MHz".

While characterising the cavity, it is is observed that there is a dependence of the

cavity’s linewidth on

12The 100 MHz sideband modulation on the laser has been added with an experimental trick by not using
the regular 20 MHz sideband modulation but instead the VCO of one of the cooling laser’s AOMs at 98.1
MHez as a frequency reference. Obviously, the laser has to be operated free running and not locked for these
measurements.

13 Measured data taken on 22/07/2013.

14That is the brand.

5Error calculation: A = max. value - value at O sweep rate (extrapolated).
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CO?.‘Yity transmission with 100 MHz sidebands (2 x 98.1 to be precise)
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Figure 3.10: Fit to determine the linewidth of the cavity [example, measurement with 190 mV
peak-to-peak amplitude on the cavity piezo, 20 Hz scan frequency]: 100 MHz sidebands are modu-
lated onto the Bias-T of the laser with the help of an independent RF-source. The trace (black stars)
has been taken by a fast photodiode, monitoring the output of the cavity. The incoming wavelength
of the laser light is 780.240.1 nm (measured with a wavelength meter). A sum of three Lorentzians
as shown in Eq. (3.1) is fitted to the data with a self-programmed fit routine in Matlab. We observe

a vrwnamMm of = 30 MHz.
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Figure 3.11: Cavity linewidth at the correct laser wavelength: We do not see a clear dependence
of the linewidth on the voltage sweep rate if we change the scan frequency and keep the peak-to-
peak amplitude of the voltage ramp constant. The extrapolated value at 0 V/s corresponds to the
actual linewidth.

e the laser wavelength (equivalently the laser current),

e the voltage sweep rate of the scan on the piezo-electric transducer, not based on
the variation of the scan frequency but on the variation of the peak-to-peak voltage

amplitude,

e the transmitted optical mode.

However, we need to distinguish between an ‘apparent’ and ‘real’ linewidth change. An
example for this difference between these two can be found in Fig. (3.12).

We observe a strong dependence of the cavity’s linewidth on which mode is transmitted
as shown in Fig. (3.12, left). We take these measurements with the minimal experimentally
possible peak-to-peak voltage amplitude of 190 mV on a function generator going towards
the lock box. There, the peak-to-peak voltage is multiplied by 20 as we are in the debug
mode as introduced in Sec. 3.2.5. The peak-to-peak voltage as well as the incoupling into
the cavity remains untouched such that we are able of comparing the measurements to

each other. We observe that the TEMOO linewidth is quite high, then the value drops for
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the TEMO1 and TEMO02 modes. For the TEMO03 and TEMO04 it increases again but not to
the full TEMOO linewidth. We stop determining the linewidth for TEM modes beyond the
TEMO04 mode, as the electronic signal on the photodiode gets too small and we abstain
from maximising the incoupling on a different higher-order mode, as we want to keep the
comparability between measurements as already mentioned. The observed behaviour is
consistent with the theory that a defined dirt particle has ended up on the cavity mirrors.
This behaviour can be explained in the following way: The location of the TEMO00 mode
inside the optical resonator is only dependent on the incoupling of the light. With a certain
incoupling into the cavity, a local dirt spot on the mirrors results in a higher loss rate, a
lower finesse and ultimately a broader linewidth locally. If we therefore hit the dirt particle
with our incoupling, the TEMOO modes will see a higher loss rate which ultimately results
in a higher measured linewidth. But the question is why we see different linewidths for
different TEM modes. An ideal cavity with perfect cylindrical symmetry shows Laguerre-
Gauss modes. As soon there is an imperfection in the substrate with which the mirrors are
coated, the prefect symmetry will be lost and Hermite-Gauss modes will form which are
not rotationally invariant'®. This is what we see in almost every resonator. Consequently,
a local area of increased loss can act as a symmetry breaker which defines the coordinate
system of the modes. The higher-order modes have the ability of rotating around their
centre to avoid the area of increased loss and therefore, we see a lower linewidth for
instance for the TEMO1 mode than the TEMOO mode. This is why one could potentially

map out the areas on the mirror with a higher loss rate such as caused by dirt.

16A different reason why Hermite-Gauss modes could form inside the cavity is that the mirrors are not
aligned coaxially perfectly. In this case, not the dirt spot acts as a symmetry breaker but the alignment of the
mirrors. Nevertheless, the argument that the Hermite-Gauss modes can avoid the areas of the mirrors with
increased loss still holds.
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Figure 3.12: Difference between ‘real’ (left) and ‘apparent’ (right) cavity linewidth change: De-
pendency of the linewidth on which mode is transmitted by the cavity (left). We take this data
with constant laser power and peak-to-peak scanning voltage at 20 Hz scanning frequency. Addi-
tionally, we do not recouple the mode between measurements to rule out addressing different parts
of the cavity mirrors. This measurement result is consistent with a dirt spot being one the high-
reflective cavity mirrors. (Right) An example of an ‘apparent’ linewidth change: We determine the
linewidth for the TEMO0O mode and different voltage sweep rates. The ‘actual’ linewidth is the one
extrapolated for 0 V/s voltage sweep rate. For this wavelength, it was found to be around 33 MHz.

An example for an ‘apparent’ change of the cavity’s linewidth can be found in Fig.
(3.12, right). We observe an increase of linewidth the higher our cavity sweep rate is.
The sweep rate is determined by the peak-to-peak scan amplitude (in Volts) the cavity’s
piezo-electric transducer is being scanned with and the time taken to do so. Please note
that these measurements are taken in the debug mode of the cavity lock box. We observe
that the linewidth apparently increases, the higher the voltage sweep rate is. This does not
seem to happen in a linear but in a polynomial way. By fitting a second order polynomial
function o< psx? + pox + p; to the data in Matlab'’, we can extract the value for the
linewidth at O V/s voltage sweep rate which is 33 MHz. Calculating the residual variance
R?' from this fitted model, we find that the second order polynomial equation predicts

99.4% of the variance in the linewidth. We believe that this is not an actual change in

"Internal Matlab function polyval
BR2 =158, esia/SStotal, Where SS,.cqiq is the residual sum of squares and S S, is the total sum of

squares of the linewidth multiplying by the variance of the linewidth by the number of observations minus
1.
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Figure 3.13: Dependence of linewidth on laser current and laser wavelength, respectively. We
scan the cavity with a 190mV peak-to-peak voltage amplitude and a 20 Hz scan frequency. The
incoupling remains constant over the whole measurement and we detect the TEM0O mode.

linewidth but that we actually see the photodiode’s limit in bandwidth of 300 kHz'” we
use to measure the linewidth. This behaviour can be seen clearly experimentally when the
resonance is scanned too quickly. This is why we also use the voltage sweep rate — the
transversed voltage per time unit — as a parameter due to the fact that it includes both the
scan amplitude and the scan frequency.

As a final investigation, we measure the dependence of the cavity’s linewidth on the
wavelength of the laser. We do this by changing the laser current and the respective re-
sults can be found in Fig. (3.13). Two potential influence factors that could explain this
behaviour are the optimised coating of the cavity mirrors to our experimental wavelength
as well as the fact that different laser currents imply different laser powers which lead to
different intensities inside the cavity.

We conclude this experimental Section with a measurement of a ‘comb’ of transverse
modes of the cavity as shown in Fig. (3.14). We scan the cavity with a function generator
over a voltage of 80 V peak-to-peak amplitude. By observing the output of the cavity,

we can see the transmission of several transverse modes, from the TEMOO to the TEMOG6,

"YHomebuilt device with OPT210 photodiode.
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Figure 3.14: Spectrum of transverse modes: The cavity is scanned with the help of a function
generator and the cavity lock box introduced in Sec. 3.2.5 over a distance of about 200 nm in
15 ms, corresponding to a change in piezo voltage between £40 V. This corresponds to a peak-
to-peak voltage amplitude of 80 V. The light input power into the cavity has to be set to about 1
mW, just below the theoretical damage threshold of the cavity mirror coating. The cavity input
beam is aligned such that it couples into all transverse modes, in contrast to the otherwise preferred
coupling into the TEMO0O mode only. The images below the graphs show the transverse modes the
cavity transmits for each transmission peak. The output power is in the range of 10 - 100 nW. The
blue trace shows the voltage which goes to the piezo and therefore modulates its length. The black
trace corresponds to the transmission of the cavity. No post-processing has been applied in these
two sets of data, only the oscilloscope’s internal ‘averaging’ mode has been used in the plot on the
left but not on the right. The images shown are taken with an Imagesource Camera observing the
output of the cavity.

which we also show below the graphs. In reality, the transverse modes are equally spaced
on their time axis, however, due to the nonlinearity of the piezo-electric transducer which

we discuss in Sec. 3.2.2, they are not. We do not apply any post-processing on the data,

simply use the oscilloscope’s interal averaging function to obtain these traces.

Potential room for error in all of these measurements are the frequency noise and the
linewidth of the laser, also the detector bandwidth as well as acoustic noise and nonlinear-

ity of both the applied voltage ramp and the cavity piezo. The linewidth of the laser has
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been determined to be around 400 kHz, so this is well below the measured linewidth of
the cavity around 30 MHz. The nonlinearity of the piezo-electric transducer is discussed
in Sec. 3.2.2, but due to the present amplification, we can only scan in the linear regime.
A final potential error are imperfections in the voltage ramp we apply to the piezo. The
cavity lock box including the Falco amplifier described in Sec. 3.2.5 acts as a low pass fil-
ter. This is why the edges of the voltage ramp are rounded after passing the amplifier setup
which can for instance be seen in Fig. (3.14). We circumvent this problem in linewidth
measurements by experimentally making sure that the transmission of the cavity is always

halfway between both peaks of the voltage ramp.

3.2.7 Frequency spacing of the transverse modes

To fully characterise the cavity’s properties and to therefore calculate its length and finesse,
the spacing of the transverse modes has to be determined. This can be achieved with the
help of the diode laser which is usually used to lock the cavity. If this laser is scanned over
the maximum possible range, we are capable of seeing the TEM00 and TEMO1 modes of
the cavity being transmitted. While the laser is scanned, its error signal of the Rubidium
spectroscopy — normally used to lock the laser frequency to — is taken as a frequency
marker of 6.8 GHz, the hyperfine splitting in the F = 1 to the F = 2 energy level. With the
frequency marker of 6.8 GHz, the separation of the TEMO0O and TEMO1 transverse mode
is calculated to be 36.8+0.1 GHz, which can be seen from the experimental data displayed
in Fig. (3.15).

In principle, this is sufficiently precise because the hyperfine splitting is of the same

order of magnitude as the expected 30 to 40 GHz mode splitting. It would be better to use
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a Fabry-Perot test cavity instead with equally spaced ‘frequency markers’>’. However, the

explained method can be quickly implemented and just needs a well set-up laser system.

To complete the characterisation of our cavity, we extend the formalism already in-
troduced in Section Sec. 2.2.1. Having determined the spacing of the transversal modes
experimentally, it is possible to determine the length of the cavity as well as its free spec-
tral range (FSR), finesse, and number of modes within the free spectral range. From the

following equation we learn the relationship of v,,s and vesg

1 d
AVtrans = ;AVFSR arccos <1 - E)a 3.2)

where Ay, s the splitting of the transverse modes, Avgsy is the free spectral range, d
is the cavity length and R, the radius of curvature of the cavity mirrors. The radius of

curvature is assumed to be a constant, R, = 5 cm, as specified by the company which

20There is room for error as we have to operate the laser system at its maximum capacity, in particular, we
have to operate the laser piezo at its maximum amplitude for a certain amount of time until the measurement
is taken.
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fabricated the mirrors. In addition to that, the free spectral range of the cavity can be

written as

C
AVFSR = ﬁ’ (3.3)

where c is the speed of light. Therefore, the Eq. (3.2) calculates to
1c d
AUtrans = —o5g arecos (1 — —) (3.4)

We cannot calculate the length d of the cavity by just inverting this Equation, we have
to solve it numerically with the help of Mathematica. The result is a cavity length d =
67.36£0.40 um. The error is calculated by the error of the spacing of the transverse
modes Avy.,s and by converting this into a length error. By taking the result for the cavity
length and inserting it into Eq. (3.3), we can determine the free spectral range to be Avgsg
=2.334+0.01 THz. As a final characterisation measurement, the finesse — the quality factor
of the cavity — is determined. It is a fraction of Avgsg over Avgwym and has already been
introduced in Sec. 2.2.1 in Eq. (2.4). The linewidth of the cavity Avgwpy is determined
in Sec. 3.2.6 to be Avpwam = 29.614+0.43 MHz.

To conclude, we summarise all characterisation measurements in the following

d = 67.35£0.40 um
AVpans = 36.80£0.11 GHz
AVgsr = 2.2340.01 THz
Avewam = 29.61+0.43 MHz
F ~ 74700

Fmodes ~ 0l
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In previous work [52], the latter values were determined [sic]

d = 74 ym

AWians = 27 -35GHz
Awrsr = 27-2.0THz
Awpwam = 27 -23.74 MHz
F = 85000

From these values, it seems as if the cavity has ‘shrunk’ miraculously by about 10
pm. We can think of two possible explanations for this difference. The first explanation
is that one local dirt spot ended up on the cavity mirrors increasing the linewidth by about
6 MHz. A second explanation is that the fit of three Lorentzians to the measurement with
20 MHz sidebands as demonstrated in Fig. (3.8) was imprecise and the calculated length

difference is just resulting from this imprecision.

3.3 Loading atoms into the cavity

In this Section, we describe the operation of the atomic fountain which is used to introduce
cold Rubidium atoms into the cavity. The theory has been already described in Secs. 2.4.2
and 2.4.3. In Sec. 3.3.1, we discuss the absorption imaging technique to characterise the
cold atoms. We determine all important parameters of the magneto-optical trap in Sec.
3.3.2, in particular its loading, expansion and temperature. The respective parameters of

the atomic fountain are discussed in Sec. 3.3.3.

3.3.1 Absorption imaging

The absorption imaging technique is a powerful tool to observe a cold atomic cloud —

may it be in its stationary or dynamic phase. An example of this imaging technique can
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be found in Fig. (3.16) as well as the experimental setup in Fig. (3.17). The absorp-
tion imaging method works on the cooling transition F = 2 to F* = 3 of the Rubidium
atoms. We illuminate the cold atomic cloud with an atomic resonance frequency of wy
with light of frequency w, where w - wy = 1.2 MHz?!. Therefore, the incoming light is
blue-detuned from the cooling resonance. This is done by shifting the cooling laser locked
to the crossover resonance X13 by 106.5 MHz twice in an AOM double-pass configura-
tion. Having passed the AOM, the frequency-shifted light is coupled into a fibre and sent
into the absorption imaging beam line in front of the vacuum chamber. There, the beam is
enlarged with the help of a telescope, such that it illuminates the whole area between the
position of the MOT and the cavity inside the vacuum chamber. After leaving the vacuum
chamber, the light is detected with the help of a camera (Imaging source DMK 21BF04).
As the cold atomic cloud absorbs light from the absorption beam, it leaves a shadow on
the image taken by the camera. This can for instance be seen in Fig. (3.18, left). After
having taken a first image, a second image is taken with the cooling beams switched off.
The picture shown in Fig. (3.18, middle) serves as a reference image as it basically shows

us the background of the measurement, in particular the absorption beam with no cold

2IThis detuning has been found experimentally to give the highest contrast in the absorption imaging
pictures.
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Figure 3.17: Absorption imaging setup: To provide the 1.2 MHz blue-detuned light for imaging,
we tap off light from the cooling laser, frequency-shift it by twice 106.5 MHz and couple it into a
fibre. When coupled out of the fibre, the beam is enlarged with the help of a telescope-type setup
and enters the vacuum chamber via the middle viewport. Inside the chamber, it illuminates the cold
atomic cloud. With the help of an Imagesource camera we take two pictures: One with all MOT

beams as well as the illumination switched on and a reference picture just with the illumination do
determine the background in the measurement.

atom cloud present.

For post-processing, we need to look into the attenuation of laser light by the atomic

cloud. The intensity of the beam, attenuated by the absorption of the atomic cloud, reads

0.D.I?
),

10Dy =To-exp (- 4w — wo)® + I

3.5)

where O.D. is the optical density of the cloud, [, the initial intensity of the beam, I’
the linewidth of the transition, wy the frequency of the transition and w the frequency
illuminating the cold atomic cloud. The optical density is defined as O.D. = Npixe100l,

where o is the resonant cross section of the transition, [ is the thickness of the cloud and
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Figure 3.18: Absorption images: (Left) camera image of the absorption. The beam displayed in
red is the illumination beam. The area where a yellow shadow is visible is the area where the cold
atomic cloud absorbs light from it. To properly correct for the background of the measurement,
a reference picture with no cold atomic cloud present is also taken (middle). While the reference
image is taken, one of the cooling beams is still switched on such that the light scatters off the
cavity mirrors and their mounts, to give a hint about where with respect to the cavity the cold
atomic cloud is located. (Right) This image is the result of dividing the left picture by the second
one according to Eq. (3.5).

Original Reference Original/Reference

Nyixel the number of atoms per observed pixel. By applying Beer’s law

dl/dz = —og p(x,y,2) I, (3.6)

we can see that I = I exp(—ogn(z,y)), 3.7)

where n(z,y) = [ dz p(x,y, ) is the density of atoms in the (x, y) plane. Accordingly,
we can calculate

N (I(O.D.)

; ) = 0.97-0.D., where O.D. = —oyn(z,y). (3.8)
0

Therefore, the number of atoms in one pixel is Npixel = Npixer*Apixel~» Where Ny is the
atom density measured per pixel and A, is the corresponding area. The total number

of atoms therefore is Niot = > a1 pixels Npixel = 2all pixels Dpixel Apixel- These calculations are

2We use Apixel = lgixel = (0.0257 mm)?. This number is not the area of a ‘physical’ pixel but the area the
pixel observes. This calibration is done with the help of the diameter of the tips cavity mirrors which is well
known.
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carried out with a Matlab routine and we typically find atom numbers of 4 - 10° atoms in
the MOT phase.

To optimise the performance and repetition rate of the apparatus, we use this absorption
imaging technique. In particular, we measure the MOT’s loading speed, its expansion
velocity as well as its temperature in Sec. 3.3.2. We also characterise the speed of the
atoms in the atomic fountain in Sec. 3.3.3. To conclude, we show a routine application of

the absorption imaging technique in Fig. (3.19).

3.3.2 The MOT loading, expansion and temperature

The quicker we are able of loading the magneto-optical trap, the better’’. Besides the
alignment of the MOT cooling beams, their intensity, their radius and the B-field which
we assume optimised before operating the experiment on a daily basis, there is one crucial
factor which increases the loading rate of the MOT — the background pressure of Rubidium
in the vacuum chamber. The Rubidium atoms in the chamber are provided by Alvatec
getter’*. We can influence the amount of Rubidium getting into the chamber by changing
the current going to the dispenser manually. In Fig. (3.20), we see the Rubidium pressure
increasing over the course of the day as the getter is left running. This leads to a larger
number of atoms in the MOT and also shorter loading times. However, these timescales
are much too slow to instantaneously increase the background pressure of Rubidium inside
the chamber to rapidly load the MOT. A much quicker way to do so is to apply light-

induced atom desorption (LIAD) [58, 59]. Atoms are adsorbed to the walls of the vacuum

Z3This is easy to see taking our experimental sequence into account which is introduced in Sec. 3.4.
Shorter MOT loading times lead to a higher experimental repetition rate.
24 Alvasource AS-5-Rb-160-S
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Figure 3.19: This Figure shows a routine application of the absorption imaging technique: It is
an easy way to check whether the atoms are flying straight up towards and eventually reach the
cavity. The time between each picture is 1 ms. The detuning of the upper and lower MOT beams is
1 MHz, which results in an approximate speed of the atoms of 1 m/s. The pictures are false colour
images (LabView’s ‘temperature map’).
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chamber and by shining strong UV light, they can be desorbed and again take part in the
MOT cooling cycle. This leads to a temporary increase of the Rubidium pressure in the
chamber. It has been experimentally found [59], the shorter the wavelength, the more
atoms can be desorbed. In our experiment, we use an LED array at 400 nm wavelength to

load the atoms faster into the MOT.

As a next step, we want to determine the temperature of the MOT cloud, which we do
with the help of its expansion velocity after having switched off the MOT cooling beams.
The diameter o, (¢) of the cloud after a certain period of time ¢ in one dimension can be

calculated by

ox(t) = \/ob + vt (3.9)

where 0y is the initial diameter of the cloud and vy is the RMS (root mean square) velocity

in one dimension. According to the kinetic gas theory, v, can be expressed by

kT
2 =B (3.10)

m
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t=0 t=1ms t=2ms t=3ms t=4ms t=5ms

Figure 3.21: Determining the temperature of the atomic cloud with the help of its expansion
velocity: At time t = 0 ms, the MOT beams are switched off and the cold atom cloud expands. By
fitting a 2D-Gaussian to the image of the MOT, the expansion velocity of the cloud and therefore
its temperature can be calculated.

where kg is the Boltzmann constant, m = 144 - 10~27 kg, and T the temperature of the
atoms. By inserting Eq. (3.10) into Eq. (3.9) and fitting the resulting function to the pic-
tures acquired with the help of the absorption imaging technique, we can find the tempera-
ture of the atomic cloud. For the sequence of pictures in Fig. (3.21), we find temperatures
of 78+36 K and 124+42 1K, evaluating the data for the expansion in x- and y-direction,
respectively. By decreasing the time between the measurements and choosing a smaller

step size for time ¢, one could decrease the error bars.

3.3.3 The MOT in motion — the atomic fountain

There are different ways of getting an atom between the mirrors of a high-finesse optical
cavity. They can be prepared above the cavity and dropped [£], or below the cavity and
launched upwards [60]. The latter approach has the advantage that the gravitational force
acts in the opposite direction compared to the direction of motion of the atoms. Therefore
longer interaction times can be achieved as compared to the first approach, where gravity
speeds the atoms up even more.

Another approach is to trap the atoms inside the cavity using a blue-detuned auxiliary

laser [61]. This approach means the atoms are trapped for an extremely long time. How-
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ever, the atoms are subject to an ac-Stark shift due to the E-field of the dipole trapping
laser which can affect the photon production process. Furthermore, this approach suffers
from the disadvantage that the atoms heat up inside the trap and a cooling cycle needs to

be run to cool the atom back down.

In the earlier stages of this experiment, it had been decided to follow the atomic-
fountain approach. The atoms are first cooled down to temperatures of around 100 K
then launched upwards. This low temperature is necessary as otherwise the spread of
the atomic cloud due to the atom’s thermal velocity would be too pronounced. It has to
be stated that in our experiment the loading into the cavity is probabilistic, however, as
soon as one single atom interacts with the vacuum mode of the cavity, the single photon
production is deterministic. On the time-scales of the photon production, the atom is
quasi-stationnary — experimentally, we observe interaction times of atoms and cavity of
80 ps whereas the production of a photon takes 1 ps. The two-atom contribution can be
kept negligible experimentally due to low atom densities, e.g. short MOT loading times

and low Rubidium background pressure.

In this Section, we want to discuss how our actual atomic fountain behaves experimen-
tally. We already know that the velocity of the atoms can be expressed by v = V2AAf,
where v is the velocity of the atoms, A is their wavelength, and Af is the frequency detun-
ing of the MOT beams with respect to each other [46, 60]. This equation describes that the
atoms are cooled into a moving rest frame. The atoms see the incoming light on resonance
with the F =2 to F’ = 3 transition due to the Doppler shift as they move upwards with the
finite velocity v in the laboratory frame. The factor /2 can be explained by the geometric

arrangement of our MOT cooling beams (45° to the vertical).
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By observing the flight of the cold atoms towards the cavity and taking a picture every
millisecond for the following six milliseconds, we can determine the diameter of the MOT
in vertical and horizontal direction (x,y) by fitting a 2D-Gaussian to the shape of the atom

cloud. This allows to characterise

1. the velocity of the real atomic cloud compared to the expected velocity v = v/2AAf.

2. the detuning A f between upper and lower MOT beams in the launch phase leading

to the slowest atoms.

3. the best MOT-cooling parameters to obtain an atomic cloud with the least expansion
(or homogenic expansion) in both the horizontal and vertical direction during the

flight.

When measuring the velocity, we chose the frequency of the cooling lower beam as our
master frequency and detune the frequency of the upper beam accordingly. As described
above, we take one picture per millisecond while launching the atoms such that we can
determine the speed of the atomic cloud with respect to the detuning of the upper MOT

beam. The result of the measurement can be found in Fig. (3.22) as well as the theory



74 3.3. Loading atoms into the cavity

Detuning A [MHz] to F=2 to F'=3 transition
16 14 11 10 9
0.30 55,045z 3k T T T T T T

99.045 MHz —
0.28 ¢ Vx[mm/ms]
0.26 Yr Vy[mm/ms]

0.24

0.22 z _
100 MH w Y 10196 MHz
0.20 100.96 MHz Y7 Yo 102 MHz

0.18 oo~ e bl Fowe - Fomun,

99.0MHz YT 99.95 MHz — YT

0.14 99.0 MHz — Tﬁ(gggslvmjiﬂ F'=2
' 99.9 MHz — ﬁ

01— ..

98 99 100 101 102 103

Frequency shift © [MHz] from X13 crossover

0.16

MOT
|CooHng

Stabilized

Laser

'Cooling' laser

Expansion velocity [mm/ms]
of atomic cloud in x-, y-direction

Figure 3.23: Different values for red-detuning the MOT cooling beams by a frequency A: We
have chosen the cooling lower MOT beam frequency to be our master frequency and calculate the
detuning A in MHz (marked in red) from the cooling transition. The cooling lower beam has been
chosen such that the cold atoms are not launched but remain at their initial position when switching
off the cooling beams. For a red-detuning of 10 MHz from the cooling transition F=2to F’ =3, we
observe the most homogeneous expansion of the atomic cloud after switching off the MOT beam:s.
For a detuning of 11 MHz, we observe smaller expansions velocities, however, the MOT gets also
squeezed in one direction.

curve. Calculating the gradient in the theory curve v = v2AAf = 1.1034 m/sA f [MHz]
and comparing it to the measured value of 1.033 (m/s)/MHz indicates that there is good
accordance. The offset between the theory and experimental curve can be explained by
an intrinsic frequency offset between upper and lower cooling beams of 150 kHz or an

intrinsic offset introduced by the calibration of the CCD pixel versus imaged area.

Coming back to the enumeration above and having already learned how the expected
atomic velocity compares to the experimentally measured one, we study the detunings
between the upper and lower MOT cooling beams. The result is as simple as it is expected,

the smallest detuning results in the slowest MOT.

To finalise the discussion about the MOT in motion, we want to investigate which

overall detuning from the atomic cooling transition we want to run our MOT and atomic
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fountain. To get as many atoms as possible towards the cavity, the atomic cloud should
stay confined locally during flight as much as possible. We have chosen different detunings
for upper and lower MOT beams such that the atomic cloud is not launched but stays at
its initial position. An illustration can be found in Fig. (3.23). We observe the best local
confinement of the MOT in motion at a 10 MHz red-detuning from the F =2 to the F* =3

transition.

All these investigations are carried out for one reason. This reason ‘in action’ — a slow,
big MOT moving straight upwards towards the cavity with a velocity of 1 m/s — can be
seen in Fig. (3.19). As a next step, we need to put everything from cavity locking to
cooling and launching atoms together, to produce single photons from our system. This is

discussed in the following Section.

3.4 The experimental photon-production sequence

In this Section, we put together all the experimental information that we have gathered in
this Chapter: To produce single photons from an atom cavity system, we need to first cool
Rubidium atoms down in a magneto-optical trap as introduced in Sec. 3.3.2. Subsequently,
we need to launch the atoms upwards, as shown in Sec. 3.3.2. Eventually, one single
Rubidium atom is interacting with the cavity that is held on the correct frequency by its
locking circuit as explained in Sec. 3.2.3. As soon as an atom interacts with the cavity,
STIRAP pump and repump pulses need to be fired at this atom to trigger the single-photon
production process as described theoretically in Sec. 2.2.5. The single photon — due

to the cavity loss rate k — leaks out of the cavity and needs to be detected by single-



76 3.4. The experimental photon-production sequence

photon counting modules and stored digitally for post processing. This is, in principle,
the experimental photon production sequence, which needs to be repeated many times in a
row. How this is technically done is the topic of this Section. An outline of this simplified
version of events can be found in Fig. (3.24) and an overview of the nitty-gritty technical
details in Fig. (3.25).

In the default state of the experiment, the MOT beams are switched on, the cavity is
locked and the battery of single-photon counting modules is switched off (‘gated’). As a
safety precaution, there are two so-called click clacks in place, already described in Sec.
3.1.2. The click clack in front of the cavity (‘AOM click clack’) lets light pass as a default
whereas the one on the outcoupling side of the cavity (‘SPCM click clack’) is blocking the
light such that it does not hit the sensitive SPCMs when the cavity is held on resonance.
To control the experiment, in particular all the switching of various elements, a LabView
routine is used which is connected to an Adlink I/O board. An overview of this routine is

shown in Fig. (3.25).

If we want to start the photon-production process, we start with loading our MOT for
about 500 ms which is enough to gather a sufficient amount of atoms. For 1 ms, the cooling
beams are detuned to the according frequencies and subsequently switched off. We set the
detuning to 0.6 MHz giving a launch velocity of about 1 m/s. As the MOT is located about
9 mm below the centre of the cavity mode, as it can be seen in Fig. (3.16), it takes the
atoms about 11 ms to reach the cavity due to the slowing effect of gravity”. Then, we
fire a STIRAP pump and repump laser with a certain profile onto the atoms according to

which photon shape we want to generate. A Matlab routine controls the signal going to

Z3These values are experimentally determined, a measurement can for instance been found in Fig. (5.27).
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Figure 3.24: Simplified MOT loading, launch and photon production phase (time axis not to
scale): At first, roughly 10° atoms are cooled in the MOT to about 100 K. Standardly, this cool-
ing phase lasts for 300 ms and can be adjusted by the user to obtain sufficient cold atoms. The
number of atoms depends on technical factors such as the Rubidium background pressure inside
the vacuum chamber or the quality of the alignment of the MOT cooling beams. The cooling beams
are left switched on for an additional 200 ms as part of the LabView sequence used to control the
experiment. Then, MOT beams are detuned relatively to each other which exerts an upwards force
on the atoms. After a flight time of roughly 8 ms, the quickest atoms of the cloud start interacting
with the vacuum mode of the cavity. Then, a STIRAP or pump laser is applied in order to drive the
Raman adiabatic passage. As a single photon is emitted from the atom — after several roundtrips
in the cavity — it leaks out of one cavity mirror. The photon production phase lasts for 25 ms and
after that, the sequence is reconfigured for the next MOT loading cycle. The overall length of one
cycle is therefore 700 ms.
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the respective AOMs to produce these light pulses and receives its start trigger from the
LabView program. The theoretical discussion of pump pulse and resulting photon shape
can be found in Sec. 2.3. We repeat the Matlab sequence of pump and repump pulse
25,000 times in a row. In this photon production phase, the cavity needs to be completely
field free as well as the cavity click clack needs to let these single photons pass towards
the SPCMs. Therefore, the cavity AOM is switched off as well as the respective click
clack is down at this point in time. This double protection mechanism guarantees that
no cavity locking light is inside the cavity in the photon production phase as well as no
light can reach the detectors when they are switched on. This mechanism is mandatory as
saturation power is around 120 pW and the cavity locking beam of the order of 10 nano
watts”°.

As soon as the single photon counters detect a single photon in the photon production
phase, they send a TTL pulse towards a registering device, a time-to-digital converter®’
(TDC), where the TTL pulses receive a time stamp and a number according to which of
the detectors fired when. The TDC records four pieces of information for every TTL pulse:
First of all, it records which detector clicks — in the ‘qu-bits, qu-trits, qu-quads’-experiment
either 1 or 2 (see Chapter 4) or 1 to 6 in the ‘LOQC with long photons’-experiment (see
Chapter 5). The next information recorded is when the click occurred with respect to the
start of the STIRAP pulse. It also records the total time from the start of the launch phase.
The fourth piece of information which is recorded is which pulse of the STIRAP pump

pulses (1 - 25,000) produced the detected photon.

After the photon production phase, the sequence is reconfigured to its initial state, for

26We have not experimentally verified the damage threshold of the detectors — luckily.
27 Agilent U1051A/TC890
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instance the gate of the detectors is turned off, the SPCM click clack blocks the beam line
towards the SPCMs, the AOM click clack opens and the cavity locking beam is switched
back on and travels towards the cavity. Also, the MOT is reloaded and the cycle starts

again. As it can be seen in Fig. (3.24), one full cycle takes 700 ms.
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Figure 3.25: Experimental sequence: The upper picture shows the timings of the experimental
sequence which has to be carried out by the LabView routine. How often the routine is repeated is
set by the user. As it can be seen in the lower picture, we can define three parts of the experimental
sequence: The first part — the MOT loading phase — is identical to the free running experiment.
The second phase only lasts very shortly — in the 1 ms long launch time the upper and lower MOT
beams are detuned against each other and the cold atomic cloud is launched upwards. In the third
phase, the photon production phase, the STIRAP pump beam is fired onto the atom inside the
cavity and the photons are produced. They are detected with the help of single photon counters.



Chapter 4

Quantum experiments | — qubits,
qutrits, and ququads

The main goal of this thesis is to perform quantum networking or even linear optics
quantum computing [ 13, 62, 63, 64] with the help of temporally long photons. Ideally, to
perform LOQC measurements, elementary ‘quantum’ bits (qubits) of information have to
be initialised and delivered in a non-probabilistic, versatile, reconfigurable fashion which
is not subject to systematic photon losses. The focus of this experimental Chapter is on
our approach to achieve these goals. We report on the on-demand production of quantum
bits of information encoded in the time domain of more than 100 m in length. We refer to
them as time-bin encoded photonic qubits, qutrits and ququads. This Chapter is based on

[65] and [66].

4.1 Production of time-bin encoded qu-d-its

Encoding quantum information in time goes back a long way [67], time-bin encoded
qubits were first demonstrated in the Gisin group in 1999 [68]. With a Michelson interfer-
ometer setup first splitting 300 ps pulses, then adding a phase shift in its longer arm and
finally re-interfering the pulses on a second beam splitter, a two time-bin photon with the
time bins being separated by 1.2 ns is generated. This photon is used to pump a nonlinear

81
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crystal, generating two time-binned photons at a longer wavelength. This scheme is later

extended to femtosecond pulses [69].

Our approach to time-bin encoding is based on the theoretical [45] and experimental
[60] demonstrations of arbitrarily shaping the spatio-temporal envelope of the single pho-
tons emitted from our source based on a strongly coupled atom-cavity system. Therefore,
we are able to shape photons in a way that they represent time-bin encoded qubits, qutrits
or even ququads. More generally, we refer to this type of quantum bits of information as
qu-d-its'. The number of time bins we can encode in our photons is fundamentally limited
by the coherence time of the system and the minimal temporal length of the time bins not
violating the adiabaticity constraint introduced in Sec. 2.2.3. From [70], we learn that the

adiabaticity constraint in the case of full state transfer from |u, 0) to |g, 1) is

97 > % + g 4.1

where 7' is the length of the adiabatic transfer, g the atom-cavity coupling strength,
the cavity decay rate and ~ the polarisation decay rate. For (g, ~,v) = (12, 12, 3) MHz,
we obtain 7' > 38 ns. The actual length of the photon’s wave packet Wpyoon, keeping
the process adiabatic and assuming a quick adiabatic transfer x - 7' < 17 is given by
Wphoton () = v/ 2ke™ " [70]. Therefore, the lower bound for the length of the photon’s wave
packet is defined by the lifetime 1/ of the resonator. For k = 12 MHz, the lifetime of

the resonator equals 83 ns. Experimentally, we observe 230 ns as the shortest possible

'With d = b in the qu-b-its case and d = tr in the qu-tr-its case. Strictly speaking, this scheme breaks
down in the ququads case.
212 MHz - 38 ns = 0.5
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Figure 4.1: Time-bin encoded qubit: The spatio-temporal envelope of a single photon is sub-
divided into two separate time bins of 230 ns length. Therefore, the state of the single photon is
equivalent to a quantum superposition of a photon being in the first or second time bin, respectively.

temporal length of the time bin®. Assuming a 500 ns coherence time [65], we can ideally
imprint two time bins into our photon’s wave packed but also three. It is also possible to
encode four time bins, but the lack of coherence is going to be visible, as it can for instance

be seen in Fig. (4.12).

Having explored the history of encoding information in time as well as the limitations
of our system, we continue with how we can encode quantum bits of information into time-
bin encoded photons. The quantum mechanical analog to the classical bit and therefore
the elementary unit in quantum information processing is a qubit [3]. For a single photon,

its initialisation is often achieved via dual-rail encoding [7 1], where a single photon is split

3This value is determined experimentally by running HOM measurements for different lengths of the
time bins. We make sure to minimise the ratio of coincidences we observe for parallely polarised over
perpendicular polarised photons per time bin. This is the case for a temporal length of 230 ns per time bin.
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by a 50:50 beam splitter into the non-separable state of the form

W) = \}5 (110) + elo1)) 4.2)

where |10) and |01) correspond to the two spatial modes, with ¢ being the relative phase
delay in the transmitted mode. In our case, the photonic qubits are not encoded spatially
but temporally. As it can be seen in Fig. (4.1), this means that the spatio-temporal envelope
of the single photon has been subdivided into two different time bins of equal temporal
length. Therefore, the total single-photon state is a quantum superposition of a photon
being in the first or second time bin, respectively. Please note that there is a well-defined
phase relationship and coherence between the two time bins in our experiment, this is
why we can regard the single photon as a photonic qubit. The same holds for qutrits and
ququads accordingly, with additional time bins for each. We are therefore able of encoding
arbitrary qubits into single photons as we are able of controlling the probability amplitudes
of these states and their relative phase, ¢. However, in the following, the discussion is
restricted to time bins with equal amplitudes as we only want to show a proof of principle

experiment.

4.2 Quantum-homodyne measurements

To verify that the quantum state of the photon corresponds to the desired qubit, the relative
phase ¢ between individual time bins has to be determined. This is achieved with the
help of a newly developed quantum-homodyne technique. A similar technique for SPDC

photons has been introduced by Wasilewski et al. [72].
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Figure 4.2: Homodyne vs. quantum-homodyne technique: In the homodyne measurement, a
weak signal beam as well as a bright local oscillator (LO) of the same frequency is sent on a 50:50
non-polarising beam splitter (BS) where they interfere. The detectors transform the AC signals of
the photocurrents coming from the respective photodiode into voltages. These two voltages can
subsequently be electronically added or subtracted. The “+” operation delivers information about
an arbitrarily rotated quadrature variable of the signal beam. In the quantum-homodyne case, two
single photons are sent on a 50:50 BS such that they arrive there simultaneously and interfere with
each other. If both photons are indistinguishable, bunching or the Hong-Ou-Mandel effect [73]
can be observed. In our quantum-homodyne measurement, clicks on both single-photon counting
modules (SPCMs) are measured. During post-processing, correlation events can be evaluated in a
time-resolved manner as our photons are much longer than the detector time resolution.

Usually, the term homodyne stands for a technique used in the continuous variable
(CV) regime. The difference between the homodyne and the quantum-homodyne tech-
nique is shown in Fig. (4.2). In the continuous variables, a weak signal beam interferes
with a ‘classical’ local oscillator (LO) [74] of the same frequency* on a non-polarising
beam splitter (BS). In the two output ports of this beam splitter, the respective signal is
measured with the help of a PIN photodiode and then electronically added or subtracted
from one another. In this way, information about an arbitrarily rotated quadrature of the
signal beam and a quadrature of the LO can be obtained. This technique is essential when
measuring non-classical CV light and more information about it can be found in the Ap-

pendix, Chapter 7.

“In the case of signal and LO beam having different frequencies, the technique is referred to as heterody-
ing.
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In the quantum-homodyne case, we also deal with non-classical light, namely single
photons in both the signal and the local oscillator beam. The standard technique to detect
and obtain information about these photons is two-photon interference [75]. In particular,
as our photons are very long, all measurements can be carried out in a time-resolved man-
ner [76, 77] — the photons are of the length of several 100 ns whereas the detector time
resolution is roughly three orders of magnitude smaller. With our quantum-homodyne
technique we extend the well-known Hong-Ou-Mandel interference [73] as it can be seen
in Fig. (4.3): The signal photon interferes on a beam splitter with a single LO photon of

state

|¥10) = a1 |00) = (]10) + |01)) /\/5, with its creation operator being (4.3)

. L "
alto = /2 (@B 1+ aJLFB 2>' 4.4)

This photon exhibits no phase shift between its time bins. In particular the creation oper-
ator for the LO shown in Fig. (4.3, right), is 1/1/2 (&El + &Lz). In the traditional HOM
interference as shown in Fig. (4.3, left), the photons arrive simultaneously at the beam
splitter in spatio-temporal modes A and B. The creation operators in the respective output

ports of the beam splitter read

1
ot = —=(a} +a}),and (4.5)

ih = —=(ak — ap), (4.6)

such that the input states a4 |0) and a5]0) translate into a superposition of output states
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Figure 4.3: Quantum homodyning (right) extends standard Hong-Ou-Mandel interferometry
(left): Photons of identical spatio-temporal envelope arrive simultaneously at a 50:50 beam splitter
and interfere. The local oscillator (LO) photon exhibits no phase differences between its time bins,
while any phase or frequency changes within the signal photon give rise to correlation events in
detection-time resolved measurements.

ak|0) and a},|0) using the operator relation of the beam splitter. Inversely, we find

ol = —=(ak +a}), and 4.7)

abh = —=(alk —ab), (4.8)

Applied to twin-peak signal and LO photons, in the Heisenberg picture, the input states

read
1 . 1 |
Ws) = [Wiigna) = ﬁ(a,&l + ek, )]00)s = NG (110)a + €[01)a), 4.9)
W) = [Wio) = 7(“ +al,)[00)s 7(!10> B+ 0L)s), (4.10)

The input state into the beamsplitter in the quantum homodyne measurement reads

1/, i . R
W) = 5 (ks + €a,) (ahy + b )[00)200)s. @.11)
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which can be converted into the output state

Lo - i¢ i¢ - - - -
Wou) = 1 (afn + alle t+e ¢aéz te %Ez) (a& - asz)l + @Tcz - CLITDZ) 100)c[00)5p.

(4.12)
This output state can be simplified to

o) o ((ak))? = (a1)*)[00)c]00)p (4.13)

+¢2((af)? = (@5,)?) 00)cl00)o @14

+ (14 €)(alyal, — abyah, ) 00)c|00)p (4.15)

- (1= ei(b)(&ézalgl - d]TDZ&TCl) 00)c|00)p, (4.16)

where the subscripts {1, 2} refer to the respective time bin, {C, D} to the respective output
port of the beam splitter and ¢ to the phase difference between the two time bins of the

signal photon.

The terms of the output state referenced (4.13) and (4.14) contain the creation operator
pairs where both photons are detected in the same time bin and output port of the beam
splitter. This is the case when photons coalesce. The terms referenced as Eqs. (4.15) and
(4.16) describe the situation where the photons are detected in different time bins. No
cross-correlations between outputs C and D are witnessed for identical photons (¢ = 0)
in theory, which corresponds to the well-known Hong-Ou-Mandel effect. If one chooses
¢ = m, the photons are actively forced into opposite output ports, provided the detections

occur in different time bins. This means that if for instance the first photon is detected in
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C1, the second must be detected in D2. The photon correlations, which normally follow
bosonic statistics, are projected into a quasi-fermionic state by the first detection and the
change in relative phase. By examining the number of cross-correlations found in dif-
ferent time bins, the relative phase difference, ¢, between any pair of time bins can be

determined.

4.3 Experimental setup

Having thoroughly discussed all details of the experiment in Chapter 3, we use our well-
characterised setup for the production of photonic qubits, qutrits and ququads. An outline
of the experimental arrangement is shown in Fig. (4.4). We alternatingly produce signal
and LO photons from the atom-cavity system’ by imprinting the respective phase (zero
or ¢) on the photons with the help of the STIRAP driving pulse’s phase. This STIRAP
driving pulse is generated by light passing through an AOM which gets its signal from an
arbitrary waveform generator.

The stream of photons produced from the atom with the help of the STIRAP driving

pulse is split by a polarising beam splitter (PBS) between long (upper) and short (lower)

beam paths, causing successively emitted photons to arrive simultaneously at the non-

3In practice, we alternatingly imprint a phase shift of ¢ and no phase shift onto the STIRAP driving pulse
with the help of an AWG. To exclude any technical error in the AWG, we carefully check the (electronic)
driving pulse’s pattern and imprinted phase shift before starting each individual measurement. In this way,
we determine the imprinted phase difference between signal (phase shift) and LO (no phase shift) photon.
What we additionally check is to only produce signal or LO photons and measure the HOM interference.
The outcome of these two separate measurements is identical in both cases — for perpendicularly polarised
photons, the cross-correlation function is given by the auto-convolution of the photon’s shape (for no and ¢
phase shift) and for parallely polarised photons (ideally) the cross-correlation function is zero. This is how
we are sure that we measure the phase difference between signal and LO photon in a quantum homodyne
measurement.
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Figure 4.4: Experimental arrangement for quantum-homodyne measurements: As described in
Section 2.1, to create a single photon of a pre-defined spatio-temporal envelope, a single 8"Rb
atom is placed inside a high-finesse optical cavity where a Raman transition is driven within this
atom. A 200 m long fibre is used to delay this generated photon such that it arrives simultaneously
at the beam splitter (BS) with the subsequently emitted photon that travels the direct path. The
two output modes of the fiber BS are monitored for detection events with the help of two SPCMs.
The detection events are subsequently sent to the time-to-digital converter (TDC) where they are
registered, provided with a time stamp and stored for post-processing.

polarising 50:50 beam splitter®. In the two output ports of the fiber beam splitter, there are
two single-photon counting modules (SPCMs). These detectors’ are gated and quenched
avalanche photodiodes with a timing resolution of 350 ps and a dead-time of 50 ns. Both
of them are connected to a time-to-digital converter (TDC)® with a timing resolution of 50
ps which registers the clicks in the detectors as well as provides them with a timestamps
as described in Sec. 3.4.

In this experiment, we therefore use a standard 6-beams magneto-optical trap and an
atomic fountain which has been already discussed in Secs. 3.3.2 and 3.3.3. In the MOT,
about 10° atoms are prepared at about 100 K 8.5 mm below the centre of the cavity
mode as it can be seen in Fig. (3.16). The loading of the MOT takes about 300 ms and
is assisted by UV light-induced desorption (LIAD) of Rubidium from the walls of the

vacuum chamber. This procedure allows for effective loading of the MOT in a relatively

®As the beam splitter randomly distributes the photons between the paths, this occurs with a probability
of 25%. This probability can be increased to unity using fast switching optics or generating polarisation-
controlled single photons.

"Perkin-Elmer, SPCM AQRH-14.

8 Agilent TC890
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Figure 4.5: (Left) Probability density of twin- and triple-peak photons, taken from [65]. The
red-filled area indicates the desired sin?-shaped probability density in every time bin. (Right)
Normalised Rabi frequency {2t to generate qubits, qutrits and ququads for (g, x,v) =2 w(15,12, 3)
and an efficiency of n = 0.81.

short time. In order to subsequently load atoms into the cavity, the MOT beams are detuned
relative to each. This ballistically launches the cold atomic cloud. A complete discussion
can be found in Sec. 3.3.3. It has to be made sure that the launched atoms’ position
coincides with the centre of the cavity mode. Experimentally, about 100 us of interaction

time [60] of the atom with the cavity is achieved.

As soon as one of the 8"Rb atoms interacts with the cavity, the Raman transition can
be driven as it has been shown in Chapter 2, in particular in Secs. 2.2.4 and 2.2.3. Also,
it has been discussed in Sec. 2.3 that it is possible to engineer the photon’s shape both
theoretically and experimentally [45, 60]. For this experiment, we generate time-bin en-
coded qubits, qutrits and ququads with each time bin being 230 ns long — their waveform
can be found in Fig. (4.5, left) as well as their driving pulse of Rabi frequency {21 in Fig.
(4.5, right). In practice, the limiting factor to produce these photons are decoherence ef-
fects upon their generation inside the cavity as well as the bandwidth of the acousto-optic

modulator (AOM) modulating the driving pulse’s amplitude.
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Figure 4.6: Comparison between spatially and temporally encoded quantum bits of information:
Conventionally, quantum circuits are producing spatially entangled qubits (left). However, our
quantum bits of information are encoded temporally (right). In our virtual circuits representation
(lower), we depict our temporally encoded information as is it was spatially encoded.

4.4 Excursion l: Virtual-circuit representation

With our photons, we have a new domain to encode information on our hand — the time.
To increase the understanding of the experiment we are carrying out, we introduce a novel
way of displaying the physical reality with the help of a virtual circuit. An illustration
comparing the traditionally used and well-known spatially encoded qubit with the tem-
porally encoded ones can be found in Fig. (4.6). As time-bin encoding quantum bits of
information is non-intuitive, we chose to represent the modes as if they were spatial ones.
We can see all different virtual circuits for the experiments we are carrying out in Fig.

“4.7).
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Figure 4.7: Real vs. virtual-circuit representation for qubits, qutrits and ququads experiments: In
the qubit case, we subdivide the spatio-temporal envelope into two time bins, and observe them on
four virtual detectors, one in each output arm of the BS and in two separate time bins. This number
analogously increases to three time bins and six virtual detectors in the qutrit case. The most
extreme case we measure is the ququad case, where we generate two subsequent single photons

> < >
Intra-cavity Measurement on BS
ququad preparation

subdivided into four time bins and observe these on eight virtual detectors.
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4.5 Excursion Il: Data acquisition and post-processing

This Excursion discusses the data acquisition and post-processing in our experiment. This
equivalently holds for qubits, qutrits and ququads experiments described in this Chapter

as well as for experiments with LOQC described in Chapter 5.

The single photon counters register a click and emit a TTL pulse, which is registered
in the TDC. As discussed in Sec. 3.4, the TDC registers four pieces of information about
this TTL pulse, namely (1) the number of the detector that clicks, the time when the click
occurred with respect to (2) the start of the particular STIRAP pulse (0 — 1 us) and with
respect to (3) the time of the first STIRAP pulse firing (0 — 25 ms) after launching the MOT.
The fourth piece of information is (4) the pulse number of the fired STIRAP sequence the
detection is associated with (1 — 25,000). One file is saved in the TDC of all clicks that
occurred in all SPCMs per MOT throw in the sequence, containing the mentioned four
pieces of information for the registered TTL pulses, each SPCM being connected to one

input of the TDC. The next question is how we actually count correlations.

During post-processing, we look for counts occurring in the same pulse number per
registered file (per MOT throw). Is there another click detected in this particular pulse
number and in the same detector, it is most probably an event caused by after-pulsing in the
SPCM. Is the click detected in a different detector (but having the same registered plulse
number), we count this as a correlation and register the time between these detections.

This is what is called detection-time difference in the characteristic plots.

Let us discuss an example with a real registered count, please note that the time pa-

rameters are given in picoseconds:
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Figure 4.8: Example of a registered count in the TDC coming from the SPCM. Assuming a two
time-bin photon, the click is detected in detector 4, 239 ns from the beginning of the STIRAP
pulse, 10 ms from the beginning of the MOT throw and this click was produced by the 10,357-th
STIRAP pulse fired.

M| @ 3) 4)

4 239450 | 10273391450 | 10357
This means, we detected a click in detector 4, 239 ns from the beginning of the STIRAP

pulse, 10 ms from the beginning of the MOT throw and this click was produced by the
10,357-th STIRAP pulse fired. What this means is illustrated in Fig. (4.8). If we for

instance observe two clicks in the same detector for the same pulse number, such as

4 | 239450 | 10273391450 | 10357
4 | 301762 | 10273453762 | 10357

it is most probably one real photon click and one after pulse with a time difference of 62 ns.

These after pulses can come from two different sources. The SPCMs can spit out a photon
after the detection of a photon which leaves the module, travels the inverse optical path, is
back reflected on an optical element and is detected once again. The other possibility is
that this after pulse is caused by charge impurities of the detectors itself. In any case, it is
a source of noise, this is why we discard all clicks in one detector for one pulse number
after the first detection.

If our detection pattern looks like this

4 | 515350 | 14156355350 | 14271
5| 301762 | 10273453762 | 10357
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we most probably detected one correlation between detector 4 and 5 with a detection-time
difference of 62 ns. This gives rise to one correlation event in a standard detection-time

difference graph.

If we want to display our data in a different way — alluding to the well known truth
tables used in the LOQC community — we carry out the same evaluation but add another
piece of information. This time, we are interested in which part of the pulse the detection
occurred. According to Fig. (4.8), we separate for instance a two time-bin photon into two
parts. We define all detections in time ¢ according to tyuse > t > tyuse/2 as detections in
time bin 2 and accordingly, detections in ¢, /2 > t > 0 as detections in time bin 1. If we
detect one photon for instance in time bin 1 in detector C and for the same pulse number
in detector D in time bin 2, we observe a correlation between virtual detectors C1 and D2.

This scheme is illustrated in Fig. (4.9).

4.6 Experimental results

As it has been shown in Fig. (4.4), the experimental setup is simple and is not being
changed in course of the qubits, qutrits and ququads measurements. Signal and LO pho-
tons interfere on a fiber BS and in its output ports, the interference signal is monitored
with the help of two SPCMs. The virtual circuits for all measurements we carry out can
be found in Fig. (4.7). The results for measured twin-peak photons are presented in Fig.
(4.10), for triple-peak photons in Fig. (4.11) and for quadruple-peak photons in Fig. (4.12)

as well as in [65].

Perpendicularly polarised photons do not interfere, and their cross-correlation function
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Figure 4.9: We bin our measured data such that it matches the well known truth table from LOQC
measurements: We define time bins for the detection time of our photon. If we detect the photon in
time tpuise /2 > t > 0, we define it is detected in time bin 1 of detector C (upper left). If we register
a second count for the same pulse number in the other detector D also in time #pyjse/2 > t > 0, this
is a correlation event between virtual detectors C1 and D1. If we detect a photon in C1 and in time
tpulse > t > tpulse /2 in the other detector, it is a correlation event between detectors C1 and D2
(upper right). If we register two counts in the same pulse number in the same detector (lower), we
discard this event as it is most probably an after pulse and therefore noise.
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Figure 4.10: (Left) Results of the time-resolved quantum-homodyne measurement for qubits
[65]: The reference signal (perpendicular polarisation) is shown in grey, the homodyne signal
(parallel polarisation) in red. The relative phase shift ¢ between the signal-photon peaks has been
stepped between 0 and 7. Real time-resolved detector clicks can be mapped to virtual detectors
Cl1, C2, D1, and D2 firing, the respective virtual circuit to identify the virtual detectors can be
found in Fig. (4.7). (Right) Relative coincidence probabilities (RCPs) between virtual detectors
for perpendicular polarisation (reference measurement) and for a phase shift of ¢ = . The colour
brown indicates both virtual detectors firing in the same time bin whereas green means they fire in
successive time bins.

is given by the auto-convolution of the photon’s shape. For twin-peak photons, a triple-
peak convolution is witnessed as it can be seen in grey in Fig. (4.10, left), with a large
central peak caused by detector clicks in identical time bins which are represented by the
annihilation operators aciap; and acyapy. The additional two side peaks of equal height
arise from correlations between adjacent time bins represented by acjap; and acaap, re-
spectively. With parallel polarisation, the photons do interfere and the cross-correlation
function marked in red in Fig. (4.10, left) varies with the relative phase between the peaks
of the signal photon. As discussed above, no correlations are found within identical time
bins, so the central peak at zero detection-time difference vanishes. This is not the case

for the two side peaks at +230 ns, where the number of counts depends strongly on ¢ and
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is expected to vary between zero and twice the value found with perpendicularly polarised

photons.

In order to exploit the data measured with the help of the quantum-homodyne tech-
nique, the virtual-circuit representation introduced in the Excursion in Sec. 4.4 is of great
help. As it can be seen in Fig. (4.7), two photons are generated, each existing in a su-
perposition of two time bins with a possible phase shift in the signal and no phase shift
in the local oscillator photon. These photons are interfered on one single beam splitter
with detectors C and D monitoring the respective output modes. This physical reality is
equivalent to the representation of spatial superposition of a beam splitter’s output with an
extra phase shift imprinted in the transmitted mode as shown in Fig. (4.6). In the experi-
ment which is virtually represented in Fig. (4.7), the real beam splitter and detectors are
used twice — once per time bin — and so the equivalent virtual circuit consists of two beam

splitters and four virtual detectors C1, C2, D1, and D2.

Due to the photons being much longer than the detector time resolution, the absolute
time at which the real detectors fire can be recorded with the help of the time-to-digital
converter (TDC). Therefore, the four possible cross-correlations — represented by either
the annihilation operators dc;ap; and ac,ap; (same time bin) or acjap; and acap; (differ-
ent time bins) — can be retrieved. This is shown in Fig. (4.10, left) for both perpendicularly
(black) and parallelly polarised (red) photons with a ¢ = 7 phase shift in the signal photon.
The full time-resolved correlation function — which depends strongly on the photon shape
— can now be time-binned and normalised to give the correlations between virtual detec-
tors, which is shown in Fig. (4.10, right). The relative coincidence probability (RCP) used

as a measure to compare the amount of correlations between virtual detectors is defined
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by the ratio of quantum-homodyne correlations to the number of reference correlations
retrieved from the measurements of perpendicularity polarised photons. The RCP ranges
from zero to two, indicating the respective extreme case of photons coalescing (no corre-
lations) or anti-coalescing (correlations). By comparing these measured correlations to the
expectation, the fidelity of the qubit state preparation is found to be F = 0.96+£0.01. How

to calculate this result is explained in Sec. 4.7.

The quantum-homodyne technique which has been applied to qubits in the previous
paragraph, it is now extended to time-bin encoded qutrits and ququads. These qutrits and
ququads are generated by adding more time bins with in general arbitrary amplitudes and

relative phases. The states are now of the form

W3) o< |100) + € |010) + €**2]001), (4.17)

@) oc [1000) 4 €°1[0100) + €'#2|0010) + €9*|0001). (4.18)

In Fig. (4.7), the virtual circuits for the preparation and analysis of the qutrit |¥3) as
well as the ququad |?7) is shown. Although the physical apparatus remains unchanged,
the virtual circuit has expanded and now consists of six detectors C1 - C3 and D1 - D3.
The time-resolved quantum-homodyne correlations for the qutrit and ququad photons are
shown in Figs. (4.11, left) and (4.12, left), respectively. Additionally, the recorded data
is also separated into the correlations between the virtual detectors which can be seen in
Figs. (4.11, right) and (4.12, right), respectively. The correlations between these time
bins all depend on the relative phases, as predicted. A procedure to determine the fidelities

analogously to the one introduced in Sec. 4.7 yields fidelities of 0.94+0.01 and 0.89+0.02
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Figure 4.11: Results for the qutrits experiment [65, 66]: (Left) Time-resolved quantum-homodyne
measurement for photons with perpendicular (black) and parallel (blue) polarisation with a phase
shift in the central time bin of ¢; = 7 (red) and with phase shifts of ¢; = 7/2 in the central and ¢ =
7 in the final time bins (green). (Right) Relative coincidence probabilities (RCPs) between virtual
detectors for qutrits of phase ¢ = 7 as well as ¢1 = 7/2, ¢2 = m: The colour brown indicates
the virtual detectors firing in the same time bin, green in successive time bins and red in time bins
separated by one. The respective virtual circuit for the qutrit measurements can be found in Fig.
(4.7, middle).
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Figure 4.12: Results for the ququads experiment [65]: (Left) time-resolved homodyne signal of
perpendicular (black), parallel (blue) polarisation and for phase shifts of ¢; = ¢ = 7 in the signal
photon (red). As before, the solid traces are obtained from summing all coincidences found within
an 60 ns wide interval around each point of the trace and for some of these data points, we show
the statistical error. The shaded areas in the plot correspond to the fit of seven auto-correlated
sin?-pulses to the measured coincidence probabilities. (Right) Relative coincidence probabilities
(RCPs) between the eight virtual detectors for the ¢ = ¢o = w-case, the respective virtual circuit
can be found in Fig. (4.7).

for qutrits and ququads [65], respectively.

However, the increase in the size of the states is not infinite. The limiting factor of
how many peaks a photon can have is the intrinsic coherence time of 500 ns and evolution

rates of the system (g, k) = 27 - (15, 12) MHz [60].

4.7 Calculating the fidelity

Determining the fidelity [3] of a prepared quantum state is a popular tool to determine how
“close” this state is to the ideal one. To do so, the density matrix p of the generated state

has to be reconstructed.

For our qubit state with the imprinted phase flip ¢ = 7, p calculates to be [65]
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_1(101 —08p
P=3 (—0.85 0.99 ) ' (+19)

The values on the diagonal are obtained using photons of perpendicular polarisation
in the quantum-homodyne measurement, for instance shown in Fig. (4.10, left). The
numbers are proportional to the square root of the number of correlations detected in time
bin 1 and 2, respectively, and then normalised to one. We further assume that signal and
LO photons only differ in phase, such that their off-diagonal elements only differ in sign.
Their magnitude is given by the ratio of the square root of the maximum observed to the
maximum possible side-peak visibility, as shown in Fig. (4.10, left). Having obtained

the density matrix of the single photon state, the fidelity [3] itself is is calculated with

F(|#), p) = /(¥|p|¥), where F is the value for the fidelity,

W) is the reference state with
@) = (]10) — |01))/+/2, and / is the reconstructed density matrix of the single photon’s

quantum state.

4.8 Outlook — Quantum feedback

In this Section, we discuss what promising route could extend the qu-d-it production
demonstrated in this Chapter. Although being an outlook, very preliminary ‘proof of
principle’-data has already been acquired’, as shown in Fig. (4.13, right).

Assuming time-bin encoded qubits, the idea is to make a measurement on the first
time bin of two interfering photons while the second time bin of the second photon is still

being produced inside the cavity. The state of the second photon is — according to the

%In the earlier stages of the author’s time in Oxford.
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outcome of the measurement in the first time bin — actively influenced upon its generation
process inside the cavity by changing its imprinted phase from default ¢ = 0 to ¢ = 7.
In Fig. (4.13, left), the virtual circuit of this idea is shown. Two twin-peak photons are
subsequently emitted from the cavity such that they arrive at the fiber beam splitter at the
same time. If there is a detection on the detector marked in red in Fig. (4.13, left) — the
detector we condition on — a phase change is imprinted on the photonic time bin still being

created inside the cavity.

Experimentally, a detection in the first time bin needs to trigger a circuitry which flips
the phase of the STIRAP driving pulse as quickly as possible. The experimental means to
do so can for instance be a latch circuit triggered by the TTL output of our SPCM and an
electro-optic modulator to interact with this circuit, changing the STIRAP driving phase

when receiving the input from the circuit to do so.

As soon as the first detection has occurred, which sets the phase between both photons
to zero, the second time bin of the second photon gets imprinted a phase shift of 7. There-
fore, the second detection — provided it occurs in the second time bin — must occur in the

other detector. We refer to this process as quantum feedback.

However, this feedback only delivers the desired result if the first photon emitted from
the cavity takes the long path and the second one the short path of our setup. Additionally,
the first detection must occur on the detector we choose to condition on and in the first
time bin of the photon. The second photon must be detected in the second time bin. Only
under theses circumstances, the second click occurs in the other detector. This quantum

feedback shows great promise in view of LOQC experiments, however, it is beyond the



Chapter 4. Quantum experiments I — qubits, qutrits, and ququads 105

. L 10}
Virtual circuit _ Expected data ~
2nd detection 8 ?‘Q\
must occur o |
11> v . ' 0 AN
S O 6
10 B ©
11> L 2 '
—_ —
S 8 21
* >
10> Detection-time difference 0}
intra-cavity
qubit measurement 600 400 200 0 200 400 600
. E 400 - 4
generation onBS  conditioned : : ;
detector Detection-time difference [ns]

Figure 4.13: Quantum feedback experiment and very preliminary data: Two time-bin encoded
qubits are generated successively from the cavity and sent towards a fiber BS. If there is a detection
in the first time bin on the detector displayed red, this triggers a latch circuit to impose a phase flip
of 7 upon the generation of the second time bin of the second photon. Therefore, if the second
detection occurs in the second time bin, it must occur in the other detector, as this photon is forced
into the opposite output mode due to the phase shift between the two time bins. In very preliminar-
ily measured data (right), the expected peak from -230 ns to -560 ns suggests that this experiment
can work when more experimental data is taken as this displayed set of data has been taken with
only one experimental run (= 30 min).

scope of this project!’.

10Please refer to my colleague Oliver Barter’s thesis for more experimental details as well as first mea-
surement results.
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Chapter 5

Quantum experiments |l — LOQC
with long photons

Thirteen years ago, atom-cavity systems were proposed by Kuhn et al. [8] as an ideal
photonic source for operating optical quantum technology devices [78] based on quan-
tum interference of many photons [73] and post-selection to induce nonlinear controlled
operations [15, 17, 79]. Recently, integrated optics have been developed to realise com-
plex, miniature and mobile circuits for quantum information processing that manipulate

the quantum states of single photons [16, 80].

Up to now, optical quantum logic has been performed with short photons — photons that
have coherence length orders of magnitude smaller than the physical quantum circuits. For
instance, photons from parametric down conversion traditionally have coherence lengths
of 100 pm, but also 10 cm long photons from quantum dots have been reported [81]. In
our case, photons are several orders of magnitude longer and consequently, they are much

longer than the actual physical circuit.

In the following Chapter, these two systems, a photon “pistol” consisting of a strongly
coupled atom-cavity system (Kuhn group, Oxford) is combined with a quantum informa-
tion processing device, a photonic integrated circuit (O’Brien group, Bristol) as shown in

107
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Figure 5.1: Linear optics quantum computing with ultra-long photons: The upper pictures show
the experimental setup which is in place for the first data acquisition phase (2012). The respective
data is presented in Sec. 5.1. Photons from the atom-cavity system represented by the vacuum
chamber that contains the cavity (upper left) are coupled into the LOQC circuit. The picture (upper
right) shows the translation stages for free-space coupling in and out of the chip. The lower picture
shows the much more advanced setup, used for the second data acquisition phase (2014/2015). The
respective data can be found in Sec. 5.2, Sec. 5.3, and Sec. 5.4. As it can be seen in the lower
picture, the chip has been boxed up and a fibre array accessible to the experimentalist outside the
box has been glued to the chip itself. This allows for comfortable data acquisition.
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Fig. (5.1). As these LOQC devices are portable, the experiments described in the fol-
lowing have been carried out in Oxford in May 2012 and two years later from August to
October 2014. Sec. 5.1 describes our first steps towards linear optics quantum computing
with ultra-long photons and preliminary results when measuring a chip-integrated beam-
splitter and CNOT gate. After two years of experimental down-time, the experiments were
resumed in August 2014. The results of these measurements can be found in Sec. 5.2 to
5.4. We demonstrate a CNOT operation with ultra-long photons in Sec. 5.2 and addition-
ally verify that we can generate entanglement from separable input states on our integrated
circuit. The latter can be found in Sec. 5.3. We conclude this Chapter with operating a

LOQC circuit with temporally encoded qubits in Sec. 5.4.

5.1 First data

Operating a LOQC circuit with photons from an atom-cavity system has never been car-
ried out before. Traditionally, these circuits are operated with inherently probabilistic
single-photon sources. This Section describes our first steps towards using a deterministic
single-photon source to seed these circuits and the lessons we have to learn on the route
towards a more professional use of narrowband single-photon sources and integrated quan-

tum photonics described later in this Chapter.

In particular, in Sec. 5.1.1, we describe the experimental setup constructed of an atom-
cavity system as a single-photon source and the LOQC circuit as the quantum processing
unit. As these two systems have never been combined before, we also touch upon experi-
mental difficulties. In Sec. 5.1.2, we measure Hong-Ou-Mandel interference on a simple

LOQC beam splitter and therefore test how the performance of these systems compares.
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Finally, we show first data of operating a controlled-NOT gate with long photons Sec.

5.1.3 as well as with twin-peak photons.

5.1.1 Experimental setup

To carry out LOQC experiments with ultra-long photons, we begin in the traditional way
of how to produce photons from an atom-cavity system as already thoroughly discussed
in Chapter 4. In Fig. (5.2), the traditional outline of the experimental setup with a LOQC
circuit in form of either a chip-integrated beam splitter or a CNOT gate can be found.
These are the circuits we are going to measure in Sec. 5.1.2 and Sec. 5.1.3, respectively.
Two single photons are subsequently emitted from the single atom strongly coupled to
a high-finesse optical cavity. A polarising beam splitter (PBS) directs the unpolarised
stream of photons into two paths of different optical lengths chosen to delay one photon
by its own length. To obtain a photon pair at the input of the circuit, the first photon has to
take the path including the 200 m delay line corresponding to its 1 us temporal length, the
second one has to take the short path.

The fibres used are polarisation maintainig except for the delay arm of a non-polarisation
maintaining fibre which is additionally polarisation controlled with the help of manual fi-
bre polarisation controllers (‘paddles’). The photons are coupled into the circuit in free
space, with the fibre array leading up to the circuit mounted on translation stages. After
passing through the photonic circuit, the photons are collected with a second fibre array
and sent onto single-photon counting modules (SPCMs)'. With the help of refractive in-

dex matching liquid, the coupling efficiencies are about 60% from the fibre into the circuit

'In the CNOT case: Two Laser Components COUNT modules and two Perkin-Elmer SPCMs AQRH-14.
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Figure 5.2: Schematic experimental setup for measuring a LOQC circuit, in particular a beam
splitter or CNOT gate: The single photons are emitted from the optical cavity. With the help of
a delay line, the first photon is delayed by its own length such that it arrives at the beam splitter
simultaneously with the subsequently emitted photon. The photons are coupled into the photonic
integrated circuit in free space. There, the quantum computation takes place. Leaving the chip, the
photons are coupled into a fibre array and sent towards single-photon counting modules (SPCMs).
As soon as the SPCMs detect a single photon, a TTL pulse is sent to the TDC where it is registered
together with a time stamp and stored for post-processing.

and back into a fibre array. This part of the experiment is shown in Fig. (5.1, upper right).
The TTL signals from the SPCMs are registered by the time-to-digital converter (TDC)
which records all the information necessary for post-processing the data.

Experimentally, the challenges lie in the spatial and temporal length of the photons. As
we learn when setting up the experiment, etaloning can potentially cause self-interference
arising from reflection off perpendicular optical surfaces, such as for instance from the
PC fibre connectors’, polished chip facets or the back facet of the cavity mirrors. As
PC fibre connectors have a flat surface, it is naturally prone to self-interference of the
photon as it can be reflected from this surface as the coherence length of the photons is
much longer than any optical path length within the circuit. These effects decrease the
quantum interference which is necessary to operate these photonic devices. A solution to

this particular problem is to replace all PC fibre connectors by APC ones. These APC

2FC/PC: Physical Contact polish of the fibre end. FC/APC: Angled Physical Contact.
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connectors are polished at an angle of 8°, although they have higher insertion losses than

the PC ones®, they greatly reduce back reflections.

5.1.2 Chip-integrated beam splitter

As a first compatibility check between the photon pistol and the LOQC devices, a chip-
integrated 50:50 beam splitter is tested with photons emitted from the strongly coupled
atom-cavity system. The corresponding experimental setup is depicted in Fig. (5.2, up-
per). As in previous measurements, the photons are much longer than the detector resolu-
tion, this is why we can have a look at the interference in a time-resolved manner [75, 77].
As the properties of our source have been already determined in a separate HOM measure-
ment [60], we need to determine whether their indistinguishability is preserved across the
spatial and polarisation overlap inside the waveguide. This means we investigate whether
the LOQC circuit and the photon pistol are compatible.

In a traditional Hong-Ou-Mandel (HOM) measurement, we send indistinguishable sin-
gle photons of parallel polarisation into the two inputs of the circuit and compare the data
to the reference measurement of distinguishable photons which are perpendicularly po-
larised. In Fig. (5.3), we can directly compare these two sets of data of a HOM mea-
surement on chip and on a fiber beam splitter. The preliminary HOM-visibility in the
photonic circuit case is estimated to be ~ 60% as opposed to 87+5% [60]* on a fiber BS.
This value shows that both systems, the atom-cavity system to generate single photons

and the photonic chip to carry out quantum gate operations, is suitable to be used as a hy-

3As specified by the supplier, FC/PC patch cables have an ‘typical’ insertion loss of 0.3 dB, whereas for
FC/APC patch cables it is 1.5 dB.
“Please not that this HOM data is taken from Peter Nisbet-Jones’ paper [60].
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Figure 5.3: Time-resolved Hong-Ou-Mandel interference for both the fiber beam splitter (left,
data from [60]) and chip-integrated (right) beam splitter: The red data in both cases corresponds
to parallely polarised single photons interfering. Ideally, no correlations between both detectors
are observed which corresponds to the Hong-Ou-Mandel effect. However, the ‘wings’ around the
zero detection-time difference arise from decoherence effects upon generation of the photons. The
black data points are the reference measurement with perpendicular polarised photons. The shape
of the envelope is equivalent to the convolution of the shapes of the two single photons.

brid source-chip system. The HOM-visibility difference between fiber beam splitter and
chip-integrated beam splitter can be explained by an imperfect splitting ratio in the circuit,
decoherence effects upon the generation of the photons or imperfect polarisation align-
ment. In due course we see that this HOM-visibility can be increased to values around

85% as demonstrated in Sec. 5.2.2 by for instance careful polarisation alignment.

5.1.3 Chip-integrated CNOT gate

Having demonstrated that both systems can be joined together, the next step is to introduce
a more sophisticated photonic chip to the system: A controlled-NOT (CNOT) gate [17]
integrated within a silica-on-silicon circuit, the respective experimental setup can be found
in Fig. (5.2, lower).

The architecture of the circuit which is depicted in Fig. (5.4) has been introduced the-

oretically by Ralph et al. [17] in 2002. It is a gate that only consists of linear optical
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Figure 5.4: Schematic of Ralph’s coincidence controlled CNOT gate (theory [17], experiment
in bulk optics [15] and on chip [80]): V stands for vacuum input, C for control qubit and T for
target mode. Please note that the target modes Ty and T; on the output of the circuit are inverted
compared to the input ones. This is due to the generation process of the photonic chip and, with
the help of this labelling, it leads to the well-known truth table.

elements and needs a two-photon input, one in the control and one in the target mode. It
operates in the coincidence basis, which means that if one detects a coincidence between
target and control modes® on the output of the circuit, the computation has been success-
ful. The complete circuit consists of two vacuum, two control and two target modes. By
inserting a single photon in one mode of both target and control we spatially encode our
target and control qubits. The fundamental principle of the CNOT gate is, that according

to which state the control qubit is in it flips the target qubit or leaves it unchanged. The

potential input states in the logical basis are |0cOr), |Oclt), |1cOr) and |1¢1t), correspond-
ing to a single photon occupation of mode Cy and Ty, Cy and Ty, C; and Ty or C; and Ty,

respectively.

Experimentally, this gate works as described in the following: The two target modes
Ty and T; are mixed on a 50:50 beam splitter, then enter an interferometer and are sub-
sequently recombined on a second 50:50 beam splitter. The interferometer has two ad-

ditional 1/3:2/3 beam splitters in the upper and lower interferometer arm. If the interfer-

>This means that we detect a click (a photon) in one of the detectors connected to the target modes and
one click in the detectors connected to the control modes. We refer to this as a correlation event between
control and target modes.
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Figure 5.5: (Upper left) Theoretical truth table values (calculated by J. C. F. Matthews) for an
imperfect photonic CNOT integrated circuit, which includes an imperfect 50:50 (simulated as
55:45) and an imperfect 1/3:2/3 BS (simulated as 40:60). (Upper right) Best measured data for
the complete truth table with single-peaked photons in the hybrid source-chip system. (Lower) By
comparing the output of the circuit for both parallely and perpendicularly polarised photons in the
C1Tj input case we see that quantum interference does steer the output of the circuit.
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Figure 5.6: Preliminary measurements of a two time-bin photon with a phase shift of 7 on one
of the time bins: (Left) Evaluation of the data in the same time bin (right) as well as in different
time bins. In the different time-bin case we observe quasi-fermionic behaviour whereas in the same

time-bin case we observe a standard CNOT operation.
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ometer is balanced, the target qubit will leave the interferometer in the same state that it
entered in. From Fig. (5.4), we can clearly see that this is the case if the control qubit is
in state |Oc), meaning that we send the photon into input Cy. However, if there is a single
photon sent into input C;, indicating that the control is in state |1¢), target and control
photons interfere non-classically on the 1/3:2/3 BS. This non-classical two-photon inter-
ference causes a phase shift of 7 in the upper arm of the target interferometer. Therefore,
the target leaves the circuit in the respective other state, whereas the control remains un-
changed. The gate has an overall success probability of 1/9. As soon as a coincidence
between control and target is detected, we know that the computation has been carried out
successfully. The gate has been firstly demonstrated using bulk optics by O’Brien et al.
[15] and with the help of an integrated circuit by Politi et al. [80]. The chip we use in
these preliminary measurements is grown and lithographically masked using germanium-

and boron-doped buried square Silica waveguides on a Silicon substrate [82].

The schematic of the experimental setup can be seen in Fig. (5.2) and the preliminary
measured results in Figs. (5.5) and (5.6). To display all measured outputs for all input
combinations in the logical basis we use a ‘quantum logic’ truth-table representation. As
input states, we choose a single photon pair with only one time bin as well as a two time-

binned photon pair.

In the photon-pair case, we observe that the CNOT operation works — however, not
ideally. For instance in the C;T; input case we observe most of the counted correlations
between output modes C’; T, however, there are also some between the output modes
C’1T’1. As the model in Fig. (5.5, upper left) shows, this can be explained by non-ideal

beam splitter ratios on the chip. Also, the circuit has not been designed for the 780 nm
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wavelength but for 804 nm.

Additionally, we send our two time-bin photons introduced in Chapter 4 into the CNOT
circuit with a phase shift of 7 imprinted on one of the time bins of one photon of the photon
pair. If we evaluate the data only taking coincidences detected in the same time bin into
account, we can reproduce the standard CNOT functionality, as it can be seen in Fig. (5.6,
left). This means if we insert a pair of photons into input modes C; and T,, we find a
coincidence event® between output modes C’; and T’; and vice versa for pair of photons
being sent into input modes C; and T;. This means the photons behave as expected — as

bosons.

However, if we evaluate the identical data for coincidences in different time bins, the
CNOT operation breaks down, as shown in Fig. (5.6, right). Choosing C; as the control
input, this means — provided that we detect one photon in one time bin and the second
one in the other time bin in the coincidence basis — we are able of actively forcing the
photon into the respective other target output than the one we would expect if we had
bosonic behaviour. This means if we insert a pair of photons into input modes C; and Ty,
we find a coincidence event between output modes C’; and T’; and vice versa for pair of
photons being sent into input modes C; and T,. This is why we refer to this behaviour as
quasi-fermionic.

Interpreting these findings, we find that we can mimic both bosnic behaviour (eval-
uation of the data in the same time bin) and fermionic behaviour (evaluation of the data
in different time bins) with the same measurement [83]. A similar behaviour has already

been observed with respect to our quantum homodyne measurement in Sec. 4.2.

®Only for coincidences detected in the same time bin.
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The results are referred to as ‘preliminary’ and have never been published as each
row of the truth table has been normalised separately to one. This is due to the fact that
in this measurement session, we did not carry out an overall normalisation measurement.
Therefore, different lines of the truth table cannot be compared to each other. We conclude,
that this is a valid ‘proof of principle’-experiment — we can demonstrate that we can use
the atom-cavity source and the LOQC circuit as a hybrid source-chip system — but nothing
more than that. However, these normalisation measurements have to be repeated as well
as the data acquisition. The respective results including a proper calibration of the system
can be found in Sec. 5.2.3 for the CNOT operation an in Sec. 5.4 for the two-qubit

measurements on chip.

5.2 The CNOT4 chip

As the preliminary data acquisitions lack a proper normalisation measurement, we need
to repeat and extend the experiment described above. There is two-year downtime of
the photon-pistol experiment until this plan can spring into action. In August 2014, the
collaborative experimental work of Bristol and Oxford is resumed by the author. The
results are published in [84].

In the following, we begin with the description of our particular circuit in Sec. 5.2.1.
We introduce different types of experiments, ranging from characterising the hybrid source-
chip system by a simple Hanbury-Brown-Twiss measurement (single-photon experiments)
and Hong-Ou-Mandel measurements (two-photon experiments) on chip in Sec. 5.2.2.

Also, we demonstrate that it is possible to do a CNOT operation with long photons in
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Figure 5.7: State-of-the-art chip packaging (left) as well as this package embedded in the photon-
pistol experiment (right): Inside the plastic box (left) visible from the outside, a PM fibre array
is glued to the actual waveguide which allows for easy input changing when carrying out the
experiments. The different input modes can be selected by coupling the ends of these fibres to
the long and the short arm of the photon pistol. In the actual setup (right), we can identify the
spooled delay fibre of 200 m length below the bread board. On the bread board, we mount the six
single-photon counters as well as the packged chip right next to the counters. For safety reasons,
we tape the box the chip is in to the bread board (yellow). Also, we see the photon pistol’s vacuum
chamber.
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Sec. 5.2.3.

5.2.1 Introduction

The experiments that follow are carried out with the help of a different chip design, not
the standard CNOT as described above, but the so-called CNOT4 chip’. The photonic
circuit itself, shown in Fig. (5.8), is a network of single-mode waveguide directional cou-
plers designed to operate with near-infrared (NIR) photons and fabricated lithographically
using germanium and boron doped silica on a silicon substrate [80]. The buried square
3.5 pm x 3.5um waveguides of refractive index contrast An = 0.5 support only the fun-
damental mode at 780 nm. For photons from spontaneous parametric down conversion
with a coherence length in the 100 pm range, the full quantum process for single- and
two-qubit logic using exactly this architecture has been carried out [85]. The input and
output facets of the integrated circuit are glued with an optical adhesive to polarisation
maintaining fibre arrays to simplify coupling into and out of the circuit. This makes the
handling of the device much more experimentalist-friendly as it can be seen in Fig. (5.7).
The integrated circuit sits in a much larger plastic package to guarantee strain relief on
the fibres. If one wants to change input modes, only coupling the respective input of the
circuit to the long and short arm of the photon pistol is necessary. The average loss across
the chip from input to output fibre amounts to 3.3 dB.

The CNOT4 circuit is in principle a CNOT one with two additional Hadamard gates
on the control modes as depicted in Fig. (5.8). The target interferometer is similar to the

one used in a standard CNOT gate. As we use the CNOT4 chip in various different ways

"This was due to the fact that Bristol decided to have a fibre array glued to the end facet of the traditional
CNOT chip and something went wrong in the gluing process which made the circuit no longer available.
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Figure 5.8: Circuit diagram and architecture of the used CNOT4 circuit. The CNOT4 circuit is
similar to a standard CNOT one but with two additional Hadamard gates mixing the control modes.
As we use this circuit in various different ways in the following, we therefore introduce an non-
descriptive nomenclature for our input and output modes. The input modes are referred to as A, B,
C, D, E, and F and the output modes as A’, B’, C’, D’, E’, and F’.

in the following, we introduce a new nomenclature for the input modes which we refer to
as A, B, C, D, E, and F. The respective output modes are A’, B’, C’, D’, E’, and F’. In
Sec. 5.2.2, we see that we can characterise our source with the help of this circuit itself.
We determine that we obtain one single photon at a time from the source as well as learn

about their indistinguishability and polarisation and spatial overlap on chip.

5.2.2 Characterising the source — on chip

As a first experiment, we want to do characterisation measurements of the experimentally
crucial parts of the hybrid source-chip system. This Section discusses how we can do
this with the help of the system itself. We have to demonstrate two fundamental proper-
ties of the source, namely that we have single photons as well as that these photons are

indistinguishable from each other — otherwise no quantum interference is possible.
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We begin with the demonstration of the singleness [37] of the photons. This measure-
ment is a ‘single-photon’ measurement in a Hanbury-Brown-Twiss (HBT) setup [86]. The
function that we measure is the second-order intensity correlation function g(® (A7) of
the source. A sketch of the experimental setup can be found in Fig. (5.9). In this mea-
surement, all the single photons coming from the cavity are sent into one particular input
mode of the CNOT4 chip — in our case we choose input mode F — while all six outputs
are monitored by single-photon counters. The second-order intensity correlation function

g? (A7) is defined by [24, 60]

<PD1 (t)PDz(t — AT)>

g?(Ar) = (Poi()) (Poa(t))

(5.1)

where we refer to A7 as the detection-time difference, Pp;(t) and Pp,(t) are the prob-
abilities of detecting a photon in the corresponding detector D1 and D2. The photon’s
singleness is defined as ¢ (A7 = 0) [37, 52]. As the single photons can potentially be
observed in more than two outputs compared to the standard ¢ (A7) measurement on
a simple beam splitter, we count correlations in outputs D’, E’, and F’ and add them up
during post-processing. The result of each individual output combination and the total
result is shown in Fig. (5.9). Please note that in this measurement, although it includes
— besides photon-photon correlations — photon-dark count correlations as well as dark
count-dark count correlations, the singleness is still demonstrated. The main source of
noise is dark counts from the detectors. The only correction that has been applied during
post-processing is that all detections which are outside the single photons’ arrival time

have been gated out in the analysis programme. The absence of a peak around A7 =0 —
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Figure 5.9: Determining the singleness of our single photons: We use our hybrid source-chip
system to carry out a Hanbury-Brown-Twiss measurement, where all the photons from the source
are sent into the circuit’s input F and all six outputs of the CNOT4 chip are observed. However,
as the single photon stream that is sent into the circuit can only be observed by detectors D, E,
and F due to the chip’s architecture, only these outputs are correlated during post-processing. We
determine the ¢(? (A7) function by adding up all the correlations between D’ and E’, D’ and F’
and E’ and F’. The detector connected to output D’ has the number 6, E’ the number 1 and F’ the
number 5 — the numbers refer to the input modes of the time-to-digital converter which registers
the single photon clicks. Please note, there is no background subtracted. 6,000 MOT throws have
been used to obtain this result which corresponds to 1,800 s = 30 min of time-integration.
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which corresponds to zero detection-time difference — indicates that there is exactly one
photon emitted for one pump pulse sent onto the atom. Normalising the data from Fig.
(5.9), we find at zero detection-time difference g(2)(0) = (.15 [84] indicating the reduc-
tion in probability of detecting two events during one single STIRAP pump pulse. These
residual correlations can be fully attributed to detector dark counts, the shot noise of which
imposes an upper limit of ¢?(0) < 0.02 to the photon stream at the one-sigma confidence

level [84].

From Fig. (5.9), we can also determine the interaction time of the atom producing the
photon which corresponds to the envelope of the g(?) (A7) function. We can see that if the
first click is registered at A7 = 0, there is the probability that this atom still emits a photon
at t” =t + 60 us. It has to be stated that this is the source characteristics of a ‘day-to-day
measurement’ and not particularly optimised on a long interaction time of the atom with
the cavity. Each bar in the graph corresponds to a time window of 1 us — the repetition
rate of the photon production. Having demonstrated the first property of our photons, their

singleness, we subsequently investigate their indistinguishability.

The HOM measurement quantifies whether the source prepares single photon pairs as
well as whether their indistinguishability is preserved across the coherence time of the
photons including the spatial and polarisation overlap in the waveguide. In a measurement
similar to a traditional atom-cavity system where we use a fiber beam splitter, we send the
first photon of a pair down the delay arm of the system, the second one down the short
arm. In this way, both photons of the pair arrive at the LOQC circuit simultaneously. As
we want to characterise our hybrid system with the help of the system itself — we do not

check for instance the HOM visibility or the singleness of the photons on a finer beam
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Figure 5.10: Determining the indistinguishability of our single photon pairs as well as their spatial
and polarisation overlap on chip with the help of our hybrid source-chip system: On our chip, we
choose the input modes A and D and interfere them on the beam splitter marked in red. We monitor
the outputs B’ and C’. If a photon does not end up in the monitored outputs is is considered as loss.
We observe a HOM-visibility of 0.85+0.05 [84].
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splitter® — we chose the input modes A and D of our circuit and the beam splitter marked
in red in Fig. (5.10). We monitor the output modes B’ and C’. The other potential output
modes the photons could be registered in are considered as loss. This does not change
the physics but — due to increased measurement time — decreases the signal-to-noise ratio
due to dark counts in the detectors. To determine the degree of inseparability of our single
photons, we need to carry out two measurements and compare them. At first, a reference
is established by generating and measuring perfectly distinguishable single photons. The
easiest way of doing this is to use perpendicularly polarised photons. By switching to
parallelly polarised photons, one can demonstrate their degree of indistinguishability by
comparing this measurement to the one with perfectly distinguishable photons. As it can

be seen in Fig. (5.10), we observe a HOM-visibility of 85+£5%.

5.2.3 CNOT operation with long photons

A CNOT gate is a two-qubit logic gate in which the state of a target qubit is flipped, de-
pendent upon the state of a control qubit. The standard architecture has been introduced
by Ralph [17] in 2002 and can be seen in Fig. (5.11, left). This gate operates on spatial
mode encoded qubits, with the control qubit encoded into modes Cy and C; and the target
qubit encoded into modes Ty and T;. The gate’s mechanism is based on two core prin-
ciples of linear optical quantum circuits: single photon interference — requiring complete
circuit stability — and two-photon interference. The principles of a standard CNOT gate is
thoroughly discussed in Sec. 5.1.3.

As the standard CNOT circuit is not available, we have to carry out our measurements

8This would be less demanding experimentally but one would not learn as much about the coupled
system.
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Figure 5.11: Comparison between a well-known architecture of a CNOT gate (left) and a CNOT4
gate (right). We use the CNOT4 gate as if it was a CNOT gate. As it can be seen from the
circuits, the Cy mode does not take part in the computation and the C; mode couples to the target
interferometer of modes Ty and T;. By a non-classical interference, a phase shift is introduced in
the interferometer and the target output is flipped.

on a different circuit, namely the CNOT4 one. By comparing the circuits’ architectures
as shown in Fig. (5.11), it is easy to see that the CNOT4 gate is a CNOT gate mixing the
control inputs. This is how the gate is originally intended to be used. However, as we want
to verify our standard CNOT operation on the CNOT4 circuit, we identify input mode A
of the circuit as our new Cy, the input modes B and C as the respective vacuum modes V 5
and Vg, input mode D and E correspond to the respective target input modes T; and T
and input mode F corresponds to the C; input mode. We see that our new Cy mode only in-
terferes with the vacuum modes and if we insert a photon into this input mode, it can only
reach the vacuum outputs which we solely monitor for the sake of completeness. The tar-
get interferometer is similar to the one on the standard CNOT circuit. The only difference
is that the interesting beam splitter is not located in the upper arm of the interferometer
but in the lower arm. Due to the architecture of the circuit, it is impossible that one single
photon potentially inserted into input A interferes with a target photon. This is why it is
possible to use this CNOT4 as a standard CNOT circuit. Identifying input mode F as Cy,

we find that — identically to the standard CNOT configuration — there can be non-classical
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Figure 5.12: CNOT4 circuit used in our experiment comprising beam splitters with general (1),
red), ideal (black) and measured (blue) reflectivities. Accordingly, (1-7,,) refers to the transmit-
tivity of the beam splitter. The matrices M1, M2 and M3 describe the linear transformation of the
input modes through the circuit.

two-photon-interference on the beam splitter in the lower target interferometer arm. This
introduces a phase-shift of 7 in the target interferometer and flips the output mode of the

circuit.

How to calculate the output of a CNOT4 gate

Having already experimentally demonstrated the two fundamental properties of our hybrid
source-chip system — single as well as indistinguishable photons — we discuss what we
expect to measure if we operate a CNOT operation on a CNOT4 chip in this Section. En
passant, we establish a formalism of how to calculate photonic circuits which is of help as
soon as we deal with Sagnac loops on chip in Sec. 5.3.

In the following, we extend the formalism developed by Ralph [ 7] in the Schrodinger
picture in order to determine the output modes of a LOQC gate to our CNOT4 circuit. The
input modes A, B, C, D, E, and F are transformed into the output modes A’, B’, C’, D’,

E’, and F’ via the transformation matrices M1, M2 and M3
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The successive transformations describing the circuit are depicted in Fig. (5.12). The

transformation matrices explicitly read

1 0 0 0 0 0
0 V21 V1 =191 0 0 0
0 V1=t —yir 0 0 0
M1 = , 5.3
0 0 0 m I—=na O (>-3)
0 0 0 1-— Na1 —/T41 0
0 0 0 0 0 1
Vi Vv1—m 0 0 0 0
T—m —ym 0 0 0 0
Mo — 0 0 V13 V31— 0 0 ’ (5.4)
0 0 VIi=n3 —/m3 0 0
0 0 0 0 Vs V1=
0 0 0 0 L=mns =15
1 0 0 0 0 0
O \/ 1122 \/1 — 122 0 O 0
0 V9I—m0m —\/N2 0 0 0
M3 = ) 5.5
0 0 0 Jim VT=im 0 (53)
0 0 0 I—me —/m2 O
0 0 0 0 0 1

where 7, refers to the reflectivity and accordingly (1-7,,) to the transmittivity of the
respective beam splitter. To subsequently calculate the output modes A’, B’, C’, D’, E’,
and F’ one applies these matrices M1, M2 and M3 on the input modes A, B, C, D, E, and

F. In the ideal case, we find
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relating the input modes to the output modes. Switching from the modes A’, B’, C’, D’,

E’ and F’ in the Schrodinger picture to the corresponding creation/annihilation operators

At BT Gt DT E' and F'Tin the Heisenberg picture we explicitly find

~ 1 .

At = —3(,4T + BT+ O,

B'T_I?)(AT—OM\}?ﬁu

. 1. - I

C”T——?)(AT—BT—EDT—

N 1,1 . 1 A s

D'V = —(—=B'— —=C" - LT
3'V2 V2

. 11 4 1 4

BT — —(—pBt—
EANVCRG

~ 1 - ~ .

P = —3(1)T — BT — ).

5.7

(5.8)

5.9

(5.10)

(5.11)

(5.12)

However, we want to determine the output with respect to the input. Therefore, we have
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to invert (M3 - M2 - M1) to find the matrix (M3 - M2 - M1)~!. This results in

At — \}E(A/T + B4, (5.13)

B=Lat—ery Lty L, (5.14)
V3 V2 V2

R 1 . 1 -

Ot = (At — BT — —_Df— —F", 5.15
vl it e

. 1,1 1 oA A A

Df = 7(\/_8 EC’T — BT B, (5.16)

Ef = \}3(\}5/@'* - 1ZO’T — D't — ', (5.17)

. 1 A

= — (D — BT — . (5.18)
V3

To test this formalism, we take a simple measurement and compare it to the expecta-
tion. Sending photons into input D of the CNOT4 circuit’, we expect an output state of

the form

1.1 . 1oy pp o p
ﬁ<ﬁBlT - EC”T — BT+ F'1)|000000) = (5.19)

1 1 1 1
= —=1010000) — —=]001000) — —=]000010) + —=]000001).
751010000 — = [001000) — = 1000010) + = J000001)

D*[000000) =

(5.20)

To find the probability of detecting these single photons in output B’, we need to determine

the probability (7ip-)

(hg) = (B"B') = é (5.21)

9We choose this input (and later input E) into the circuit as they send photons into the target interferom-
eter where the non-classical two-photon-interference takes place. We want to see whether the circuit works
as expected by comparing the output of the circuit when using one input or two inputs.
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Figure 5.13: Experimental verification of theory model introduced according to Ralph [17]. We
measure the output with respect to inputs D (upper) and E (lower) as we can at the same time deter-
mine whether our target interferometer works as soon as we obtain the data of the two-photon input.
Please note that the theory data has been determined from the ideal beam splitter reflectivities, not
the measured ones.

Accordingly, this means that we find the single photon with a probability of 1/6 in output
C’ and with probability of 1/3 in output E’ or F’. If we want to verify this experimentally,

we input a stream of single photons into input D, and observe all six outputs, we see

after 500 times loading and launching the MOT that in the percentage of counts'” in the

respective output mode are the following
A" — 2.61 4 0.07% observed, 0% expected in ideal case, (5.22)
B’ — 11.90 £ 0.14% observed, 16.67% expected in ideal case, (5.23)
C" — 19.15 + 0.18% observed, 16.67% expected in ideal case, (5.24)
D" — 6.27 £ 0.1% observed, 0% expected in ideal case, (5.25)
E' — 32.28 £ 0.23% observed, 33.33% expected in ideal case, (5.26)
F' — 27.26 4+ 0.22% observed, 33.33% expected in ideal case. (5.27)

10Please note that there is no background subtracted but all counts which are counted outside the single
photons’ arrival time have been gated out in the analysis programme.
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The difference of the measured to the ideal data derives from the fact that we assume
perfect on-chip beam splitters as well as we do not subtract noise arising from detector
dark counts to get a realistic picture of the system. An identical measurement can also
be carried our for input E. Again, we load and launch the MOT 500 times and record the

signal on our six output channels. This is what we find

A" — 2.98 £ 0.07% observed, 0% expected in ideal case, (5.28)
B’ — 11.84 £ 0.15% observed, 16.67% expected in ideal case, (5.29)
C" — 19.61 + 0.19% observed, 16.67% expected in ideal case, (5.30)
D’ — 29.41 4 0.24% observed, 33.33% expected in ideal case, (5.31)
E'" — 9.24 4+ 0.13% observed, 0% expected in ideal case, (5.32)
F' — 26.90 4 0.23% observed, 33.33% expected in ideal case. (5.33)

A complete overview of measured and ideally expected data can be found in Fig.
(5.13). These results show us that if we only input a stream of single photons into the
CNQOT4 chip’s target input mode D and E respectively, they will leave the chip in the re-
spective other output mode referred to as E’ and D’. Subsequently, we need to show that
single-photon interference on one of the beam splitters in the target interferometer really
steers the output of the photonic circuit. This is done by applying the same formalism as

introduced above.

The potential input mode combinations are (A, E), (A, D), (D, F) and (E, F), where A
and F correspond to the control input modes and E and D to the target ones. Instead of
just counting detector clicks, we now need to count correlations between detector clicks

in the respective output modes (A’, E’), (A’, D’), (D’, F’) and (E’, F’). By carrying out the
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calculations and post-selecting in the coincidence basis we find

~y A 1 . ~ N 1 - 1 - ~ N
AT E1[000000) = g(A’T + B4+ (EB’ - EC’T — D' — F1)]000000) =
]_ ]_ A~ A A ]_ A A 1 A
= S (——ATBT 4 (B — —AC — ()2
3<\/§ + (5 V2 \/ﬁ( )

— AMDY - CDT - AR — B — CTE')(000000)

ost-selecting in 1 0 A 1
posiezine —gA’TD’T 1000000) = —=[100100). (5.34)

coincidence basis

As a value for the coincidence expectation in outputs A’ and D’ for an input in A and E

we therefore find
(i) = (ATA' DDy = = (5.35)

Therefore, the probability of detecting a correlation between A and D is 1/9. This result
indicates that if we send one single photon into each input modes A and E, respectively,
we will observe correlations between output modes A’ and D’ - this is exactly consistent
with the case of only one single photon input as it can be seen in Eq. (5.31). This is the

reason why we identify input mode A with Cj in a standard CNOT.

If we apply this procedure now to all other output combinations in which we are look-
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ing for correlations we find for single-photon input in modes A and D

AL A 1 A~ A A 1 A 1 A A A
ATD1000000) = ~ (AT + BT 4+ C'")(—=B't — —=C'T — E't + F'1)|000000) =
3 V2 V2
1 1 A A ]. A 1 A A 1 A
_ = 7A,TB/T T B/T 2 714/‘{‘0/1‘ o C«/'|‘ 2.
3 <\/§ \/5( ) V2 \/§< )

— ATET - BAET - CET 4+ ATET 4 BT 4 € E')]000000)

ost-selecting in 1 ~0n 1
postsezeine —§A’TE’T|OOOOOO) = —3[100010). (5.36)

coincidence basis

This case is consistent with the single-photon input solely into mode D, as it can be found
in Eq. (5.26) and the fact that we have already identified that input mode A is equivalent
to the Cy mode in the standard CNOT gate. We continue with the more interesting cases

(D, F) and (E, F). For (D, F) we find

Ay A 1 1 A ]_ A A A A A A
DTET1000000) = — (—=B"T — —=C"T — BT 4 F')(D'" — E'' — F'1)]000000) =
| ) 3(\/5 NG ) )] )
1,1 4n 1 apa 1 oapa 1 oA
= (—=B'"D'"— —=C"D'" - —=BTE"+ —C"ET-..
3(\/5 V2 V2 V2
~ 1 A= 1 ~,. T ~
+ (B — —=BTF'T 4+ —CTF'T + D'TE'T — (F)?)]000000
(£7) NG NG (£7) )\ )
ost-selecting in 1A, 1
P t_dlz‘ . 5 D F11000000) = £]000101). (5.37)

This indicates that if we input two single photons in inputs modes D and F, we are going
to detect correlations between outputs modes D’ and F* with the probability of 1/9. This
is the first case where we see that quantum interference actively steers the output of the
photonic circuit. If we had only sent single photons into input mode D, we would expect

zero counts in output D’ as it can be seen in Eq. (5.25) — this two-photon-interference is
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what makes this gate an operable standard CNOT gate. We therefore identify F as C; in

the original CNOT gate.

As a final combination, we calculate the output for the (E, F) input case

s 1 1 4 1
ETET)000000) = §(ﬁB’T -7

1,1 A~ 1 .- 1 ~. - 1 ~.x
= (—=B"D"— —_C"D'T— (D")? -~ —=BTET+ =T ..

A 1 ~.~ 1 ~.~ At A A
+ DTET - ﬁB’TF’T + EC/TF’T + E"F' 4 (F'1)?)1000000)

Ct— D't — F'Y(D'T = BT — F'H[000000) =

ost-selecting in | RPN 1
postseieting 5 £/1£711000000) = £]000011). (5.38)

coincidence basis

In this particular input mode combination, we see that the target output is steered from
output mode D’ as it can be seen in Eq. (5.31) in the one-input case to output mode E’
in the two-input case. Having carried out this calculation, it is easy to see that also this
probability to detect the respective correlations in output modes E’ and F’ is 1/9 in the

ideal case.

For the sake of clarity, we summarise the results of this Section. If we send a pair of
single photons into (A, E), we observe photons in output modes (A’, D’). Analogously,
if we input a photon pair into input modes (A, D), we observe a correlation between
output modes (A’, E’). In both of these cases, no non-classical interference has happened
upfront although the output seems flipped. The result is the same as if we only had input
single photons into modes E or D, respectively and a non-interfering, e.g. perpendicularly
polarised photon into mode A. If we choose to send a single photon pair into (E, F),

we observe a correlation between (E’, F’). Accordingly, if we send a pair into (D, F),
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Figure 5.14: Ideal truth table (right) for the operation of the CNOT4 gate (left) normalised to 1.
Please note that the output modes are not relabelled in this case. In the following, the output modes
are relabelled as it is the fundamental principle of the CNOT gate to flip state of the target qubit if
the control qubit is in state |1¢). Relabelling is standardly carried out in the community as it can
for instance be seen in [80].

we observe a correlation between (D’, F’). In these two cases, quantum interference has
steered the process such that we observe an output not in the classically expected target
mode but in the respective other one. All correlation events occur with a probability of
1/9, just as in the ideal CNOT circuit case. These results are displayed in form of a truth
table in Fig. (5.14).

Please note that if we have two-photon interference for the (D, F) and (E, F) cases, the
output does not appear to be flipped at a first glance. This is what motivates a relabelling
process in the target modes as displayed for instance in Fig. (5.15). This is standard

procedure in the community [$0] and 1s implicitly carried out in the following.

Measuring the output of a CNOT4 gate

In order to test the operation of our CNOT4 gate as a CNOT, we relabel the modes of our
chip as per Fig. (5.11) which allows us to reproduce the CNOT functionality. The only

difference between our CNOT4 circuit and the more traditional CNOT circuit is that in our
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Figure 5.15: Observed truth table published in [84]: (Left) Relabelled circuit diagram. (Right)
The ideal CNOT operation is presented by dotted bars and the measured data by coloured bars.
This plot is derived from 1110 pairs of control-target correlations detected up to =200 ns apart and
measured within 20 hours.

circuit, the two vacuum modes are mixed twice before leaving the chip. As a result, they
are not independent from each other. However, since the gate is post-selected conditionally
upon the detection of one photon in one of the control modes and one photon in one of
the target modes, this does not affect the overall operation of the circuit as a CNOT gate.
We operate the circuit by injecting pairs of photons from the atomic source into the chip.
We test the operation of the circuit with input states corresponding to all four possible
combinations of control and target input states in the computational basis, |0cOr), |Oclr),
|1cO7) and |1c1t). After performing measurements on the states on the output of the chip,
also in the computational basis, the resulting correlations can then be compared to the
correlations expected from an ideal CNOT gate. The input/output correlation matrix for
an ideal CNOT gate is shown in Fig. (5.15, right, dotted bars). After normalising our data
and correcting for detector dark counts, we obtain the correlation matrix shown in Fig.

(5.15, right, coloured bars).
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To determine the quality of the data, we treat the background''-corrected data as a
probability distribution. In this way, we can calculate the similarity S with the probability

distribution expected from an ideal CNOT operation. The similarity is defined as

where p; and ¢; are elements of the measured and expected truth tables. The similarity
S is a measure of the classical overlap between two probability distributions. Our results
show a statistical similarity of S = 94+1% with the ideal CNOT truth table [84]. As
displayed in Fig. (5.12), our linear optical circuit is not representative of an ideal CNOT
gate due to the fact that the directional couplers deviate slightly from the ideal values
and the interferometer on the target modes has a non-zero phase. Full characterisation of
our circuit'? reveals directional coupler reflectivities of 17y, = 0.4967, 125 = 0.5336, 141 =
0.5098, n42 = 0.5239 and the phase ¢ inside of the interferometer was found to be ¢ =0.17
as shown in Fig. (5.12). Taking into account these imperfections of the device we find that
the similarity increases to S = 97+1% if we account for these non-ideal directional-coupler

reflectivities and the phase shift in the interferometer [34].

Due to the long coherence time of the photons, we are able of observing related de-
tection events that are notably separated in time. From these, we determine the similarity
with the expected truth table as a function of the detection-time difference. The result can
be found in Fig. (5.16). With the coherence length of the photons being three orders of

magnitude longer than the equivalent physical length of the chip (10 mm, or 33 ps), the

!Please see my colleague Oliver Barter’s thesis for a more detailed explanation.
12Private communication with Costas Poulios from the Bristol research group.
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Figure 5.16: Similarity of the truth table [84] with the ideal CNOT as a function of the separation
between detections, A7r. Events are considered within A7+30 ns. The shaded area corresponds
to the respective error of Similarity S associated with the respective detection time difference of
correlation events. For detections up to 100 ns apart, the similarity exceeds 90%. Beyond that, it
drops due to noise dominating the signal. This is evident by correlations arising for which there is
no path routing the input photons to those output channels.

gate operates as expected for detections up to 100 ns apart. Beyond that, the event rate is
too small compared to noise which then dominates the truth table [84].

Having completed the discussion of how to implement a CNOT functionality on a
CNOT4 LOQC circuit, we discuss how to use the circuit in a way it has originally be
intended to be used. We generate and verify on-chip entanglement with the help of Sagnac-

type interferometers. This is explained in the following.

5.3 On-chip entanglement generation and verification
or ‘Sagnac-loops in action’

A defining feature of two-qubit logic is its ability to generate entanglement. Up to this
point, we have used our LOQC chip not in a way it was designed to be used but just as
a simple CNOT gate. In the following experiment — the on-chip entanglement generation
and verification — it is used in a way it was originally designed for, the descriptive nomen-

clature can be found in Fig. (5.17). Depending on the input states into the CNOT4 circuit,
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Figure 5.17: For the entanglement generation and verification experiment we use the CNOT4 in
a way it was initially designed for. We input a pair of single photons — one photon in the control
and one in the target modes — and count correlations in a not straightforward way.

we are able of generating a maximally entangled Bell state. To verify that we produce the
Bell state with the help of the circuit, we have to measure in two different sets of bases,
namely the {|0),|1)} ‘computational basis’ [3, 87] and {|+),|—)} ‘plus-minus basis’, to

discriminate all four possible states.

5.3.1 Generating the Bell states — theoretically

We start with different inputs into the CNOT4 chip, these can be |0cOr), |Oclt), |1c01), or
|1c1t). The subscripts ¢ and  stand for the state of the control and the target, respectively.

To thoroughly discuss the theory, we identify

0) = (é) Jand [1) = (?) , (5.40)

which are the two basis states of the computational basis in two dimensions [3, 87].

For the input state |0cOr) into the CNOT4 circuit, we find

1
100) = [0c0r) = @ © @ S NE (541)
0

The first operation that is carried out on chip is the Hadamard operation Hc on the
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control input for instance marked in blue in Fig. (5.17). The Hadamard operation in
general is a one-qubit rotation, mapping the qubit basis states {|0), |1)} onto superposition
states with equal amplitudes. The transformed basis states of the computational basis then
read
H|0) =

(|0> +1)), and A1) = (|0> 1)), (5.42)

S\
%\

hence the matrix of the operation is

o1
= G _11> | (5.43)

We carry out this Hadamard operation on the control mode of our input state |0cOr)

and find
|0cOr) Hc 7<\Oc> + |1C>> ® |01) =

7(|oc> 0r) + [1c) @ [0r)). (5.44)

The other three potential input states |1c1lt), |1cOr) and |Oclr) are transformed by this

operation into

lclr)  Hc 7(\oc>®|1T> 1c) @ [11)), (5.45)

|1c01) ]:[c 7(|OC>®|OT> |1c>®|0’r>), (5.46)
- 1

Oclr) Hc 7(|oc><g<>|1T>+|1c><z<>|1T>) (5.47)
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At this point, we know we generated superposition states and subsequently apply the
CNOT operation between control and target modes. Again, we explicitly carry our the
calculation for the |0cOr) input state, and give the result accordingly for the other possible
input states. It is well-known that the CNOT operation swaps the target output only if the
control input is in state |1¢), leaving the control state unchanged. Therefore, the matrix

for this operation reads

1 000

A 0100
CNOT = 00 0 1 (5.48)

0010

Acting with the CNOT operator on the superposition state of Eq. (5.44), we obtain

1 1 0 0 0\ /1
N 1 {0 A 1 {010 0]]0
octr)_fie || _evor =100 gy || = (5.49)
0 0 01 0/ \0
1
110 1 1 1 0 0
)00
1
1
:E(|OC0T>+|1C1T>)- (5.51)

After the action of the Hadamard operation on the control modes and the CNOT oper-
ation between control and target modes, the other potential input states |1c1t), |1c0r) and

|0c1r) read
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. 3 1

l1cly) He, CNOT 72(\0C1T>—11C0T>), (5.52)
. . 1

|1c0r) He, CNOT E(|OCOT>_|1C1T>>> (5.53)
A A 1

0clr) He, CNOT E(|0C1T>+|1C0T>). (5.54)

From these equations, it is easy to see that the states resulting from the input states are

the maximally entangled Bell states [3]

0c0r)  He, (J]\fOT/ pF) = 7(|0>®|0>+|1>®|1>) (5.55)
11c07) M, (J]\fOT/ ™) = 7(|0>®|0> 1) @ |1)) (5.56)
0cly) He, CNOT — |wt) = 7(|0>®|1>+|1>®|0>) (5.57)
llclr) He, CNOT — |#7) = \1[(|0>®|1> 1) @ (0)). (5.58)

Please note that up to this point we have solely passed the first Hadamard operation on
the control and the CNOT operation between target and control inputs. There is another
Hadamard operation between the control modes imprinted in the circuit. This is of great

help when we verify the Bell states on chip as we learn in Sec. 5.3.2.

5.3.2 Measuring the Bell states — conceptually

Up to now, we have seen how to generate the maximally entangled Bell states on chip the-
oretically. However, we also need to experimentally verify their existence. As mentioned
above, the states need to be measured in two different bases, the {|0), |1)} and {|+),|—)}

basis to discriminate all four possible states. An illustration of the principle can be found
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measure in {|0), |1)} basis

control — control —

—_— <=

target ——pH—— target o,

physical circuit

target

measure in{|+), |—) } basis

control

target ——4

control —E E

Ll = =)
target &, {EI*

physical circuit

target

Figure 5.18: Conceptually measuring the Bell states in both the computational basis {|0), 1)}
as well as the plus-minus basis {|+),|—)} basis (left). In the {|0),|1)} basis case, we need to
externally add a Hadamard gate on the control mode to ‘switch off” the Hadamard gate imprinted
on the actual circuit. This is possible as two subsequent Hadamard operations restore the initial
state (middle). If we want to measure in the {|+), |—) } basis, we need to add a Hadamard operation
on the target mode outside the actual circuit. (Right) Actual experimental circuits to both ‘switch
off” and ‘add’ a Hadamard on the control and target mode, respectively. We ‘loop’ the respective
control and target outputs to obtain a Sagnac-type interferometer. This is done by joining the
end of the fibres together with the help of a simple fibre optics connector. In both cases, the last
Hadamard or the last beam splitter in the target interferometer of the CNOT is passed through
twice. The respective virtual circuits can be found in Fig. (5.19)

in Fig. (5.18) as well as of the respective virtual circuit in Fig. (5.19).

Conceptually, what we want to measure is the output of the chip in both control and
target modes in the {|0), |1) } and {|+), |—) } basis. In the {|0), |1) } basis case, we want the
photons to pass through the Hadamard in the control — which creates a superposition state
— and then go through the entangling process with the help of the CNOT gate between
control and target mode. After that, we want the state to remain unaltered. As there
is another Hadamard imprinted in the architecture of the chip, we need to add another

Hadamard gate on the control output which ‘switches off’ the on-chip Hadamard. If we
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pass through two Hadamards in a row, the initial state is restored which can be easily seen
as the Hadamard transformation is unitary. In the case of the {|+),|—)} basis, we need to

add another Hadamard operation on the target mode externally.

Measuring in the {|0), |1)} basis, it is easy to see that if we send the state |Oc1t) into
the circuit, after passing through the Hadamard gate on the control modes as well as the
CNOT gate between control and target modes, we obtain the maximally entangled Bell
state [UF) = 1/v/2(]0) ® |1) + |1) ® |0)) as deduced in Eq. (5.57). If we now add two

Hadamard operations on the control mode, we find

A

_He | ;((|0c> +1c)) @ |17) + (|0c) — |1c)) ® |0T>) —

= ;(yocm + [lelr) + [0c0r) — [1c0r)), (5.59)

Ao o ((100) + 1) @ 1) + (10c) 1)) @ 1)+
+(10¢) + 1c)) @ [0r) = (0c) — [1c)) @ [11)) = - (5.60)
= 5 (l0ct) + [1600)) = 1. (5.61)

This indicates that the Bell state is restored and the second Hadamard on the control mode
is ‘switched off’. Measuring in the {|+),|—)} basis, we start again with the Bell state

|&*) and add a Hadamard operation on the control and the target modes

et = (== (100) + 1)) ® —=((0r) — [1r))+

——— 22 V2
1 1
+ ﬁ(|0c> —|le)® EHOT) + |1T>))' (5.62)

If we identify the {|+), |—)} basis states with |[+) = 1/v/2(|0)+|1)) and |—) = 1/+/2(]0)—
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Figure 5.19: ‘Virtual’ representation of both target-and control-looped CNOT4 circuit: Construct-
ing a Sagnac-type interferometer by coupling the control and target outputs, respectively, we re-use
parts of the chip in the backward direction. By observing a combination of in- and outputs of the
chip, we can reconstruct the measured state.

|1)) and find generated Bell state in this particular basis

1
) = 72(| +c—1) + [ —c+1) (5.63)

Experimentally, the addition and subtraction of Hadamard operations is achieved with
a trick: The respective target and control output modes are looped by joining the fibre
ends with a fibre connector. The only potential problem in this measurement is that there
might be too much loss introduced by various couplings into, out of and back into the
circuit. Also, the photons can take various paths inside the circuit and we are not able
of monitoring all potential output modes which also leads to a dropping correlation count

rate. However, these concerns are unfounded experimentally in Sec. 5.3.5.
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5.3.3 Control loop - theoretical discussion

Before we take the measurements with either control or target outputs of the CNOT4
circuit joined in a Sagnac loop, we want to learn what result we expect in this experiment.
For the sake of clarity, we draw a ‘virtual’ circuit of the CNOT4 gate whose control outputs
are looped. This virtual circuit can be found in Fig. (5.20). To determine the output of the
control-looped CNOT4 gate, a representation comprising ten input modes from Q¢ to Z¢ is
chosen. Similarly this is done for the target loop which can be found in Sec. 5.3.4. To not
confuse the target- and control-looped cases, we use the subscripts ¢ and r, respectively.
Input modes R¢ to W are consistent with previously defined input modes A;, to F;," .
Input mode Sc is also consistent with Cy, Tc with C;, Uc with Ty, and V¢ with Ty. We
monitor six output or input modes with single-photon counters'* of which two are vacuum
modes. Four of the observed modes which are connected to detectors D1 to D4 are the
‘interesting’ ones. Detector D1 monitors A, = Q’¢, D2 monitors — depending of the input
state — D;, = X’c or E;; = Y’¢, D3 monitors D, = U’¢, and D4 E,; = V. Please note
that the control input modes are B;, and C;, whereas the target modes are Dy, and E;,. The
vacuum input modes are A;, and F;,. This is different from the CNOT operation where A

and F are used as the control modes and D and E as the target input modes.

To find the output mode of the CNOT4 circuit, we need to establish a 10 x 10 matrix
representation similar to the one introduced for the CNOT operation in Sec. 5.2.3. This

output mode leaving the CNOT4 gate is in its most general representation reading

13We choose to keep the subscript ;, for the sake of clarity as in this Section we also need to monitor the
input modes of the circuit and not just the output modes.

14This experiment was carried out before the NQIT grant — four of the six detectors had to be borrowed
from Bristol.
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Figure 5.20: As we want to obtain the complete truth table for the control-looped CNOT4 gate,
a novel formulation has been chosen comprising 10 input modes Qc, Rc, Sc, Tc, Uc, Ve, We,
Xc, Y¢, Zc not be confused with the A to F inputs for the simple CNOT gate on a CNOT4 circuit.
Therefore, we can identify the input of a pair of single photons in each of the following input modes
(Bin, Din) as (Sc, Uc), (Bin, Ein) as (Sc, V), (Cin, Din) as (T¢, Uc) and (Cin, Ein) as (Tc, Ve). We
use the subscript ¢ to highlight the fact that we are working with the control loop. Similarly, if we
use the target loop, all modes have a subscript T.

c Qc
R¢ Rc

!

S

C C
T¢ Tc

!/
U(f = MTc-M6¢c - Mb5c - M4c - M3¢c- M2¢c- M1c - Ue (5.64)
Ve Ve
W¢ We
Xé Xc
Y Ye
Z Zc

The transformation matrices M1c, M2¢, M3¢, M4, M5¢, M6¢ and M7 explicitly

read
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(5.65)

Lo ococoo

e}

e}

e}

M1c

(5.66)

(5.67)
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i 0 VT=m 0 0 0 0
0 1 0 0 0 0 0
T=m 0 —ym 0 0 0 0
M6c = 0 0 0 V13 0 VI—-n3 0], (5.70)
0 0 0 0 13 0 0
0 0 0 1—m3 O —vn3 0
0 0 0 0 0 0 1,
1, 0 0 0 0 0 0
0 721 I—m O 0 0 0
0 VI—mm —i O 0 0 0
MT7=10 0 0 13 0 0 0f, (5.71)
0 0 0 0 N IL=n4 O
0 0 0 0 Vi—ng —in O
0 0 0 0 0 0 1

where 7, refers to the respective beam splitter’s reflectivity. Accordingly, 1-7,,, refers
to the respective transmitivity. As it can be seen, these matrices M1¢ to M7 are con-
structed in a similar way as the non-looped CNOT4 circuit demonstrated in Sec. 5.2.3. To

calculate an output state of a general form, we invert the matrices and obtain

Qc Qe
Re R
Sc S¢
Te !
Uc | U
Ve = (MT7¢c- M6¢c - Mbc - M4c - M3c - M2c- M1¢)™ - v (5.72)
We W
Xc XL,
Ye Y
Zc ZL.

From this, we can determine the output modes for all four input mode combinations.

By switching from the Schrodinger to the Heisenberg picture, we find the creation/annihi-
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lation operators for single photons introduced into the respective mode

BfD" = SLUL « 3\%@@\75 - 3\1/6(7(’;*%*, (5.73)
BB = 807 o 3;5 Yo — %ngg, (5.74)
CHh = TH0 o ng@gvg + 33605?5, (5.75)
CHEY = TV 3\1/5 pATJ/ANS 3\1/617(?175*, (5.76)

assuming ideal beam splitter reflectivities and post-selecting in the coincidence basis.
This 10 x 10 matrix formalism gives us a tool to determine the complete theoretical truth
table for the Bell states measurements on a CNOT4 circuit. As we define the transforma-
tion matrices M1 to M7 with arbitrary beam splitter ratios and only switch to ideal beam
splitter ratios in the final step, it is easy to also calculate the truth table for the measured
reflectivities on the chip. However, for the sake of simplicity, we will only discuss the case
of an ideal CNOT4 circuit. As we observe six in- and outputs of the chip we can solely
monitor certain detector combinations experimentally. In the control-loop case for the in-
put of a single photon pair ETﬁT, we observe the outputs Agy, Douts Eouts Fout, Ain as well
as E;, which corresponds to output modes R’¢, U’c, V', We, Q’c, and Y’ ¢, respectively.

The truth table for the ideal CNOT4 and all four different inputs read:
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BiD'Iput || Ao | Dow | Bow | Fou |Aw | B
Control Loop || =R’¢c | =U¢c [ =V | =W | =Q¢c | =Yc
Aot =R’c X 0 1/9 1/9 0 1/27
Do =U’c 0 X 1/27 1/18 0 1/54
Eowt = V'c 1/9 1/27 X 1/18 1/27 0

Fouu =W’ 1/9 1/18 1/18 X 1/27 1/54
A =Q'¢ 0 0 1/27 1727 X 1/81
En=Y'c 1/27 1/54 0 1/54 1/81 X

Table 5.1: Expected coincidence probabilities for input BtD' or state |0c1t).

Equivalently, one can determine the ideal truth table for the single photon input pair

BtET, C1D' and CTE! inputs.

B'EVIput | Aw | Dow | B |Fou | Aw | Ei
Control Loop || =R’¢c | =U¢ | =V'c | =W | =Q¢c | =Y'¢
Ao =R’c X 1/9 0 1/9 0 1/27
Dow = U’c 1/9 X 1/18 1/18 1727 0

Eow =V'c 0 1/18 | x 1/18 0 1/54
Fou = W'c 1/9 1/18 1/18 X 1/27 1/54
An =Qc 0 1727 0 1727 X 1/81
En=Y'c 127 |0 1/54 1/54 1/81 X

Table 5.2: Expected coincidence probabilities for input BYE% or state |0cOr).
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C'D'Input | Ao | Dow | B | Fouw | Aw | B
Control Loop || =R’¢ | =U¢c [ =V | =W | =Q¢c | =Y'c
Aot =R’¢ X 0 1/9 1/9 0 1/27
Do =U’c 0 X 1/18 1/18 0 1/54
Eow =V'c 1/9 1/18 X 1/18 1/27 0

Fou =W'c 1/9 1/18 1/18 X 1/27 1/54
A =Q’¢ 0 0 1/27 1727 X 1/81
E,.=Y'c 1/27 1/54 0 1/54 1/81 X

Table 5.3: Expected coincidence probabilities for input Ct DY or state [1cl).

C'EMput | Ao | Dow | B | Fouw | Aw | B
Control Loop || =R’¢ | =U¢ [ =V | =W | =Q¢c | =Y'¢
Aot =R’c X 1/9 0 1/9 0 1/27
Doy =U’c 1/9 X 1/18 1/18 1/27 0

Eow =V'c 0 1/18 X 1/18 0 1/54
Fouu =W'c 1/9 1/18 1/18 X 1/27 1/54
AL =Q¢ 0 1/27 0 1/27 X 1/81
E,.n=Y'¢ 1/27 0 1/54 1/54 1/81 X

Table 5.4: Expected coincidence probabilities for input CTE* or state |1c07).

As mentioned above, we are only interested in the outputs connected to the four detec-
tors D1, D2, D3, and D4. The mapping of detectors to output modes can be found in Fig.
(5.20). The following table comprises the expected coincidence probabilities between out-

put modes depending on the respective input. As it can be seen, the probabilities to detect
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a correlation in the output are very low already even for an ideal operation of the CNOT4

circuit. An illustration of the ideal truth table can be found in Fig. (5.22, right).

Control Loop
Measured in D3, D1 D3, D2 D4, D1 D4, D2
Input
Btht= S0t | o (_Lf:L (L)QZ L |
= ~clc 36 54 | \3v3 27
BtEt = &yt (L)QZL 0 0 <_;)2_L
=~cve | 33 27 3V6 54
At A — 1)\ _ 1 1)\ _ 1
¢t =1cle | 0 (5vs) =% | (Ga) =30
At Pt At 1 2 1 1 2 _ 1
CEN =T || (355) =5 | 0 0 (5v5) =4

Table 5.5: Expected coincidence probabilities for measured output combination comprising D1
(Ain), D2 (Ein or Dyy), D3 (Dout), and D4 (Ey). A pictorial representation can be found in Fig.
(5.20).

5.3.4 Target loop - theoretical discussion

The target loop is the equivalent to the control loop with the difference that not the control
outputs are joined but the target outputs. A schematic drawing can be found in Fig. (5.21).
The formalism to calculate the output is similar to the one introduced in Sec. 5.3.3 for the
control loop.

To determine the output of the target-looped CNOT4 gate a virtual circuit comprising
ten input modes Qt to Zt has been chosen similarly to the control loop. For the sake

of clarity, all different notations, e. g. from the paper [84] or working nomenclature are
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described in the following. Input modes Tt to Xy of the looped-circuit description are
consistent with A;, to F;,. In particular, input mode Ur is also consistent with Cy, Vr
with C;, Wt with Ty, and Xt with Ty. We monitor six output modes with single-photon
counters of which two are vacuum modes. Detectors D1 to D4 are the ‘interesting’ ones,
as detector D1 monitors — depending of the input state — B;, = R’p or C;; = S’p, D2

monitors F;, = Z’1, D3 monitors B,,, = U’rt, and D4 monitors E,, = V't

Carrying out the equivalent calculations as in the control-loop case, we find the cre-

ation operators for single photons introduced into the respective mode

B Df = meaEWWA—fﬂw, (5.77)

1'\/\ 1/\/\
BBt = UIXT o« -Vt 21 — —_SHU, 5.78
T X 3\/§TT 3\/6TT ( )

1 i
CtDY = VI "tz ViR 5.79
TT3\/_ 3\/—T ( )
CE = ViR o — OB 241 + VR, 5.80
T X 3\/— 3\/—T ( )

An illustration of the ideal truth table can be found in Fig. (5.22, left).
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Figure 5.21: Virtual circuit for the target loop experiment: Our formalism comprises ten input
modes Qr, Rt, St, T1, Ut, V1, W1, XT, YT, and Z7 as well as ten output modes Q’t, R’t, S’,
T, UT, V1, Wr, X’1, Y'1, and Z’1. We can identify the inputs modes (Bj,, Din) as (Ut, W),
(Bin, Ein) as (UT, XT), (Cin, Din) as (VT, WT) and (Cin, Ein) as (VT, XT). We use the SubSCl‘ipt T for
all operators and input to avoid confusion with the control loop experiment.

Target Loop

Measured in D2, D3 D1, D3 D2, D4 D1, D4
Input

Bt Ot = pivizd ? 2

BID! =01 | 0 (-5s) =u | GGa) =5 |0

Bt = (X 2 2

BIE' =01k | 0 (~s5s) =5 | (~53) =% |0

At Pt = Uiz 2 _ f =
CID =ViW | (55) =5 |0 0 (35) ==
PN TN 2 2
OB =ViXE | (~55) = |0 0 (35) ==

Table 5.6: Expected probabilities for measured outputs D1 (Bj, or Ciy), D2 (Fout), D3 (Bout), and
D4 (Cout). A pictorial representation can be found in Fig. (5.21).
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D4 D1 c,,B,/Cp,

CE D4 D2 EoutEin/Din D4 D2 C

D4 D1 EoutAin CE
D3 D2 p£,/Dy .
BD D3 D1 p, A, Output 'MPut BD

outFin
D3 D1 BoutBin/Cin

D3 D2 BoutFin 0utput

Figure 5.22: Normalised truth table for both Sagnac-looped control (left) and target (right) modes
experiments. The respective calculations can be found in Sec. 5.3.3 and 5.3.4. Please note that
due to the intrinsic architecture of the chip the bars in the plot are not of the same height even
theoretically. Where the factor of 1/1/2 — or 1/2 in the probability — between the bar heights comes
from is pictographically explained in Fig. (5.23). As this is only due to the chip’s architecture and
has nothing to do with the intrinsic physics of the system, this intrinsic imbalance is accounted for
in published data [84].

5.3.5 Experimental results and fidelity of a quantum state

Having discussed what we expect to measure for Sagnac-looped target and control modes
theoretically starting from simple matrix calculations, we want to interpret the measured

data in terms of quantum information processing.

A defining feature of two-qubit logic is the ability to generate entanglement from sep-
arable input states. However, as it can be learned from [88, 89], if a composite system is
subjected to local measurements, the measurement data will exhibit correlations, whether
these systems are classical or quantum. So, in the following, we have to verify that the

correlations that we observe are indeed quantum.

If we want to measure the system, we need an observable. An observable is described
by a Hermitian operator. A suitable choice for an observable are the Pauli-operators.
Therefore, a measurement along the z-axis corresponds to the Pauli-z-matrix o, which

reads
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Figure 5.23: Experimental implementation of measuring along the z-axis (upper) and x-axis
(lower): The first Hadamard operation (blue) rotates the control qubit from the Z- in the X-basis,
after this, control and target qubits are entangled via a CNOT operation and form a maximally
entangled Bell state. This is the case for both control and target loop. (Upper) Passing through
a Hadamard gate in the control twice with the help of a Sagnac-type interferometer (‘loop’), the
final measurement basis is set to the computational basis. (Lower) Passing through a Hadamard
gate in both the target and control modes separately, the final measurement basis is set to the plus-
minus-basis. In both upper and lower illustrations the externally added Hadamard gates are shown
in green, the Sagnac loop as a red cross. Passing through the rest of the circuit, the potential paths
the photons could take which do no lead towards detectors are considered ‘loss’.
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o, = (é _01> : (5.81)

which corresponds to a measurement of the observable ‘Pauli-z’ or ‘Z’ [84]. |0) and |1) are
the eigenvectors of this operator. We already encountered these vectors as the basis states
of the computational basis in Sec. 5.3.2. The measurement along the x-axis is different to

the one along the z-axis. The eigenvectors of the Pauli-x-matrix o, which reads

0, = (2 é) : (5.82)

are |+) and |—), the plus-minus basis states. A measurement along the x-axis corresponds
to the measurement of the observable ‘Pauli-x’ or ‘X’ [84]. After the measurement, the
system is in an eigenvector of the respective observable, the outcome of the measurement
being the eigenvalue of the eigenvector. The next step is that we have to identify how we
can measure both observables, Z and X in our exact setup. Both in the control-loop case
and in the target-loop case we measure in the z-axis and x-axis of control and target modes

as it can be seen in Fig. (5.23), respectively.
Therefore, what we measure is (Zc ® Zr) and (Xc ® Xr). For an arbitrary two-bit

state p this indicates in the (Zc ® Z1) case

(Zc ® Zr) = (0c01|p|0cOr) + (Lclr|p[lelr) — (1cOr[p[1cOr)

— {Oclr|p|Oclr), (5.83)
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Figure 5.24: Measuring a Bell state in the {|0),|1)} basis with the help of a control-looped
CNOT4 circuit: (Upper left) Circuit diagram of what we aim to measure as introduced in Sec.
5.3.2. (Lower left) To determine whether we can observe entanglement we fibre-couple the control
output modes C’y and C’1, which form a Sagnac loop. (Right) Ideal (blue) and measured (red) data
for the |Oclt) input state, corresponding to the creation operators BYDt: We count correlations
between DoytAin, DoutEins EoutAin, EoutEin corresponding to coincidence measurements between
detectors D3 and D1, D3 and D2, D4 and D1 as well as D4 and D2. For the theory values we
assume non-ideal beam splitters that we note for instance in Fig. (5.12).

and for (X¢ ® Xt) case it reads

(Xc ® Xt1) = (+c +1 |p| +c +1) + (=c =1 [p| —c —1)
+ (—c +r |p| —c +1) + (+c —1 |p| +c —1) =
= (lclt|p[0cOr) + (0cOr|p|1clt) + (Oclr|p|1cOr)

For the BT DT input in the control-loop case, we count correlations between detectors
D3 and D1 which correspond to (0cOr|p|0cOr), between D3 and D2 corresponding to
(1c0rp|1c01), between D4 and D1 corresponding to (Oclt|p|Oclt) as well as between
D4 and D2 corresponding to (1c1lt|p|lclr). The result as well as the ideal outcome are

shown in Fig. (5.24). Please note that due to the circuit’s intrinsic architecture, the amount
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Figure 5.25: Target-looped CNOT4 circuit — measuring in the {|+),|—)} basis: (Upper left)
Circuit diagram of what we aim to measure as introduced in Sec 5.3.2. (Lower left) To determine
whether we can observe entanglement we fibre-couple the control output modes T’y and T’ ;, which
form a Sagnac loop. (Right) Ideal and measured data for the |Oc1t) input state, corresponding to
the creation operators BTD': We count correlations between BoutFin, BoutCins CoutFin, CoutCin
which is equivalent to coincidence measurements between D3 and D2, D3 and D1, D4 and D2 as
well as D4 and D1. (Right) Ideal (blue) and measured (red) data. For the theory values we assume
non-ideal beam splitters that we note for instance in Fig. (5.12).

of correlations between D4 and D1 are twice as high as the amount of correlation between

detectors D3 and D2.

For the same input but with Sagnac-looped target outputs, we measure correlations
between detectors D3 and D2 corresponding to (+¢ +r |p| +c +1), between D3 and D1
corresponding to (+c —r |p| +c —T), between D4 and D2 corresponding (—c +7|p| —c +71)
as well as between D4 and D1 corresponding to (—c —t |p| —c —) and the result can be
found in Fig. (5.25). Please note that due to the circuit’s intrinsic architecture, the amount
of correlations between D3 and D1 are half as high as the amount of correlation between
detectors D4 and D2. As in the control-loop case this is due to the circuit’s intrinsic

architecture, already hinted at in Fig. (5.23).

The displayed theory data in both control- and target-loop cases has been obtained not

from the model concerning a circuit with ideal beam splitters imprinted on it but with the
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real beam splitter ratios determined in an auxiliary measurement with the same wavelength

of laser light (780 nm) as we use in our measurements.

Coming back to the initial question whether we really observe quantum entanglement,
we reconstruct the probability distributions for our measurements of X ® Xt and Zc ® Zr
using maximum-likelyhood estimation (MLE)'°, with the data normalised to the logical
two-bit basis. The correlations show similarities of 97+3% and 94+2% with the ideal
distributions.

To determine the ‘quantumness’ of our measurements, we want to determine the fi-
delity between the ideal quantum Bell state and the data we measure. To do so, we choose
the input into modes (B, D) corresponding to input state |Oc1t). From [90], we learn that
if we obtain a fidelity Fjy-) of the measured state with the maximally entangled, ideal Bell
state [ ~) of Fjy—y > 1/2, we have an entanglement witness. The fidelity Fjy -, to a given

qubit state p reads

Flg—y = (0 |pl¥™) = (5.85)

1
= §<<0C1T|p|0C1T> + (1c0rlp[1cOr) — (Oclr|p|1cOr) — <1C0T’p’0C1T>)7

as the Bell state is |V ~) = 1/\/§(|0C Ir) — |1COT>). The fidelity for a different Bell state,

%) = 1/\/§<|OC0T> + |1c1T>> reads

Figry = (o7 |plo™) = (5.86)

1
= §(<OCUT|P|OCOT> + (Iclr|pllclr) + (0cOr[p[lclr) + <1C1T|P|OCOT>)~

15Please find more information on this topic my colleague Oliver Barter’s thesis.
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From the fidelity definition above, and the knowledge of what we can actually measure in
the lab, it is clear that we cannot determine F|y-) directly. However, what we can directly

calculate from our measurement data is

1
Foin = =5 ((Zc ® Zr) + (Xc ® Xr)), (5.87)

a lower bound for our fidelity. By doing the maths, we find that F},;, can be rewritten as
Foin = Flo-y — Flg+y = Fuin < Flo-y, (5.88)

and so we measure a lower bound for Fig-y. If Flg-y > 1 /2, we have an entangled state.
Evaluating our measurement data yields Fjy-y > 0.824 0.1. Similar to the evaluation in
Fig. (5.16), we can determine the degree of entanglement in the process of time. As shown
in Fig. (5.26) [84], the degree of entanglement is largely insensitive to the detection-time
difference. We are able to observe non-classical correlations between pairs of photons that
are projected onto states that could not have occupied the optical chip simultaneously. The
60 m (or 200 ns) coherence length of our photons exceeds the very short dimensions of
the linear optical network by at least three to four orders of magnitude. This shows that
quantum interference is unaffected by photon localisation in time or space that one could

otherwise associate with the two separate photon detections.
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Figure 5.26: Graph similar to Fig. (5.16): Detection-time-dependent variation of fidelity bound
Fhin for Bell state | ~) when considering only a subset of the detections, separated by A7+50 ns.
The shaded area corresponds to the error of Fi,, for the respective detection-time difference Ar.

5.4 CNOT operation with twin-peak photons

Having demonstrated the ability of encoding time-binned qubits, qutrits and ququads in
single photons in Chapter 4 as well as the operation of a LOQC chip with long atom-
cavity photons in Secs. 5.2.3 and 5.3, we combine these two separate experiments by
sending temporally encoded qubits into the CNOT4 circuit. A related experiment has been
carried out already as a preliminary measurement shown in Sec. 5.1.3, where we have used
time-bin encoded qubits to operate a CNOT circuit. However, due to the lack of a proper
normalisation in our first attempt, this data is recorded again. When doing so, an additional
aim 1s to investigate the CNOT functionality depending on various imprinted phase shifts
between the time bins as opposed to only one specific phase shift in the preliminary data.
Here, we describe this novel two-qubits experiment in detail. In particular, we briefly
characterise our twin-peak photons with the help of the hybrid source-chip system in Sec.
5.4.1, discuss two ways of imprinting a phase shift onto the spatio-temporal envelope of

the photons in Sec. 5.4.2, show how the CNOT functionality depends on various different
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Figure 5.27: (Left) Characterising the experimental parameters such as speed of the cold atom
cloud and (right) spatio-temporal envelope of the twin-peak photons: We see the envelope of the
atom cloud passing through the cavity. The diagram shows all the counts registered by the SPCMs
histogramed and summed up over all MOT throws. It takes the centre of the cloud of atoms 11 ms
to reach the cavity as we see from the peak in the data. From these atoms, we produce time-binned
qubit photons where each time bin has a temporal length of 230 ns. The plateau towards the end of
the pulse originates from the repumping process of the atoms after every single photon emission.

phases imprinted between the time bins of the qubits in Sec. 5.4.3 and conclude in Sec.

5.4.4.

5.4.1 Quantum-homodyne measurements — on chip

Along the lines of Sec. 5.2.2 in which we characterise the hybrid source-chip system
with the help of the system itself, we determine the properties of the twin-peak photons
or temporally encoded qubits in the following. Inside our cavity, we shape each photon’s
spatio-temporal envelope into two peaks, which is shown in Fig. (5.27, right). By doing
so, we put each photon in a coherent superposition of these two time bins of 230 ns length.
Also, to probe the interaction time of the atom-cavity system, we show a histogram of all
counts registered per MOT throw in Fig. (5.27, left). This histogram shows the MOT cloud
travelling through the cavity and emitting photons. We find that the cloud is sufficiently

slow as it takes the centre of the atomic cloud 11 ms to reach the cavity.

For further characterisation, we determine the indistinguishability of the photons on
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chip by sending a pair of twin-peak photons into the circuit. This is similar to the mea-
surement carried out with single-peaked photons in Sec. 5.2.2. This time, we regard one
photon of the pair as a reference and the other one as a signal photon, where the reference
photon does not exhibit a phase shift between its time bins and the signal photon does ex-
hibit a phase shift of = 7. As introduced in Sec. 4.2, this measurement extends simple
Hong-Ou-Mandel interference and is referred to as quantum homodyning [65]. We send
the signal and reference photons into input modes A and D/E of the circuit and count cor-
relations between output modes B’ and C’ as depicted in Fig. (5.28, left). The measured
time-resolved on-chip quantum-homodyne data is displayed in Fig. (5.28, right). As a
reference, we also send indistinguishable photons of perpendicular polarisation into the
circuit. Because the signal of the temporally encoded qubits has a phase shift of 7 im-
printed between its time bins, we observe that the number of cross-correlations detected
between adjacent time bins increases in the same way as with a quantum-homodyne mea-
surement using a fiber beam splitter in Fig. (4.10). The visibility V' between signal and
reference photons of perpendicular polarisation for detections in the same time bin yields

~ 80%, with the visibility being defined as

fsarne TB ngignal (AT) dAT
f same TB ngeference (AT) dAT’

V=1- (5.89)

where Pgignal (A7) and Preference (AT) correspond to the fitted functions to the reference
and signal measurement data, respectively. Please note that we integrate over the centre
time bin only. The data is shown in Fig. (5.28, right). Having demonstrated the quantum-

homodyne measurement on chip, we continue with the demonstration of a CNOT func-
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Figure 5.28: Time-resolved quantum homodyning on chip as a test of indistinguishability of the
photons: We send a pair of single twin-peak photons into the circuit via input modes A and D/E
and measure in the output modes B’ and C’ (left). As only a fraction of complete pairs of single
photons reach the marked beam splitter, the measurement time on chip is increased by a large
amount as opposed to the measurement on a fiber beam splitter. One photon of the pair of photons
serves as a reference and one as a signal. The reference photon exhibits no phase shift between its
time bins whereas the signal photon has a phase shift of ¢ = 7 imprinted between its time bins.
Therefore, to determine the indistinguishability of the photons we can only measure the visibility
in the centre time bin which yields ~ 80% (right). Nevertheless, it can be seen clearly that the
amount of correlations measured in the 1 time bins increase by twice the amount detected in the
reference measurement with perpendicular photons. The data displayed in this graph is taken in
13,000 MOT throws which is equivalent to less than 3 hours of pure measurement time.
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Figure 5.29: Potential experimental setup of measuring the CNOT operation with two time-binned
photons: Two qubits are produced from the atom-cavity system alternatingly with and without a
phase shift between their time bins. They are coupled into the long and the short arm of the photon
pistol which are connected to the input modes of the LOQC circuit. We use input combinations
that we also use in Sec. 5.2 when testing the CNOT functionality on a CNOT4 circuit and monitor
all six output modes.

tionality with twin-peak photons.

5.4.2 Different experimental possibilities

To demonstrate the CNOT functionality on a CNOT4 chip with to twin-peak photons, we
re-use the same circuit as introduced in Sec. 5.2. To obtain the complete truth table, we
send pairs of photons into the input modes (A, E), (A, D), (E, F) and (D, F) corresponding
to the modes Cy Ty, CoT;, C; Ty and C,T; in the standard CNOT notation.

The question is now how to prepare the qubits in our atom-cavity source. Clearly, the
obvious way is to have two twin-peak photons subsequently emitted from the cavity, where
one photon exhibits a pre-defined phase shift of ¢ between its time bins and the other one
does not. A potential experimental setup to do so is depicted in Fig. (5.29). However
this approach suffers from a substantial disadvantage. We set the phase we choose to

measure once and we cannot switch to another one during one experimental run'®. This

16We traditionally refer to 1,500 to 2,000 MOT throws as ‘one’ experimental run. This sums up to 15-25
minutes of measurement time.
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means, long-term drifts in the whole system as for instance in the laser or cavity resonance
frequency affect only one phase measurements and not another one that is taking place at
a different time. This would lead to a systematic error affecting all data which we have to
avoid. To circumvent this problem, we use an inherently different approach of imprinting
the phase onto the photons.

In the following, the photons are not produced as a pair of photons consisting of a
signal and a reference where the signal exhibits a phase shift between its time bins an
the reference does not. Instead, there are solely ‘signal’ photons produced with pseudo-
random phases imprinted between their two time bins. Each registered count in a detector
is assigned to the imprinted phase difference it originated from. In this way, all measured
phases are affected by long term drifts in the same way. This technique is discussed in the

following Section.

5.4.3 Multiple phase differences in one go

To avoid any long-term drifts in our setup affecting measurements in a systematic way,
we choose a novel way of imprinting the phases onto our twin-peak photons. In previous
measurements, we have generated a pair of single photons of which one was the reference
and one the signal photon exhibiting a phase shift. Now, each generated photon exhibits a
randomly chosen phase shift ¢, between its two time bins. An outline of this principle and
the experimental arrangement can be found in Fig. (5.30). We send two twin-peak photons
into the input modes E and F corresponding to the input modes C; and T in the standard
CNOT notation and monitor all six output modes. Here, we restrict our discussion to this

particular setting as sending single photons into the input modes (A, E) and (A, F) does
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not provide any further insight into the physics of this experiment and (D, F) mimics the

result of the (E, F) case.

The phase shifts ¢;, ¢»... as for instance shown in Fig. (5.30) are generated in the
following way: We choose how many equally spaced phase values between [0, 27] we
want to measure before each run. These values are pseudo-randomly distributed over an
array of pre-defined length and saved in a ‘lookup’ table which is used to generate the
RF-photon emission pulses that are imprinted on the STIRAP pump light with the help of
an AOM. Hence, each of the photon trigger pulses has a pseudo-random phase imprinted
on it. We monitor all six outputs of the circuit and at the same time register the phase
difference'” between the two twin-peak photons for each detected click in the SPCMs. In
this way, we can evaluate quantum-homodyne-type data for the CNOT operation during

post-processing.

Similar to the preliminary measurements in Sec. 5.1.3, Fig. (5.6), we evaluate the data
for correlation events between the same as well as different time bins. However, we do
not present the data in form of the well-known truth table but as a histogram as a function
of A¢. For sending photon pairs into input modes E and F, we choose to imprint various

phase differences between [0, 27] with a step size of 7/4

Ap € {-2n,—Trn/4,-3rw/2,—bn/4, —7, =31 /4, —7 /2, —7 /4,0, (5.90)

/4, m/2,3n /4,7, 5w /4,37 /2, Tm /4, 2}

between the time bins of our twin-peak photons. In Fig. (5.31), we present the theoret-

17 As we are well aware which phase belongs to which pulse number of the photon emission trigger.
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Figure 5.30: Experimental setup of measuring the CNOT operation with two time-binned pho-
tons: Two qubits are produced from the atom-cavity system with a pseudo random phase shift
between their respective two time bins. A pair of twin-peak photons is coupled into the respective
input modes of the CNOT4 circuit. We use input combinations that we also use in Sec. 5.2 when
testing the CNOT functionality on a CNOT4 circuit and monitor all six output modes. In addition
to the information that is traditionally registered, we also record the phase difference A¢ between
the two photons. This gives us the possibility of comparing all measured phase data because slow
systematic drifts of the setup do affect all phase settings equally.

ical as well as measured coincidence probability between output modes D’ and F’. For
detections within the same time bin, the imprinted phase difference is not relevant and the
CNOT functionality behaves as expected. However, when we evaluate the data with re-
spect to correlation events between different time bins we observe a sinusoidal behaviour
of the coincidence probability in outputs (D’, F’) as shown in Fig. (5.31, blue trace) with

a maximum at A¢p = 7.

The reason why our data does not perfectly match the theory curve is mainly due to
the limited coherence time of our photons. This limitation is caused by the laser system
used in our experiment and the drift of the cavity’s resonance frequency. We remind
ourselves that the cavity is not actively locked when the photon generation process takes
place. Additionally, changes in the magnetic environment in the laboratory also reduce the

coherence time of our photons. This is beyond our control.
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Figure 5.31: Measured data for the input of a twin-peak photon pair exhibiting various of phase
differences A¢: We choose the input modes (E, F) of our CNOT4 circuit and monitor all six output
modes. The data displayed is the evaluation of the data for correlation events between output modes
D’ and F’. The yellow data shows the evaluation for detections in the same time bin whereas the
blue data shows detections in different time bins. In the case of a phase difference of ™ we expect
twice the correlation events as in the same time-bin case for counting correlations between output
modes (E’, F).

5.4.4 Potential interpretation and outlook

There are two reasons why we carry out these type of experiments — an esoteric and a
technical one. The esoteric one is that we can make our photons behave like bosons and
fermions at the same time [83], depending on the time bins we use to correlate events.
Having quantum feedback experiments in mind, the combination of complex integrated
circuits with time-bin encoding on several hundred nanoseconds long photons opens the
way to a new class of experiments, exploring conditional quantum interference such as
switching between symmetric and antisymmetric entangled states in large interferometer
circuits. This is further discussed in the outlook.

The technical reason is to study how the CNOT performance in function of the phase
is affected by de-phasing processes. So we can comparatively as well as systematically

study the de- and re-phasing of quantum states as well as the the effects of time-varying
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internal phases on the fidelity and errors of photonic quantum circuits. This is subject to

further investigation'®.

18The data presented in this Section is not yet published.
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Conclusion and outlook

Wir stehen selbst enttduscht und sehn betroffen den Vorhang zu und alle Fragen offen. [Brecht]

The main focus of this DPhil thesis' was both to gain insight into a very intriguing deter-
ministic single photon source and its application in modern quantum technology experi-
ments.

Regarding our first set of experiments, we have seen that we can prepare and on-
demand deliver single photons in arbitrary quantum superpositions of various temporal
modes [65, 66]. We have made use of the spatio-temporal sub-division into time bins
to reliably encode a selection of various quantum bits of information into single pho-

tons. Photon-generation efficiencies of up to n = 85% and state-preparation fidelities

'"The actual work carried out in the past four years was to obtain a stable photon pistol experiment
which could operate for several hours/days/months in a row without any failure of e.g. a laser diode, AOM
electronics etc. It worked.
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of F = 94% in the qutrit case have been found by quantum homodyning [65, 66]. We
have demonstrated that time-bin encoding takes place upon photon generation which is
inherently non-probabilistic, versatile, reconfigurable and not subject to systematic pho-
ton losses. There are substantial advantages of our scheme compared to approaches that
are probabilistic. These probabilistic approaches can be for instance based on spontaneous
parametric down conversion and are subject to intrinsic photon loss if they rely on vari-
able amplitude attenuation [9 1], phase modulation [92] or interferometric techniques for
photon shaping [69]. The availability of time bins as an additional degree of freedom in
an essentially deterministic photon-generation scheme is a big step towards large-scale

quantum computing in photonic networks [93].

The slow (‘adiabatic’) photon generation process, coupled with small photonic circuits
and fast detectors, also allows for real-time feedback during the production of single pho-
tons. As an outlook, the quantum feedback experiment as well as very preliminary data
has been presented. The latest results can be found in Oliver Barter’s thesis as it is beyond

the scope of this project.

In a second set of experiments, our single photon source has been used to seed a variety
of chip-integrated quantum logic gates. This work has been carried out in a collaboration
with the Jeremy O’Brien group in Bristol. We have shown the reliable operation of two-
qubit linear optical quantum gates and generated photon-photon entanglement applied to
photons emitted from a single atom strongly coupled to a cavity, the latter with a quantum
state fidelity of F > 82% [84]. We strongly believe that this approach paves the way to
quantum technology that utilises both narrowband single-photon sources and integrated

quantum photonics, such as networked quantum computing, narrow linewidth quantum
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enhanced sensing and atomic memories.

However, there is still a lot to do. To improve the overall efficiency of the hybrid
source-chip system, deterministic loading of atoms into cavities necessary to increase the
capability of this system to larger photon numbers. To do so, one could think of an intra-
cavity dipole trap [61, 94, 95] and/or optical tweezers to put one single atom between the
mirrors of a high-finesse optical cavity. One could even go one step further and not use
conventional high-finesse optical but fibre-tip cavities. The advantage in this case is that
the two fibre tips can be brought close together, yielding a much smaller mode volume as
standard cavities. Hence, the atom-cavity coupling strength can be boosted by an order of
magnitude [37].

Moreover, another potential research area besides the LOQC experiments could be to
fabricate a second cavity” and transfer information between two distant atoms. The idea
has been introduced by Kimble as the quantum internet [96]. Quantum bits of informa-
tion are generated, processed and stored in quantum nodes which are linked by quantum
channels to transfer quantum information from point to point inside a quantum system.
Exporting this scenario to our experiment, the atoms in the cavities represent nodes which
can also be referred to as stationary qubits. Flying qubits imprinted into single photons
are emitted from one atom and can be re-absorbed by the second atom in a cavity, as it has
been theoretically shown in [97]. A similar experiment has been already carried out at the

MPQ in Munich [98].

2This project is also underway, please refer to my colleague Thomas Barrett’s transfer report.
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Chapter 7

Appendix: Detection of non-classical

CV light

Measurements in continuous variable (CV) quantum optics experiments mainly deal
with quantum noise detection [99]. In an experiment, it is impossible to measure noise
properties at all frequencies. Therefore, what one does is measuring at a given frequency (2
with a bandwidth of §{2. However, {2 can not be the optical carrier frequency w = 2mc/A
due to the fact that w oscillates too fast to be measured. The solution is to measure at
the optical sidebands, at w + (2. The measured mode can be described by the following

relation
a(t) oc ae™t 4 da_ e @Dt 4 5o, pel @t (7.1)

where the time-dependent annihilation operator is used in a linear form and where +{2 in-
dicates the distance from the carrier frequency w. As the noise properties of the sidebands
are of interest in order to carry out quantum optics experiments, it has to be stated that
the photons in the sidebands are carrying all the information. Consequently, a single mea-
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surement is quantum mechanically speaking a projection onto the photon number operator

A

f(t) = a'a. If one inserts Eq. (7.1) into the expression for 7(¢), one can approximate

w(t) = |a|* + a(da_oe " + da, o' + O + da_ne'? + §al pe " + 0) =
~ |af? + o (cos t(86_q + dai g + 60", + 4l )
+ isin 2t(—0a_q + da o + 04, — 5&19)) _
= laf? + a (040 + 6K _g) cos 2t + (61 — 670) sin 21)

— l‘i‘ﬁ + ad X’ , (7.2)

intensity (71(t)) intensity fluctuations d7

which is the square of the “classical” amplitude and equivalent to the intensity and the
fluctuations of the intensity. In this Equation, we have used the definition of a quantum

quadrature operators

X=a"+a, aswellas Y =i(al —a), (7.3)
and the Euler equation

e = cos ¢ + isin @. (7.4)

There are two different ways of detecting CV non-classical light: The direct and the ho-
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modyne measurement techniques.

7.1 Direct and balanced direct detection

For the direct detection, a simple setup in which the beam is impinging on a single pho-
todetector is used. The photodetector acts as a converter of an optical beam into an electric
signal via the photoelectric effect. If the energy of the photons £ = Aw is higher than a
certain threshold, they emit electrons out of the material they interact with. This means

the number of photons is transformed into an electrical current i(¢) [100], where

i(t) = en——. (7.5)

P(t) is the optical power of the incident beam, /w the energy of one photon with the
wavelength w, therefore the fraction % indicates the number of photons per time unit. 7
refers to the quantum efficiency of the diode and e is the electron charge. Although the
electrical signal i(¢) is totally classical, it does contain the quantum statistics of the inci-
dent field which are necessary to determine the quantum noise properties 67:(¢). In reality,
the quantum efficiency is always < 1 due to imperfections in the system and therefore

the photocurrent does not contain full information about the state of light. However, 1 will

be regarded as 1 in the following for the sake of simplicity.

In principle, the noise of quantum states is characterised by its optical noise spectrum,
which can be measured with the help of an electronic spectrum analyser (ESA) which is
illustrated in Fig. (7.1). This instrument measures the spectral power density S({2, B) of a

stochastic variable dx(t) with the bandwidth B within a frequency {2 + %B, which means



182 7.1. Direct and balanced direct detection

the power at a certain spectral component of the optical beam. The electronic spectral

noise density is proportional to the spectral power density within a given optical sideband

[101]

S(2.B) o Vargys p(i(t)) o< Varg.s p(A(1))

x Varg.1p(00(t) = 042<t>Qi%BvaTQi%B(5X/(t))- (7.6)

From this, it can be seen that the spectral density S({2, B) is equivalent to a time domain

measurement of noise variance photocurrent.
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Figure 7.1: In this picture, the standard CV and SP measurement techniques are compared.
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An extension to this straight-forward direct detection scheme is the so-called balanced
direct detection which is depicted in Fig. (7.1). In this case, it is possible to obtain the noise
of a coherent vacuum state in order to compare it to the noise of the measured beam. The
incoming beam is sent on a 50:50 beamsplitter which is characterised by the transmission
rate 7" = 1/2 and the reflected rate R = 1/2. Due to conservation reasons, 7" and X sum up

toT'+ R = 1. The output beams then read
¢=vTa+VRb, d=+vRa—VTb, (7.7)

where ¢ is impinging on one of two balanced photo diodes and d on the other one. The
AC signal of both detectors can be added or subtracted. Due to the fact that the incoming

light beam is split equally on the 50:50 BS both beams ¢ and d have the same noise in both

(X3

detector signals. If one takes the operation on both signals, the result is supposedly

(132

zero. However, the signal is not zero since the incoming beam interferes on the beam
splitter with the vacuum state in the second input port. Consequently, the vacuum input is

b = 0b. The photon numbers in the output ports of the beam splitter are
N a2 N st Lo o N
N =¢'e = 5(04 + adny), N =d'd = 5(04 + adng), (7.8)

where the annihilation operator @ has been used in the approximation of a bright beam

A

a =« -+ da.
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Therefore, the sum signal can be calculated as

6 + 0hy = ad X, (7.9)

and the difference signal is

5hy — 0y = ad Xyge. (7.10)

From Eq. (7.9) and (7.10) it is clear that the sum and difference signal describe the input
beam with respect to a coherent beam with the same field amplitude. The advantage of
this balanced direct detection is the fact that one can measure the “+” and “-” operation
between both detector signals at the same time and therefore determine the standard quan-
tum limit or shot noise level of a beam. However, the downside of this detection is that one
can only measure in the amplitude quadrature direction. In terms of amplitude squeezed
light this scheme is suitable but in terms of quadrature squeezed states a more advanced

setup is needed. One possibility is the homodyne detection.

7.2 Homodyne detection

The homodyne detection setup is in principle the same as the balanced direct detection in
which the vacuum input port b has been replaced by a bright beam of the same frequency as
the input beam a. This second input beam is much brighter than the first one |ap| >> ||
and is called local oscillator (LO). Consequently, the interference of a signal and a LO on

the beam splitter is exploited. As an arbitrary phase shift between signal and LO can be
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introduced, b can be written

b= ay + obe™. (7.11)

The sum and difference photon number fluctuations are

0y + 0y = apd Xy, Oy — Ry = 0 Xa(0), (7.12)

therefore one sees that the quadrature 6X (0) at any angle 0 of the signal beam is measur-
able. This feature of homodyne detections makes it inevitable in experiments dealing with

the measurement of non-classical CV beams.
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